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The Method of Converting an Expert
Opinion to Z-number

E.A. Glukhoded <glukhodedkate@gmail.com>
S.I. Smetanin <sismetanin@gmail.com>
National Research University Higher School of Economics
20, Myasnitskaya st., Moscow, 101000 Russia

Abstract. The concept of Z-numbers introduced by Zade in 2011 is discussed topically
nowadays due to it aptitude to deal with nonlinearities and uncertainties whose are common
in real life. It was a large step of representing fuzzy logic, however that numbers created
much larger problems of how to calculate them or aggregate multiple numbers of that type.
Z-numbers have a significant potential in the describing of the uncertainty of the human
knowledge because both the expert assessment and the Z-number consists of restraint and
reliability of the measured value. In this paper, a method of converting an expert opinion to
Z-number is proposed according to set of specific questions. In addition, the approach to Z-
numbers aggregation is introduced. Finally, submitted methods are demonstrated on a real
example. The topicality of the research is developing a new algorithm and software (based on
that development) which could help people make decision in a messy uncertainty with many
parameters and factors that are also defined imprecisely. In this work, we present the research
that is aimed to find the most efficient methods to operate them (aggregate, add, divide).
Firstly, it is important to identify all existing methods of aggregating Z-numbers. Secondly, it
is needed to invent new methods of how work with them. The most interesting techniques
should be detailed and summarized. There is also a program that is developed to model the
real-word task of decision-making.

Keywords: Z-number, fuzzy measure, aggregation, expert opinion, fuzzy number.
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1. Introduction

Science and engineering tends to deal with different kinds of measures and
evaluations, but in fact not all assessment of information can be represented as a
clear number. It’s common practice for human beings to describe the information in
a linguistic terms which are more convenient in everyday life but unsuitable for a
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standard mathematical representation. In this case information seems to be
approximate because usually people assigns a different degree of the certainty
depending on circumstances and the context of the data.

In order to resolve problem of the uncertainty degree representation, Zadeh
proposed the concept of Z-numbers in 2011 [1]. According to this concept, Z-
number describes an uncertain variable V as an ordered pair of fuzzy numbers (A,
B), where the first number is a fuzzy set of the domain X of the variable V and the
second one is a fuzzy set that specifies the level of a reliability of the first number as
a unit interval.

Fuzzy logic methods are discussed topically last few decades due to its aptitude to
deal with nonlinearities and uncertainties whose are common in real life. Despite the
widespread application of many methods of fuzzy logic, it seems to be critical to
talk about decision appliance without relation to the confidence and the reliability of
analysed information especially in the field of fuzzy decision-making. For example,
the decision, which was accepted based on low- reliability data, tends to be useless
or even harmful on a practice usage. In this case, Z-numbers have a significant
potential in describing uncertainty of the human knowledge because both the expert
assessment and the Z-number consist

of restraint and reliability of the measured value. In this paper, the method of
converting an expert opinion to Z-number is proposed and the new aggregation
approach is introduced. At the end, suggested methods are demonstrated.

The paper is organized as follows. In section 2 required preliminaries are presented.
In section 3 problem statement is described in details. In section 4 a method of
converting expert assessment to Z-numbers is proposed. In addition, the approach to
Z-numbers aggregation is introduced. In section 5 proposed methods is
demonstrated on the real-life example. In the last section the key results of the
article is mentioned and further ways of research is suggested.

2. Preliminaries

2.1. Allinguistic variable

A linguistic variable is a variable whose values are linguistic expression such as
sentences, phrases or words in an artificial or natural language. Processing data
provided in linguistic variables requires the computing in terms of nonlinear
approaches and leads to results, which are also not precise as the original data.

In general, the usage of linguistic variables is motivated by the feature that they
provide more generalized information in contrast with numeric variables. For
example, Speed is a linguistic variable which can be set to ‘very slow’, ‘slow’,
‘middle’, ‘quite high’, ‘high’, ‘very high’, etc. In natural language this linguistic
variable may be represented as follows: 'The speed of the car is slow'. In this case,
the characteristic of object under observations given in generalized form i.e. without
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any specific numeric values, so expert has no need in specific measuring equipment
for object estimation.

2.2. Fuzzy sets

Let X be a space of points (objects), with a generic element of X denoted by x. Thus,
X = {x}. A fuzzy set [2] (class) A in X is characterized by a membership
(characteristic) function u(x) which associates with each point in X a real number in
the interval [0, 1], with the value of u(x) at x representing the ‘grade of membership’
of x in A. Thus, the nearer the value of u(x) to unity, the higher the grade of
membership of x in A. When A is set in the ordinary sense of term, its membership
function can take on only two values 0 and 1, with wx(x) reduces to the familiar
characteristic function of set A. [17, 18]

In the decision-making tasks [3] each expert gives his own opinion and then it is
needed to represent given information in a form that can be processed by a machine.
We can use fuzzy numbers for representing the information. Fuzzy numbers can be
defined as follows.

2.3. A fuzzy number

A fuzzy number [14, 15] is a convex and normalized fuzzy set with membership
function, which is defined in R and piecewise continuous. In other words, a fuzzy
number represents an interval of crisp numbers with fuzzy boundary.
Classical example of fuzzy number is triangular fuzzy number. It is represented by a
set of two boundary points al a3 and a peak point a2, i.e. [al, a2, a3], as shown in
Fig. 1.

Bay(x)4

0 a a, a, X

Fig. 1. A triangular fuzzy number
A concept of Z-numbers [8] was proposed in 2010, which was associated with a

factor of information reliability for decision-making tasks, a description of the
various aspects in the world, an expression of ideas or assessments.
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2.4. A Z-number

A Z-number [2] is an ordered pair of fuzzy numbers denoted as Z = (A, R). The first
component A, a restriction on the values, is a real-valued uncertain variable X. The
second component R is a measure of reliability for the first component.

2.5. A Z+-number

Z+ number [2] is a combination of fuzzy number, A, and a random number, R,
written as an ordered paid Z+=(A, R). A plays the same role as in a Z-number, R is
a probability distribution of random number.

3. Problem statement

Communications between people is often reduced to the expression of their
opinions, reviews or evaluations. Some examples of everyday expert assessments
are follows:

1. «What is the weather forecast for tomorrow? I really don't know, but I am
quite sure that it will be warmy. In this example, during the conversation
an expert provides an assumption of the prospective weather in linguistic
terms and mention a degree of confidence in it. Therefore, X = Weather
forecast for tomorrow, and Z=<warm, quite sure>.

2. «It takes me about 2 weeks to finish course work». Therefore, X = Time to
finish course work, and Z=<about 2 weeks, usually>.

Generally, the formalization of the statements in a natural language is a complex
and unobvious task [9, 10]. For example, the degree of confidence or reliability of
the expert estimation can be provided in two ways, namely in explicit or implicit
form [11]. The explicit form is represented in example (i) in linguistic term ‘quite
sure’ and the implicit form is contained in the context in example (ii).

Now, it is needed to formulate the problem in a general way. Consider, set of
objects () that needs to be assessed by experts or people who have specific
knowledge in the field that relates to Q. Also, there is set of criteria (), that should
be taken into account. In this paper it is not supposed to describe the methods for
assessments aggregation. That is why it does not need to involve set of experts in
problem statement formulation.

Each expert expresses his own opinion by filling the form with question that are
written in a developed form. Questions are formulated using conventional language,
such as “how can you assess the level of safety of the given system?” or “Are you
sure that the level is high?” or, probably, the most complicated: “How can you
assess the distribution of that parameter? Is it Gaussian?” Strict form will be
illustrated in the chapter V.

When expert filled his questionnaire with answers it is needed to represent given
information in a form that can be processed by machine. There could be several
levels of abstraction for representing the information (table 1).

10
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Table 1. Levels of abstraction [5]

Level Appearance (in Time New Roman or Times)
Numbers
3 Z-numbers or Z+-numbers
2 Fuzzy numbers ‘ Random numbers
1 Intervals
0 Crisp numbers (Integer or Float)

In this paper the highest level supposed to be considered — Z-numbers. Actually,
there will be even Z+-numbers in the chapter IV and V.

The main goal of all paper is to describe the recipe of how human-readable
information could be represented as Z- numbers. It should be also mentioned that
expert’s opinions per each criterion should be somehow accumulated (or
aggregated) in a common Z-number that will describe whole relation of a criterion
to the considered object.

4. The proposed method of converting an expert opinion to z-
number
First of all, it is needed to describe strict form that expert needs to fill in order to
provide knowledge. Form should contain N sections of m. Each section should
contains several questions that should describe relation of the criterion C € rh to the
object O € Q. Common questions are follows:

1. How does O meet C? Specify the level.

2. Do you have an experience with O? How wide was it?

3. Have you taken into account C when using O previously? (If have any

experience)
4. Do you follow the latest information about O? When was the latest update?
5. (Only if experts said ‘yes’ on second question) Which distribution, you
think, respects to people perception of C when talking about O?

First and fourth questions are related to the main part of Z- number, other questions
are somehow related to the measure of reliability for the first component. Let us
begin with the main part of Z-number. First question is direct. It is supposed that
expert assesses the level of affection C on O in the following terms: very high (8, 9,
10), high (7, 8, 9), medium (5, 6, 7), low (3, 4, 5), very low (1, 2, 3), does not meet
at all (0, 1, 2). However, it would be incorrect to assign fuzzy numbers to each
option before he answered fourth question. This question would show how precise
expert could be answering previous one. For example, if he says that he does not
follow information for a long time, it should be a clear sign that bounds of each

11
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triangle (or trapezoidal) fuzzy-numbers should be widened due to some
incompetency in the given field. According to that, there could be different fuzzy
numbers for medium: (4, 5, 6) or (2, 5, 8).

The formation of second part should be following. Possible answers for question
two are: wide experience, have experience, some experience, little experience, no
experience. All these statements could be represented as fuzzy number: (0.8, 0.9,
1.0), (0.65, 0.75, 0.85), (0.4, 0.5, 0.6), (0.1, 0.3, 0.4), (0, 0.1, 0.2). Answers for the
question three could be: yes, a lot (0.8, 0.9, 1.0); yes, sometimes (0.5, 0.6, 0.7); yes,
a little (0.2, 0.3, 0.4); no (0.0, 0.1, 0.2). Fifth question is auxiliary and will not be
converted into fuzzy number. It relates to Z+- numbers. Possible answers: Gaussian,
Inverse Gaussian, Binomial, Gamma. It is not prohibited for an expert to skip this
question. However, if expert answers the question the specific ‘confidentiality’
fuzzy number has a value of (0.6, 0.7, 0.8) — ‘high’, otherwise — (0.0, 0.1, 0.2) —
‘low’.

Then several rules should be formulated to construct possibility measure of Z-
number: IF  experience="wide’ AND take-in-account="a lot” AND
confidentiality="high’ THEN measure="very high’.

Table 2 is completed according to the given format.

Table 2. Rules for probability measure

" CONDITION RESULT
Exper. Take-in Conf. Measure
1 Wide A lot High Very high
2 Wide A lot Low High
3 Wide Sometimes High Very high
4 Wide Sometimes Low High
5 Wide A little High High
6 Wide A little Low Medium
7 Wide No High High
8 Wide No Low Medium
9 Have A lot High Very high
10 Have Alot Low High
11 Have Sometimes High High
12 Have Sometimes Low Medium
13 Have A little High High
14 Have A little Low Medium
15 Have No High Medium
16 Have No Low Low
17 Some Alot High High
18 Some A lot Low Medium
19 Some Sometimes High Medium
20 Some Sometimes Low Medium
21 Some A little High Medium
22 Some A little Low Low

12
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23 Some No High Medium
24 Some No Low Low
25 Little A lot High Medium
26 Little Alot Low Low
27 Little Sometimes High Medium
28 Little Sometimes Low Low
29 Little A little High Low
30 Little Alittle Low Low
31 Little No High Low
32 Little No Low Very low
33 No - - Very low

Then, after the result is given, it should be converted to fuzzy number:
e Veryhigh-(0.8,0.9, 1.0)
e High-(0.6,0.7,0.8)
e Medium- (0.4, 0.5, 0.6)
e Low-(0.20.30.4)
e Verylow-(0.0,0.1,0.2)
e The B-part is given.
The resulting Z-number should be constructed from both parts Z (A, B).
Then, it is time to aggregate different Z-numbers into one Z-number which can

describe whole relation of O to the subject according to C based on expert’s
opinion. There are, a least, three methods of aggregation:
1. Converting Z-number into simple fuzzy number and aggregate them using
simple methods [4, 12, 13].
2. Aggregating A and B-part separately [14, 18].

3. Converting Z-number into Z+-number, aggregating Z+-numbers and then
convert given Z+-number into Z-number [6, 7].

First approach is the simplest one, but lose some information from an expert. Third
approach is one where loss of information is minimized, but it is complicated and it
would be difficult to provide all calculations in this paper (requires some non-linear
optimization algorithms at some stages). That is why second approach is chosen.
At first stage, it is needed to aggregate A-parts [17, 18]:

w = (a,, by, c)
Here a,, = min(a;), b, = % * b, ¢, = max(c;), N- total number of Z-numbers.
@)
Aggregation of B-parts are more complicated. First of all, it is needed to multiply
one number on another.

13



IE.A.Glukhoded, S.I.Smetanin. The Method of Converting an Expert Opinion to Z-number. Trudy ISP RAN /Proc. ISP
RAS, 2016, vol. 28, issue 3, pp. 7-20.

,a,a, <z < b,;b
2(by—ay)(b2-az) 172 172

—C1ba+Caby =2¢1C3)+y/(c1ba—C2b1)2 +4(b1—c1) (b2 =C2)Z
2(b1—c1)(b2=c2)
k 0, otherwise

—ayby+azhy=2a,a5)+y/(a1ba—0;b1)2 +4(by—c1) (ba—03)2Z
r (2=

,bib, £z < cicy @)

Second stage of aggregation assumes that square root calculations should be applied
to the given fuzzy number. Somehow, these transformations could be compared
with a calculation of geometric mean, when talking about crisp numbers.

£t Va<x<vh
Hs ) = i_b Wh<xzye®

0, otherwise
The resulting fuzzy number is aggregated B-part.

5. A numerical example

Consider following example. It is needed to decide whether it is important to have a
new developer in a company or not. To decide more accurately, management of
software company introduces a research. Several ‘experts’ are chosen from different
departments. Now, focus on a specialist of marketing. His assessment should be
transformed into Z-number for further calculations. It is not necessary for that time
to come to a complete conclusion, just focus on how expert’s evaluation lead to
obtaining Z-number.

5.1 Filling a form

There is a strict form with several questions and two criteria.
Questions for the 1¥ criterion — level of business in the department:

1. How do you think, does the department of software development are filled
with work? (very much, much, probably, not so much, no, not at all)

2. How often do you communicate with developers during business tasks?
Select from: very often, often, quite often, rarely, not communicate.

3. Did you notice anytime, that deadline was broken due to lack of
programmers? Do you pay attention on it? Select from: Notice very often,
sometimes notice, I’ve noticed once, Not at all.

4. Did you follow the news of our developers’ team? Do you know most of
them? Select from: Yes, communicating each day; Yes, communicating
several times a week; Yes, but communicating rarely; No, I’m not.

5.  Which distribution, you think, respects to people perception of lack of
human resources when talking about new coming developer? (Only if you
know)

Questions for the 2™ criterion — company’s resources:

14
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1. How do you think, does the company have enough resource to hire new
employee(s) in a software department? Select from: More than enough;
enough; quite enough; probably, not enough; not enough at all.

2. Have you ever been interested in our company’s revenue, stock prices etc.?
Select from: Yes, | follow all news; yes, sometimes; yes, but rarely;
probably, once; no.

3. Have you ever thought about how newcomers can change our budget or
resources distribution? How you thought about it when you came? Select
from: Yes, thought a lot; yes, sometimes; yes, when | came; No.

4. Do you follow latest news about our state, about our resources distribution
on different projects? Select from: Yes, always; yes, sometimes; yes, but
rarely; no, I’'m not.

5. Which statistics distribution, you think, respects to people perception of our
resources when talking about new employees? (Only if you know)

The marketing expert gives answers:

Criterion 1:
1. Not so much
2. Rarely

3. Sometimes notice
4. No, I’mnot
5. —
Criterion 2:
1. Quite enough
Yes, | follow all news
Yes, sometimes
Yes, sometimes

a0

5.2 Constructing Z-numbers

According to calculations in section 4 and table 2 it is possible to calculate two Z-
numbers from his answers.

Z-number from the 1% criterion: {(1, 4, 7), (0.2, 0.3, 0.4)}

Z-number from the 2™ criterion: {(5, 6, 7), (0.6, 0.7, 0.8)}

Second part of Z-numbers is given by applying corresponding rules from Table II.

5.3 Aggregating Z-numbers

A-part of Z-numbers is aggregated simply by applying formula (1) from section 4.
The resulting A-part: (1, 5, 7).
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B-part of Z-numbers is calculated using formula (2) and (3) from section 4. For
simplicity, all calculations would not be provided, only bounds for each of fuzzy
number at every step. After multiplication following fuzzy number is obtained:

B,, = (0.12,0.21,0.32)
Then, after applying square root transformation:

B, =~ (0.35,0.46,0.57)

B, — resulting B — part of Z — number
It should be noticed, that bounds are not lines in this case, they are quadratic
functions.
That is why, the resulting Z-number looks as follows:
Z, = {(1,5,7),(0.35,0.46,0.57)}

This Z-number expresses overall relation to the problem of marketing expert. It
could be translated to the normal language such as: “he doubts that software
department needs new employee and probably, they do not need, but he is not sure
enough”

6. Conclusion
Consider following example. It is needed to decide whether it is important to have a

As a result of this research, a method of converting an expert opinion to Z-number
was proposed. The key problems of Z-number extraction from natural language
statements were discussed and an example illustrating the supposed algorithm were
provided. In addition, the new method of Z-numbers aggregation was proposed and
demonstrated on the real example.

The further research will be aimed on improving methods of aggregation in order to
obtain a more accurate and reasonable result at the output. The high-quality
processing of experts assessments allows the use of this approach in the real world
in order to solve complex problems not only in the business sector, but also in the
everyday life. The next step is developing an approach to perform arithmetic
operations with observed Z-numbers. Only after successful finishing of these steps,
a complete system for Z-numbers processing could be built.
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MeToa npeacTaBneHnss MHEHUI 3KCNepTOB B Buae Z-yucern
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Cmemanun C.H. <sismetanin@gmail.com>
Haywo—uccxledoeameﬂbcxud YHUsepcumem Buicwas wikona s3xk0HOMUKU
101000, Poccus, e. Mockea, yn. Macnuykas, 0. 20

AHHoTanusi. HeueTkue uncia ucmonb3yroTcss B 3aJadax MOJIENUPOBAHMS JUI ydeTa
JMHTBUCTHYECKON HEOMpeAeIeHHOCTH. bBompinHcTBO nH(popMarmu, obpadaTbiBaeMoll B
pa3snu4HbIX cepax AeaTeIbHOCTH, OCHOBAHO Ha OIEHKaX, KOTOpBIE HE BCET/A MOTYT OBITH
BBIPa)XEHBI TOYHBIM YHCIOM. Kak MpaBmiio, HCHONB3YIOTCS MPUBBIYHBIE JUIS YEI0BEKa CIIOBa
WM BBIP2KEHHS €CTECTBEHHOTO sI3bIKa. Hame)XKHOCTh M JOCTOBEPHOCTh TaHHBIX, KOTOPBIE MBI
HOJTy4YaeM AU PeIeHUs TeX WM MHBIX 3a[ad UrpaeT BaXHYIO poib. MEI yacto paboraeM ¢
HENoOJTHOW WHQopMareil, OCHOBAaHHOW Ha OIBITE W OIEHKAaX pPAa3JIM4YHBIX AKCIEPTOB.
ITosToMy BO3MOXHOCTH ()OpPMANHM3aIMU JAHHBIX TAKOTO THUMA ¥ BBINONHEHUS C HUMHU
Pa3sNUYHBIX BBIYMCICHHH IOMOraer OoJee TOYHO pemaTh 3aJadd 10 INIAHHPOBAHUIO,
MIPUHATHIO PEIICHHUH, OLEHKE PUCKOB U APYTHX ACIEKTOB MPAKTHUECKOH JesTeIbHOCTH. B
2010 roxy mpodeccop Jlordu 3ame mpemnokuin KOHLUEIIUIO Z-4HCel, KOTOpas CBs3aHa C
(akTOpoM HAIEKHOCTH HCHONB3yeMOH wHHpopMamuu (NpH NPUHATHH pPELIeHHH, Ipu
OIUCAaHMU PA3JIMYHBIX aCHEKTOB OKPY)KAIOIIET0 MHUPA, IIPH BBIPAKCHUH UJICH WM CY)KACHHUI
JFOJbMH). Z-YUCJIO ONMCHIBACT 3HAYCHHE HEKOTOPOil HeolpenenéHHON mepeMeHHOH X |
npescTaBisieT co0oil YIOpsSI0UeHHYIO Mapy U3 IBYX HeueTkux uncen Z= (A, B). IlepBoe u3
KOTOPBIX (4) BBIp@XaeT OTpaHWYEHHE HAa BO3MOXHBIC (BEpOSTHBIC) 3HAYCHUS
paccMarpuBaeMoii B KOHKPETHOM NPHIIOKEHHHU TiepeMeHHo# X. Bropoe uuncio (B) ects Mepa
(olIeHKa) YBEpEHHOCTH B TOM, YTO A MMEHHO TaKOBa, Kak OHa mpexacTasiieHa. Uncna 4 u B
4acTO OMHUCHIBAIOTCS (h)pa3aMu €CTECTBEHHOTO si3bIKa, Hampumep, Z = (Java, MakCHMaibHO
yBepeH). B nanHom ciydae mepemeHHas X = «I3BIK NPOTPAaMMHPOBAHUS JUIS PEIICHHS
OTIpE/ICNICHHOH 3a/lauiy», CIIEI0BAaTEIbHO, YTBEepKAeHNE «X sIBIsSeTCs Javay OLleHMBaeTCsl KakK
HaJeKHOE (B = “MakcHMMabHO yBepeH’). JlaHHAs KOHIICTIMS UMEET OOJBINONW MOTCHIHAT
CTaTh BAXHBIM HHCTPYMEHTOM B pEIICHHWHM pa3IMuyHOrO poJa 3axad, CBS3aHHBIX C
HETIOJTHOTOX M HETOYHOCTHIO OIMCAHWS HCIONIB3yeMOH MH(popManuu. BTOpsIM OCHOBHBIM
aCIIeKTOM JaHHON paboTHI ABIIETCS arperanys HHGOpMaINY, a IMEHHO Z-4Hcell. Arperamnus
(anrn. aggregation) — OCHOBHOI 3Tam A pelIeHHs 3a[ad MO0 NMPUHATHIO pemeHud. Kak
MPaBHJIO, YTOOBI TNPUITH K OIpPEAENICHHOMY BBIBOIY, HEOOXOAMMO NpOAaHAIN3NPOBATh
HECKOJIbKO MCTOYHHKOB M OOBEIUHHUTH MONydYeHHYI0 HH(popManuio. B Hacrosmee Bpems
GOJIBIIMHCTBO 3a/iay MO MPHHATHIO PEUICHUH MMEIOT MHOXKECTBO (haKTOPOB, OINPEISICHHbBIX
HEYETKO U IMODTOMY PpEeHIAOTCd HWHTYUTUBHO. Arperaum[ JaHHBIX, NPEACTABJICHHBIX B
HCYETKOM BH/JIC, a HUMCHHO Z-‘[I/ICJ'laMI/I, MOJXKET OKa3aTh NOAJACPIKKY B PCUICHUHU 3a/1a4 TaKOIro
pona. Jlanuas paboTa mpeacTaBiasieT COOOM HCCIeMOBaHUE, CBSI3aHHOE C pa3pabOTKOW
n3ydeHreM 3G (HEeKTHBHBIX METOJJOB 00PaOOTKN Z-4nCeI ¥ BBIIOJHEHHS ONepaliii HaJl HAMH.

KiroueBble cioBa: Z-‘II/ICJ'IO, HEYETKasg MEpa, arperanuvs, MHCHHUSA DKCIEPTOB, HEUYCTKOE
HUCIIO.
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Abstract. Privacy enhancing technologies (PETs) are ubiquitous nowadays. They are
beneficial for a wide range of users: for businesses, journalists, bloggers, etc. However, PETs
are not always used for legal activity. There a lot of anonymous networks and technologies
which grants anonymous access to digital resources. The most popular anonymous networks
nowadays is Tor. Tor is a valuable tool for hackers, drug and gun dealers. The present paper
is focused on Tor users’ deanonimization using out-of-the box technologies and a basic
machine learning algorithm. The aim of the work is to show that it is possible to deanonimize
a small fraction of users without having a lot of resources and state-of-the-art machine
learning techniques. The first stage of the research was the investigation of contemporary
anonymous networks. The second stage was the investigation of deanonimization techniques:
traffic analysis, timing attacks, attacks with autonomous systems. For our system, we used
website fingerprinting attack, because it requires the smallest number of resources needed for
successful implementation of the attack. Finally, there was an experiment held with 5 persons
in one room with one corrupted entry Tor relay. We achieved a quite good accuracy (70%)
for classifying the webpage, which the user visits, using the set of resources provided by
global cybersecurity company. The deanonimization is a very important task from the point
of view of national security.
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1. Introduction

Internet privacy is considered as an integral part of freedom of speech. A lot of
people are concerned about their anonymity in public and therefore, there is a
growing need for privacy enhancing technologies.
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The Deep Web is a layer of the Internet, which can not be accessed by traditional
search engines, so the content in this layer is not indexed. The typical website in the
deep web is static, with potentially no links to outer resources. For that reason, it is
very hard to measure the real size of the deep web.

In the modern world, there are a lot of networks and technologies, which grant
access to deep web resources, for example, Tor, 12P, Freenet, etc. Each of these
instruments hides users’ traffic from adversaries, thus making the deanonimization a
hard thing to do. A detailed overview of such technologies can be accessed in paper
[1].

Nowadays, the largest and most widely used system is Tor [2]. Our research focuses
on Tor users’ deanonimization, because of its popularity and prevalence.

2. Tor background

Tor is the largest active anonymous network in the world. There are more than two
million users per month, and the number of relays is close to 7000 [3]. Tor is a
distributed overlay network consisting of volunteer servers. Every user in the world
can provide Tor with computational resources needed for traffic retranslation over
the network.

Despite being a great privacy enhancing technology for law-abiding citizens, Tor is
an essential tool in criminal society. Terrorists, drug and arm dealers in line with
other offenders use Tor for their criminal activities. Thus, the solution of the
deanonimization problem is very important for government special services [4]. For
example, Russian Ministry of Internal Affairs (MIA) has recently announced a
bidding for Tor deanonimization system [5].

The next key component of Tor is Hidden Services (HS). Tor HS provides users
with anonymous servers to host their websites or any other applications. HS are
accessed via special pseudo-domains «.onion», where Deep Web is located. From
the user’s point of view, accessing a particular hidden service is as easy as visiting a
normal website.

In order to establish a connection with Tor network, the user must have pre-installed
software (Tor client). The easiest way is to install TorBrowser, which is a
customized version of Mozilla Firefox with built-in Tor software. To initiate the
connection, a Tor client obtains a list of Tor nodes from a directory server. Then,
the client builds a circuit of encrypted connections through relays in the network.
The circuit is extended hop by hop, and each relay on the path knows only which
relay gives data and which relay it is giving data to. There is no particular relay in
the circuit (see Fig. 1), which knows the complete users path through the network.

A Layered encryption is used along the path. The most interesting relays for a
potential attacker are entry and exit relays. Every piece of information in the
network is transferred in Tor cells that have equal size. An Entry relay (also called
the guard) knows the IP address of the user, and EXxit relay knows the destination

22



Asyioms C.M., Jlazapenko A.B. Cucrema geaHOHMMH3ALUHM T10Jb30BaTeNeH TeHeBOro UHTepHeTa. Tpyost UCIT PAH,
2016, Tom 28, BeIm. 3, C. 21-34.

resource. Traffic interception in the middle would not give any advantage to the
attacker because everything is encrypted and secure.

3. Deanonimization techniques

There is a wide range of deanonimization methods (attacks). Some of them are
passive: an adversary only observes traffic, without any trials to modify it somehow.
Contrariwise, some of them are active: an attacker modifies traffic causing delays,
insert patterns, etc. Earlier, we proposed classification of attacks, where the main
principle is the amount of resources needed by an attacker to perform the
deanonimization (see table 1).

!
0
0

2]

Endpoint

ol0
® @)
OX0

“ Encrypted connection <:> Enciphered connection

Fig. 1. Tor circuit example

Table 1. Attacks classification

# Resources Attacks
1 Corrupted entry guard e Website fingerprinting attack
2 Corrupted entry and exit | «  Traffic analysis
nodes e  Timing attack
e  Circuit fingerprinting attack
e  Tagging attack
3 Corrupted exit node e  Sniffing of intercepted traffic
4 Corrupted entry and exit | o Browser based timing attack with JavaScript injection
nodes, external server . Browser based traffic analysis attack with JavaScript injection
5 Autonomous system . BGP hijacking
. BGP interception
. RAPTOR attack
6 Big number of various | e  Packet spinning attack
corrupted nodes e  CellFlood DoS attack
. Other DoS and DDoS attacks
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More information about attacks mentioned in Table 1 can be found in paper [6]. We
are focused on the resource-effective attack (WF), which only requires an attacker
to control an entry relay of the user. The relay, which is fully controlled by an
attacker is called a corrupted relay.

4. Website fingerprinting attack

4.1 Website Fingerprinting Attack Overview

A website fingerprinting attack (WF) is an attack designed for a local passive
eavesdropper to determine the client’s endpoint using features from packet
sequences. Generally speaking, WF breaks privacy, which is achieved by the proxy,
VPN or Tor. This is an application of various machine learning techniques in the
field of privacy.

The first appearance of the WF was discussed in paper [7]. This attack has been
widely discussed in the researchers community because it has proven its
effectiveness against various privacy enhancing technologies, such as Tor, SSL and
VPN.

Corrupted entry
guard

]
Client N f : @

Endpoint

Fig. 2. Configuration of Tor circuit suitable for the WF attack

To perform a WF, an eavesdropper has to simulate users™ behavior in the network,
using the same conditions as the victim. In case of Tor, an attacker must have a
corrupted entry relay (see Fig.2) that will be used for collecting data. The Attacker
visits each site from the list and stores all packet sequences related to the request.
Afterwards, he uses the traffic for training a classifier in a supervised way. The
machine learning problem could be stated as a binary classification problem or
multilabel classification problem. In the first case, classifier is trained to answer the
question: «If the user visits a site from our list?». The second option is about
guessing a particular website that the user visits.

4.2 The Oracle Problem

Since WF works with packet sequences, determining sequences related to the
webpage is quite a difficult task. This issue is known as the Oracle problem.
Researchers make two major assumptions, which simplify WF a lot: 1) an attacker
has such an oracle at his disposal, 2) the victim loads pages one-by-one in a single
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tab. The Oracle helps to find precise subsequence of packets from overall captured
traffic. Any excess packet sequence sent to classifier can significantly reduce its’
accuracy. That is why, splitting the whole sequence is crucially important. Another
reason is the user’s web-browsing behavior. The majority of people uses multi-tab
browsing instead of loading a page in a single tab, working with it and loading
another one. This behavior makes WF difficult in real life.

An Oracle problem for packet sequences has not been solved yet, but Wang
proposed a solution for Tor, which can work with a single tab [8]. He considered
three-step process of determining correct split in case of single tab browsing
between two pages. Wang used Tor cells instead of packets. The first step is making
a time based split. The Attacker splits sequences if the time gap between two
adjacent cells is greater than some constant, then the sequence is splitted there into
two subsequences. If the time gap is too small, classification-based splitting is
typically used. Wang used machine learning techniques that decide where to split
and whether to split or not. After splitting, the result is ready for further
classification. This method achieves quite good accuracy. However, the proposed
solution doesn’t work with multi-tab browsing and raw packet sequences, narrowing
the range of real implementations. Study [9] proposed a time-based way to split
traffic traces when the user utilizes 2 open tabs. They classify the first page with
75.9% and second with 40.5% of accuracy.

4.3 Real World Scenario

Overall, the applicability of WF in the real world scenario is still questionable.
Users may visit hundreds of thousands of webpages every day. So, can the attacker
successfully apply WF in reality? Panchenko et al. [10] checked the attack with a
really huge dataset, and their approach outperformed the previous state of the art
attack proposed by Wang. To conclude, WF attacks are still a serious threat to
anonymous communication systems.

The aim of the current work is to show that an attacker can build a deanonimization
system, applying learning libraries for most popular programming languages, which
will be able to deanonimize a group of users trying to access the deep web content.

5. Deanonimization system scheme

For the sake of simplicity, we will use as much preconfigured software as possible.
In order to deal with deanonimization problem, our system must have two modules.
The first module is used for mining Tor data, which will be used for collecting
traffic traces. The second is aimed at applying machine learning techniques.

5.1 Data Mining

The data mining module is using various software, which can be easily installed on
Mac OS or any Linux distributive. Since the packet traces can be collected on the
relay side, or on the client side (the difference is only in the source/destination pair),
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we can use data mining module on local machine or on the remote server. We will
use local machine for data mining (see Fig. 3). Simple data transformation can be
applied for packet traces, to look exactly like those collected on the relay.
The following software must be installed on the machine:

e Tor - free software for enabling anonymous communication,

e Torsocks — free software that allows using any kind of application via the
Tor network,

e Wget — a program, which retrieves content from the web server and
supports downloading via http, https, ftp,

e Tshark — a free and open packet analyzer; it is used for network
troubleshooting, analysis, etc.,

e Mozilla Firefox or Tor Browser — an open web-browser (in case of Mozilla
Firefox, it is needed to configure it for using Tor manually).

Nevertheless, any program can be replaced by the specific library. The simplest
solution is to use the proposed software. We must have full control over Tor circuits
construal to use our own relay. For this purpose, we will use Stem Python library,
which is freely accessible on the web. Stem is a Python controller library for Tor.
We use Stem to create Tor circuits through our corrupted entry guard. Without this
action, the accuracy of the classifier might become worse, because of different Tor
versions on the relays and other reasons. Another option is to modify Tor
configuration for using specified entry guards. It is very important to use the same
entry guard, which will be used in production.
Tshark is used as the main packet capturing tool. We also use Tshark for extracting
TLS records from data. Tshark can be substituted with any library, which supports
capturing of TCP packets.
After that, the attacker has to automate the data gathering process. There are two
ways to do it, namely, using wget via torsocks, or Mozilla Firefox. In case of wget,
an attacker just launches page downloading from the command line, but the use of
Mozilla Firefox requires more work. The automation of Mozilla can be done in two
ways. The first option is to launch it from the command line and wait while the page
is uploading; another one is to use Selenium Webdriver to automate the process.

5.2 Feature Extraction

We can extract features of the traffic at three different levels (see Fig.4) — they are
Tor cells, TLS and TCP. At the application level, Tor retranslates data in the fixed
size packets called cells. All cells have equal length of 512 bytes and travel
throughout the network in TLS records. It is noteworthy that several cells can be
packed in a single TLS record. The last level is transport level: TLS record is then
fragmented into several TCP packets. TCP packets size is limited by the MTU.
Furthermore, several TLS records can be packed into a single TCP packet.
However, it is questionable, which level is the most informative from the website
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fingerprinting attack perspective. The majority of researchers assume that the most
informative level is the cells level.

Our software

Tshark

Mozilla or Wget

Websites list

Loading websites list,
checking configuration,
launching

Start data mining

Is Tor launched

Launch Tor
connection

Exctract TLS
records lengths

TLS lengths vector

Extract Cells
Tor cells vector

Traffic traces

Start capturing

Stop capturing

Extract TLS
records

TLS records

3

Terminate

Upload webpage

i

Webpage

Clear cache

Terminate

Fig. 3. Data mining process
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| !
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TLS
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Tce ’ Packet 1 ’ I Packet 2 \ Packet 3

Fig. 4. Information extraction levels

Firstly, the cell traces extraction should be performed in the following way: an
attacker must extract TLS records from TCP packets — it could be achieved with the
tshark software.

Here the file_name should be substituted by the .pcap file with TCP packets,
whereas ouput_file is the desired ouput file with textual representation of TLS
records. Hence, a simple regular expression can than be used for length extraction.
Once the number is an extended extraction, an attacker should then multiply it by -1
if it is outgoing.

The resulting array of TLS records lengths should then be transformed into Tor
cells. An attacker should divide each number by 512 and append to the cells vector
as many -1’s or 1’s as the number of integers found in the result of division. For
example, if the length of TLS record is equal to 2048, the resulted cells vector
would be [1,1,1,1].

After completion of cell traces extraction, we will have the representation of data in
the form of [-1,1,1,1,-1,...]. Such arrays are then used as features, subsequently, the
actual webpages are used as labels. However, such arrays have different lengths.
Hence, as we are trying to simplify the process, we will append zeros to the end of
input vectors because the majority of machine learning algorithms requires the input
vectors to have equal lengths. By means of such operation, we will equalize the
length of cell vectors.

5.3 Machine Learning Module

For machine learning purposes, we will use sklearn Python library, which is the
most popular Python library for machine learning. The trained model will be used
for classification of new traffic samples.

This module works in a straightforward way. An attacker must train the model using
collected cells and then use it as a ready model.

6. Experimental setup

We have implemented such a scheme using Java programming language and Python
(Fig. 5). The aim of our experiment is to show that we can deanonimize a small
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fraction of users in the real world even if we don’t use cutting-edge deanonimization
techniques.
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Fig. 5. UML class diagram of traffic collection module

6.1 Experimental Environment

Consider the following situation: the group of terrorists is trying to gain access to
illegal content from a small room in the dormitory. The list of resources was
provided by the Group-I1B cybersecurity company. In our experiment there were
three users playing the role of terrorists. Each of them visited the resources from the
list according to the following rules: only single tab browsing is used, and the time
spent to read the webpage is, at least, 5 seconds. According to the research [10],
situation described looks pretty realistic. Such rules allow us to simplify the process
of splitting packet sequences and extracting traces.

6.2 Data Gathering

Before trying to deanonimize users, we made a preparation step and collected 80
traffic instances from our list of resources. Such a low number of traffic instances is
sufficient, because bigger datasets are not affecting accuracy of classifier on the
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same number of websites. We have studied 7 resources related to drugs, weapons
and extremism issues.

Our users repeated the process of reading and uploading a webpage 5 times for each
webpage from the list. After that, we downloaded collected packet sequences and
made the data preprocessing step. We used time-based splitting as was proposed by
Wang [11]. After this step, our data became ready for classification.

6.3 Machine Learning Model

Support vector machines (SVM) are supervised learning models with associated
learning algorithms that analyze data used for classification and regression analysis.
An SVM model represents examples as points in space mapped so that the examples
of separate categories are divided by a clear gap that is as wide as possible. New
examples are then mapped into that same space and predicted as belonging to a
category based on which side of the gap they fall to.

We used the NuSVC machine learning algorithm with default hyperparameters from
the sklearn library. NuSVC is Nu-Support vector classification based on the support
vector machines. This algorithm uses a parameter to control the number of support
vectors, where the parameter is an upper bound of the fraction of training errors and
lower bound of the fraction of support vectors.

7. Evaluation

7.1 Evalution metrics

e  True positives (tp) - equal with hit.

e False positives (fp) - type I error, equal with correct rejection.

o False negatives (fn) - type Il error.

e Precision - the ratio tp / (tp + fp); there is an intuitive ability of the
classifier to avoid labelling a negative sample with the positive label.

e Recall - the ratio tp / (tp + fn); there is an intuitive ability of the classifier
to find all the positive samples (the best is 1, the worst is 0).

e Fl-score - a weighted average of the precision and recall (its best value is
1, the worst is 0) = 2 * (precision * recall) / (precision + recall).

e Score — the subset accuracy returned in a multilabel classification. If the
entire set of predicted labels for a sample strictly matches the true set of
labels, then the subset accuracy is 1.0, otherwise it is 0.0.

7.2 Experimental results

We have performed the classifier evaluation using a built-in sklearn function. For
ethical reasons documented in Tor ethical research [12], we’ve anonymized the
websites used in the experiment.

Our simple model has achieved results presented in table 2.
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Table 2. Classifier evaluation

Website Precision Recall F1-score
Site 1 1.00 1.00 1.00
Site 2 0.80 0.80 0.80
Site_3 0.80 0.80 0.80
Site 4 0.50 0.40 0.44
Site 5 1.00 1.00 1.00
Site 6 0.38 0.60 0.46
Site 7 0.67 0.40 0.50
Avg/total 0.73 0.71 0.72

Overall, the total score of the classifier = 0.714

These results are not outstanding in comparison with the state-of-the-art techniques,
but they show that we can deanonimize users with the help of a relatively simple
program and achieve sufficient accuracy.

8. Conclusion

It was shown that the attacker without cutting-edge machine learning techniques can
apply website fingerprinting. If the attacker has enough experience and technical
competence, he will be able to build such a system and use it for the purpose of
deanonimization. Moreover, the proposed solution will work better if the attacker
sniffs Wi-Fi or other local network, because it is very easy for him to find Tor
related traffic and collect traces. In this case, the deanonimization is targeted and
easily implemented.

9. Future work

In our future work, we are going to solve the Oracle problem using the recurrent
neural networks and test them in the field of website fingerprinting attacks. Next,
we are going to build a cloud application using state-of-the art techniques and
results based on Recurrent Neural Networks research.

The main purpose of solving the Oracle problem is to have a pretty accurate
splitting algorithm, which will allow to use WF attacks even with the multi-tab
browsing.
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pacnpoCTPaHEeHHOM U LWMPOKO UCMO/b3yemMoli aHOHUMHOI ceTblo aBaseTca Tor. Mpu sTom
HMEHHO TOr SBISIETCS OCHOBHBIM HHCTPYMEHTOM MHOTOYHCIEHHBIX XaKepOB, TOPTOBIIEB
HapKOTHKaMH W opyxueM. Hacrosimias cTaths ¢QokycupyeTcss Ha JI€aHOHHMMH3ALUH
nosib3oBateneil Tor C IpUMeHEHHWEM NOCTYIHBIX B HHTEPHETE TEXHOJOTHWi M 0a30BOro
QIropuTMa MamMHHOrO 00ydeHWs. llens paboTel — MOKa3aTh, YTO JI€AHOHMMH3AIIHS
HEOOJIBIIOTO  KOJNIMUYECTBA IIOJIB30BaTENel BO3MOXKHA 0€3 HCHONB30BaHUS OOJBIIOrO
KOJIMYECTBA BBIYUCIIUTEIIBHBIX PecypcoB. B Hauaie paboThl mpencTaBieH 0030p Pa3IMYHBIX
AQHOHMMHBIX ceTel. 3areM - pa3iIu4yHble METONbl ACaHOHMMHU3AIMU: aHAIU3 Tpadduka,
TaMUHT aTaKH, aTaKd Ha ypOBHE aBTOHOMHBIX cucteM. [ToctpoeHa kinaccudukaius atak 1o
pecypcaM, HeoOOXOJMMBIM aTaKyIOLIUM JUTS YCIENTHOTO NpHUMeHeHus . [ peanu3anun Oblia
BeiOpana Website fingerprinting araka. Orta araka TpeOyeT HAWMEHBIIETO KOJIMYECTBA
pecypcoB JUIL €€ HCIOJIB30BAaHMS W BHEAPEHHS B CeTb 10f C IIENBI0  YCIEIIHOMH
JCAaHOHMMHM3ALMKM  mojb30Bareieil. OmnucaH  AKCIEPUMEHT — HCIoib30BaHus  Website
fingerprinting araku. CriMcok OTCIIEKUBAEMBIX B SKCIICPUMEHTE PECYPCOB OBLT MOJIYYEH OT
KOMIIaHUH, CHeNUalu3upyomeiics B  obnacth  HHOOPMALMOHHOH  0E30MacHOCTH.
DKCIEPUMEHT MPOBOAMIICS B OAHOH KOMHATE IIPU y4acTH 5 YEJIOBEK U OJHOTO BXOIHOTO
y31a. Bbl1a JOCTUTHYTa TOYHOCTH KiIacCH(UKALUK MPOCMATPUBAEMBIX CTpaHUL paBHas 70%
MpoIIeHTaM. 3aja4ya JICAHOHUMH3AIUU KpaliHe BayKHA JUIS HAI[HOHAJIBHOM 0€30MacHOCTH, 4TO
MIOAYEPKUBACT aKTYaIbHOCTD IIPOBEICHHOTO UCCIICJOBAHMSI.
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Abstract. The article describes two approaches for control access rights based on role
approach (RBAC) and the use of tables (lists) access rights (ACL). At first, an overview of
modern approaches to information security and control user access rights of applications with
different architectures is provided. After that, two author's methods of data protection is
described. The first approach was developed for the protection of object-oriented
applications, the second approach was developed for object-attribute applications used to
operating network (graph) databases and knowledge bases. The focus of attention is the first
author's approach based on the description of access rights for classes, attributes of classes
and objects that has a certain criterion. The approach is implemented by the use of a class
hierarchy, composition and structure describing in detail in the article. The article gives
examples of specific information systems developed by the first author: information system
for scientific conferences that was repeatedly used at the conference "Object systems"
(objectsystems.ru) and information system of the beauty salon. Further focus is on the second
approach required development of new technique to the information security of network
(graph) information structures. The approach developed by second author fully duplicates the
functionality of the first approach. In particular, it provides permissions copy when copying
of the network data structure, just as in the object-oriented paradigm is a transfer of the
properties of parent to child class; the article gives a detailed description of such mechanism.
For access control, the method involves the use of a special virtual device. Information about
access rights is linked to the node network (graph) if restrict access is needed.

Keywords: Security of information systems; Object-oriented applications; Object System
Metamodel; Model of Permissions; object-attribute approach.
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1. Introduction

At present, the greatest number of new applications is being developed by an object-
oriented approach. This paradigm, based on the inheritance technology, allows one
to reuse the previously developed elements implemented as classes. The result is the
reduced development time and the costs of the whole information system. This is
the key advantage when large software products are created. Such systems are
typically multi-user systems. At the same time, each category of user needs is only a
part of the available information, i.e. there is a problem of access control for multi-
user applications. The paper presents a model of access control for object-oriented
applications, which was developed by the authors and repeatedly used when
developing large applications, and a model of access control in object-attribute
computation system.

The paper is organized as follows. Section 1 provides a detailed survey of the papers
devoted to similar topics. Section 2 describes the model of access control used by
the author. Section 3 shows real examples of implementation of this model and the
selected roles of users. Section 4 shows the approach to security in Object-attribute
system. At the end of the paper, conclusions on this work and plans for the further
study are given.

2. A survey of the available research

Access permission is one of the main problems appearing after the development of
the required functionality of the program. Therefore, there are a lot of researches
representing different approaches to solving this problem. In [1], the authors
propose an approach called business-oriented development (Business-Driven
Development), in which the key role is given to the security configuration in the
application. The authors use the Model-Driven Architecture (MDA) of architecture
of the program. They introduce the concepts of business processes and models at the
model level, and then determine the security policies and templates specifying
certain rules for them. The present research describes principles of access
permission assignment at the level of platform-independent models and the further
transformation into platform-dependent models. As a result, the authors present a set
of templates for access control providing that their configuration can be adjusted if
necessary. This solution is tested using a service-oriented architecture (SOA). To
improve the efficiency of the description of the software product life cycle and the
corresponding access permissions, the authors propose to make several changes in
the languages of software development, such as UML and BPEL. An advantage of
the paper is the presence of a number of charts illustrating the proposed solution, as
well as many code fragments represented as XML.
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The research [2] is more practical and special. It describes a model of adaptive
security for multi-agent information systems used by the authors in the medical
information system called HealthAgents. The authors start from describing the
classical model of access control based on Role-based access control (RBAC) and
extend it to be used in multi-agent systems. In their research, the authors present a
meta-model that allows one to manage access control by using the UML class
diagram. To interact with the security role, the authors introduce the base class
Subject attributed with different user permissions. The derived class represents
users, organizations and agents. An analysis of research shows that the object-
oriented approach for describing access rights is implemented. To describe the
process of applying the security policies, the authors depict the Interaction Diagram
and present, in the XML-code, an example of test description of access rights of
certain users, stored in the system.
The research [3] presents the simulation of multi-level security, integrated within a
service-oriented application. In a service-oriented architecture (SOA) that allows
one to develop different Web applications, the security is critical. The security is
provided by the Web service WS-Security controlled by SOAP messages. These
messages may be attacked either by anonymous customers or by trusted clients. In
addition, there are other possible types of attacks, for example, the so-called denial
of service (DoS), which can exhaust the computer resources and make the Web
service unavailable. The described security model consists of three levels. Attention
is paid to each of the levels. The obtained multi-level security architecture is
presented graphically, namely, various security domains, as well as the composition
and structure of the software installed on each of them are depicted. After this,
various types of possible attacks at each of the levels are discussed. They are
described using the UML Class Diagram. This allows one to analyze the results
obtained by the authors and then to design the desired security models based on the
results.
The framework for describing the security model of service-oriented applications
(SOA) is presented in [4]. The authors focusing on the process of modeling business
processes use the BPEL notation. The security model is used with the model of
business processes. The authors argue that the difference in approaches of a
Business analyst and an Expert to solving the security problems leads to certain
permission assignment that ultimately compromise the safety of user data. The
authors developed several annotations that allow the security Experts to specify the
security model. The proposed approach is demonstrated by an example of business
processes of a service-oriented information system providing data about the
progress of students. The paper describes a possible implementation of the
framework, its basic modules and rules of interaction between the experts and the
system.
The paper [5] presents model-oriented templates (patterns) of application security
obtained by the authors by an analysis of phases of the application development.
The authors examine the applications working in Internet. The templates contain
descriptions of solutions to common security problems. The selection of an
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appropriate pattern depends not only on the situation but on other templates applied
earlier, i.e. the dependence between the patterns is taken into account. The authors
present an analysis of such dependencies for the first time. The technology of
changes of General security templates is proposed on the basis of a rule
transformation model based on previously used patterns. This allows one to avoid
inappropriate application of the security templates. The authors identify two levels
of abstraction: 1) the analysis Phase; 2) the design Phase. Certain modules are
responsible for each of them. The software structure and the functions of the
modules are considered in detail by the authors. In conclusion, the authors present
the syntax of the language used to describe the transformation rules of different
patterns. This is similar to languages such as SQL, OCL, LINQ. To demonstrate the
obtained results, the authors describe the test information system containing
information about the patients of a hospital. The use chart (Use Case) shows the
different categories of users and the types of the applied security patterns. Then the
structure of the template and the class diagram of the subject area after the
application of this decision are illustrated in the form of a UML Class Diagram.
This approach is applied to all selected templates, and the complexity of manual and
automated applications is evaluated.

In [6], the model-oriented approach to the security applied in the information system
of electronic voting is presented. The necessary security requirements, illustrated as
the Use Diagrams of UML, were represented as functional requirements at the
requirement formalization stage. After this, the authors describe the step-by-step
algorithm for identifying and implementing the security requirements and then
describe each key element in detail. The paper presents the application architecture
and the main computing nodes (computers) which play a certain role. This allows
the authors to determine possible vulnerability and attacks against which the system
should be projected. The authors also present an approach to the security model
implementation in the information system of electronic voting. The model is
illustrated by the Sequence Diagram of language UML.

3. The model of access control

Currently, the classical model access control based on roles (Role-based access
control, RBAC) has been widely used. Appeared in operating systems, it has the
form presented in fig. 1.

This model is popular due to its plain architecture whose functions are as follows.
The security system (model) creates multiple roles represented by the Role class.
Each role is assigned certain access permissions represented by the Permission
class. Permissions are assigned to different objects in the system, which is
represented by the class Object. The user described by the User class is attached to
at least one role. Moreover, these roles can be inherited, and this can simplify the
process of assigning permissions to objects. This scheme is optimal for delineation
of rights for objects of one type, for instance, for managing the permissions of
access to file system objects (files, directories) in an operating system.
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0..*| ParentRoles |0..*

User [0.* 1.7 Role [0.* 1.%Permission 0.* 1.1 Obiject

Fig. 1. Classical Role-based Access Control, (RBAC) model

Software applications written in object-oriented programming languages require
another security means because it are several types of objects that can be attributed
by rights. For the optimal systems design the following optimality criteria (OC) for
features are selected:

e access rights for classes (OC1);
e access rights for class properties (OC2);

e access rights for objects (instances of classes) (OC3).

Fig. 2 shows the structure of an optimal model of access rights management for
object-oriented applications.

0.*| ParentRoles |0--*

User [0.* 1.1 Role [0.* 1.% TypePermission

O“*
Frmtemsoooooenoooooooe- . 1.1 1.1
1 | <<metaclass>>|1 1 |
| Class |, | | Q.7
i g ; MemberPermission
| 0.* 0.7
<<metaclass>> l
.| ClassMember [~ 0.*
| ObjectPermission

Fig. 2. Classical Role-based Access Control, (RBAC) model

We will examine this figure in more detail. To describe the objects which can be
assigned the access rights, an advanced meta-model of the object system is used. In
our case, it is enough to have information about the class and attributes (properties)
of classes. To match the selected OCL1, the class TypePermission which allows
differentiating the access rights for the classes is designed. To differentiate the
rights according to the properties of classes (see OC2), the class MemberPermission
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is introduced. The Class ObjectPermission is used to set permissions on the class
copies corresponding to the OC3 requirement.

After clearing the structure and concept implementation, we begin to study of the
final system. Fig. 3 shows the implemented-by-authors model of access control for
object-oriented applications in the form of class diagrams.

We will consider fig. 3 in more detail. All base classes implementing the key
functionality of the security system have names ending by the suffix Base. So the
SecuritySystemRoleBase and SecuritySystemUserBase classes form the root class
for representing the roles of security and the system user respectively. The
TypePermissionMatrixltem class is used to specify the data type (class name) which
needs the access rights. The following permission types are used for the classes:

o AllowCreate allows the user to create objects (class instance);
o AllowCreate allows the user to delete objects (class instance);

¢ AllowNavigate allows the user to display a menu item to view the class
instance;

o AllowRead allows the user to view objects of the class;

o AllowWrite allows the user to replace some objects of the class by other.
The class SecuritySystemMemberPermissionsObject allows one to describe the
rights to some individual properties and to implement a complex security policy in
which the user is prohibited from reading certain attributes of the class.
The class SecuritySystemObjectPermissionsObject is used to distinguish the rights
between individual objects of the class which satisfy some predicate. This condition
holds in the property Criteria.
The UML diagram shows the relationship between associations which allows one to
understand the relationship between classes. In the end, it should be noted that the
developed security system allows an unlimited description of the types of access
rights in an object-oriented system, which corresponds to the previously identified
optimality criteria.

4. Examples of using the model of access control

To implement the above-described model of access control, it is very important to
have the meta-information of the object system. The model is physically stored in a
relational database according to the principles described in [7]. When designing a
meta-model, the key challenge was to develop a hierarchy of meta-classes which
allows one to save information about literal types and different classes of domain
entities [8-9]. The design of the developed meta-model allows one to realize the
subject-oriented approach to designing database applications for different fields [11-
13]. In [14-16], the use of the metamodel in the design of information systems is
described.

Then paper [16] describes the previously-used security model for access rights
applied to an information system used to carry out scientific conferences. The model
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was repeatedly employed to manage the conference "Object system"
(objectsystems.ru). Attention was paid to the security issues at the design stage. For
this, the following roles were allocated to the users in the system:
1. The organizer of the conference. He is the main person and the user of the
system. His responsibilities include the following tasks:

1. to register the publications;

2. to appoint the reviewer;

3. to verify the corrections made by the authors according to the reviewer
comments;

4. to check the payments;
5. to prepare the journal;
6. to send the proceeding books and certificates to the authors of the papers.

2. The author writes a paper and sends it to the conference. The author’s
responsibility is also to revise the paper according to the reviewer's comments about
the paper and, if necessary, to pay the registration fee.

3. The reviewer checks the author’s paper and evaluates its quality. The review
includes: to write a review indicating the observations and recommendations for its
improvement; to formulate the review result (to accept the paper for publication or
to reject it or to send it back for revision). During the preparation of the conference
proceedings, the reviewers award nominations to the best papers submitted to the
conference. However, in the general case, there are several reviewers.

On the basis of this information, classes and types of access are detected for
different roles. Next, instances of classes presented in Figure 3 are created.

The paper [17] describes an information system of a beauty salon. Studying the
business logic in this field shows that the system must implement a variety of
different financial calculations determining the costs and profitability of the salon.
This information can be presented only to the owner of the salon. The following
roles are emphasized:

1. Master. Main task of the master is to provide services to clients. Therefore, each
master can only view (read) the main system directories such as: Operating
Schedule, Record/Visit, Schedule of visits, Customer, Leave/Sick
leave/Compensatory leave/Absence, Service, Commodity, Certificate, Price,
Interest, Master, master Category, room Category, Remnants of goods, Work
schedule, Working hours;

2. Salon administrator. The main task of a manger is to monitor the activities of
the salon. Namely, an administrator registers clients and monitors progress of
master work. In the system, an administrator has right to add/edit/delete data from
the directories: Visiting Schedule, Customer Master, work Schedule,
Record/Attendance, Vacation/Sick leave/Compensatory leave/Absence, Service,
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Commodity, Certificate, Discount, goods Receipt, Inventory, Price, Stock, Percent,
client Category, master Category, service Category, Document, Movement of
goods, remaining Stock, Sales, Salon, Working hours, Working time;

3. Owner of the Salon has all the same rights as the Administrator of the salon. In
addition, he has right to view information from processed forms such as: Wages,
Profit, and Profitability. The salon owner can also introduce new users in the system
and add them only to the existing roles.
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Fig. 3. UML class diagram of the implemented model of access rights differentiation

The papers [18-20] describe the information system architecture of fast food
restaurants. The key feature of application of this class is that they are used in the
places of public service with a large number of clients. In such software products,
the critical maintenance time is very important, and so the graphical interface of the
user must be ergonomic. The monoblocks with touch screens are often used as the
hardware platform in such systems. Therefore, in such applications, attention is paid
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to the graphical interface of the user and to the principles of security settings. In this
case, the following roles are selected:

e Waiter. The waiter’s main task is to create purchase orders, to add the
goods purchased by clients to the orders, and to arrange the payment;

e Cashier. A cashier cannot create new orders but can remove erroneous
orders, view all orders issued in the current and previous shifts, and also
issue the payment orders;

e Manager. His main task is to form consolidated reports on the work of a
shift and to add new waiters and cashiers to the system;

e Merchandiser. The main task of the merchandiser is to introduce
information about new food into the system.
When designing each of the above-described applications, the role of system
administrator, who sets permissions for the existing roles and creates new roles, was
also assigned. In fact, this role corresponds to the system administrator of a domain
of the Windows operating system.

5. Information security in OA-systems

The OA-approach to organization of the data structure and the computational
process is currently being developed. The approach implements the object-oriented
(O0) programming principle with a few other features [21,22,23]. The OA-
approach requires new methods for the information security organization.

Unlike the OO paradigm, in OA, there is no distinction between the concepts of
class and object. Instead of the class, a semantic network template, which is copied
to generate a new semantic network, is used [24]. Also, there is no such a concept as
the field of an object: a data and a program are represented as an information
capsule (IC). Therefore, in the OA-system, the data security is focused on an
information capsule (IC), and the OA-graph is protected through it. Let us explain
it. The functional unit (FU) processes an OA-graph. Let us call it a processing FU.
The processing FU usually takes reference to one of the IC (starting IC) of the OA-
graph and produces a traversal from the IC. The traversal is performed as follows. A
FU looks for the information pair (IP) in the 1C with a specific attribute and goes by
the link contained in its load to another IC of the OA-graph. Thus, the OA-graph
security is provided through the security of the starting IC. Any other IC may be
secured in the OA-graph similarly to the protection of the object field in the OO
paradigm.

For the implementation of information security, a specialized FU, called the
"Guard", is required. The functions of the FU are the control of the user accounts
and roles (if the RBAC approach is used) and the creation and control of the access
control list (ACL) for IC contained in the OA-graph. The Guard integrated to the
processing FU controls the access permissions to a IC. The control is ensured as
follows: operating FU before the analysis, the IC passes a reference to the access

43



Oleynik P.P., Salibekyan S.M. Model of security for object-oriented and object-attributed applications. Trudy ISP RAN
/ Proc. ISP RAS, 2016, vol. 28, issue 3, pp. 35-50

controller that checks the access permission to IC. If the access is denied, then the
Guard blocks the FU performing the OA-graph traversal.

The access permissions information is stored in the ACL (fig. 4). The ACL can be
attributed to the IC of the OA-graph by adding IP, called the security IP, with the
attribute "ACL", the load of the IP contains a pointer to the ACL (one ACL can be
assigned to one or several IC.). To prevent unauthorized access to the ACLs, the
manipulation protection of security IP is included in the algorithm for controlling
the processing FU: prohibition to remove the secure IP (the IP can only be removed
during the removal of the IC, where the IP is located), prohibition to use the
reference of the secure IP load, etc. The ACL is processed (creation, destruction and
modification) by the Guard.

The proposed mechanism well emulates the protection class in the OO paradigm. If
the secure IP is contained in the OA-graph, then when copying the OA-graph, the
secure IP with the load containing the reference to the access rights matrix is copied
too.

ED-GED
Access Control List (ACL) Access Control Lis (omter | |ACL| IgH PO'”terD
= Nr e
oo o L

Fig. 4. The mechanism of data security in OA-computing system

The proposed methodology provides maximum flexibility of the security
mechanism of the OA-graph and corresponds to all three criteria (OC1, OC2, OC3)
applicable to the security of OO systems, i.e., protection of OA-graph (similar to
object), a separate IC (similar to object fields), and OA-graphs copied from the OA-
graph template (similar to the class protection). Moreover, all criteria are satisfied
with a single protection mechanism.

6. Conclusions and further research

The above description shows that the established model of differentiation of access
rights can successfully be used in applications in various domains, i.e. it is
universal. Several applications where the security comes first are currently designed
and implemented. This allows testing the proposed model completely and
modifying it in accordance with the discovered drawbacks.
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The model was developed in the OA-approach. The model is quite simple and
satisfies all criteria for the security in the OO approach.
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AHHOTanms. B cTaThe npuBOANTCS ONMUCAHME ABYX METOAUK Pa3rpaHUUYCHUS IIPaB IOCTYIa,
ocHOBaHHEIX posieBoM nogxone (RBAC) m mpuMeneHMn TaGJIUI/CHECKOB IIpaB JOCTYIHA.
BHavane npuBoauTCs 0030p COBPEMEHHBIX IIOJXOMOB K OpraHU3alMi OE30IacHOCTH H
pasrpaHUYeHUs MpPaB JOCTYNA MOJIb30BATENCH B NPWIOKECHHAX PA3IUYHONW apXUTECKTYPBI.
Jlanee mMpUBOIUTCS ONHCAHUE JBYX METOIMK 3aliuThl nHpopMmanuu. Ilepsas paspaboraHa
JUISL 3aIIUThl OOBEKTHO-OPHEHTHPOBAHHBIX NPHUIOKEHUH, BTOpas NPHIOKEHUIl 0OBEKTHO-
aTpUOYTHBIX, IPUMEHSIEMBIX [UIS YIIPABICHHS CETeBBIMH 0a3aMH NaHHBIX W Oa3aMH 3HaHUH.
Jlanee BHUMaHHe ynesieTcs MepBOi aBTOPCKOM METOAMKE, OCHOBAaHHOI Ha ONMCAaHHH IIpaB
JOCTyIIa I KJIACCOB, aTpHOYTOB KJIACCOB M OOBEKTOB, YAOBIECTBOPSIOMINX ONPEEICHHOMY
kpurepuio. [Togxon, pa3paboTaHHBIH HEPBEIM aBTOPOM, PEaIN30BaH C IMOMOIIBIO HEPAPXHUU
KJIACCOB, COCTaB M CTPYKTypa KOTOPBIX AETANBHO OmNHcaHa B pabore. Taxke HMpUBOAATCS
HpUMEpbl KOHKPETHBIX HH()OPMALMOHHBIX CHCTEM, pa3pabOTAHHBIX IIEPBBIM aBTOPOM:
nHOPMAIIMOHHAsT ~ CHCTeMa [POBENECHHSA HAy4YHBIX KOH(QEpeHIHMil, ucrnonp3yemas
MHOTOKPAaTHO TpH NpoBeaeHnd KoHpepeHInn «OOBEeKTHBIE CUCTEMBI» (objectsystems.ru), a
Takke MHPOPMAIMOHHAS CHCTEMa CaJloHa KpacoThl. J{ajee MPUBOIMTCS ONMCAHHE BTOPOM
METOIMKH, TOTpeOoBaBIel pa3pabOTKH HOBBIX IOJAXOZOB K OpraHM3alUM  3allUThHI
nHpopmanuu. Bropas Meronuka, paspaboTaHHasi BTOPBEIM aBTOPOM, ITOJHOCTBIO AyOIupyeT
(YHKIMOHATIBHOCTD INepBoil. B wacTHOCTH, OHa OOecreunBaeT KONMMPOBaHHE IPaB JOCTYIa
IpU KONHMPOBAHUM YaCTH CETEBOH CTPYKTYpPHI TAaHHBIX, MOJOOHO TOMY, Kak B OOBEKTHO-
OPHUEHTUPOBAHHOW MapajUrMe MPOMCXOAUT Mepeiada CBOMCTB POAUTENS K IIOTOMKY KJlacca;
B CTaThe IPHUBOAUTCS MOAPOOHOE ONMHMCAHME TAKOTO MeXaHu3Ma. J[Jist ynpapieHUs mpaBamMu
JOCTYIIa B TaKOW METOAMKE IPUMEHSAETCS CHELHAIbHOE BHPTYaIbHOE YCTPOWCTBO, a
vHpOpPMAIMs O TpaBax JAOCTyNa NPHUBSI3BIBAaeTCA y3iy ceTH (Tpada), ecinu HeoOXOauMo
OTPaHUYUTH JIOCTYII K HEMY.
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00BEKTHO-ATPUOYTHBIH TIOIXO/.
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Abstract. The article analyses the problem of data persistence while transmitting the
messages and looks into possible solutions. The central part of the article describes the
algorithm of data encryption and digital signature algorithm according to the starting time of
the session. In the algorithm the session key is symmetrically generated for each pair of
subscribers; further the data are encrypted with this key. In its turn the session key is also
encrypted with a public asymmetric key of a recipient and with an asymmetric encryption
algorithm. Then the decrypted session key with the decrypted message are sent to the
recipient. This client employs the same asymmetric encryption algorithm and his/her secret
decryption key to decrypt the asymmetric session key. The decrypted session key is used for
decryption of the received message. Thus, every time new symmetric keys are generated
according to the starting time of a session, which enables high speed of encryption along with
an open to public temporary encryption keys transmitting. Besides, the article contains
examples of Diffie-Hellman protocol work and the hash-function algorithm MDS5. They are
used for encryption of generated temporary keys and for transmitting common private key to
both clients. According to the suggested algorithm, the prototype of key and signature
generation has been created and probated. The article illustrates the stages of Diffie-Hellman
and MD5 protocol work. The prototype was tested with the help of a computer and two
phones (2013 and 2015 production years).
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1. Introduction

The necessity of serious approach to information security brings us to the basic
concepts of cryptography: digital protection, digital signature and encryption. As
you know, cryptography is engaged in the search for solutions to such important
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security issues as confidentiality, authentication, integrity and control of participants
in the interaction.

Encryption is the process of converting data into a form, which is not possible to
read the keys. It uses the encryption — decryption keys. The encryption process of
the original message helps to ensure privacy by keeping information secret from
someone it is not addressed. A set of conversion algorithms and keys used by these
algorithms for encryption, key management system, as well as the original and the
encrypted text form a cryptographic system. In turn, cryptosystems ensure the
secrecy of transmitted messages as well as their authenticity and a user’s
authentication. The article offers new ideas for dynamic generation of keys and
signatures depending on the starting time of the interaction between two
subscribers.

2. Approaches to the construction of cryptosystems

There are two methods of cryptographic information processing with the keys —
symmetric and asymmetric [1]. A symmetric (private) method implies that the
sender and receiver use the same key, which they agree before the interaction for
both encryption and decryption. If the key has not been compromised, then decrypt
database automatically authenticates the sender, since it is only the sender who has
the key, which he/she can use to encrypt information, and it is only the recipient
who has the key to decrypt the information.

The symmetric encryption algorithms use keys that are not very long and can
quickly encrypt large amounts of data. Symmetric encryption systems have a
common drawback — that is the complexity of the keys distribution. When an
external party intercepts the key, the system of cryptographic protection will be
compromised. When it is necessary to replace a key, it should be sent confidentially
to the participants of the encryption. Obviously, this method is not suitable when
one needs to establish a secure connection with a large number of Internet
subscribers. The main problem of this method is how to generate and securely
transmit keys to the participants of the interaction. How is it possible to establish a
secure communication channel between the participants of interaction while sending
keys through insecure communication channels? The lack of a secure key exchange
method limits the expansion of symmetric methods of encryption in the Internet.
This problem is resolved in an asymmetric (public) encryption method. In an
asymmetric system, the document is encrypted with one key and decrypted with
another one. Each participant of the information transfer generates two random
numbers (private and public keys). The public key is transferred through public
communication channels to another participant of the encryption, but the private key
is kept in secret. The sender encrypts the message with the public key of the
recipient, and it is only the private key owner who may decrypt the message. This
method is suitable for a wide usage. If each Internet user is assigned to his/her own
pair of keys and the public keys are published as the numbers in the phone book,
almost all users can exchange encrypted messages with each other.
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All asymmetric cryptosystems are the object of direct attacks through the direct key
enumeration, and, therefore, they must use much longer keys than those used in
symmetric cryptosystems to provide an equivalent level of protection. This
immediately affects the calculation resources required for encryption.

There is the necessity to verify that there is no distortion into the information in an
e-document. Digital signature is used for this sake. Digital signature in a
cryptosystem protects a document from changes or substitution and, thereby,
guarantees its validity. It is a line, where the attributes of the document (for
example, checksum of a file, etc.) and its contents are encoded, so that any change
in the file even with the unchanged signature may be detected. When a document is
protected by a digital signature, it verifies the document itself along with the private
key of the sender, and the recipient's public key. The owner of a private key is the
only one who can sign the document correctly. To verify the digital signature of the
document, the recipient uses the sender's public key. No other key pair is suitable
for verification. Thus, unlike an ordinary signature, digital signature depends on the
document and the sender's public key. Therefore, it is several times safer than an
ordinary signature and a seal.

Despite the fact that digital signature certifies the authenticity of the document, it
does not protect it from unauthorized reading. Both symmetric and asymmetric
encryption systems have their advantages and disadvantages. The shortcomings of
symmetric encryption are in the complexity of replacing a compromised key, and
the disadvantages of asymmetric encryption are in a relatively low speed of work.
These problems are addressed to the encryption systems that use the combined
algorithm, which enables high-speed encryption and sending of the encryption keys
through the public channels. In order to avoid low-speed of asymmetric encryption
algorithms, a temporary symmetric key is generated for each message. The message
is encrypted with a temporary symmetric session key. Then this session key is
encrypted with a public asymmetric key of a recipient and an asymmetric
encryption algorithm. Due to the fact that a session key is much shorter than a
message itself, the time of encryption will be relatively short. After that this
encrypted session key is transferred to the recipient along with the encrypted
message. The recipient uses the same asymmetric encryption algorithm and his/her
private key to decrypt the session key and the received session key is used to
decrypt the message.

The mentioned above makes it obvious that combined encryption algorithms
currently have a promising line of development in modern cryptosystems.

3. Algorithm description

It is time to consider the operation principle of the suggested method to data
encryption with the session symmetric key, generated at the moment of interaction
between the two subscribers. The session key is encrypted with the exposed
asymmetric key of the recipient and Diffie-Hellman’s algorithm [2]. The algorithm
allows two sides to get common private key, using the channel that is unprotected
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from discreet listening, but protected from the channel substitution. The received
key can be used for message exchange through symmetric encryption.
Diffie-Hellman’s algorithm uses one-sided function F(X) with two attributes:

o there is a polynomial algorithm of values F(X),

e there is not a polynomial algorithm of inverted function F(X).
To put simply, this function doesn’t include decryption of the encrypted text.
The function with a secret is the function Fk; it depends on k and has the following
properties: there is a polynomial algorithm of calculation Fk(X) value for any k and
X, and there is not a polynomial algorithm of the inverted Fk for unknown k; but
there is a polynomial algorithm of inverted Fk for the known k parameter.
Fig. 1 presents encryption’s block diagram according to the Diffie-Hellman’s

algorithm.
( Start )
I

Random number generation of
a (orb)

Open parameters setting
pandq

Key computation A, B
A= g*modp B= g’modp

Public keys exchange
Aand B

Private key computation
K = A’modp = g*®mod p

( End >

Fig. 1. Block diagram of Diffie-Hellman algorithm.

The algorithm operation is presented in the following example. Andrew defines
variables g and p which are large numbers. And he also conceives his private
number a and calculates the value A using the formula
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A= g*modp Q)
Then he transmits it to Natasha along with the conceived values of g and p. Natasha

conceives her private number b. Through the same formula as Andrew does, she
calculates her public number

B = g’modp )
and sends to Andrew. It is possible that the malicious user can get both values, but
he will not modify them, as he is unable to interfere in broadcasting process.

At the second stage Natasha calculates the value of K having number B and the
received number A:

K = A’modp = g**modp, (3)

That is the key for encryption. Then, Andrew calculates his key using number B
received from Natasha and his calculated number A

K = B%modp = g*®mod p. 4

You can see in examples (3) and (4) that Andrew gets the same number k, as
Natasha. As a result, there is a root key that will be used in generating temporary
key and message’s signature in the future.

If the root key is used as a private key, a malefactor will be forced to meet with a
practically undecidable (for a reasonable period of time) problem of calculating the
number g*®mod p having numbers A = g%mod p and B = g’mod p, intercepted
in the public channel if p, a and b are large enough numbers.

Now it is time to explain the process of temporary key generation. It follows the
same HMAC (hash-based message authentication code) algorithm [3] and its
standard RFC2104. According to them, information integrity is verified with
private key. This standard allows to ensure that transmittable or stored at unreliable
environment data were not change by unknown persons.

The HMAC algorithm contains the standard, describing the process of data
exchange, the process of data integrity verification with the help of private key and
hash-function. Depending on the hash-function, we can distinguish HMAC-MD5,
HMDC-SH1 etc.

In the article, the hash-function is generated from the root key by the suggested
algorithm, for example: md5 (rootKey + Time). The function md5 is a modification
of hash-function MD5. At the generation of hash-function, the time, particularly its
second value, will be rounded. As it is known, time is presented in the format
HH:MM:SS and rounding happens in the last format’s unit. If there are more than
30 sec. in the value of starting time SS, then they round upward, if there are less
than 30 sec., then they round downward. The message will be encrypted exactly
with this key, and also through this algorithm one can generate digital signature of
message to verify the message. As a result, we get a resistant system of dynamic
keys for messages encryption and signature, where participants do not need to
exchange some data for generation and root key generally.
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A generalized algorithm of messages encryption in cryptosystem with the key and
signature generation is presented on fig. 2.

=

Password generation with
Diffie-Hellman protocol

Generating
md5 hash

Generating
digital signature

Sending the encrypted
message

|
C =

Fig 2. Block diagram of encryption by the key and signature generation algorithm.

4. Working prototype

Web technologies and JavaScript language were chosen for prototype realization.
Due to it, the program will become a cross-platform and can be loaded everywhere,
when there is a support of JavaScript specification (EcmaScript 5) and HTML 4
support. The JavaScript language was not chosen by chance, as at this moment it is
the only “native” language for browser and it is supported by all browsers on
default.

Below we can consider fragments of prototype code as an example.

Mass Math.random is used for generation of a large number p by Diffie-Hellman
algorithm.

This approach is justified by the fact that the JavaScript language cannot work with
large numbers (BiglInt), as the algorithm requires it.
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The code generation example of a large number in JavaScript language looks as
this:

random(1000000000,9999999999) + " + random(1000000000,9999999999) + "
+ random(1000000000,9999999999) + " + random(1000000000,9999999999) + "
+ random(1000000000,9999999999) + " + random(1000000000,9999999999) + "
+ random(1000000000,9999999999) + " + random(10000000,99999999);
Then the code of message’s generation to JavaScript language seems:
$scope.getSign = function()

return  md5($scope.msg +  $scope.username +  biglnt2str(a_sec,
10).toString() + datetime);

Function md5(arg) returns the hash line from argument arg. Function bigInt2str is a
function that allows to work with large numbers in JavaScript. $scope.username
allows to insert a username. In this way we get a unique signature for each user.
There is a screenshot of text values’ substitution and the result of the performed
program:

time

md5 ( [rexcrfp131q12f2:232411.15 ] )

rext

5¢733932¢c8910c2cbcb1432d1eb6f117

The time test script execution was conducted through the prototype. In this test the
following e-devices were used:

1. The computer — INTRL i5 (Windows 10/chrome)
2. The phone — Nexus 5 (android 6.0.1/ chrome)
3. The phone — Samsung galaxy ace (android 4.2.2/ browser).

In table 1 the results of the algorithm individual steps are provided. The steps are
applied in different application. In fig. 3 there is a diagram that visualizes
experiment results. From the table analysis it is obvious that the algorithm works
very fast on the mobile phones.

Hash-function algorithm MD?5 is not selected occasionally, it is the fastest, the most
common one. It has the simplest hashing algorithm that may be used for signature
generation. Besides MD5 possesses a very interesting property. For instance, if at
least one byte in a line is changed, the view of the resulting hash line will change
dramatically.
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Table 1. Time of algorithm application in different devices at different stages (msec).

devices Intel i5 Nexus 5 (android | Samsung galaxy
algorithm (Windows/chrome) 6.0.1/ chrome) ace (android
4.2.2/ browser)
Diffie-Hellman 20,915 166,706 220,53
generation
MD?5 generation 0,81 3,315 6,21
Sign generation 0,27 0,48 0,72
Total time 22,883 170,89 229,416
EXECUTION TIME TEST
| O
Diffie-Hellman generation MDS generation Sign generation Total time

Fig 3. Histogram of algorithm performance time by different e-devices.

The logic of the encryption algorithm can be considered in five steps. After the data
are received there is the process of preparing the data flow to the calculations.

Step 1. First, the flow line requires alignment for hashing. At the end of the stream
one on-bit and the necessary number of off bits are registered. After the input data
alignment, the length of the stream should be equal to 512 - N + 448.

Step 2. At the end of the message, one should add 64-bit result for alignment. There
are 4 low-order bits that are put first, then high-order bits follow. If the stream
length exceeds 2%~ 1, only low-order bits are written down. After that, the stream
length becomes 512-fold. The calculations are made with data flow presented as an
array of 512-bit words.

Step 3. Then it is necessary to initialize 4 32-bit variables (A, B, C, D) and to set
their initial values with hex numbers: "low-order byte comes first". For example,

A=01 23 45 67; [//67452301h
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B =89 AB CD EF; //EFCDAB89h
C=FEDCBA98; //98BADCFEh

D=76 54 32 10. //10325476h
The results of intermediate calculations will be stored in these variables. Then it is
time to initialize constants and functions required in further calculations.
Four laps will require 4 functions with the logical operators XOR (@), AND (A), OR
(v), NOT (=):

FunF(X,Y,Z) = (X AY) v (=X A 2),
FunG(X,Y,Z) = (X AZ) v (=Z AY),
FunH(X,Y,Z2) = (X®Y® 2),
Funl(X,Y,Z) = Y ® (=Z v X).
The 64-element table of invariables is structured as follows:
T[n] = int(23% - |sin(n)|)
Each 512-bit block of the flow passes through 4 stages of calculation, 16 laps each.
For this the block is presented as an array X of 16 32- bit words. All the laps are of

the same type, but they differ in the rotate shift by s bits of a 32-bit argument. The
number s is defined for each lap.

Step 4. Steps in loop calculations. Base n element into the block from an array of
512-hit blocks. The values A, B, C, D, remain after operations with the previous
blocks (or their values in case the array goes first).

AA=A
BB=B
cc=C
DD =D
Sum the values with the result of the previous loop:
A=AA+A
B=BB+B
C=CC+C
D=DD+d
After the loop ends, check if there are any blocks for calculations left. If there are
some, go to the next array element (n+1) and the loop repeats.

Step 5. The result of the hash-function calculation is formed in ABCD buffer. If the
result starts with the low-order byte A, one gets MD-5 hash.

Fig. 4 presents a screenshot of md5 hash function working prototype in the
CRYP2CHAT app [4]. It resorts to a modified MD5 hash function.
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3 Hosas Bknajgka % | [ Key Generation with Time %
c file:///D:/GitHub/dyn_time_keygen/index.html &y = |
b
g=2
p=876773697784470986301726411245328098997345670636138871034554734220857291703641

USER 1

a=3648194620787070561274250187467169886414535350610189547305632332502622

A =300601724356203532907718251639722420658376895919895808185702966868715784608865
a_sec =
268715283597117128548026348937893438795070121192480696260852680559541342340053

USER 2

b =1239270907516357438217418218331220520367901844777533188361953814354733

B =276680689177406367187095588229032746737560994987149790679584682768250507626589
b_sec=
268715283597117128548026348937893438795070121192480696260852680559541342340053

MD5 (a sec OR b_sec + TIME ) = ENCRYPTION KEY

MDS5 (268715283597117128548026348937893438795070121192480696260852680559541342340053
+ Sun Mar 20 2016 09:57 ) = 41e0433e4dc590d45¢32529{814bb398

|Test message sing ;)| ‘
Sign for this message = 59d3bade1863139fec8e8fef4fe5b365

Fig 4. Prototype of Application work.

5. Evaluation of algorithm effectiveness

The cryptographic strength of the proposed algorithm for key and signatures
generation depends on the encryption method that combines the algorithms of
symmetric and asymmetric encryption.
The cryptographic strength is a quantitative characteristic of encryption algorithms
— intrusion into a particular algorithm requires a certain number of resources. This is
the amount of information and time required to perform the attack, as well as the
memory required to store information used in the attack.
An attacking encryption algorithm typically aims at solving the following tasks:

e to get public text version from the encrypted one,

e to calculate the encryption key.
The second task is usually more challenging than the first one. However, having the
encryption key the cryptanalyst can later decrypt all the data encrypted with a key.
The algorithm is considered to be secure, if a successful attack at it requires from an
attacker unattainable calculating resources in practice, or open intercepted and
encrypted messages, or if decryption is so time-consuming that currently protected
information would lose its relevance. In most cases, the cryptographic strength
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cannot be mathematically proven, you can only prove the vulnerability of the
algorithm or to calculate the time required to find the key. For this sake, one should
take into consideration the difficulty of a given mathematical problem that serves as
the basis for the encryption algorithm.
To estimate the time of the password configuration to gain an unauthorized access
to the channel of two subscribers, we have the equation [5]:

NO+N14N24NE

t=——"— Q)

It estimates time in the worst case. Here t is the time required for the guaranteed
password configuration, V is the number of combinations per second in brute
search, N is the number of characters in the configurated password, L is the length
of the password.
In case with the md5 algorithm, the number of characters is 36. This number
includes the 26 symbols-letters in the Latin alphabet (a...z) and 10 symbols of
Arabic numerals (0..9). The number of symbols in the secure key for encryption or
signing is 32. To calculate speed of the brute symbol search, we'll take an Intel i7
and a video card Radeon HD5850 1024 MB. Their power equals to 65 000
passwords per second, calculated empirically.
As a result of substitution of values in (5) the estimated time will be:

36° + 36! +36% + 3632

L= 6500

Converting the seconds into a larger value, we get the result 3.09 x 1037 years.
Conclusion: this algorithm can be considered secure from attack and the encryption
key calculation, as the time for the key search outweighs the actual time of work
with data.
In sources [5, 6] an algorythm of dynamic key generation is offered. It is presented
as a self-authenticated method with timestamp. In the patent the author employs
asymmetric encryption-decryption algorithm. In contrast in this article the described
algorithm is symmetric. This helps exclude sending and receiving any key, which
increases security of data transmission. Moreover, Google team uses slightly similar
algorithm of key generation. However, its development group employs another hash
function that is not connected with encryption.  Additionally, password
configuration is a part of the algorithm that we provide.

= 9.745x10%c.

6. Conclusion

The algorithm for temporary keys and signatures generation can be used to teach
students the basics of cryptography, and used in real projects. Coupled with a VPN
or TOR networks it becomes more secure due to the new encryption level [7].
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FeHepauusa AMHaAMMUYeCKUX Knro4ven m

noanucen ¢ 3aBUCUMOCTbLIO OT BpeMeHun

A.C. Kupvanyes < reyzor2l42@gmail.com>
U A. Cmeghanosa <aistvt@mail.ru>
THosonoicckuti cocyoapemeentblil yHusepcumem meieKOMMYHUKAYULL U
ungopmamuxu, Camapa, Mockoeckoe uiocce, 77

AnHoOTamms. B cratbe paccMoTpeHa mpoOiieMa COXPaHHOCTH IEPeNHCKH IpH Iepenade u
MyTH peHIeHnst 3Toi TpoOiembl. LleHTpanbHYI0 dYacTh CTaTbM COCTAaBIAET OIHCAHHE
ITOPUTMA TEHEpAlWy TMapoiei Ui MH(pPOBAaHMS JaHHBIX W TEHEpalWd IOJNHUCEeH st
COOOMIEHNH C 3aBHCHMOCTBIO OT BPEMEHM Hadala B3aUMOJIEUCTBHS JBYX abOHEHTOB. B
TpeIaraeMoM KOMOWHHPOBAaHHOM alTOPUTME HCIIONB3YeTCS TEeHepamusi BPEMEHHOTO
CHMMETPUYHOTO CEaHCOBOTO KiIIoYa Ui KakAoW mapbl aOOHEHTOB C MOCIEAYIOUIMM
m(ppOBaHUEM 3TUM KIIOHYOM HepeiaBaeMoro cooduieHus. B cBoro ouepenp cam ceaHCOBBIH
K04 muppyeTcss ¢ MOMOLIBI0 OTKPBITOTO ACHMMETPUYHOTrO KJIo4Ya TOJIydaTens |
ACHMMETPUYHOTO airopurMa mudposanus. [lanee 3amm@poBaHHBIA CEAHCOBBIH KIIIOY
BMeCTe ¢ 3alIA(POBAHHBIM COOOIIEHNEM TIEPENACTCs MOTYyYaTeIi0, KOTOPBIi HCTIOIB3yeT TOT
K€ CaMBI aCHMMETPHUYHBIH anropuT™M IMU(POBAHUS W CBOM CEKPETHBIA KIIOY JUIS
pacmudpoBKH CHMMETPHYHOTO CEaHCOBOTO KIIOYa, a MOJNYYCHHBIH CEaHCOBBIH KIIFOY
HCTIONB3YeTCs Ul  pacIIUpOBKH €aMOro HPHUHATOrO cooOmeHus. TakuM obOpaszom,
CUMMETPHUYHBIE KIIOUYHM TE€HEPUPYIOTCA KaKIbId Pa3 HOBBIC, B 3aBUCUMOCTU OT BPEMEHH
YCTaHOBKU CBSI3M MEXIy Mapoil aGOHEHTOB, YTO MO3BOJIAET TPH BHICOKOH CKOPOCTH
mU(POBaHUS UCIIONB30BATh OTKPBITYIO IHEPEChUIKY BPEMEHHBIX Kitoued mmdpoBaHus. A
JUISL IX COXPAHHOCTH YK€ UCTIONb30BaTh aCHMMETPUUHbIE MeTO b M dpoBanus. Kpome Toro
B CTaTh€ PACCMOTPEHBI HpHMepHl paboTsl mporokosa Auddu-XemwiMana u anropurma
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xemmpoanust MDS5, ucnone3yemsle 1 IUQpOBaHUS TeHEPUPYEMBIX BPEMEHHBIX KIIIOUSH 1
MIO3BOJISIIONIME JIBYM CTOPOHaM IOJIYYUTh OOWIMI CeKpeTHBIH Kmod. Ilo mpemokeHHOMY
aJITOPUTMY OBLI CO37aH MPOTOTHI C PealU3alUil TeHepaluy Mapos U FeHepaluy MOIIUCH,
KOTOPBI HarisITHO MOKa3biBaeT 3tambl pabotsl mpotokona Jupdu-Xemmmana u MDS. C
MOMOIIBIO MPOTOTHIIA OBUIO MPOBEJEHO TECTHPOBAHHE HA NPEAMET BPEMEHM HCIOIHEHUS
aNropuT™Ma Ha TPEX YCTPOMCTBAaX: HA OJHOM CTallMOHAPHOM KOMIIBIOTEPE C BHICOKApTON U
nByx Tenedonax (2013 u 2015 ronoB BhITycKa).

KaroueBbie cioBa: [Iporokon [dnddu-Xemmmana, MDS dynkmms, xpunrorpadus;
mmdposanue; aemmdpposanue; mudposas 3ammra; HAGPOBas MOAMKCH;, CHMMETPUYHBIE U
ACHMMETPHYHBIE KPUIITOCHCTEMEL.
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Automatic Code Generation from Nested
Petri nets to Event-based Systems on the
Telegram Platform
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National Research University Higher School of Economics,
Myasnitskaya st., 20, Moscow, 101000, Russia

Abstract. Nested Petri net formalisms is an extension of coloured Petri net formalism that
uses Petri Nets as tokens. The formalism allows creating comprehensive models of multi-
agent systems, simulating, verifying and analyzing them in a formal and rigorous way. Multi-
agent systems are found in many different fields — from safety critical systems to everyday
networks of personal computational devices; and, their presence in the real world in
increasing with the increasing number of mobile computational devices. While several
methods and tools were developed for modelling and analysis of NP-nets models, the
synthesis part of multi-agent systems development via NP-nets is still under active
development. The widely used method of automatic generation of target system code from
designed and verified formal models ensures obtaining correct systems from correct models.
In this paper, we demonstrate how Nested Petri net formalism can be applied to model
search-and-rescue coordination systems and automatically generate implementation in the
form of the executable code for event-driven systems based on the Telegram platform. We
augment the NP-nets models with Action Language annotation, which enables us to link
transition firings on the model level to Telegram Bot API calls on the implementation level.
The suggested approach is illustrated by the example annotated model of a search and rescue
coordination system.

Keywords: nested petri nets; telegram bot api; action language; event-based systems; code-
generation.
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1. Introduction

Messengers have become the integral part of our life in the recent years; and, almost
all the people who have Whatsapp, Viber or Telegram installed on their mobile
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devices use them in everyday life. That is all because of hands-on approach in terms
of receiving and sending information. Telegram Bot API (TBA)[1] appeared not so
long time ago has made a breakthrough in the messengers evolution; and, many IT
and business experts see the great potential in appliance of the tool for both business
and computer science domains.

The variety of TBA usage shows the great diversity of different applied domains
starting with service bots, which are designed in order to meet customers
requirements, ending with Artificial Intelligence bots (e.g. YandexBot), which can
answer different kinds of queries and even strike up and sustain a coherent
conversation. The one sphere where TBA could be applied in — people
coordinating in different types of special operations. These operations turn out to be
extremely difficult to plan and support when it comes to coordination of big squads;
especially, in the state of emergency cases. A thorough planning of search and
rescue or military operations is rather struggling to deal with, because of the lack of
time to create a detailed schedule of part-taking for each agent and deprecated
methods for sending and receiving notifications from the agents who are involved in
such operations. TBA provides a great opportunity for that purpose because it is
extremely easy to use when the bot logic is designed according to a consecutive and
well-structured scheme. However, it is not easy to create a coherent TBA logic,
because it requires programming skills and is time-consuming. As the time factor
plays a crucial role, this makes such system much less attractive and unsuitable in
the fast changing context of emergency and rescue operations. Nested Petri Nets
(NP-nets) are a well-known formalism which provides an approach for modelling
multi-agent systems [2], [3], [4], [5]. NP-nets are generally used to describe the
complex processes with dynamic hierarchical structure. NP-nets are convenient for
specification of that kind of processes because of the visible and coherent structure
[6]. A number of methods for the analysis and verification of NP-nets were
developed [7], [8], [9]. However the practical application is impeded by the
necessity of manual implementation of the constructed model. Even if the model
correctness is verified, code defects can be introduced on the error-prone
implementation phase of software construction process. The reasons for such
defects: different understanding of the model by a software architect and software
developers; the complex behaviour of multi-agent systems with dynamic structure;
the distributed systems testing and debugging problems. The alternative to manual
coding is automatic code generation from a model to the executable implementation
of the modelled system. Automatic generation provide considerable saving of the
project resources, reproducible quality of the generated code, better support for
round-trip development by regenerating code after model changes. The approach
does not guarantee zero-defect implementation, but, after long term usage, a code
generation system becomes reliable and allows to obtain code with reproducible
quality.

The goal of the project is to develop a code generation system which allows to
automatically construct multi-agent systems on the Telegram platform from NP-nets
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models. The generated software is designed according to the event-base paradigm
and consists of a complex Telegram Bot and mobile Telegram applications. The
main purpose of the Telegram bot is to coordinate and communicate with the agents
according to the original NP-net model.

The section 2 contains basic notation and definitions. In the section 3, a motivating
example of Search and Rescue coordination system modelled with the NP-nets
formalism is given. In the section 4, we provide the architecture and technical
details on the implementation of the automatic code generation. The section 5
contains the suggested Action Language description. In the section 6, we discuss the
application of the suggested technology to the motivating example. The section 7
concerns the related work, the previous studies on NP-nets translations, and further
directions.

2. Preliminaries
At first, we provide the classical definition of a Petri Net. A Petri net (P/T-net) is a
4-tuple (P, T, F, W) where

e PandT are disjoint finite sets of places and transitions, respectively;

e Fc (PxT)U(T xP)isasetofarcs;

e W:F — N\{0}- an arc multiplicity function, that is, a function which

assigns every arc a positive integer called an arc multiplicity.

A marking of a Petri net (P, T, F, W) is a multiset over P, i.e. a mapping M: P — N.
By M(N) we denote the set of all markings of the P/T-net N.
We say that a transition 1 in the P/T-net N = (P, T, F,W) is active in a marking M
if for every p € {p|(p,t) € F}::M(p) = W(p,t). An active transition may fire,
resulting in a marking M'; such that, for all p € P: M'(p) = M(p) — W(p,t) if
p € {p|(p,t) € F}, and M'(p) = M (p) otherwise.
For simplicity, we consider here only two-level NP-nets, where net tokens are
classical Petri nets.

A nested Petri net is a tuple NPN = (Atom, Expr, Lab, SN, (EN,, ..., EN})), where
e Atom = Var U Con — a set of atoms;
e Lab is a set of transition labels;

e (ENy,..,ENy), where k =1 — a finite collection of P/T-nets, called
element nets;

o SN = (Psy, Tsn, Fsy, v, W, A) is a high-level Petri net where
o Pgy and Ty are disjoint finite sets of system places and system

transitions respectively;
o Fgy € (Psy X Tsn) U (Tsy X Pgy) is the set of system arcs;
o v:Pgy - {EN,,...,EN,}is a place typing function;

o W:Fgy = Expr is an arc labelling function, where Expr is the
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arc expression language;,
o A:Tsy — Lab U {1} is a transition labelling function, T is the

special “silent” label.

Let Con be a set of constants interpreted over A = A, U{°}; and, A, =
{(EN,m)|3i =1, ..,k: EN = EN;,m € (EN;)} is a set of marked element nets. Let

Var be aset of variables. Then the expressions of Expr are multisets over Var U

Con. The arc labelling function W is restricted such that: constants or multiple
instances of the same variable are not allowed in input arc expressions of
transitions; constants and variables in the output arc expressions correspond to the
types of output places; and, each variable in an output arc expression of a transition
occurs in one of the input arc expressions of the transition.

A marking M of an NP-net NPN = (Atom, Expr,Lab,SN,(EN,,...,ENy)) is a
function mapping each p € Psy, to a multiset M (p) over A. The set of all markings
of an NP-net NPN is denoted by M(NPN) Let Vars(e) denote a set of variables in
an expression e € Expr For each t € Tsy we define W(t) = {W(x,y)|(x,y) €
Fsu/A(x =t vy = t)} —all expressions labelling arcs incident to t. A binding b of a
transition t is a function b:Vars(W (t)) - A, mapping every variable in the t-
incident arcs expressions to a token. We say that a transition 1 is active in a binding

b iff: vp € {p|(p,t) € Fou}: b(W(p,t)) € M(p). An active transition t may fire
yielding a new marking M'(p) = M(p) — b(W(¢t,p)) + b(W(¢,p)) for each

p € Psy (denoted as M tﬂl M').

A behaviour of an NP-net consists of three kinds of steps. A system-autonomous
step is the firing of a transition, labelled with 7 , in the system net without changing
the internal markings of the involved tokens. An element-autonomous step is a
transition firing in one of the element nets according to the standard firing rules for
P/T-nets. An autonomous step in a net token changes only this token inner marking.
An autonomous step in a system net can move, copy, generate, or remove tokens
involved in the step, but doesn’t change their inner markings.

A (vertical) synchronization step is a simultaneous firing of a transition labelled
with some A € Lab in a system net with firings of transitions labelled with the

same A in all consumed net tokens involved in the system net transition firing. For
further details see [5]. Note, however, that here we consider a typed variant of NP-
nets, when a type of an element net is instantiated to each place.

3. Motivating example

Search and rescue operations is what happens all over the world; they require the
well-trained and skilled employees, well-structured planning, and knowledgeable
human management. There were 2447 emergency callouts registered in Russia
throughout 2005-2014 [10], and about 100 times more in USA [11]. Earthquakes,
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water floods, and hurricanes hit the earth rarely than ordinary emergency cases like
fires or gas leaks, but they leave whole regions and even countries devastated,
thousands of people killed or lost without a trace. Therefore, the crucial goal of
rescuers is to treat such cases quickly and cohesively.

In this example, we will explain how a particular search and rescue operation in an
earthquake could be handled with a multi-agent model based on the nested Petri net
formalism. First, we need to introduce the purposes of the basic components which
we will use further to design our search and rescue coordination plan. Our model
consists of the following basic components:

e  System net — the main component of an NP-net which is a high level Petri
net. It will be used to define the activity coordination of the agents
involved in the operation. The system net will be implemented as a bot on
the Telegram platform to receive the notifications from agents and to
process them with the Action Language (AL) event handlers assigned to
the transitions of the system net;

e Element net — represents the activity of a particular agent type that is
supposed to be performed by an agent while taking part in the operation.
There are two element nets in our example. The first one corresponds to the
acting plan for medical workers involved in the operation; the second one
will provide the plan for the rescuers participating in the operation.
The system net in Fig.1 represents the main model of our operation. Basically, it
reflects the dependence of the agent actions on server responses. In other words, it
describes how an operation coordinator interacts with the rescuers and medics and
reacts on their signals to the server. The model deals only with those agent requests
where coordinators answer is essential for the further operation progress. An actions
happen when the particular agent reaches the state and the coordinator response
expected is defined with AL code assigned to the system net transition. To
understand how the model works, we need to understand how the agents
intercommunicate with the operation coordinating server.
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Fig. 1: The search and rescue system net example.

In the initial marking of the system net places “Medical Staff” and “Rescuers”, there
are all the agents — rescuers and medical staff respectively. The transitions have the
following functions:

e Transitions TO and T4 ”Contact” — handle communication between the
rescuers and the coordinator;

e Transition T1 ”Go to the place” — represents the event when a rescuer
has found a victim, and a medical agent is supposed to go to the place
where the victim is found;

e Transition T2 »Victim is found” — represents the event when a rescuer
agent has found a victim. It precedes the T1 event, as the medical agent
needs to start acting only when the victim is found by the rescuer;

e Transition T3 ”SOS” — a rescuer has stuck in emergency;

The agents behaviour is determined by two element nets. The medical staff element
net is depicted in Fig. 3; and, the rescuer element net — in Fig. 5.1. In the real
Search and Rescue operations there are usually more element nets and they are more
detailed.

Medical staff element net represents what kind of actions should a medical agent
performs while taking part in the operation. At first, the medical agent needs to get
the medicine and learn about the operation. He will not be allowed to the next stage
of the operation before he performs both of these actions. After doing that, he is
supposed to wait until he receives the notification on the accidence. Then he has to
send his arrival time, and start making his way to the place where the accidence had
happened. The next two steps are to report the victim condition and to transport the
victim to the infirmary. The medical agent also may contact coordinator at any time.
Rescuers element net is the model of part-taking for rescuers. Before entering the
operation, each agent is required to do the following: get the equipment; obtain the
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information about other agents; and, get briefing about the operation. The
equipment consists of three parts; and, the agent must equip them all. After entering
the operation, the agent has to go to the exploration area. If a victim is found, the
agent is supposed to send a photo, a description, and the accurate coordinates of the
victim location. If something goes wrong, the agent can just send the location and
the coordinator will handle it. Once the exploration is completed, he can receive the
coordinates of the new area to explore.

4. Architecture
The way this system is designed relies on three basic components:

NPNtool (Eclipse plugin) [7] for creating Nested Petri Nets models and
linking AL code to the transitions. The main purpose of this tool is to
model a system net and element nets which will represent the model of the
bot. The AL code will be linked to the transitions and then compiled to the
executable file according to the model,;

AL Java-library consists of the AL-compiler and the AL-linker. AL-linker
traces the system and element nets, collects all the code from the
transitions, and eventually converts in to text files that will be compiled by
the AL-compiler. AL-compiler is created with the ANTLR[12] tool. AL-
compiler gets an input text file and translates it to the executable artifact
that actually represents the Telegram bot;

Telegram Bot API library that consists of the code for requesting data via
HTTP-requests from the Telegram Bot API server.

NPM tool

Al code

F 3
b 4

AL linker

|
v

Telegram Bot

Fig. 2: The code generation scheme
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The overall technology chain is as follows. At first, a developer creates and verifies
the NP-net model of a system via NPNtool. When the model is constructed, the
developer inscribes AL code to the transitions according to the expected logic of the
Bot. Then, the developer launches AL-linker which traverses the constructed NP-net
collecting the textual representation of the transitions AL code into a text file. After
that, AL-compiler reads the artifacts generated by AL-linker and generates a
Telegram Bot code. The codegeneration of distributed systems from NP-nets
models has been studied in [13]. Once a JAR file is compiled from that code, it
could be executed. All the actions of the agents are displayed on the Bot host and
could be processed at real-time (saved or directly answered) by the coordinator who
ran the Bot.

Telegram bot consists of TBA library and several Java classes. Each Java class
corresponds to an element net or a system net and stores a number of methods
corresponding to the transitions with AL-code inscribed to them. These methods
will use TBA to interchange the information. There is also a class that links all the
element and system nets libraries together and proceeds the logic using event-based
paradigm and asynchronous requests.

It shall be noticed that the compiled Telegram Bot is a server that communicates
with the software clients — the rescue and medical staff software mobile clients.
The bot is connected to the Telegram server via the webhook technology; namely,
all the requests that agents send to the Telegram server via Telegram mobile
applications are redirected to and served on the deployed bot server.

The fragment of code in Table 1 represents the method which corresponds to one of
the Medical Staff element net transition:

Table 1. Medical staff victim condition report action.

public void taskReportVictimsCondition (String
mes, String chatId) throws
TelegramApiException{
SendMessage message = new SendMessage();
String[] tasks = {"Report about the
victim’s condition"};
ReplyKeyboardMarkup replyKeyboardMarkup
= makeKeyboard(tasks);
message.setReplayMarkup (
replyKeyboardMarkup) ;
message.setText (mes) ;
sendTo (message, chatId);

5. Action language

AL compiler has been developed with ANTLR compiler which enables to define a
grammar in a ANTLR grammar language and compile it to the Java classes which
represent the lexer and the parser of AL. The code generated by ANTLR parses the
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AL code and apply specified semantical rules to the constructed syntax tree. To

translate the target Java code while traversing the nodes of this tree, the syntax tree
visitors were created that generate Java code from the initial AL code.

Get the respirator from the base
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Fig. 3: The agent is confirming the task implementation

get the respirator
get the gloves

get the helmet

Fig. 4: The rescuer agent Telegram mobile client interface.
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5.1 AL grammar

Here we provide the formal definition of suggested Action Language. The
suggested Action Language is specific to Rescue and Search operations domain, and
shall be reconsidered for other applications of the technology.

» < SystemNet> ::= < SP> : < name> — the name of system net

» < ElementNet> ::= < EP> : < name> — the name of element net

* < file> ::= file(< text>) — loads file from file-system

* < initialization > ::= < variable> = < value> — it is possible to assign
variables of the types < file>, < float>, < string>

« < sendMessage> ::= sendMessage( < file> | < text> | < variable>) —
sends a message from a transition of an element net

« < sendPhoto> ::= sendPhoto(< file> | < variable>) — send a Photo from a
transition of an element net

« < sendLocation> ::= sendLocation(longitude : < variable> | < float>,

latitude : < variable> | < float> — sends Location
« < sendVideo> ::= sendVideo(< file> | < variable>) — sends Video

« < sendAudio> ::= sendAudio(< file> | < variable>) — sends Audio

* < transition element net> :: = < name> = < text> response: (<
sendAudio> | < sendVideo> | < sendLocation> | < sendPhoto> | <
sendMessage>)* — this is the structure of the code which should be inscribed on the
distinct transition of an element net.

* < connect> ::= connect (< name>.< transition>) — links a transition from
an element net to a transition of a system net.

* < display> ::= display() — displays the object received on a transition of a
system net

* < save> ::= save(< file> | < text> | < variable>) — saves the object
received on the transition of a system net

« < transition system net> ::= < name> = (receive (photo | video | audio |

message | location) : (save | display)*)*
* <loop> ::= forall < variable> in < variable botVariable.add(< variable>)

The AL example on Table 1 is from our search-and-rescue system model which was
provided in the motivating example. It illustrates what kind of code must be
inscribed to the transition of the Medical staff element net (Fig. 5) and the
coordinator system net (Fig. 5). We will not provide the code for Rescue element
net because it follows the same pattern of coding as for the Medical staff element
net.
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6. The application of the Telegram bot code generation
technology

In this section, we examine the application of the suggested technology to the
motivating example provided in the section 3. The main components of the system
are modelled with system net and element nets. Then the codegenerator translates
NP-nets into Telegram bots components of the target Telegram-based multi-agent
system being constructed.

The bot server serves the received requests according to the NP-net system net
behaviour and sends the answers to the agents. All the actions, except the actions
described on the system net transitions, of the developed Search and Rescue
operation are handled by the Bot automatically. However, it is possible to interact
ad-hoc during the operation, i.e. if an agent sends any kind of request that was not
described by AL, the coordinator will be notified and will be able to answer this
request with the standard Telegram client interface. All the event that were
described with the system net transitions require the direct interaction of the
coordinator. The agent will not be allowed to proceed to the next stage of operation,
unless he receives the answer from the coordinator.

As soon as we launch the compiled bot, all the rescuers and medicals that were
loaded to the system will receive notifications from the Telegram bot. The
concurrent transitions (e.g. Helmet, Respirator, Gloves) from the Rescuer element
net allow that all the actions inscribed on them could be executed by agents in any
order. An agent will not be allowed to the next stage unless he performed all of
them. After performing an action, the agent must confirm that in the mobile client
by pressing the «OK» button (Fig. 3). The button appears on the screen when the
agent has actions-transitions to fire.

When an agents reaches the “Begin the operation” action, the bot moves to the
awaiting state and notifies the coordinator, that the agent has reached the state and
waits till the next instructions will be provided. As soon as the coordinator fill the
form and submit the answer, the agent will be allowed to move to the next state of
his plan. That is due the «Begin the operation» transition is synchronized with the
T2 system net transition.

7. Related works and further directions

The codegeneration from models to executable software artifacts has attracted
attention when model driven development became industrial popular and valuable
approach [14]. The codegeneration from Petri net like models to executable
software systems is studied for many formalisms and semi-formal industrial
modelling languages like UML[15], [16] and SDL[17]. In [18], [19] the code
generation tool for Input-Output Place-Transition Petri Nets was developed. In [20]
the application of Sleptsov nets for modelling and implementation of hardware
systems is studied. In [21], the technology to construct embedded access control
systems from coloured Petri nets models is suggested. The approach to generate
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C++ code from SDL models is developed in [8]. The code generation from the
UML state machines[15] and sequence [16] diagrams to executable code was
studied. These are a lot of studies in the field, so we only cited a few.

The translation from NP-nets to coloured Petri nets was developed in [8]. The
translation from NP-nets to PROMELA models to verify the correctness of LTL
properties is studied in [22]. The automatic translation from NP-nets models to
distributed systems components that preserve liveness, conditional liveness, and
safety properties was studied in [13]. In the current work, we adopted the translation
scheme developed in the latter work to obtain executable code from the structure of
NP-nets models.

The further research concerns theoretical as well as practical aspects of the
developed automatic codegeneration system. From the theoretical point of view, it is
interesting to study preservation of different behavioural properties by the
implemented translation and securing different behavioural consistencies of
generated systems and initial models. As the underlaying technologies are too large
to conduct exhaustive formal verification, the both dynamic and static behavioural
analyses techniques should be applied to study the correctness of the translation.
From the practical point of view, there are lot of attractive features that are to be
implemented. For example, it is not possible to change the deployed bots at runtime
in the tool. However, such function could be of use for long term operations, when
new actions should be integrated into an operating Telegram system without
recompiling the whole system. The runtime deployment will be considered in the
future research. Also, the scalability of generated Telegram systems and possible
schemes of agents distribution in the system are the subjects of the further research.

8. Conclusion

The developed technology enables developers to create Telegram Bots according to
a visually clear model that could be verified and tested with help of the developed
methods [22], [8], [9]. It allows to create distributed event-based Telegram Bots
systems that operate on the Telegram platform and the AL language supports all the
features provided by Telegram Bot API up to the moment.

The automatic code-generation reduces the risk of introducing defects on the
implementation phase of software development process and improves the quality of
the resultant code. It not only reduces the cost of software production, but also
makes the quality of developed systems more predictable. The suggested technology
is demonstrated with the example of a Search and Rescue system.

The authors would like to thank the anonymous referees for valuable and helpful
comments.
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[EP: MedicalStaff

|T5 = "Time of arriving"{ EP : MedicalStaff
response [T0 = "Gather medicine"{
sendMessage("Flease, send the estimated\+ response:
time of aiving to the place” sendLocation(longitude:123.12345, latitude: 89.12545)

path"))

[EP: Medicalstaff

14 = "Go ta the place”{

response;
connect{Coordinator.T2)

[T6 = “Victim conition”{
response:
sendMessage(“Flease, send thelr
informatian about the victim™)

[EP: Medicalstaff
|T3 = "Await emergency call"{

respanse:
<onnect{Coordinator.T1}
s
EP: Medical Staff -
variables : message = file{"path_m"), Ep: Medicalstall
[EP: Medicalstaff photo = file{* path_g"] [T7 = “Get the victim"{
[T2 = “Contact the coordinatar™{ TL=" about the accidence® | response: .
respanse: response sendMessage|*Please, geths
sendMessagel “Please, wait") sendMessage(message) the victim tok+
connect(Coordinator. T0) sendPhotolphota) the infirmary”|
. i sendLacation({longitude : 12312348,
i latitude : 89.12124)
i

Fig. 7. The element net augmented with code
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5P Coordinator
tok = “2 10434956 AAGLUIHUEW 10K X KeDqkfu |48H56_bRVIE"
botl = connect{token: tok)
dectors = file["path_m")
rescues = file["path_r")
forall doctor : doctors{
baotl.addidoctor)
I
forall rescue : recues]
botl.add{rescue)
|
Td = receive]
phioto -
display()
save]"path”)
Message :
displayf}
location -

displayi)

SP: Coordinator

T1 = receive]
send(T2.location)
send([T2.message)

I

[5P: Coordinator

T2 = receive|
location:
displayl}

Mressage:
display])

[5P: Coordinator

T3 = receive]

locatiom:

[5P: Coordintator dizplay{}

T4 = receive]

photo :
displayi))

ressage
display{)

location @
display{)

Fig. 8. The system net augmented with code
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ABTOMaTU4ecKas reHepauus Koga no BroOXeHHbIM ceTsM
MeTpu ans cuctemMm Ha OCHOBE COObLITUM Ha nnarcgpopme
Telegram
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Hayuonanvnoiil ucciedosamenvckutl yrugepcumem Boicuias wkoaa I9KOHOMUKU
yi. Macnuyxas., 20, Mocksa, 101000, P®.

Annotanusi. Bnoxennsie cetn Ilerpum — 3T0 pacmmpeHune QGopManmzmMa pacKpameHHBIX
cereii Ilerpu, koTopsle Hcnonb3yIOT cetn Iletpu B kadecTBe ¢umiek. Jlanublii Gopmannim
MO3BOJIAET CO3/aBaTh IOAPOOHBIE MOZAEIM MYJNbTHATEHTHBIX CHCTEM, OCYIIECTBIATH
UMUTAI[MOHHOE MOJEJIMPOBaHKHE, BepU(PHUIMPOBATH W aHAJIM3MPOBAaTh WX CBOWCTBAa Ha
(opMaIBHOM W CTPOTOM ypOBHE. MyIbTHAreHTHBIE CHCTEMBI HAXOMAT INPHMEHEHHE BO
MHOTHX 00JIaCTSIX — HAuMHAS CHCTEMaMH, JUIl KOTOPBIX 0€30IIaCHOCTh HTPaeT KPUTHIECKYIO
poNb, 3aKkaHUYMBas IOBCEAHEBHBIMH CHCT€MaMH, pa0OTalOMMH Ha IEPCOHAIBHBIX
BBIYHCIIHTENBHBIX yCTpOHCTBaX. UNCIIO TaKMX CHCTEM B COBPEMEHHOM MHpE PacTeT BMECTE C
YBEJIMYHBAIOIINMCS YHCIOM MOOMIIBHBIX BBIYMCIHMTEIBHBIX yCTpoiicTB. Ha maHHBIIT MOMEHT
pa3paboTaHbl HHCTPYMEHTHI U METOABI MOJICIIUPOBAHUS U aHAJIHM3a BIOXKEHHBIX ceTel [leTpn,
HO CHHTE3 MYJbTHareHTHBIX CHCTEM [0 MOJEJSAM BJIOXKEHHbIX ceredl llerpu eme
HEJOCTaTOYHO HCCIENOBAaH M HAXOOUTCA B CTagUMM aKTHBHOTO u3ydeHHs. Meron
aBTOMAaTUYECKOU I'eHepalys UCIOIHAEMOro Ko1a LeIeBOM CUCTEMBI IO CIIPOCKTUPOBAHHOMN U
BepU(UIMPOBAHHON MOJIEIH BIIOKeHHOH cetH [leTpn obecrieunBaeT momydeHne KOPPEKTHBIX
CHUCTEMBI M3 KOPPEKTHBIX CICIH(HUKANMA Ha s3bIKE BIOKEHHBIX cereid [letpu. B manHOM
paboTe, IEMOHCTPHpYEeTCSl NpHMEHEHHEe (GopMaam3Ma BIOXKEHHBIX cereid Ilerpm uis
IIOCTPOEHMS MOJIENIN CHCTEMbl YHPaBJIECHHUs NMOMCKOBBIMU U CIACATEIbHBIMU ONEPALMSIMU U
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ABTOMATHYECKOH TeHepaluyl pealn3aluyl B BHUAE HCHONHIEMOro Koja COOBITHITHO-
YIpaBJIsIEMbIX CHCTEM OCHOBaHHBIX Ha Iutatdopme Telegram. Mer no6aBisieM BO3MOXHOCTb
AHHOTHPOBATh MOJIENH BIOKEHHBIX cereil [lerpu ¢ momomsio Action Language, KoTopsiii
MO3BOJISIET CBA3BIBATH CPAaOATHIBAHUA IIEPEXOJOB HAa MOJEIBHOM YPOBHE C BBI30BAMHU
Telegram Bot API nHa ypoBre peanusanunu. [IpeioxeHHbIH TOIX0 TPOJASMOHCTPHPOBAH Ha
HpUMepe aHHOTHPOBAHHOH MOJIENN CUCTEMBI KOOPIUHUPOBAHHMS CIIACaTeIbHOH ONepaIHy.

KuoueBsbie ciioBa: BinoxeHHbie cetu Ilerpu;, telegram bot api; si3sik neficteuit; coObITHITHO-
yIpaBiIsieMble CUCTEMBI; KOJOTeHEpaIysI.
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Mining Hierarchical UML Sequence
Diagrams from Event Logs of SOA Systems
while Balancing between Abstracted and
Detailed Models
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Abstract. In this paper, we consider an approach to reverse engineering of UML sequence
diagrams from event logs of information systems with a service-oriented architecture (SOA).
UML sequence diagrams are graphical models quite suitable for representing interactions in
heterogeneous component systems; in particular, the latter include increasingly popular SOA-
based information systems. The approach deals with execution traces of SOA systems,
represented in the form of event logs. Event logs are created by almost all modern
information systems primarily for debug purposes. In contrast with conventional reverse
engineering techniques that require source code for analysis, our approach for inferring UML
sequence diagrams deals only with available logs and some heuristic knowledge. Our method
consists of several stages of building UML sequence diagrams according to different
perspectives set by the analyst. They include mapping log attributes to diagram elements,
thereby determining a level of abstraction, grouping several components of a diagram and
building hierarchical diagrams. We propose to group some of diagram components (messages
and lifelines) based on regular expressions and build hierarchical diagrams using nested
fragments. The approach is evaluated in a software prototype implemented as a Microsoft
Visio add-in. The add-in builds a UML sequence diagram from a given event log according
to a set of customizable settings.
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1. Introduction

Nowadays there are a lot of information systems. They are developed by people,
which are error-prone. Systems also can have a structure which is difficult to
understand. Thus, models are necessary to understand systems and find errors.
When there is no complete model of a system, reverse engineering techniques can
be applied to extract necessary information from the system and build an
appropriate model. There are a number of tools for this purpose, they analyze source
code of the system and build a model.

There are some types of models, which are useful to analyze in software
engineering. For example, state machines are able to model a large number of
software problems. However, they have a weakness in describing an abstract model
of computation. Another example of a software model is Petri nets which can
describe processes with concurrent execution. Furthermore, there are a number of
models described by a standard of Unified Modeling Language (UML) for
visualizing design of information systems. UML 2.4.1 [1] has two groups of
diagrams, structural and behavioral ones. In particular, such kind of UML diagrams
as state class diagrams, statecharts and sequence diagrams are widely applied to
reverse engineering domain.

Almost every information system has an ability to write results of its execution to
event logs. We propose approaches to mine UML sequence diagrams (UML SD)
from these logs. Event logs of information systems with a service-oriented
architecture (SOA) are considered and UML SDs are applied to modeling
interaction between SOA information system components.

In contrast to existing reverse engineering tools, which use source code, we work
with system execution traces in the form of event logs. A technique that allows
analysis of business processes based on event logs is called process mining [2]. It
uses specialized algorithms for extracting knowledge from event logs recorded by
an information system. Moreover, process mining helps to check the conformance
of a derived model with its earlier specification. Using execution traces works even
if there is no access to the source code of an information systems. Also, not all code
versions are normally stored. Moreover, large information systems tend to be
distributed. Different components of a system are often implemented in different
programming languages. Such a problem is solved by considering event logs instead
of source code.

1.1. Motivating example

There is an event log written by a SOA-based banking information system
(Table 1). We are interested in building a model in the form of a UML sequence
diagram reflecting processes in the system. We have only some of the runs of the
process, so one of the problems is to build an as feasible model as possible. The log
contains a number of execution traces. Each trace consists of a sequence of events
ordered by Timestamp attribute. Columns represent attributes of the log and rows
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represent its events. System executions are maintained by different components of
the system. They are grouped in attributes such as Domain, Service/Process and
Operation. Domains group Services and Processes, and the latter consist of
Operations [3].

Interaction between program system components can be represented at different
abstraction levels. For example, by mapping some log attributes onto structural
elements of UML SDs, such as lifelines and messages, one can get a UML SD
diagram such as on Fig. 1. Specific values of these attributes appear with head
names such as “Domain::Service/Process”. Similarly, values of Operation and
Payload attributes, which are mapped onto messages parameters appear with
message arrows. Timestamp attribute sets an order of calls (time goes from the top
to the bottom of a diagram).

It can also be useful to merge some messages or lifelines in order to reduce the size
of a diagram and avoid “spaghetti-like” models. A regular expression suits it and an
example of their usage is depicted on Fig. 2.

Accountz:Operations Account:Cardinfa

Card:;Operati ‘ | utilszCalendar

)
GetlastOperations, user=a, today=23.07.2015, client=Alex, manager=Julia

alt
GetCardID, user=a

[coun>=0]

res=no bounded cards

i
oo |
GetOperatipns, days=30 |
1 i
i || Getpate, days=30
1 |
i |
i
| } [
I ‘ res=23.06.2015 | |
i L]
| | ——
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e e |
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1 l}
T T
I
i i
s=RUS SBERBANK DNLAIN PLATEZH, date=20.07.2015,
fmm e e rriirivly i et -
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[} I
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Fig. 1. Mapping log attributes onto UML sequence diagram components
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res=error

e e e
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res=(BP Billing Transfer, Retail}
- e

1 GetPlaceAndDate, op=.*
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?
res=.*, date=.* '
e e

res=succ

Fig. 2. Merge of diagram components based on a regular expression

Some interaction sometimes can be useful to represent on one diagram and other
interactions on a nested diagram. Those both diagrams use an interaction fragment
labeled ref. An example of a hierarchical diagram is on Fig. 3.

It would be good to have a tool which can do mapping of event log attributes on
UML sequence diagram elements with ability to set an abstraction level for seeing
different perspectives of the system execution. An approach approved in
VTM4Visio framework is applied, which allows building these diagrams.

1.2. Related work

Reverse engineering of UML sequence diagrams is not a new problem. There are a
number of works such as [4], [5], [6], [7] applied static approaches (getting models
from source code without execution) for solving this problem. Moreover, there are a
number of CASE tools for reverse engineering of UML sequence diagrams and
other types of UML diagrams. However, most of them use static program analysis
without execution of a program. Static program analysis usually uses source code or
object code (a result of source code compilation). Some of these tools analyze
source code, some of these tools analyze both source code and object code.
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However, event logs are execution traces of source code. Thus, we do not need

access to source code.
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Fig. 3. Hierarchical UML sequence diagram using nested fragments

The most popular CASE tools are Sparx Systems’ Enterprise Architect [8], IBM

Rational Software Architect

[9], Visual Paradigm [10], Altova UModel [11],

MagicDraw [12], StarUML [13], ArgoUML [14]. There are both tools for end-to-
end design and simple UML editors. The former include Sparx Systems* Enterprise
Architect, IBM Rational Software Architect, Visual Paradigm, Altova UModel and
MagicDraw, the latter include StarUML and ArgoUML. Beside that, the main aim
of these tools is to get models from source code. Table 2 [15] contains CASE tools
and program languages, for which models can be built. As we can see, none of these
tools is able to infer models from the most popular languages used for developing
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SOA information systems. Moreover, a SOA architecture can be developed with
various programming languages. For example, some modules can be written in C#,
others can be developed in Java, they can interact with LAMP service, so a single
CASE tool cannot produce models for that system. Mining diagrams from event
logs solves this problem.

Table 1. Log fragment L1. Banking SOA-system

CaselD Domain Service/Process Operation Action Payload Timestamp
user=a,
23 Account Operations GetLastOperations REQ to_dayf23.07.2015, 17:32:15 135
client=Alex,
manager=Julia
23 Account | CardInfo GetCardID REQ user=a 17:32:15 250
23 Account [ CardInfo GetCardID RES res=15674839 17:32:15 297
23 Card Operations GetOperations REQ days=30 17:32:15 378
23 Utils Calendar GetDate REQ days=30 17:32:15 409
23 Utils Calendar GetDate RES res=23.06.2015 17:32:15 478
: . res={BP Billing ne.
23 Card Operations GetOperations RES Transfer, Retail} 17:32:15 513
23 Card OperationData GetPlaceAndDate REQ op=BP Billing 17:32:15 589
Transfer
res=RUS
SBERBANK
23 Card OperationData GetPlaceAndDate RES ONLAIN 17:32:15 601
PLATEZH,
date=20.07.2015
23 Card OperationData GetPlaceAndDate REQ op=Retail 17:32:15 638
res=RUS
23 Card OperationData GetPlaceAndDate RES m_(?SSCOW OAO 17:32:15 735
date=05.07.2015
23 Account | Operations GetLastOperations RES res=succ 17:32:15 822
user=a,
25 Account | Operations GetLastOperations REQ todayf23.07.2015, 17:40:18 345
client=Alex,
manager=Julia
25 Account | CardInfo GetCardID REQ user=a 17:40:18 408
25 Account | CardlInfo GetCardID RES res=error 17:40:18 489
25 Account | Operations GetLastOperations RES 2?;820 bounded 17:40:18 523

Table 2. Programming languages of reverse engineering tools

Tools Programming languages
PHP C++ Java Ruby Python VB C#

Sparx Systems’ Enterprise Architect — + + + - + + +
IBM Rational Software Architect - + - - R + +
Visual Paradigm + + + + + - +
Altova UModel - - + - - + +
MagicDraw - + + - R +
StarUML - + + - - R +
ArgoUML - + + - +

There are some works, such as [16], [17], [18], [19], where approaches are applied
for building UML sequence diagrams from program system execution traces
(dynamic approaches). One of related works [16] analyzes one trace using a meta-
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model of the trace and a UML SD. The trace includes information not only about
invocation of methods but also about loops and conditions, which makes easier
recognition of fragments such as iteration, alternatives and option. However,
program systemsloggingdoesnotusuallyincludethisinformation,so it is necessary to
change source code to apply this approach. In opposite to this approach, our
approach recognizes fragments as conditions based on traces’ difference.

There is a dynamic approach to build a UML sequence diagram based on multiple
execution traces in [18]. The authors apply an approach to build a Labeled
Transition System (LTS) from a trace and an algorithm to merge some LTSs into
one. After that, the LTS is transformed into a UML sequence diagram. In opposite
to this approach, we propose not to use other data structures to represent traces and
merge them. We propose to map traces onto a UML sequence diagram directly
without intermediate models, which is more efficient.

In [19] the authors pay more attention to analysis of derived models. They describe
an approach briefly, without details. They mention that diagrams of one trace are
merged into one UML sequence diagram. However, there is no mathematically
strict definition of a trace or a UML sequence diagram and it is not clear how they
merge several diagrams.

The rest of the current paper is organized as follows. Section 2 gives definitions.
Section 3 introduces our approach to mining UML sequence diagrams. Section 4
discusses results of some experiments on deriving models with the help of the
developed tool. Section5 concludes the paper and gives directions for further
research.

Domain <<interface>> Caller

<<interface>> Callable 4}‘ ProcessGroups

|
|
|
|
*
|
|
1

Service | | Process

— |

Fig. 4. Meta-model of a SOA system

*
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2. Preliminaries

Definition 1. (Event log) Let E be a set of events. An event is a tuple e =
(a1, ay, ..., ay), where n is a number of attributes. ¢ =< ey, e,, ..., e, > is an event
trace (i.e. an ordered set of events which normally belongs to one case). Log =
P(E) is an event log which is a multi-set of traces.

In the paper, we consider primarily event logs written by SOA information systems.
The logs have a structure according to a SOA system standard. A meta-model of
such a system is depicted on Fig. 4. The model complies with a Service Oriented
Avrchitecture standard (Fig. 5) proposed by Object Management Group [20].

We introduce a formal definition of a UML sequence diagram as follows.

BPMN
) UML
Business BPDM
Processes
SVBR
task dsfﬁmfronT - - ! \
task impl l l f Interface%s deflnec\by enterprls* come&{ , \ l
OoDM  UML
Business
Services
Interfacles defided l:fyel}(erprisesemanticban}!\(equirememy RAS
Components J2EE UML Profile
CORBAUML Profile
F :: |/ AT
Operational .%‘ ﬁ% g I ‘ I ||
Resources — i I]nl — CWM
Servers
Waifames = ol G | kom

Fig. 5. Service-Oriented Architecture structure

Definition 2. (UML Sequence Diagram) A UML sequence diagram is a tuple
Usp = (L,A,M, T, P,Ref, &), where:

e L isaset of lifelines, they represent objects whose interaction is shown on
the diagram.

e Ais a set of activations (emit and take messages) mapped onto lifelines.
AC(LXTXT)

e T is time, it goes from the top of the diagram to the bottom. vVt € T,
(t) =y, wherey € Z
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e M is a set of messages (call and return) with its parameters and is ordered
by time. M S ((AURef) XT xP X (AU Ref)),me M:m =
(ay,t,p,ay),wherea; € AURef,t €T,p € P,a, € AU Ref

a; = (I, t1g, tr2), ay = (I, ta1, ta2) b1y < by, tyq < typ, b1 <ty

® Pisaset of parameters of messages.

e Ref is a set of ref fragments which group lifelines and hide their
interaction. The interaction is shown on another diagram.

o §:Usp = (Uspy, UysplL S L, Ly S L
ACAA CSAANA =0
M SMM SMMNM ={m=(a,t,p,a,)|a, €A, a, €A}

P P,P,cP,P NP ={plm=(a,t,p a),

a, €A, a, €A,p € P,p € P}

Ref’ € Ref,Ref, S Ref,Ref, N Ref = ),

where:

Usp = (L,A,M, T, P,Ref) — a detailed diagram.

Uspr = (L1, Ay, My, T, Py, Ref;) — a diagram with ref fragment.
Uysp = (L,A',M',T,P',Ref") — a nested diagram.

3. Approach to balance between abstraction and detalization

We propose an approach to mining UML sequence diagrams from an event log with
a various degree of detalization. The approach consists of three steps derived one
from another. It is necessary to map attributes of the log onto elements of a diagram
prior to begining a mining procedure. Some mapping functions are therefore
needed. First, it is necessary to define which interaction of SOA components
(Services, Processes, Domains etc.) must be depicted on the diagram. Function a (1)
maps events of the log with their attributes onto lifelines of diagrams. It allows
choosing attributes to be represented on the diagram as lifelines.

E = (eq, €y, ...,€,), k — anumber of events (1)
a:U(E) - L

3.1. Mapping log attributes onto UML sequence diagram
components

The first step allows getting diagrams with different abstraction levels by choosing
log attributes for mapping onto lifelines and attributes for mapping onto parameters.
To map attributes onto lifelines function a is used. Values of attributes Domain and
Service are mapped onto composite lifeline objects with head names such as
“Domain::Service/Process” on Figure 1. Also, function y (2) is introduced for
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mapping attributes onto message parameters. Operation and Payload attributes are
mapped onto messages parameters on Figure 1 such as “Operation, Payload”.

y:U(E) > P )

The diagram depicted on Fig. 1 demonstrates interaction of services. The model
represents one of the possible configurations of abstraction for the event log in
table 1. For example, another possible configuration includes Service/Process and
Operation attributes as diagram objects. Choosing such attributes allows inferring
diagrams with different abstraction levels.

3.2. Merge of diagram components

On Figure 1 we see that the last two invocations of GetPlaceAndDate function are
almost equal except for operation parameters. The second step of our approach
performs merging some parts of a diagram. We propose to merge similar parts by
using regular expressions. A regular expression contains a common part of a
number of merged parts. The approach allows reducing the size of a model by
merging similar parts. It increases generalization of the model.The approach
involves a Cartesian square of a log with filtering. Function B (3) is used to map a
filtered Cartesian square of the log on the set {1, 0} so that the element of the square
is a pair “event” - “event from a set of next events”. If the pair satisfies a regular
expression then it is marked as 1, otherwise as 0. We introduce n (4) to compare
elements of the square. n considers events as equal to each other if their
corresponding attributes are equal. In this case, attributes are equal if they can be
matched as a single regular expression. Functions o and y are used in this approach
for mapping event attributes onto UML sequence diagram elements. There is also
introduced function & (5) which determines a family of messages that are satisfied
with pair event attributes. A message can be just a value of attributes or a regular
expression applicable to single event attributes.

B:E XE - {0,1} 3)
e = (a,-,l, ;2 e ai,n) — an event with n attributes

(e1,62) EEXE
e = (am, 13, oees al‘p) — an event with p sample attributes,p <n 4
= (azyl, a3 won) az‘p) — an event with p sample attributes,p <n

77: éi = é} = al‘l = az‘l&als = a2‘3& ...&al'p = azlp
Vm e MIEEE XE:E() =m&p(E) =1,
M — set of messages

N3}

(®)
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If one looks at the example introduced above on Figure 2, the diagram is obtained
through applying this function and regular expressions. It is noticeable that two
invocations of operation GetPlaceAndDate are merged in one invocation with
regular expressions in message parameters. Regular expression “.*” means that any
sequence of symbols can be inserted instead of this expression. It is also possible to
merge lifelines by using regular expressions. It can be useful if class A is invoked
only by class B; so, these classes can be merged into one lifeline.

3.3. Mining a hierarchical UML sequence diagram using nested
fragments

One of the ways to represent a complex model is creating a hierarchical model. The
UML standard [1] allows us to divide a complex diagram into more abstract and
detailed models interacting through gates.

In order to define a hierarchy in a UML sequence diagram we introduce a definition
of a selection criterion as follows. The definition of a hierarchical UML sequence
diagram is given in Definition 2.

Definition 3. (Selection criterion) Let k be a number of hierarchical levels and RE
be a regular expression defined in [21] with an added symbol “.”” as an any symbol
designation. Then, ¢ =< ¢;|c; € RE >, cjis a selection criterion of events for i-
hierarchical level. c=c;Uc,U..Ucand ¢;Nc; N...nc, =@. The regular
expressions defined in [21] as selection criteria are Boolean expressions because
their abstract syntax includes Boolean operations.

The components of SOA systems described by a meta-model depicted on Figure 4
have hierarchical relationship with each other. According to the SOA model there is
a hierarchy in L1 event log because processes invoke different subprocesses or
services.

It is also possible to distinguish some technical sublevels from main level by
applying regular expressions. We propose a previously defined step with regular
expressions to group elements.

Each hierarchical level is able to be encapsulated into another level on a UML
sequence diagram. We propose to use nested fragments labeled as ref,which is
defined in [1]. It allows combining high-level and detailed views of diagrams at the
same time.

For applying the approach, a number of hierarchical levels and selection criteria,
which are defined in Definition 3, need to be specified. Function (3 defines whether
two events can be grouped into a single sublevel. If events match a selection
criterion then they are moved to a nested diagram. For this case, values of some
attributes must be equal or match a single regular expression. Function &
(Definition 2) maps some part of a UML sequence diagram considered as nested on
a separate UML SD. The mapping uses interaction usewhich is shown as a
combined fragment with operator ref [1]. This fragment hides some details of a
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high-level diagram moved to a nested diagram while the referred diagram allows
seeing the details.

On Figure 3, a hierarchical UML sequence diagram for event log L1 is depicted
there. There is some elements’ interaction on the high-level diagram and some
interaction is abstracted as ref fragment and depicted on the nested one. A selection
criterion used for building the diagrams is “Operation=GetDate” which defines a
part to be abstracted.

4. Evaluation
This section discusses our evaluation of the approach presented in this paper.

4.1. VTM4Visio Framework

Microsoft Visio is a professional drawing tool for making business charts and
diagrams. It also supports some of UML diagrams. Besides, Visio has reverse
engineering of databases, but it does not support UML reverse engineering. One of
its flexible features is that it can be expanded by add-ins. It is possible to use Visio
SDK [22] for having access to a Visio object model. Thus, it is a good solution to
implement our tool for visualizing results (UML sequence diagrams) of our mining
algorithm.

sinterfaces

|Attribute
0.1

winterfaces 0.~

1
1
1
= T-#lAtribute >
1 1

«interfaces | l «interfaces |

— - Attributes::String

1

Attributes::
Timestamp

ITrace —- Attributes:int

+ ;

1 1
sinterfaces «interfaces — — — {Attributes::Boolean
IMraces. h IEvents
1

< T-»IEvent >

|

|
[S—
|

|

|

|
[a—
|

|

|

|
fa—
|

|
:~——— Attributes::Double
|

|

L

zenumerstions
< T>ITrace > EventsOrdering

winterfaces

Collections::IEnumerable

zenumerstions
EventAttrFilterType

Al
[ winterfaces InListOnly
c wist <] NotinListOnly

Fig. 6. Class diagram of Event log object model library

VTM4Visio is an extensible framework aimed at process mining purposing. It is
implemented as an add-in for Microsoft Visio 2010. Our tool is implemented as a
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plug-in, which is supported by one of the VTM4Visio components called Plugin
Manager.

This framework was chosen because it provides useful instruments for accessing
Microsoft Visio object models. It also has a convenient GUI.

4.2. Log pre-processing

It is necessary to have an event log in a definite format to apply our algorithm. A lot
of information systems write logs in their own format. Our algorithm requires the
event log to contain attributes which can be used as a case ID, timestamp and
activity attributes. It is necessary to format and validate the event log before
applying the algorithm.

4.3. Log library

Our algorithm requires an event log for mining a UML SD to be in some definite
format. That is why it is necessary to have a library for working with event logs. We
made the library and called it “Event Log Object Model Library”. Its UML class
diagram is depicted on Fig. 6. The structure of our library is inspired by XES format
[23]. It is not based on it but main components are taken from XES standard. We
introduce special types such as EvntsOrdering and EventAttrFilterType for CSV and
RDBMS-based event logs [24] because XML-based XES format is excessive. The
library is written in C#. It is extensible, which allows working with different event
log formats.

g UML SD Mapper - O

Select a file with a log

\\psfiHome\Desktop\GetlLastOperations.csv

Select attributes

CaselD: CaselD v
Activity: CaselD v
Timestamp:  CaselD v

QK

Fig. 7. Event log configuration
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4.4. Prototype implementation

Our prototype was written in C# programming language as a plug-in for
VTM4Visio framework. The prototype allows configuring parameters for our
approaches as CaselD, Timestamp and Activity, names of lifelines and messages’
parameters, a regular expression through some GUI forms (Fig. 7 and8). The
configuration for reading of event logs from a file is implemented as shown on
Figure 7. The configuration of the diagram is implemented as shown on Figure 8.
This GUI form allows setting different perspectives and a regular expression for
merging diagram elements and, hence, specifying hierarchy.

The processing result of the event log in Table 1 is depicted on Fig. 1, 2, 3.

g UML SD Mapper = =
Message parameters
Lifeline attributes All aftributes: attributes:
Domain Action Operation
Service Payload
< >
> <
[ ] Do not use "alt" block Hierarchical model
Expression: oK

Fig. 8. Diagram configuration

5. Conclusion

This paper proposes a method of reverse engineering of UML sequence diagrams
from event logs of SOA information systems. It contains three approaches to
balance high-level diagrams and low-level ones.

Our method is a dynamic analysis of software because it uses only event logs. This
is an advantage since source code is not always available. In addition, our
approaches do not use intermediate models of an event log representation. The
proposed method 1) maps log attributes onto diagram components, 2) merges
diagram elements based on regular expressions and 3) builds hierarchical UML
diagrams using a ref fragment.

Work with event logs of real-life SOA information systems shows that it is
necessary to mine diagrams not only from single- threaded event logs but also from
multi-threaded ones. Thus, it is a direction of our future work. UML sequence
diagrams do not always show parallel interactions properly. Thus, we are going to
mine hybrid diagrams as UML sequence diagrams with a ref fragment, which
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abstracts parallel interactions and refers to UML activity diagramsillustrating
parallel processes.
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MeToa aBTOMaTM4€CKOro NOCTPOEHUSA nepapxmvecknx
UML-anarpamm nocrieqoBaTenbHOCTU C 3afaBaeMbIM
YPOBHEM AeTanusaumum Ha OCHOBE XXYpPHarnoB cobbITUN

K.B. Jlasvidosa <kvdavydova@edu.hse.ru>
C.A. llepwakos <sshershakov@hse.ru>
Hayuonanwvnwiil uccnedosamenvckuil ynusepcumem Bvicuias wkoaa SKOHOMUKU,
aabopamopusi [IOUC ¢haxyremema KoMnviomepHvix HAYK,
101000, Poccus, e. Mocxaa, yn. Macnuykas, 0. 20

AHHOoTanms. B naHHOW cTaThke MBI IIpelJlaraéM MeETOJ aBTOMAaTUYECKOTO IOCTPOCHUS
quarpamm mnocnenoBatensHocth UML Ha ocHOBe )KypHAJIOB COOBITHH HMH(OpPMAMOHHBIX
CUCTEM c CepBUC-OPUEHTUPOBAHHON ApXUTEKTYpOH (SOA). Juarpammel
nocnenoBareibHoctTd UML — rpadudeckue momenu, MOAXOSIIUE JUIS MPEACTABICHUS
B3aMMOJICHCTBUH B T€TEPOTreHHBIX KOMIIOHEHTHBIX CHCTEMaX, B YAaCTHOCTH, B HaGHparomux
ceifyac  momyisipHOCTE  MHPOpMamWoHHBEIX SOA-cucremax. OmnMCBHIBaeMBIE  METOL
HCTIONB3YyeT Tpacchl ncronHenus: SOA-cucTeM, IpeICTaBICHHBIE B BUIE )KYPHAIOB COOBITHI.
Iloutn Bce coBpeMeHHBIE MH(GOPMALMOHHBIE CHCTEMBI HMEIOT BO3MOXKHOCTH 3aIllCHIBATh
pe3yIabTaTHl CBOSH PabOTH B JKYpHAIBI COOBITHIL, KOTOPHIE HCIONB3YIOTCS B OCHOBHOM IS
nporecca OTIagkH. Ilo CpaBHEHHMIO C TPATULIUOHHBIMH TEXHHKAMH aBTOMaTHYECKOTrO
CHHTE3a MOJeJeil, KoTopble TpeOyIoT He BCerna MMEIONIMHCS MCXOJHBIH KOI IS CBOEH
paboThl, HAll METOJX JUIi aBTOMATHYECKOTO MOCTPOCHUs JHMArpaMM IOCIEI0BaTeIbHOCTH
UML paGortaeT TONBKO C JOCTYIHBIMU >KypHaJlaMH COOBITHH ¥  HEKOTOPBIMU
IBPUCTHIECKUMH JTaHHBIMU. METOZ COCTOMT M3 HECKOJIBKUX 3TaroB MOCTPOCHUS IHArpaMM
nocneaoBatenbhoctt  UML B 3aBUCMMOCTH  OT pa3HOM TNEpCHEeKTHBBI, 3aJaHHOM
aHamUTUKOM.OHHM BKJTIOYWAIOT OTOOpakeHHe aTphOyTOB JKypHajla COOBITHI Ha 3IIEMEHTHI
JMarpaMMBl ¢ BO3MOXKHOCTBIO 33/1aTh YPOBEHb aOCTPAKIMH Yepe3 MapaMeTphl, TPYIITHPOBKY
HEKOTOPBIX KOMIIOHEHT JuarpaMmbl u IMOCTPOCHHUE HEPAPXHUICCKUX Juarpamm
MOCJIEZIOBATEILHOCTH. MBI IpeiaraeM rpyninupoBaTh HEKOTOPbIE KOMIIOHEHTHI (COOOIICHUS
U JIMHHUU JKU3HU) Ha OCHOBE PETYIIAPHBIX BBIPAXKEHUH U CTPOUTH HEPAPXUUECKUE JHATPAMMBL,
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Abstract. Process mining is a relatively new research field, offering methods of business
processes analysis and improvement, which are based on studying their execution history
(event logs). Conformance checking is one of the main sub-fields of process mining.
Conformance checking algorithms are aimed to assess how well a given process model,
typically represented by a Petri net, and a corresponding event log fit each other. Alignment-
based conformance checking is the most advanced and frequently used type of such
algorithms. This paper deals with the problem of high computational complexity of the
alignment-based conformance checking algorithm. Currently, alignment-based conformance
checking is quite inefficient in terms of memory consumption and time required for
computations. Solving this particular problem is of high importance for checking
conformance between real-life business process models and event logs, which might be quite
problematic using existing approaches. MapReduce is a popular model of parallel computing
which allows for simple implementation of efficient and scalable distributed calculations. In
this paper, a MapReduce version of the alignment-based conformance checking algorithm is
described and evaluated. We show that conformance checking can be distributed using
MapReduce and can benefit from it. Moreover, it is demonstrated that computation time
scales linearly with the growth of event log size.
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1. Introduction

Ever-increasing size and complexity of modern information systems force both
researchers and practitioners to find novel approaches of formal specification,
modeling, and verification. This process is essential for ensuring their robustness
and for possible optimization and improvements of existing business processes.
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Process mining is a research field, which offers such approaches [1]. Process
mining is a discipline, which combines techniques from data analysis, data mining,
and conventional process modeling. Typically, three main sub-fields of process
mining are distinguished in the literature: (1) process discovery; (2) conformance
checking and (3) enhancement [1].

The aim of process discovery is to build a process model based solely on the
execution history of a particular process. Event logs are the most common and
natural way of persisting and representing execution history. By an event log, we
understand a set of traces where each trace corresponds exactly to one process
execution. A typical process discovery algorithm takes an even log as an input
parameter and constructs a process model which adequately describes the behavior
observed in the event log.

The task of conformance checking is to measure how well a given process model
and an event log fit each other. Furthermore, showing only the coefficient of
conformance is usually insufficient for real-life application since analysts often need
to see where and how often deviations happen in order to draw any conclusions.
Therefore, it is often the case when conformance checking algorithms include
computation of additional metrics as well as visualization of deviations.

Process enhancement deals with improvements of processes as well as
corresponding process models.

One of the challenges of process mining, when applied in real life, is the size of data
to be processed and analyzed [2], [3]. Since process discovery has drawn significant
attention of researchers, there are a number of solutions which allow for fast process
discovery from large event logs [4]. These solutions vary from using distributed
systems and parallel computing [5] to applying more efficient algorithms, which
require less data scans and manipulations [6], [7]. In contrast, conformance
checking remains problematic to be made fast due to its theoretical and algorithmic
difficulties. At the same time, efficient, easy-to-use and robust conformance
checking is the key to better process improvement since enhancement approaches
often rely heavily on measuring conformance (for example, see model repair
approaches [8], [9]).

This paper concentrates on implementation details of distributed conformance
checking rather than on its theoretical aspects. It describes a possible way of
speeding up conformance checking. It implies improving one of the existing
conformance checking algorithms so that it can be executed in a distributed manner
by means of using MapReduce [10]. One of the very first papers discussing
distributed conformance checking [11] was dedicated solely to theoretical
foundations of process models and event logs decomposition. The author takes a
look at the algorithmic side of distributed conformance checking and totally skips
problems of its software implementation. In this paper, we consider practical aspects
of distributed conformance checking. Furthermore, we prove viability of the
proposed approach by demonstrating that it really allows measuring conformance of
bigger event logs better than currently existing approaches.
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This paper is structured as follows. Section 2 introduces foundational concepts we
use in the paper. In section 3, the reader can find the main contribution. Section 4
proposes several improvements of the approach proposed in section 3. An
implementation of the presented approach is described in section 5. Related work is
reviewed in section 6. Finally, section 7 concludes the paper.

2. Preliminaries

In this paper, we consider process models in the Petri net (simple P/T-nets) notation.
A Petri net is a bipartite graph, which consists of nodes of two types. In process
mining, transitions, denoted by rectangles, are considered as process activities,
whereas places, denoted by circles, designate the constraints imposed on the
control-flow. String labels may be associated with transitions in order to show the
correspondence between activities and transitions. Transitions without labels are
called silent. It implies that silent transitions model behavior and constrains of an
activity in a process, executions of which are not recorded into event logs. Each
place denotes a causal dependence between two or more transitions. Places may
contain so-called tokens. A transition may fire if there are tokens in all places
connected to it via incoming arcs. When fired, it consumes one token from each
input place and produces one token to each output place. Marking is a distribution
of tokens over all places of a Petri net, thus a marking denotes the current state of a
process.

An event log is a recorded history of process runs. Usually the execution of a
process in some information system is recorded for documenting, administrative,
security, and other purposes. The main goal of process mining is to explore and use
these data for the diagnosis and improvement of actual processes.

We consider event logs of standardized nature as they are used in process mining.
Formally, an event log is multiset of traces where each trace is a sequence of events.
Each trace corresponds to exactly one process run. An event contains the name of
associated activity, timestamp, performer name and may contain other additional
properties. In this paper we consider simple event logs, in which events contains
only names of activities. An example model and the corresponding event log are

shown in fig. 1.
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Fig. 1. Petri net and event log
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2.1 Conformance checking

The conformance checking and its place in process mining are defined in [1].
Usually four dimensions of conformance are considered: fitness, precision,
generalization, and simplicity. However, this paper focuses exclusively on fitness.
By the term fitness, we understand the extent to which a model can reproduce traces
from an event log. In other words, fitness shows how well the model reflects the
reality. The fitness dimension is typically regarded as being the most frequently
used and best-defined [1] among the dimensions.

Nowadays, the most advanced and refined conformance checking approach is the
one using alignments [12]. The term alignment is used to denote the set of pairs
where each pair consists of an event from an event log and a corresponding
transition of a model. Such pairs are constructed sequentially for each event in a
trace. A simple alignment for the trace Tr3 (see fig. 1) is depicted in fig. 2.
However, it is allowed to pair an event with no transitions (a special “no move*
symbol >>). This means that the event is present in a log but cannot be replayed by
any transition in the model. It is also possible to map a transition to no events (this
is denoted by the same symbol >>). In that case, the transition is fired but there is no
evidence of this fact in the event log. Thus, there are two main types of steps
composing any alignment: a synchronous move (a transition fired with the same
label as an event name from the event log) and a non-synchronous move (a
transition label and an event name are the different ones or a move is skipped either

in the model or in log). -
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Fig. 2. Alignment

Alignments help to measure the difference between a trace from an event log and
behavior specified by a model. In order to quantify the difference one has to
calculate the number of non-synchronous moves and assess their significance. This
assessment is accomplished by introducing a cost function, which is used for
calculating cost of an alignment. By cost, we understand a number which somehow
designates the significance. The general idea is that some deviations are more severe
than others, thus these deviations have more impact on the overall conformance.
Using cost function one can assign cost for each type of deviation for each transition
and event. Thus, cost function maps a pair of an event and a transition to a number,
which signifies a penalty for having such a pair in a trace. The more the cost is, the
more significant this deviation is. Assuming that all costs are set to 1, the alignment
shown in fig. 2 has the cost 1, because there is only one nonsynchronous move in it
(event D in the trace has to be skipped during model run). Accumulating costs for
all alignments of a particular event log, it is possible to derive the cost for the entire
log.
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It is possible that a particular run through the model and a particular trace have
several possible alignments. In order to choose between them a cost function is used
to evaluate the cost of each alignment. An alignment with the lowest cost is selected
as the optimal alignment. According to [12], it makes sense to use only optimal
alignments when calculating fitness. Alignment-based fitness can be measured
using the metric defined in [13]:

Sopt
ZtrEL Zeetr cost ::p (e, N)
Ztr €L COSty;

where L is an event log, N is a model, COSthpt (e, N) is a cost of a pair (e, (t;, t!))
(e is an event, t; is a transition from model run, t! is its label) in the particular
optimal alignment §,,,, which depends on used cost function cf, cost,; is a total
cost of the trace tr if all moves in it are considered as non-synchronous. Thus,
fitness is a normalized ratio of the accumulated costs calculated for the optimal
alignments to the accumulated costs for the worst possible alignments for a
particular event log.

It is shown in [12] that construction of alignments and selection of optimal among
them for each trace can be converted to solving the shortest path problem. Formally,
a trace from the event log is represented as an event net, which is a special Petri net
having the form of the sequence of transitions connected through places. Then the
product of the model and this event net is constructed. It is shown in [12] that the
problem of optimal alignment calculation can be viewed as a problem of finding a
firing sequence in this product, which can be achieved by using a state-space
exploration approach.

The proposed approach has a low computational performance when dealing with
large models, large event logs or in case of low fitness because of the necessity to
solve the shortest path problem, especially for model of certain types [12]. The
author himself states in [12] that ”from a computational point of view, computing
alignments is extremely expensive®. Moreover, its existing implementation keeps
the processed models, event logs, event nets, and computed alignments in
computer’s main memory. This approach allows for flexible configuration of
visualization settings, and, in some cases, faster completion. However, this feature
makes usage of existing implementation rather hard and inconvenient because the
algorithm typically consumes several gigabytes of main memory even for
processing relatively small models and small event logs (dozens of megabytes).
Thus, it is not suitable for real-life usage.

This paper proposes a way of checking conformance between process models and
big event logs of gigabyte sizes using MapReduce.

f(L,N)I 1-

2.2 MapReduce

MapReduce is a computational model proposed and popularized in [10], although
the idea dates back to the origins of functional programming. MapReduce is a
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popular technology among practitioners and a research area among scientists. It has
a good tool support; all major cloud platform vendors provide the possibility to
execute MapReduce jobs on their cloud clusters.

The model simplifies parallel and distributed computing by allowing software
developers to define only two quite primitive functions: map and reduce. At each
invocation of a map function (also called mapper), it takes a key-value pair and
produces an arbitrary number of key-value pairs. The aim of reduce functions (also
called reducers) is to aggregate values with the same key and perform necessary
computations over them. Thus, a reduce function takes a key-list pair as input
parameters. Usage of such rather trivial functions makes their distribution
straightforward. Last but not least, comes another important function allowed by
MapReduce which is called combine. Its main purpose is to perform reduce-like
computation between mappers and reducers. Combine functions (also known as
combiners) are invoked on the same very computers as mappers. Combiners allow
for further parallelizing computations and decreasing amount of data transferred to
reducers and processed by them. It was pointed out even in the original article [10]
that combiners may dramatically decrease computation time.

One of the most crucial advantages of MapReduce is that algorithms expressed in
such a model are inherently deadlock-free and parallel. Another important
advantage is the tendency to perform computations where required data resides.
Generally, computation of map tasks take place where the required data is stored
since its location is known beforehand. Such an approach ensures that data transfer
between computers and latency, inflicted by it, are minimized. Ideally, data is
transferred between computers where map tasks are executed and computers where
reduce tasks are executed. Unfortunately, it is rarely achievable since all files are
separated into smaller parts, called blocks, and distributed (and also replicated) over
a cluster, thus data needed for execution of a single map task may reside in different
data chunks — there will be a need to move a portion of data from one computer to
another.

3. Fitness measurement using MapReduce

This section describes the approach we propose for checking conformance.

The few adjustments of the existing conformance checking algorithm with
alignments need to be done in order to implement the proposed schema. It is
expected that the algorithm will benefit if distribution is applied to traces. It means
that traces are distributed over a cluster so that their alignments can be computed in
parallel. Another possible option was to distribute computation of each alignment
since efficient distributed graph algorithms for solving the shortest path problem are
known. However, use of them seems excessive because they are aimed at solving
problems on graphs consisting of thousands and millions of nodes, which is not the
case for business process models. A process model consisting of more than a
hundred nodes seems unrealistic.
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The general schema is depicted in fig. 3. Map function takes traces one by one and
computes their alignments. This process can easily be carried out in parallel since,
by its definition, an alignment is computed individually for each trace. It is enough
to use a single reduce function, which aggregates fitnesses of all traces and
calculating fitness of the overall event log. Single reducer implies that key-value
pairs emitted by all mappers have the same key. Single reducer can be considered as
a bottleneck due to the reason that before it can start processing it waits for
completion of all maps and transition of all costs to a single computer. To diminish
the negative effect of a single reducer, a combiner function comes in handy. The
problem is that calculating average is not an associative operation, thus it is
impossible to use the basic reduce function instead of the combine function. We
implemented it in a manner resembling the one described in [14]. The general idea
is that calculating average can be easily decomposed into calculating a sum of all
entries of some metric and counting a number of entries, where both of them are
associative operations. It implies changing the structure of values used in key-value
pairs. The modified version of values contains not only statistics (fitness and so on)
but also a counter which shows how many traces describes a particular value. Given
that, combiners only have to sum the values they receive and increment the counter.
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Fig. 3. Conformance checking with MapReduce

4. Potential improvements

One of the possible improvements of the algorithm is to enhance it by adding trace
deduplication. When large event logs are considered, the possibility of the
equivalent traces occurring several times is very high. Hence, it might be desired to
find only unique traces, number of their occurrences and compute alignments only
for them. It will allow for lessening the number of computed alignments. However,
efficient MapReduce algorithm for deduplication of event sequences is far from
trivial. Moreover, it is not guaranteed that time needed for deduplication and
subsequent conformance checking will be shorter than in case of using the standard
approach. This question can only be answered by conducting relevant experiments.

Even though process models is not prone to be large, a lot of time is still required
for checking conformance. Another possible improvement, which aims at reducing
model size, is to employ the “divide and conquer* principle. The way in which the
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principle can be applied to cope with high computational complexity of
conformance checking was proposed in [15] and [16]. The general idea is to divide
a process model into smaller sub-parts. Next step is event log projection. This
means that for each fragment of a model all events from the event log that
correspond (names of events are equal to labels of activities) to a particular
fragment are selected. As a result, we get as many projected event logs as
decomposed Petri net fragment.

Once it is done, alignments and costs of each fragment can be computed. Then it is
possible to sum costs of parts following specific rules to get a lower bound of the
cost of the entire log. Having these costs, an upper bound of fitness can be
computed. Performance gain is the most crucial motivation of this approach. Since
time needed for computing alignments depends on trace size, usage of smaller parts
of the model ensures faster computation. A wide range of model decomposition
strategies have been proposed in [17], [15], [18], which leaves the user with the
necessity to empirically choose between them. Last but not least, decomposition
also incurs time overhead and projected event logs takes up disk space, so usage of
the algorithm is not beneficial (or even feasible) in all the possible cases.
Furthermore, there is no research done to establish when usage of which approach
makes more sense.

It is possible to employ a similar approach in the MapReduce environment. There
are two possible options: (1) computation of the overall event log fitness and (2)
computation of fitness of each separate model part. In all the cases fitness is
computed in a three-stage process as it is shown in fig. 4. The zero stage again is the
splitting of the log by traces, which is followed by trace decomposition. Traces are
decomposed using the maximal decomposition described in [15]. However,
incorporation of other decomposition techniques [15], [17], [16] is also possible. At
the second stage, alignments of sub-traces are computed and then aggregated. The
final stage differs depending on the selected computation option. At this stage either
fitness of the overall event log is computed at a single reducer or fitnesses of
individual parts are computed at different reducers (the number of reducers can be
up to the number of model parts). If fitness of individual process parts is calculated,
after the second map unique identification of a model part is used as a key for
emitted key-value pairs. When decomposition is applied, log deduplication’s
importance and potential benefit grow even more.
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5. Implementation and testing

This section describes the actual implementation® of the proposed approach and its
experimental testing. Hadoop [19] was used for implementation and testing of the
approach because it is a common and widely supported open source tool.

5.1 Implementation

The original algorithm was implemented as a ProM Framework plugin. The ProM
Framework [20], [21] is a well-known tool for implementation of process mining
algorithms. The ProM Framework consists of two main components:

e ProM core libraries which are responsible for the main functionality used
by all users and extensions,

e extensions (typically called plugins) which are created by researchers and
are responsible for import/export operations, visualization, and actual data
processing.

The platform is written in such a way that it allows plugins to use data produced by
other plugins. Furthermore, ProM encourages programmers to separate concerns:
export plugins are only used for exporting data, visualization plugins are used for
visualizing objects. As a result, a common usage scenario always consist of a chain
of invocations of different plugins. Among main advantages of ProM are
configurability, extensibility, and simplicity of usage. Last but not least, the
platform allows researchers to easily create and share plugins with others thus
extending the tool and contributing to the overall field of process mining. Despite
all these positive sides, usage of ProM can be inconvenient and tedious, if the
desired goal is unusual in any way.

XES [22] is often considered as a de facto standard for persisting event logs in the
area of process mining. Technically, it is an XML-based standard, which means that
it is tool-independent, extensible, and easy to use. Moreover, ProM fully supports
this standard and has all required plugins for working with it.

Our approach involves usage of raw event logs stored in the format of XES only at
the zero step of the algorithm. Before separate traces are available for the required
computations, it is necessary to sequentially read XES files dividing them into
separate traces. It is accomplished by using the XMLInputFormat from the Mahout
project [23]. XMLInputFormat provides the capability of extracting file parts
located between two specified tags. Moreover, the class is responsible for ensuring
that the entire requested part (in our case — trace) is read, no matter in which blocks
and on which data nodes it resides.

The fact that the initial algorithm was implemented for ProM inflicts several
inconveniences for its distribution. First of all, it is assumed that the plugin is
invoked by ProM via a special context. Essentially, it implies several things:

e the entire ProM distribution has to be sent to each computational node,

! The tool is available at https://sourceforge.net/p/distributedconformance/
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e at each computational node, it is required to start up ProM (it may take up
to couple of minutes on an average computer).

As a result, it may significantly increase latency and incur higher time needed for
termination of computations. To avoid this, it was decided to alter implementation
in such a way that a number of libraries the algorithm depends on in as minimal as it
is possible to achieve. In other words, on the one hand it was desired to separate the
implementation of the algorithm from ProM. On the other hand, usage of ProM
could be useful for initial settings and visualization of final results. As a result, we
achieved such a level of decoupling, that it is possible to launch the algorithm
completely autonomously without the need of installation of the ProM Framework
or any ProM plugins.
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Fig. 5. Implementation of the approach

The resulting architecture is illustrated in fig. 5. Conformance measurement is done
in two-step approach. At first step, the user loads a model, represented by a Petri net
into a special ProM plugin, which serves for setting the options of the alignments-
based conformance algorithm (mapping between transitions and events in event
logs, costs of insertion and skipping in alignments). We use standard ProM classes
for representing Petri nets because they allow for easier compatibility with other
ProM plugins. Loading a model to a main memory should not be a problem because
it is highly unlikely for such models to contain even hundreds of nodes, thus the size
of process models is typically relatively small. Another possible option was to
specify settings exclusively via XML files, though we found it less intuitive and
convenient than visual settings. Once the algorithm is configured, settings are
written to a file which later will be uploaded to a cluster. Last but not least, it is
important to state that this ProM plugin depends neither on Hadoop nor on a chosen
cloud cluster nor on any other auxiliary Hadoop libraries.
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When Hadoop job is initiated, the user is asked to specify directories where event
logs are placed, a path to a Petri net, and a path to conformance settings. A model
and settings are then automatically added into the Hadoop distributed cache — the
files are replicated to each data node, so they are available for fast access by any
mapper. At a startup of each model, the files are loaded into main memory because
they will be used for all the alignment computations.

After completion of conformance measurement, the results are written to a single
file, which afterwards can be downloaded and viewed in ProM. Another sub-task is
to find in which cases deduplication is worthwhile and how exactly it affects
computational time.

5.2 Experimental results

The proposed algorithm was tested and evaluated using Amazon Web Services [24].
In our cluster, we used five m3.xlarge instances (one as a master node, four as data
nodes). A local computer used for conducting experiments with the original
algorithm had the following configuration: Intel Core i7-3630QM, 2.40 GHz, 8 GB
of main memory, Windows 7 64 bit.

For testing purposes, we created a process model comprising some of the main
workflow patterns: sequence, parallel split, synchronize, exclusive choice, and
simple merge [25]. Afterwards, several models derived from the original were
created — they all differ in fitness. Artificial event logs were generated using the
approach proposed in [26]. Logs were generated only for the original model. All
resulting logs were of different sizes.
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Fig. 6. Computation time of the standard approach

Fig. 6 illustrates how computation time depends on a number on traces and fitness.
It is clear from the plots that computational complexity scales linearly with the
growth of a number of traces. Moreover, it is seen that computation time highly
depends on fitness. The lower the fitness, the slower the computations will be. It
seems that computation time does not scale linearly with the decrease of fitness if
the same quantity of logs is used. The clear indicators are the margins between lines
representing fitness 1 and 0.96, and 0.96 and 0.9. Furthermore, we can conclude that
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the lower fitness, the faster computation time increases with the rise of the number
of traces.
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Fig. 7. Computation time with MapReduce

Fig. 7 provides an overview of how the algorithm scales when it is distributed using
MapReduce. It is worth mentioning that 1.66 Gb of logs contain 500 thousand
traces. As in the case of the not distributed algorithm, the graph shows that the
algorithm scales linearly with the increase of a number of traces. Furthermore,
similarly to the not distributed case, for non-fitting models computations take
considerably longer than for perfectly fitting ones, and that computation time grows

faster for non-fitting models.
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Fig. 8. Comparison of the standard and the distributed approaches

In fig. 8, a comparison of distributed and not distributed approaches is provided.
Unfortunately, it is impossible to establish exactly when the distributed
implementation beats the original in terms of performance since the original one
cannot handle event logs of considerable size. In addition, the original algorithm
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was not able of handling more than a hundred of Mbytes. On data of such small
sizes, MapReduce and Hadoop fail to work efficiently because they are designed for
processing much bigger files. In fact, Hadoop does not parallelize processing of
files which are smaller than a single file block. It is clear from Figure 8 that for
relatively small event logs the distributed version works more slowly. It is clear
from the graph that our solutions can handle event logs of several dozens of GBs
even on a small cluster used for conducting these experiments.

6. Related work

Although applicability of MapReduce or distributed systems for the tasks of process
mining has not drawn significant attention yet, there are a few papers, which
consider this subject.
In [27] the authors focus exclusively on finding process and events correlation in
large event logs. According to them, MapReduce solution for such a
computationally and data intensive task as events correlation discovery performs
well and can be scaled to large datasets.
Other works where the authors study applicability of MapReduce to process mining
are [28], [29]. In these articles, a thorough description of several popular discovery
algorithms is provided (the alpha algorithm [30], and the flexible heuristics miner
[31]). Every one of them consists of several consequent MapReduce jobs. First
MapReduce job is responsible for reading event logs from the disc, splitting them
into traces, and ordering event in each trace. The general idea of the second
MapReduce all the implementations is that first step of process discovery typically
requires extracting trivial dependencies between events called log-based ordering
relations. Examples of those are:

e a > b—eventaisdirectly followed by event b,

e a>> b—aloop of length two,

e a >>> b—eventa is followed by event b somewhere in the log.
These relations can be found individually for each trace. Therefore, their
computations are trivially parallelized using Mappers. Further MapReduce jobs vary
but they somehow use mined primitive log-ordering relations to build a process
model. The main potential problem of implementations is that these further
MapReduce jobs typically compute relations for the overall event log. To achieve
this, it is often the case when it is necessary for mappers to produce identical keys
for all emitted pairs so that they all end up on the same computer and processed by
the same reducer. Moreover, the proposed implementations extensively use identity
mappers. It is a standard term for mappers, which emit exactly the same key-value
pairs as they receive without performing any additional computations — all useful
computations performed by combiners or reducers. They are used only because
MapReduce paradigm requires presence of mappers. Despite these concerns, it is
shown that performance and scalability provided by MapReduce are good enough
for the task of process discovery from large volumes of data. Our solution, in
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contrast to the described above, uses a more suitable file format. It allows measuring
conformance without extra steps needed for preliminary log transformations.

In [32] the authors describe their framework for simplified execution of process
mining algorithms on Hadoop clusters. The primarily focus of this work is to show
how process mining algorithm can be submitted to a Hadoop cluster via the ProM
user interface. In order to demonstrate viability of their approach, the authors claim
that they implemented and tested the Alpha miner, the flexible heuristics miner, and
the inductive miner [33]. We opted for not using the presented framework in order
to simplify the usage of our ProM plugin and not to force the user to download all
the codebase required by Hadoop and its ecosystem.

To sum up, these papers clearly demonstrate not only that process mining can
benefit from using distributed systems and MapReduce, but also that such
distributed process mining algorithms are needed and desired for usage in the real-
life environment. Moreover, from these papers it is clear that some common
approaches and techniques of process mining suit the MapReduce model well. Last
but not least, analysis of the related work reveal that there are only theoretical
considerations of parallel or distributed conformance checking and its usefulness.

7. Conclusions

This paper presents one of the possible ways of speeding up large-scale
conformance checking. The paper provides a helicopter-view of distributed
conformance checking and suggests ways for possible extensions and
improvements. One of the proposed algorithms was implemented and evaluated on
event logs, which were different in terms of size and fitness.

As a possible extension, it is worth considering implementing the algorithm using
the Spark framework rather than Hadoop because as it is often claimed Spark might
provide better performance due to its in-memory nature. Furthermore, the XES
standard which defines how event logs should be structured for convenient process
mining, but it seems that the XES standard is not the best option for using with
Hadoop. Thus, it is possible to consider other storage formats such as Hadoop
sequence files or the Avro format.
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AnHoTauusi. Process mining — 3To OTHOCHUTEIBHO HOBasi 00JIaCTh MCCICAOBAHUI, B paMKax
KOTOpO#l pa3pabaThIBAlOTCS METOABI MHCCIENOBAHHS M YIy4YIIEHHS OHM3HEC-TIPOIECCOB.
Crnenudukoil METOIOB process mining sIBISIETCS TO, YTO OHM OCHOBBIBAIOTCS Ha aHAIN3e
HCTOPHH BBINIOJHEHUS] MPOLECCOB, KOTOpas MPEACTABIAETCS B BHAE JIOTOB COOBITHH.
IIpoBepka COOTBETCTBHS MOJENEH NPOLECCOB W JIOTOB COOBITHH  SBIACTCS OTHUM H3
KIIIOUEBBIX HANpaBlICHUHA B 00JacTH process mining. AJTOPHTMBI MPOBEPKH COOTBETCTBUS
HCTIONB3YIOTCSL JUIST TOTO, YTOOBI OIIGHHTH, HACKOJBKO XOpOIIO JaHHAs MOJeNb OH3Hec-
mpoliecca, IpeACTaBICHHas, Hampumep, B Bujae cerd IleTpu, omnucelBaeT IOBeJEHUE,
3amMcaHHoe B JIore cOOBITHH. IIpoBepka COOTBETCTBHUS, OGa3UpyYIOIIascsl HA UCIIOIb30BAHIH
TaK Ha3bIBaGMbIX "BBIPABHMBAHUMN'", HA JTAHHBIH MOMEHT SIBIISIETCSI CAMBIM IEPEIOBBIM H
YacTO HCIMOJB3YEeMBIM aIrOPUTMOM IIPOBEPKHM COOTBETCTBUS. B nmaHHO# pabote
paccMarpuBaercst IpodiemMa 0O0JbIIOH BHIUYUCIUTEIBHON CIIOXKHOCTH JTAaHHOTO anropurMma. B
HacTOsIIIee BpeMsI IIPOBEPKa COOTBETCTBUS HA OCHOBE BEIPABHUBAHMI SBISIETCS HE CIMIIKOM
3¢ (GEeKTHBHOW C TOYKH 3pEHHS NOTPEONCHUS NaMATH W BPEMEHH, HEOOXOAWMOTO st
BBIUUCIICHNH. Pemenne 3Toil mpoOieMbl mMeeT OONbIIOe 3HAYEHHE IS YCHENTHOTO
TIPUMEHEHHs TPOBEPKH COOTBETCTBUSI MEXIy PEaJbHBIMH MOJECISMH OM3HEC-IIPOLECCOB H
JoraMu COOBITHH, 4YTO BechbMa NPOOJEMATHYHO C UCIOJIB30BAaHHEM CYLIECTBYIOLINX
noaxonoB. MapReduce sBnsercss mOmyIsSpHOW MOJIENbIO MapayuIeIbHBIX BBIYUCICHUH,
KOTOpasi ympomaeT peann3anuio 3()GEeKTUBHBIX M MAaCIITaOHPYyEeMBIX paclpeiesIeHHBIX
BRIYMCIICHHNA. B maHHOW paboTe mnpeacTaBicHa MOAMMUIIMPOBAHHAS BEPCHs aITOPHTMA
MPOBEPKH COOTBETCTBHS Ha OCHOBE BBIpaBHHBaHMiA ¢ mpuMeHeHneM MapReduce. Tak xe B
paboTe MMOKa3aHO, YTO IMPOBEPKA COOTBETCTBUS MOXKET OBITh pacmpenereHa C MOMOIIBIO
MapReduce, u uTo Takoe pacmpeneieHHE MOXET NPUBECTH K YMEHBLICHUIO BPEMEHH,
TpebyeMoro mist BeIMMCIeHUH. [lokazaHO, Y4TO adTrOPUTM NPOBEPKH COOTBETCTBHS MOJIEIH
Iporecca U JIora COOBITHI MOXKET OBITh PEATM30BaH B PAClpeleeHHOM BHJE C MOMOIIBIO
MapReduce. TIToka3aHo, 4TO BpeMsl BBIYMCIIEHHS PACTET JMHEWHO C POCTOM pa3Mepa JIOrOB
COOBITHI.
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Annoranust. CymecTByeT AOCTaTOYHO MHOTO ITyOIMKAamMii, MOCBAIIEHHBIX ITOCTPOSHHIO
MPOBEPSIONIEH MOCIEN0BATENFHOCTH AT TOHOCTBIO OMPEENIEHHOTO AeTEPMUHUPOBAHHOTO
KOHEYHOro aBToMaTa. TeM He MeHee, AN HEAECTCPMUHUPOBAHHBIX aBTOMAaTOB TaKUX
IMyOIMKayi JOCTaTOYHO MAajlo; NCCIEAOBATEIH HAYAIHM C TOTO, YTO MPEIOKHUINA aNTOPUTM
TIOCTPOCHUS HpoBepsIomei MIOCJIeIOBATEIHOCTH JUISt WHAIAAIFHOTO
HEJICTepMUHIPOBAHHOTO aBTOMAaTa OTHOCHTENIBHO SKBHBAIEHTHOCTH. B maHHO# paGote
paccMaTpWBaeTCsl  IOCTPOEHHWE  aJalTHBHOH  MpoBepsiomell  MOCIeNOoBAaTeIbHOCTH
OTHOCUTENBbHO  penykuuu. IIpoBepsemblii  aBTOMaT €cTh  PEAYKLHs  IMOJHOCTBHIO
OIIPE/IENICHHOTO aBTOMAaTa-Clel(DUKALINY, €CIn A KKIA0H BXOJHOH IOC/IEI0BATEIbHOCTH
BBIXOJIHAs PeaKLus [IPOBEPSEMOT0 aBTOMAaTa COJEPIKUTCA B MHOXKECTBE BBIXOIHBIX PeaKIUi
crieriUKALMK HA 3Ty BXOJIHYIO HOCIEI0BATEIbHOCTD. B NepBoii 4acTH JaHHOM CTaThbH MBI
IPEANoJaraeM, YTo NOJHOCTBIO ONPEAEICHHbII BO3MOXKHO HEETePMIUHUPOBAHHBIN aBTOMAT-
crerUKAI HMEET pPa3/elIonlyl0 ITOCIEA0BATEIbHOCTh PA3yMHOH JUIMHBI, KaXJ0€
COCTOSIHHE JIETEPMHUHHPOBAHO JOCTIDKHMO H3 JTI00OTO APYTOr0 COCTOSIHHUS, M MPOBEPSEMBIit
aBTOMAT (aBTOMaT-peanu3anus) SBIIACTCS TIOJTHOCTBIO OTIpEIEIeHHBIM u
JeTepMUHHPOBAaHHEIM. [loBeieHEe IPOBEPSIEMOTO aBTOMaTa HEN3BECTHO; MBI 3HAEM TOJIBKO,
YTO €ro YHCIIO0 COCTOSHMII He OOoJbllle YMclia COCTOSHMN aBTOMarta-crenudukanuu. Ilpu
OINMUCAHHBIX BBIIIE YCJIOBUSIX MPOBEPSEMBI aBTOMAT SIBISICTCS PEAyKLHeH creruduKaium,
€CIM W TOJNBKO €CIIM TIpOBepsieMblii aBTOMarT H30MOp(deH MoJaBTOMATy aBTOMATa-
crerbukanunu. TakuMm o0pa3oM, HEOOXOIMMO aJalTUBHO IOCTPOUTH IPOBEPSIOIIYIO
TIOCIJIEIOBATENFHOCTh, MPOXOSAIIYIO IO KaXIOMY IEepexoqy IpOBEpsSeMOro aBTOMATa, H
TIPOBEPUTH KOHEYHOE COCTOSIHHE nepexona MOCPEICTBOM paznensromniei
TOCJIeIOBAaTENFHOCTH. Bo BTOpO#f WacTW CTaTbM MBI TpejiaraeM HCIOJB30BaTh BMECTO
pazzensioneil mocue0BaTeIbHOCTH (AMANTHBHBIN) pa3IHYaloOmuil TECTOBBIM NpUMep U Ha
MPOCTOM MPHUMEPE UITIOCTPUPYEM, KaK Takas 3aMEHa MOXKET COKPAaTUTh JUIMHY aJlalTHBHOM
MpPOBEPSIOIIEH TOCIEeNOBATENbHOCTH. JlIMHA TecTOBOro mpHMepa OOBYHO KOpOUe
paszpensoniell MOCIeI0BaTeIbHOCTH, U BOOOIIE TOBOPS, Pa3IMYaIOIIUN TECTOBBI IpUMEp
MOJKET CyIIECTBOBaTh JUId aBTOMAaTa-clelM(HKalMK, HE HMMEIOLIEro pasaelsiomel
TIOCJIeIOBATENFHOCTH. B TpeThell 4acTu craThll MBI 00CYXJIaeéM BO3MOXKHOCTH HPUMEHEHHMS
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npejJlaracMoil MeTOAMKU IOCTPOCHHS IMPOBEPSIOIIEH 0CIEJ0BATEIbHOCTY ISl YACTHUHBIX
BO3MOXHO HEJECTCPMUHHPOBAHHBIX aBTOMATOB, BBIAENSAsA HAaWUOOJBIINMI  MONHOCTHIO
omnpeneneHHbIi moxaBTomar. Eciu Takoil mogaBToMaT CyIIecTByeT, 00nafaeT pa3aeisronen
MOCIIEOBATENIPHOCTRIO MM PA3NUYAIOMIUM  TECTOBBIM ITPHMEPOM, TO €ro MOXKHO
UCIIONB30BaTh U MOCTPOCHUSI aJaNTHBHON pa3nuuaromiell MocIeoBaTeIbHOCTH UL
HCXOJHOTO YaCTUYHOTO, BO3MOXKHO HEIETEPMHUHHUPOBAHHOTO aBTOMara. TeM He MeHee,
ClIeflyeT OTMETUTb, YTO B IOCIEAHEM ClIydac IIPOBEPSIOIIas IOCIECI0BATEILHOCTh CTPOUTCS
OTHOCHUTETBHO HE OTHOCUTENIBHO PEAYKINH, 2 OTHOCUTEILHO OTHOIIECHUS KBA3H PEAYKLIUH.

KnwueBbie ciioBa: HeﬂeTepMI/IHI/IpOBaHHLIﬁ KOHCYHBII aBTOMAT, OTHOIICHHUEC PCAYKLMH,
MOJEJIb HEMCIIPABHOCTH, aJallTUBHAS MPOBEPSIOIIAsA OCICA0BATCIILHOCTD.

DOI: 10.15514/ISPRAS-2016-28(3)-8

Juasi  uuruposanusi: EpmakoB A.J[.,, Eprymenko H.B. K cuHTesy ananTUBHBIX
MPOBEPSIOINUX MOCIE0BAaTEIbHOCTEH I HeleTepMUHUPOBAHHBIX aBToMaToB. Tpyast UCII
PAH, tom 28, Bemm. 3, 2016 1. ctp. 123-144. DOI: 10.15514/ISPRAS-2016-28(3)-8.

1. BeedeHue

TecTupoBaHHe Ha OCHOBE KOHEYHBIX aBTOMATOB IIIMPOKO HCIOJB3YeTCs IpHU
MOCTPOCHUN PA3UYHBIX TECTOBBIX IOCIEIOBATENBHOCTEH IS WHTEPAKTHUBHBIX
JUCKPETHBIX cucTeM [l]; XOopommMM NpHUMEpOM MOXKET CIYyXKUTh CHHTE3
MPOBEPSAIONINX TECTOB JJIS TENeKOMMYHHMKALIMOHHBIX MPOTOKOJIOB HAa OCHOBE
KOHEYHBIX aBTOMATOB [2].

B GosnbiinHCTBE MyOIMKaMi TpeAnoaraeTcs, YTo creuduKalys npeIicTaBiIeHa B
BUJIE MHHUIIMATHLHOTO aBTOMAaTa, a MPOBEPSIIOMIUNA TECT €CTh MHOXKECTBO BXOIHBIX
MOCJIEIOBATENIbHOCTEH, 00BEIMHIEMBIX OCPEIICTBOM HaJEeKHOTO CHrHaja cOpoca
[3]. Ecim Takoii curnanm cOpoca SBISETCS CIMIIKOM JIOPOTMM, TO BMECTO
MHOKECTBa TECTOBBIX IOCJIEIOBATENLHOCTEH HCHOJIB3YIOTCS TaK Ha3blBaeMble
MpOBepSIOLIME MocieqoBarebHocTy [4, 5]. s neTepMUHUPOBAHHBIX aBTOMAaTOB
TaKWe TMOCIICAOBATEIFHOCTH MOXHO ITOCTPOUTH, KOTJIa aBTOMATHAS CIICIU(pUKAIIHS
MMEEeT CHHXPOHU3HMPYIOIIYIO IOCIIE0BATENbHOCTh, MEPEBOJSIIYI0O aBTOMAT U3
M000r0  COCTOSHMS B OAHO M TO JKE€ COCTOSHHE, W JMAarHOCTHYECKYIO
MOCJIEIOBATEIEHOCT, CIIOCOOHYIO Pa3IMYHTh JIOOBIC J1BA PA3IMYHBIX COCTOSHUS
aBromara [4]. JIis HeneTepMUHUPOBAHHBIX aBTOMATOB KOJMYECTBO MyOIUKaui Ha
TEMy CHHTE3a IPOBEPSIONINX ITOCIEAOBATEIFHOCTEH 3HAYMUTEIFHO MEHBINE, TOTAa
KaKk  HEICTCPMHHHUPOBAHHBIC  CIEHU(PHUKAIIMA  BO3HHUKAIOT B  pa3iIMYHBIX
KOMITBIOTEPHBIX TPWIOKEHHUAX (mporpammax, cucrtemax) [5]. OnmHo# W3 mpUYuH
TOABIICHHUS HEICTEPMHUHUPOBAHHBIX CHEIM(UKALNI SBISIETCS ONMINOHAIBHOCTB,
comyTcTByromas, Hanpumep, RFC onmcaHusIM MHOTHX TEIEKOMMYHUKAIIMOHHBIX
MIPOTOKOJIOB [6].
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B paGore [5] aBTOopel TpemIaraloT METOJ IOCTPOESHHS  IPOBEPSIOMIEH
MOCJIEIOBATEIFHOCTH UL TIOJMHOCTBIO OIIPENEICHHOT0 HEISTePMUHUPOBAHHOTO
aBTOMaTa OTHOCUTEIHHO SKBHBAJICHTHOCTH TIPH HAJIUYAH COOTBETCTBYIOLINX
OTpaHNYCHUHN Ha KOHEYHO aBTOMATHYIO CIIEIM(UKALINIO U 00JIACTh HEUCTIPAaBHOCTH.
B pabore [7] aBTOpBI 000OOMIAIOT pPE3yNbTAThl UL TOCTPOCHUS IMPOBEPSIOUICH
MOCJIC/IOBATENILHOCTH  OTHOCHTENBHO penykuuu. Kak o0ObI9HO, mpoBepsiomias
MOCJIeI0BATEIbHOCTh HAa3bIBACTCS aIAalITUBHOM, €CII CIeAYIOLUI BXOIHOW CUMBOJI
3aBUCHUT OT BBIXOJHBIX CUMBOJIOB, MIOJYYEHHBIX OT MPOBEPSEMOI CUCTEMBI B OTBET
Ha TMPWIOKEHHBIE paHee BXOJHbIE CHUMBOJIBL. Ele oluH MeTon Iuisi MOCTPOEHUs
AIanTHBHON TPOBEPSIOMICH IIOCIEIOBATEIPHOCTH OTHOCHTEIBHO PENyKIHU
npezaraeTcs B [8].

B nmanHOii paboTe MBI OCJa0JsieM HEKOTOpPhIC OrpaHHuYcHHs padoTel [8] u
mpeylaraeM — HCIIONIB30BaTh IPH  IIOCTPOCHHH  AJalTUBHONW  MpPOBEpSIOMICH
MOCJIEJOBATEIIFHOCTH BMECTO Pa3CISIONMICH ITOCIeI0BATEIbHOCTH (aJalTHBHBIN)
TECTOBBI TpHMep (amaNTHBHYIO pPa3UYAIONIYI0 ITOCIEeIOBATEIBHOCTE). JlmiHa
aJalITHBHOTO Pa3IMYaIOIero TECTOBOTO MIPUMeEpa MOKET OBITh MEHBIIIE, YeM JITHHA
pazzensromeii mocuenosarenpHOCTH [9,10]; Gonee TOro, pa3MTHYAOIINK TECTOBBIH
mpUMep  MOXET  CYIIeCTBOBaTh W MpPH  OTCYTCTBHH  pa3Aeisaromieit
MOCJIEIOBATEIBHOCTH.

B mepBoii 9acTu JaHHOM CTaTHU MBI IPEATIONIATaeM, YTO MOJHOCTEIO OTPEICICHHBIN
BO3MOYKHO HEJICTCPMUHHUPOBAHHBIH aBTOMAT-CIICIU(PUKAINS UMEET Pa3IeITIONIyI0
MOCJIEIOBATEIFHOCT PAa3syMHOW JUIMHBI, KaXXJ0€ COCTOSHHE IEeTePMHUHUPOBAHO
JOCTIDKUMO U3 JII000T0 APYroro COCTOSHHS, M NPOBEPseMbI aBTOMAaT (aBTOMArT-
peanu3anys) SBJISETCS MOJHOCTBIO ONpEENICHHBIM U IeTepMUHHPOBAHHBIM. boiee
TOTO, TIOBE/ICHUE MIPOBEPSIEMOTO aBTOMAaTa HEM3BECTHO; MBI 3HAEM TOJBKO, YTO €T0
YHUCIIO COCTOSHMKA He OOJbllle 4YHCJIa COCTOSHHK aBTOMaTa-CHelU(HKAIIH.
[IpoBepsieMblii aBTOMAT €CTh PeAYKIMS CleU(UKaIIY, €CIH IS KaXKI0i BXOJHOI
MOCJIEIOBATEIIFHOCTH BBIXO/HAS PEaKIHsl MIPOBEPSIEMOTO aBTOMAaTa COJCPXKHUTCS B
MHOXXECTBE BBIXOJHBIX pEaKIHMid aBTOMaTa-CIeNU(DHKANIUU Ha STy BXOIHYIO
MOCJIEIOBATEIILHOCTh. [IpH OMUCAHHBIX BBINIC YCIOBHSAX INPOBEPSICMBIA aBTOMAT
SBIISICTCS PeNyKIHMeH Crenu(pUKAIIK, €CIIM U TOJBKO €CIIU MPOBEPSAEMbBIN aBTOMAT
n3oMopdeH momgaBromary aBroMara-crienudukanuu [8]. Takum oOpasoMm, BMecTo
TOTO, 4YTOOBI TPOBEPATH BCE BXOAHBIC IIOCIEIOBATEIBHOCTH, OCTAaTOYHO
YCTaHOBHTH B3aMMHO OJHO3HAYHOE COOTBETCTBHE MEXKAY COCTOSHHAMH H
MepexojaMi aBTOMaTa-ClielupUKanuy WU mpoBepsieMoro aBtomata [4]. Hpyrumun
CIIOBaMH, MPY MOCTPOCHHUU MPOBEPSIONICH MOCIEA0BATEIFHOCTH HYKHO «IIPOUTH
M0 KKAOMY MEePEXOAy MPOBEPSIEMOro aBTOMATa ¥ MPOBEPUTH KOHEYHOE COCTOSTHHE
repexojia MOCPEICTBOM pa3JEeNsoled IOcae0oBaTeIbHOCTH. Takol MOJX0
MO3BOJISIET HOCTPOUTh MPOBEPSIOLIYIO IIOCIE0BATEIILHOCTh Pa3yMHOM JUIMHBIL, €CIIU
paszensionas U MepelaToOuHble MOCIeN0BATEIbHOCTH MMEIOT MOJMHOMHUAIBHYIO
JUIMHY OTHOCHTEIBHO YHMCIIa COCTOSHHH aBTOMaTa-creru@ukanuu. MBI KpaTKo
OTHCHIBAEM, KaK OCTPOUTH aJaNTUBHYIO MPOBEPSIONIYIO MOCIEI0BATEILHOCTD IIPU
TaKOM MOJXOJE.
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Bo BTOpo#i wacTH cTaThbu MBI NpeJUIaraéM HCIOJIb30BaTh BMECTO pa3Jeisionien
MOCJIEIOBATEIFHOCTH (aJaITUBHBIN) pa3iidaromuii TecToBbi mpumep [11,12] n Ha
MPOCTOM TIpHMEpe WLIIOCTPUPYEM, KaK Takas 3aMeHa MOXKET COKPAaTHUTh JTHHY
aJalTUBHOM NPOBEPSIOLIEN MOCIEN0BAaTENBHOCTH. MBI TaKXKe OTMEYaeM, 4YTO
pa3iuYaOmUA  TECTOBBIM NpUMEP MOXET CYIIECTBOBAaTh JJi aBTOMara-
crenu(UKAIUK, HE UMEIOIIET0 Pa3eIONICH OCIeI0BATEIIEHOCTH.

B Tperweit wacTi cTaThu MBI 00CY)KTaeM BO3MOKHOCTh NPHMEHCHHS METOAUKA
MOCTPOCHHUS MPOBEPSIONIEH MOCIEAOBATENLHOCTH OTHOCHUTEIBHO PEAYKLUUU IS
YACTUYHBIX BO3MOXKHO HEJICTCPMHUHUPOBAHHBIX aBTOMATOB, BBIACISIS HAMOOIBIIUI
MOJIHOCTBIO OMNpEJIEICHHbIN mogaBTOMaT. Eciau naHHBIA MOJaBTOMAT CYIIECTBYET,
oOnajgaeT pasensIoneldl MOCICAOBATEIBHOCTRIO WM PAa3IHYAIONUM TECTOBBIM
HpI/IMepOM U ABJSICTCSA Z[eTepMI/IHI/IpOBaHO CBA3HBIM, TO yCTaHOBHeHI/Ie B3aUMHO
OTHO3HAYHOTO COOTBETCTBHS MEKIY COCTOSHHSAMH IIPOBEPSEMOTO aBTOMaTa H
aBTOMaTa-CHeNU(UKAIM BO3MOXKHO TOYHO TaK e KaK I IOJHOCTBHIO
OTIpeNIeIEHHOTO aBTOMATA.

CrpykTypa cTaTbu cieayromas. Pasmen 2 comepXHUT OCHOBHEIC OIPENEICHUS H
obo3HaueHnsa. Pasmen 3 ommceIBaeT amanTHBHBIA TOOXOX K MOCTPOCHHIO
MPOBEPSIOMICH  MOCIEAOBAaTEIbHOCTH  TPH  WCIOJNB30BAaHUH  pa3elisiomei
nocienoBatenbHOCTH. Pa3men 4 omucbiBaeT M3MEHEHHUS B aIallTHBHOM ITOIXOE IIPH
WCIIONIG30BAaHUH  PA3NUYAIONIET0 TECTOBOTO TPHMEpa BMECTO pasfeisiomei
MOCJIe0BaTeIEHOCTH. B pazmene 5 MbI 00cykaaeM BO3MOXKHOCTH HCITOJB30BAHUS
MPEAJIOKEHHOTO  MOJX0Ja K  IOCTPOEHHIO  aJalTUBHOW  IpOBepsitouieit
IIOCJICeA0BATCIIBHOCTHU JUJIA YaCTHUYHBIX, BO3MOXKXHO HEZ[eTepMI/IHI/IpOBaHHBIX
aBTOMATOB.

2. OnpedeneHus

Koneunvim asmomamom, unu mpocTo agmomamom Has3biBaeTcst yetBepka S = (S, |,
O, hg), e S - KoHeuHOE HemycToe MHOXECTBO coctosiHuid, | u O - KOHeuHbIe
BXOJIHOM ¥ BhIXOAHOU andaButhl, 1 hs S x | x O x S ecTh OTHOIIEHHE TIEPEXOJIOB.
ABTOMaT S HedemepmunuposanHblil, €CIN CYIIECTBYET XOTs ObI 0j1Ha mapa (S, i) € S
x |, 1711 KOTOpPOU CYIIECTBYIOT HECKOJIBKO map (0, ') € O x S Takux, uro (S, i, 0, )
€ hs. ABTOoMar S Ha3bIBAETCS NOIHOCTIBIO ONPEOeeHHbIM, ECITA JUIS KaXKIOU Maphl
(s, i) € S x | cymectByer (0, ') € O x S Takoe, uro (S, i, 0, ') € hg; B
OPOTUBHOM CJIydae aBTOMAT S HA3bIBACTCS UYACMUUHO ONPEOCNeHHbIM WK
yacmuunbiM. ABTOMAT S HAOI00aemblil, €CIU JUTS KaX 10| mapbl nepexoos (S, i, 0,
s1), (s, i, 0, S5) € hs mmeer mecTo S; = S, ABTOMAT S uUHUYUANLHLIL, €CITH
CYIIECTBYET BBIJEJICHHOE Ha4yalbHOE cOcTOsiHME S; (06o3Havenue: S/S;). Takum
o0pa3oM, MHHUIMANLHBIH aBToMar ecth msatepka (S, |, O, h, s;). Jlns aBromaros
S=(5,1,0,hs,s1)m T =(T, 1,0, hy, t;) asromar T ects nogasromar S, ecimu T <
S, t1 = s; u hy ¢ hs. B nanbHeiimeM, Mbl paccMaTpyUBaeM HaOJIOJaEMbIE H
MOJTHOCTBIO OTIPE/ICIICHHBIC aBTOMATEHI, €CJIU SIBHO HE YKa3aHO MHOE.
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B kadecTBe mprMepa pacCMOTPHUM aBTOMAT Ha pUC. | ¢ MHOXKECTBOM COCTOSIHHA S =
{1, 2, 3} u HavaneHeIM cocTosiHMeM 1. MHoxectBo | = {iy, I} ecTh MHOXKECTBO
BXOJIHBIX cMMBOJIOB aBTomara, O = {0, 1, 2} eCTh MHOKECTBO BXOJHBIX CHMBOJIOB.
ABTOMAT SBISETCS HENETEPMUHUpPOBaHHbIM. Hanpumep, u3 coctosHud 2 1Of
JICWCTBHEM BXOHOTO CUMBOJIA i €CTh IIEPEXO0/IbI B COCTOSHUS 2 U 3.

i:/0

i,/0

Puc. 1. Asmomam S.
Fig. 1. FSM S.

[MocnenoBaTebHOCTh  BXOJO-BBIXOJIHBIX Map MEPEXOJ0B, HAYMHAMOMIACA B
cocrosuud S asromata S=(S, |, O, h), wHaswBaerci 6x000-6bIX00HOL
ROCNe008AMENbHOCHIbIO WM MPACCOli aBTOMATa S B COCTOSHUU S. MHOYKECTBO BCeX
TpacC aBTOMaTa S B COCTOSHHM S, BKIIIOYas MYCTYIO [MOCJIEA0BATENHLHOCTS,
oGo3nauaercss Tr(S/s). OObuHBIM 00pa3oM, OTHONIEHHE IEPEXOJOB aBTOMATa
pacnpocTpaHseTcs Ha BXOAHBIE M BBIXOJIHBIC IOCIEOBATENLHOCTH. YeTBepka
(s, o, B, s'), B xoTopoit S u S’ cOCTOsSHHMsI aBTOMara, o0 W B - BXOJHAs H
BBIXOJIHASL TIOCJICIOBATEIbHOCTH, TMPHHAICKUT OTHONICHHIO TepexomoB hs
aBTOoMara S, eciu mapa mochenoBateibHocTe o u B (oOo3Hauenue off)
SBJISIETCS TPaccod B COCTOSHUM S, ITIEPEBOJIIIECH aBTOMAT M3 COCTOSHHS S B
cocrosiHuE S’

O0o03HaueHue SUCCESSOr(S, o) MCHONb3yeTcsl At 0003HAYCHHUSI BCEX COCTOSIHUMA,
JIOCTIDKUMBIX W3 COCTOSHESI S TIOCJIE TOJAaYd BXOJHOHN ITOCIECIOBATEIBHOCTU O,
T.e.successor(s, @) ={s":38 0" [(s, a, B, s') € hg]}.

MHuoxecTBo  OUt(S, @) o0o3Ha4yaeT  MHOXECTBO  BCEX  BBIXOJHBIX
MOCJIEeIOBATEILHOCTEH (peaKiuii), KOTOPhIe aBTOMAT S MOXKET BBIIATh B COCTOSTHHH
S TOCIIe MoJaYll BXOIHOM MOCIIEN0BATENLHOCTH &, T.€., OUt(S, @) = {f#:3ds'e S
[(s, a, B, s') € h]}. dua aBromara Ha puc. 1 successor(2, i, i) = {1, 3}, a out(2,
ip i) =402, 20, 10}.

ABToMar S Odemepmunuposano cesasuvii (0-c843HbIL), €COM JUIS KaKIOW Iaphl
cocTosiHMM S, S’ € S cymlecTByeT BXOJHAs MOCIEIOBATEIbHOCTh O TaKas, 4TO
successor(s, &) = {s’'}. B atom ciy4yae MbI TOBOPHM, UTO S’ OemepMUHUPOBaHo
(0-)oocmuoicumo w3 cocrosHust  S. Takas  O-epeiaTodyHas — BXOJIHas
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MOCJIEAOBATEILHOCT, 0003HAYACTCS Osy. VIHUIMANBHBIAN aBTOMAT CES3HbILU, €CIH
JUIL KaXIOro S € S CylmecTByeT BXOIHAs IOCIEIOBAaTEILHOCTh, KOTOpPas
MIEPEBOTUT aBTOMAT S U3 HAYAIBHOTO COCTOSHHS B COCTOSHUE S. JIF000# 0-CBS3HBIH
ABTOMAT SIBJISIETCSI CBSI3HBIM 110 ONPEICIICHUIO.

Hycte S=¢(S, I, 0, hs, ;) u P = (P, I, O, hp, p;) uHUIMANbHBIE aBTOMATHI,
nepeceyenuem aBTOMaToOB S M P Ha3piBaeTCsl HAMOOJBIIUI CBSI3HBIA MOJABTOMAT
asromara (S x P, I, O, f, s;py), rme (sp, i, 0, s'p’) e f < (s, 1, 0, ') € hg &
(p, 1, 0, p') € hp. B monHocTeio ompexneneanoMm aBTomate S = (S, I, O, hg)
COCTOSIHUSL S; U S, HA3BIBAIOTCS HepasOeauMblMu, €CIAH I KaKJIOW BXOJHOU
HOCIIENOBATENRHOCTH @ € |* mMeer Mmecto  0Ut(Sy, @) Mout(s,, @) # I, T.e.
MHO>KECTBA BBbIXOIHBIX peaKuHﬁ aBTOMaTa B COCTOSAHUAX S]_ u 32 Ha Ka)K[[yIO
BXOJIHYIO MOCJICIOBATEIBHOCTD TIEPECEKAIOTCS; B MPOTHBHOM CIIydae, COCTOSHUS Sy
U S, pasoenumvl. JIisi pa3fgenuMbIX COCTOSHUH S; M S, CYHIECTBYET BXOJHAs
MOCIIEIOBATENBLHOCTh & € |* Takas, uto out(S;, @) M out(s,, @) = J, T.e. MHOXKECTBA
BBIXOJHBIX peaKqu/'I B COCTOSHUAX Sl nu 52 Ha BXO)IHyIO IIOCJIICAOBATCIIBHOCTh X HE
nepecekaroTes. Takas BXOJHAs MOCICI0BATEIbHOCTh ¢ HA3bIBACTCS pazdesiouyeli
IIOCJIEI0BATEILHOCTRIO /ISl COCTOSIHMM S1 M S (0003HAYCHHE: S * S)).

B kauectBe mpumepa paccMOTpUM cocTtossHus 1 um 2 aBromata Ha puc. l.
MHOKeCTBa BBEIXOAHBIX ITOCIIEI0OBATENLHOCTEN aBTOMaTa S B COCTOSHUAX | U 2 Ha
BXOJIHYIO TOCIIEJIOBATEIBHOCTD Iy i; CYTh HEMepeceKaronuecs MHOXKeCTBa {22} u
{02, 20, 10}; Takum oGpa3oM, MOCIIEAOBATENBHOCTD iy i1 ABJIAETCS pas3aelisroeit
JJISI OTUX ABYX COCTOSIHUU.

Ecmu mociieoBaTensHOCTE @ pa3fenseT KKy Mapy COCTOSHHN aBTOMaTa S, TO
OHa SIBIISICTCS pazdeisioujeli OCIe0BaTSILHOCTRIO A1 aBToMaTa S. [l aBToMaTa
S Ha puc. | moCIEmOBATENBHOCTH Iy i pa3menseT KaxIyl mapy COCTOSHHMN
aBTomMmara, TMMOCKOJIbKY MHOXECTBO BBIXOJIHBIX peaKuHﬁ aBTOMara S Ha
PA3IENAIONLYI0 TTOCIEI0BATENBHOCTE Iy I3 B COCTOSHHU 3 eCTh MHOXeCTBO {12}.
MeTobl MPOBEPKH CYIIECTBOBAHUS Pa3ACSIONICH MOCIS0BATEIILHOCTH U METOIBI
e€ moctpoeHmss MoxHo Haiitm B [13]. K coxanenmio, paszpersromias
MOCJIEIOBATEIILHOCTh CYIIECTBYET HE JJIS BCSKOTO IIOJIHOCTHIO OIPECIICHHOTO
aBToMaTa. KpoMe TOro, M3BECTHO, YTO IJIMHA pa3Aeiifioliell MOCIeJ0BaTeIIEHOCTH
MOJKET OBITh SKCHIOHEHIIMATBHON OTHOCHTEIBHO YHCIa COCTOSIHUM aBToMaTa S. Tem
He MeHee, B [14] oTMmeuaercs, YTO  COIJIACHO 3KCIEPUMEHTaM CO CIy4yalHO
CTCHCPUPOBAHHBIMH aBTOMAaTaMH, C€CIH pa3Jelonias IOCICIOBATEIBHOCTD IS
aBTOMAaTa CYIIECTBYET, TO OHA JIOBOJIEHO KOPOTKAsL.

Ilycte S u P monHOCTEIO ompeneneHHble aBTOMaThl. CocTOsiHME P aBTOMaTa P
HA3BIBACTCS pedyKyuell COCTOSIHHUS S aBromara S (oOo3Hauenue P < S), eciu
MHOXECTBO Tpacc aBTOMara P B COCTOSIHUU P SBJISETCS MOJMHOXKECTBOM Tpacc
aBTOMaTa S B COCTOSIHUM S; B IPOTMBHOM Cily4ae, P HE SBISETCS PEAYKLHUCH S.
WnnnuaneHeiid aBToMar P/p; sSBiIsercs peayKuueil MHUIHAIBLHOTO aBToMara S/Sq,
ecimu P; < Sp, T.e. €CIIH MHOXECTBO Tpacc P/p; sIBIsieTCS MOJAMHOXECTBOM TPACC
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S/s,. Ecmu mHoxectBa Tpacc S/S; m P/p; coBmamaror, TOraa 3TH aBTOMATHI
okeusanenmuul [11].

Moaeabr HeucnpaBHOCTH. [Ipu CcHHTE3e TPOBEPSAIONIMX TECTOB HAa OCHOBE
ABTOMATHOM MOJENH TPEAIIONaraeTcs, YTO aBTOMAT-CIICHU(PUKAINSA OTMCHIBACT
STAJOHHOE TOBEICHHUE, TOT/Ia KaK 00JIaCTh HEHCIIPABHOCTH COIEPKUT aBTOMATHOE
OTIHCaHMe IS KaXKT0H BO3MOXKHOHM peanu3anuy crienudukanmyu. B nanaoi padore
MBI TIPEIOJIaracM, YTo BCEe aBTOMAThl HHHUIHAIBHBIC, IOJHOCTHIO OIPEIC/ICHHbIE U
HaOmrogaemMele;  Oojlee  TOTO,  MPEANONaraeTcsi, 4YTO  aBTOMAaT-peau3allus
(poBepseMBIi aBTOMAT) JACTEPMUHUPOBAHHBIM M HMEET HE OOJbIIE COCTOSHHIA,
yeM  aBTOMaT-ClielupuKanus. B KauecTBE  OTHOWIEHHS  COOTBETCTBHS
(KOH(OPMHOCTH) MBI PacCMAaTPUBAEM OTHOLIEHHE PEXYKIMU. JIPYyTUMHU CIOBaMH,
MbI HCJIBHO npennonaraeM, qTo He}leTepMI/IHI/ISM CHCI_II/I(l)I/IKaI_II/II/I BBITCKACT U3 €€
OIIIMOHATBHOCTH, TJ€ pa3paboTUMK BHIOHUpAET JYUIIHHA BaAPUAHT B COOTBETCTBUH C
HEKOTOPBLIMH KPUTEPHSAMH. B Takoif chucTeMe TO-TIPEKHEMY HUMEETCS HaIeKHbIH
cHUTHAI cOpoca, KOTOPHIH ABJIACTCS JOBOJBHO JOPOTHM M MOKET OBITh HCITOIB30BaH
TOJIEKO OJIMH Pa3 Iepet Moaaveii MpoBePSIONIeH MOCIeI0BATETFHOCTH.

Takum 06pa3oM, MBI paccMaTpUBaeM MOJIeNb HercnpaBHocTei FM = <S/s;, <, Q>
rae  S/S; MOMHOCTBIO  OMPEACNICHHBIH  BO3MOXXHO  HEJICTEPMUHUPOBAHHBIN
HAOII0NaeMBIil MHULMANLHBIM aBTOMAT ¢ N cocTosgHusaMH, N > 1, QO — MHOXKECTBO
BCEX ITOJIHOCTBIO OIMPEACICHHBIX JACTCPMUHUPOBAHHBIX aBTOMATOB, OMpPE/CICHHBIX
Ha TOM K€ BXO/IHOM ajipaBuTe, He DoJiee YeM C N COCTOSIHUSIMH.
Hon  adanmusnoti  cmpamezueli  TPH  TECTHUPOBAHUH  MPEIbSBICHHOTO
(mpoBepsieMoro) aBromMara u3 0OJACTH HEUCIPABHOCTH MOHUMAETCS MOCTPOCHHUE
BXOJIHOM TIOCIIEIOBATENILHOCTH, B KOTOPOW CIEAYIOIIUA BXOJHOW CHMBOII,
MOJIaBaeMblii Ha MPOBEPSIEMBbId aBTOMAT, BBIYUCIISAETCS HA OCHOBE BBIXOJHBIX
peakifii 3TOro aBTOMara Ha TNPEIBIAYIIHE BXOIHbIE CHMBOJbBL. AJaNTHBHAS
CTparerusi Ha3bIBACTCSA UCUEPNbIEAloujell OTHOCUTEIHHO MOJEIN HEUCIPABHOCTH
FM, ecmm mim xaxmoro P/p; € € BbIXomHas IIOCIEIOBATEIbHOCTE Ha
MOCTPOEHHYI0  BXOHYIO MOCJIEI0BATENILHOCT  COJEPIKUTCS B MHOJKECTBE
BBIXOJIHBIX PEaKIfii aBTOMara-crienupUKalnul, eclii M TOJbKO ecnu P/p; ects
penykimst S/S;. COOTBETCTBEHHO IOCTPOEHHAsT BXOIHAS IOCJIEN0BATENLHOCTD
YacTO Ha3bIBAETCS aJalTHBHOM nposepsioujeil TOCIeI0BATEIBHOCTRIO, TIOCKOIBKY
rapaHTHPOBAHO IPOBEPSET TOJBKO IPEIbABICHHBI K TECTHPOBAHUIO aBTOMAT.
Crenyromye yTBEPKAEHHS MOTYT OBbITh TOJIE3HBI MPH JOKA3aTENbCTBE TOTO, YTO
QJIANITUBHASL CTPATETUsl SIBJIICTCSA UCUYEPIBIBAIONIEH OTHOCUTENILHO JaHHOW MOJIECITH
HEUCIIPABHOCTEH.
YrBepkaenue 1 [11]. JIng MONHOCTBHIO ONpeneNeHHBIX HAOIIOMaeMBIX CBI3HBIX
aBTomaroB S/S; u P/p;, aBromat P/p; ectp pemykumsi aBtomara S/S;, eciiu u
TOJIBKO eciu nepeceuenne P/p; M S/S; ecTh MOTHOCTRIO ONpe/IEIEHHbIN aBTOMAT.
Y1Bep:kaenue 2. IlycTb TOTHOCTBIO ONPENCIICHHBIN HAOIIOMaeMbIH CBS3HBII
aBTOMar S/S; oGyazaer pasjiessronell mocienoBarelbHocThio. Ecin aBromar P/p
€CTh PeayKiust S/S;, TO pasjessonas MoCiIeI0BaTENbHOCTh PA3INYACT KaKIyro
napy cocrosiuuit aBromara P/p;.
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Yreepkaenne 3 [15]. Ilycts P/p; m  S/S;- MOMHOCTBIO OINpeeIeHHbIE
HaOJI01aeMble CBSI3HBIC aBTOMATHI, TIPHYEM aBTOMAT S/S; 00JamaeT pasiensiomei
TIOCIIEZIOBATEIBHOCTBIO U SIBISIETCS O-CBSI3HBIM. ABTOMAT P/p; ecTh pemykuus S/Sy,
ecir ¥ TOJbKO eciu P/py m3omopden momxasromary S/S; .

YTBepxkneHUs 2 u 3 MOKa3bIBalOT, KaKoil JOIDKHA OBITH agalTHBHAS CTPATETHS.
IIpoBepsiromas  TOCIIEAOBATEIFHOCTh NOJDKHA MPOHTH MO KaXAOMY IEpexomry
MPOBEPSIEMOT0 aBTOMaTa, W (HUHAJIHHOE COCTOSHHE IMepexoAa HeoOXOIuMOo
MPOBEPUTHh TMOCPEICTBOM pa3AeisioIeii mociaenoparebHOCTH. COOTBETCTBEHHO,
mpoIieypa MOCTPOCHHS MPOBEPSIONICH MOCIICIOBATEIIEHOCTU pa3ieisieTCs Ha JiBa
stama. Ha mepBoM 3Tame mpoBEepsETCsl, YTO MPEIbSIBICHHBIN K MPOBEPKE aBTOMAT
UMeeT N COCTOSHUM, W B KaKIOM COCTOSHHHM MPOBEPAEMOr0 aBTOMATta
(UKCUpPYIOTCS peakius aBTOMaTa Ha pa3ZCisAIONIyI0 IOCICA0BATCIBHOCTh U
COOTBETCTBYIOIIECE COCTOSHHE-TIpeeMHIK. Ha BTOpoM 3Tare mpoBepseTcsT KakIbIi
Tepexo 1 MPOBEPSAEMOT0 aBTOMATA.

Ipumep 1. Paccmorpum aBTOMar-crienudukanmio Ha puc. 1. ABromar oGnanaer
pa3lensioleil mocaeJoBaTeIbHOCTRIO Iy iy, ¥ B TaOu. 1 mpeacTaBiieHbl BHIXOIHBIC
PEaKIHy Ha ATY IMOCIEAOBATEIFHOCTD B KaXK/IOM COCTOSIHUH.

Tabn. 1. Beixoousie peakyuu Ha nociedogamenvHocms ll;.

Table 1. Output responses to I,l;.

CocrostHust | BbIXOJHBIE peakiiu 1Jis pas/eNisioliell MOCIIe0BATENbHOCTH: iaiq
1 22

2 02, 20, 10

3 12

OTMeTM, 4TO aBTOMAT Ha pUC. 1 SBISIETCSl O-CBSI3HBIM, T.€. Ul JIFOOOW mMapsl
Pa3IMYHBIX COCTOSHHH | U K CyIecTByeT O-TiepelaTouHas II0CNIe0BaTENbHOCTD Oljg:
Oz = I, O3 = I3, K O3 = 1g.

3. AGanmueHasi cmpameausi nocmpoeHusi nposepsirouiel
nocnedosamenbHocmMu

B atom pasnene Mbl KpaTKO MOBTOPSIEM HEKOTOphIE Imaru u3 [§], KOTOphIe CiTyXar
OCHOBOI TIPH MIOCTPOEHHH aalITUBHON MPOBEPSIOIIEH MOCIIEN0BATENLHOCTH.

Bxox. Asromar S=(S,1,0,hs,S1) ¢ N COCTOAHMAMM,  pa3eAromas
MOCJIEIOBATENILHOCTD O JUIS aBTOMATa S, J-lepelaTOuHbIE TOCIESI0BATEIBHOCTH Olsg
JUISL KQXJOW Mapbl Pa3jMYHBIX COCTOSHUN S W S', MOJHOCTHIO OMNpEAeTIeHHBIN
JIETEPMHUHUPOBAHHBINM NPOBEpsieMblii aBToMar P/p; He Gojiee YeM ¢ N COCTOSIHUSMH,
CTPYKTYpa IEPEXO0B KOTOPOrO HE U3BECTHA.

Boixoa. CooGuienue ‘P/p; siBisiercss penykuuen S/s;” wimm ‘P/p; He sBiasiercs
penykuueit S/S;” ¥ BXOAHAS MOCJEIOBATENBHOCTh G, KOTOPas OTJINYACT aBTOMAT
P/p, ot S/s; B mociiennem ciryyae.

Kak ObuTO CcKa3aHO BbIlIE, TPOLENYpPa COCTOMT M3 IBYX dTarnoB. Ha nepBom mare
NPOBEPSIETCS PEaKIUsl Ha Pa3essONlyl0 MOCIIEA0BATEILHOCTE O B  KAKIOM
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COCTOSIHAH TIPOBEPSEMOr0 aBTOMara, T.€. YCTAHABIMBACTCS B3aWMHO OJHO3HAYHOE
COOTBETCTBHE MEXKIy COCTOSIHUSMH aBromatoB P/p; wm S/s;, ecnm P/p; ects
penykumst  S/S; (yrBepkmenume 2). BBIXOAHBIE peakIHH Ha Pas3IeISIONIYI0
MOCJIEIOBATENILHOCTE W COOTBETCTBYIOLIME  O-TIPEEMHUKH  COXPAHSIOTCS B
MHOKecTBe Separable.

Takum 006pazoM, MHOXeCTBO Separate comepxuT Tpoiiku (S, p, S'), rae S ecth
TEeKyIllee COCTOsTHUE aBTOMAaTa S, p = OUtp(S, 8) ecTh BBIXOAHAs peakuus aBTomaTa P
Ha pa3/eNsIoIyl0 10CIeI0BAaTeIbHOCTh O B COCTOSIHHH, KOTOPOE COOTBETCTBYET
COCTOSHHIO S W S’ ecTh O/p-mpeeMHHK cocTosHus S. [Iporeaypa MOCTPOCHHS
MHOXKECTBa Separate mocTaTodHO MPOCTas: pa3zensiolias [MOCIe0BaTEIbHOCTD
MOJaeTCs Ha MPOBEPSIeMBbId aBTOMAT, HAYMHAS C HAYAILHOTO COCTOSIHHS, J0 TeX
1Op, MMOKAa HEKOTOPAas BBIXOJHAS PEAKIHs aBTOMAaTa HE OYAET IOJydeHa JBaXK/IbL.
Ecnu xoTst ObI Ha OJJHOM BXOJHOM CHMBOJIC BBIXOJHAsI PEAKIUs MPOBEPSEMOTO
aBTOMAara HE COJCPXKHUTCS B OXKHAAEMOM MHOXECTBE pEakKlhil, TO BbIAACTCS
coobmenue ‘P/p; He sBisieTcst pemykiei S/S;” ¥ BXOIHAS MOCIEIOBATEIBHOCTD,
KoTopast oTian4aet asromat P/p; ot S/S;. Eciiu Ha BCe BXOAHBIE CHMBOJIBI MOTyUYEHA
oKuJaemasl BBIXOJHAs Peakius, TO 1O IOCTPOCHHOMY OTPE3KY IpPOBEPSOLICH
MOCJIEIOBATENILbHOCTH  3aIlOJHsAETCST MHOXecTBo Separate. Ilycte  ¢unanmbHOE
COCTOSIHHE  PAacCMOTPEHHOIO  OTpe3Ka IPOBEPSIONICH  IMOCJIeI0BaTEIbHOCTH
COOTBETCTBYET COCTOsHMIO S aBToMmara S/S;. Ecmu B MHOXecTBe Separate
OTCYTCTBYET  pEakis  OpPOBEPSIEMOro  aBToMara  Ha  Pa3Jelsiolyio
MOCJIE/IOBATENILHOCTh B HEKOTOPOM COCTOSIHMM S, TO Ha IPOBEPSEMbIi aBTOMAT
NoJaeTCss IepelaTo4yHasi IO0CIeOBaTeIbHOCTh Ogy, W TPOLECC IOCTPOCHUS
MepelaTOYHON TOCTIeI0BATENBHOCTH MPOJIOIIKAETCA C COCTOSIHUS S'. BhImomHeHue
NepBOro Imara 3aKaHYMBAETCS, KOTJa BbIAaHO coobmenne ‘P/p; He sBisteTcs
penykiei S/S;’, WM MHOXECTBO Separate ComepHT peakiuio MPOBEPSEMOro
aBTOMAara Ha pa3/eNIoNIyI0 TOCIE0BATEIbHOCTh B KAXKIAOM COCTOSIHUH. B
MOCJIE/THEM ClTydae HAMHU YCTAHOBIICHO B3aUMHO OJIHO3HAYHOE COOTBETCTBUE MEXY
COCTOSIHUSIMH aBTOMaToB P/p; u S/s;.

Mpumep 2. [Tycts aBToMaT S Ha puc. 1 ecTh aBTOMaT-crielUKaIMs; B Ka4eCTBE
IPOBEPSIEMOro aBTOMaTa pPacCMOTPHM aBTOMaT P Ha puc. 2 ¢ HavyaJlbHBIM
COCTOSIHUEM a.

IMocnenoBaTenbHOCTD & = iy i1 ABISAETCS pa3AEIAIONIEH MOCIIEIOBATEIFHOCTRIO TS
aBTOoMara S. B HayalbHOM COCTOSIHHM IIPOBEPSEMOrO aBTOMAara Mbl IOJIydaeM
BBIXO/IHYIO PEaKifio 22 Ha MOJAHHYIO MOCIEA0BATENLHOCTh O, U TAKUM 00pa3om,
HayallbHOE COCTOSIHME & IPOBEPSIEeMOr0 aBTOMAaTa COOTBETCTBYET COCTOSIHHIO S;
cnenupukaiuu S, Ilociae MOBTOPHOM MOmAaYM IMOCIICAOBATEIBHOCTH O Oymaer
NoJTydeHa BbIXO/Hast peakuust 12, T.e. cocrosiHue 3 aBToMara S, JOCTUTHYTOE TI0CIe
Tpacchl 6/12, COOTBETCTBYET COCTOSHHMIO C TPOBEPSAEMOro apToMaTa. Ilomaem d eme
pa3 ¥ Mojyd4aeM YK€ IIOJIydeHHYI0 BBIXOAHYIO peakuuio 12, T.e. Mbl CHOBa
JIOCTHUTaeM COCTOSIHHUSI, KOTOPOE COOTBETCTBYET cocTosiHUIO 3. Takum oOpa3om, Mbl
MOXxeM BHecTH aBa siemenra (1, 22, 3), (3, 12, 3) B mHoxectBO Separate u
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OTMETHUTH, YTO TEKYIIUM COCTOSIHHE MPOBEPSIEMOTr0 aBTOMATa SIBIAETCS COCTOSHUE,
COOTBETCTBYyIOMIEE cocTosiHMIO 3. [Tocie momauu oz, = i MOMMKHO OBITH JOCTHTHYTO
COCTOSIHHE, COOTBETCTBYIOLIEE COCTOSHHIO 2, M MOCIE TOJAYH & = i iy JBAKIBI MBI
3aKJIF0YaeM, 4TO INPOBEPSieMBbId aBTOMAT MO JICHCTBHEM IIOCIEAOBATEILHOCTUH O
HEPEXOAUT U3 COCTOSIHHS D, COOTBETCTBYIOLIETO COCTOSIHHIO 2, B COCTOSHHE 4,
cooTBeTcTBYyIomIee cocTosHMIO 1. [lockompky P MeeT He 6oee Tpex COCTOSHUH, TO
BCE €r0 COCTOSIHUS MAEHTH(UIMPOBAHBI TIOCPEICTBOM HOCIEI0BATENHHOCTH O, U O
pasnuyaeT ABa JIIOOBIC PA3IHYHBIE COCTOSHHSA IPOBEPAEMOro aBTOMaTa. Takmm
obpazom, Separate = {(1, 22, 3), (2, 10, 1), (3, 12, 3)}; B 93TOM MHOeCTBE B KaKIOMH
TpOIKe TEepBHIH 3JeMEHT 0003HadaeT TEKyIlee COCTOSHHE, BTOPOIl IEMEHT ecTh
BBIXO/IHAsI PEaKIHs B JAHHOM COCTOSHMM Ha ITOCIIEOBATEIbHOCTD O, M MOCIEIHUH
3JIEMEHT TIOKA3bIBAET O-TIPEEMHUK TEKYIIETO COCTOSIHMS. VIHBIMH ClIOBaMH, HaMHU
YCTAaHOBICHO B3aWMHO OJHO3HAYHOE COOTBETCTBHE MEXIY COCTOSHHSAMH
asromatoB SuP:1lwua,2ub,3uc.

Puc. 2. Ilposepsemviii asmomam-peanuzayus P.
Fig. 2. FSM P/p; under test.

Ha creyromiem sTare CTpOUTCS MHOKECTBO Transition. 3To MHOXECTBO COICPIKUT
yerBepkH (S, i, 0, §'), U ero MOCTpPOEHHE 3aKAHUMBACTCS, KaK TOJNBKO ISl KaXKIOi
napsl (S, i) € S x | MHOkecTBO Transition coaepkuT YeTBEpKy ¢ TAKMMH MEPBHIMU
aneMeHTaMu. [IJisl TOCTHXKEHHUSI 3TOM LM B KaXIOM COCTOSHHH MPOBEPSIEMOrO
aBTOMaTa IIOJACTCS KaXIAbIH BXOAHOW CHMBOJ, IIOCIE KOTOPOrO MOXACTCS
pasmessifomas [MOCiIeI0BaTeIbHOCTh. ECIM B TEKyIIeM COCTOSIHHH IIPOBEPEHBI
Mepexo/Ipl TI0 BCEM BXOTHBIM CHMBOJIAM, TO HCIIOIB3YETCs MOCIEIOBATEIHFHOCTD
yXKe TPOBEPEHHBIX MMEPEXOJ0B W3 MHOKecTBa Transition, 4robbr mocTHdb
COCTOSIHUS, B KOTOPOM €CTh HENpOBEpeHHbIN nepexoa. Kak mokazano B [8], Takas
NOCJICZIOBATEIBHOCTh ~ BCETAa  CYLIECTBYeT B CHIy CBOWCTB  aBTOMaTa-
cnenudpukaimu. Eciu XoTs 6bl HA OZHOM BXOJHOM CHMBOJIC BBIXOJHAS PEAKIIUsS
OpPOBEPSIEMOr0 aBTOMATa HEe COACPKUTCSA B OXKHAACMOM MHOXECTBE PEaKLHUil, TO
BelmaeTcst  coobuienue ‘P/p; He sBnsercst peaykumed S/S;” W BXomHas
NOCJIeI0BATEIBHOCTh, KOTOpas oTiauvaer aBromar P/p; or S/s;. Ecim Ha Bce
BXOJIHbIC CHMBOJIBI MOJyYCHA OXKHMAaeMasl BBIXOJHAs PEakKLys, TO BTOpas 4acTh
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MPOBEPSIONIEH IIOCIEI0BATENPHOCTH, ITOCTPOGHHOH JUIi MPOBEPKH IEPEXOJ0B
IPOBEPSIEMOT0 aBTOMAaTa, YCTAaHABIMBAECT B3aMMHO OJHO3HAYHOE COOTBETCTBHE
MEXKAy TepexoJaMH MpOBEPSIEMOr0 aBTOMaTa M HEKOTOPHIM MOAABTOMAaTOM
aBTOMaTa-crienu(uKanyuy (yIBepxaeHue 3), T.€. IPEAbIBICHHBIH aBTOMAT SBISIETCS
penykuueii cienuduKarmm.

Ipumep 3. B T1abm. 2 mpencTaBIeHO MHOXKECTBO, IOJIydCHHOE Ha IIEPBOM STalle
MOCTPOEHHUS aJalTUBHON IPOBEPSIOIIEH [TOCIEA0BATEIbHOCTH.

Taba. 2. Muoowcecmso Separate, nocmpoennoe ons asmomama P.

Table 2. The set Separate for FSM P.

S Je) s’

a(l) | 22 | c(3)
b(2) | 10 | a(1)
c(3) |12 | c(3)
Ilepen BTOphIM 3TamoM (IMPOBEPKH IEPEXOMOB) Yy HAC YXKE €CTh MPOBEPSIOIIAS
MOCIIEIOBATENLHOCTD G = iply Iplqisiy Iy Ioi1isig, KOTOpas 3akaHUMBAETCS B COCTOSIHUM
C, COOTBETCTBYIOIIEM COCTOSHHIO 3 aBTOMATa S.
Ha HavanbHOM mrare BTOPOro 3Tama MHOXECTBO Transition mycro, u cymiecTByeT
HEMPOBEPEHHBIN MEPEX0/] U3 COCTOSHHS 3 MO JCUCTBHEM BXOJHOTO CHMBOIA Ij.
[Moce nomauw i; MPOBEPsAEMBbIif ABTOMAT BbIJIAET 0XKUIAEMbIIl BXOAHOM CUMBOI 1,
mocje mofayd O MbI mosydaeM 12, 4To COOTBETCTBYET TpeTheil CTpoke Tabi. 2.
COOTBETCTBEHHO MBI 3aKIFOYaeM, YTO TMPOBEPSEMbI aBTOMAT Mepemies B
COCTOSIHHE C, COOTBETCTBYIOIIEE COCTOSHUIO 3 aBTOMara S, U 3aHOCUM 4YeTBEpKY (3,
i3, 1, 3) B MHOecTBO Transition. B cocrosituu 3 ecThb elie OfuH HEMPOBEPEHHbBIN
nepexoj MmoJ| JAeHCTBUEM BXOJHOTrO cumBoa ip. Ilocie mogauwm i, u pasnensronei
MOCJIE/IOBATEIbHOCTH O TMPOBEPSAEMbIii aBTOMAT BBIIACT OXKUIAAEMbIC BBIXOJHBIC
peakimu 1 1 22, 9TO COOTBETCTBYET TPEThEH CTPOKE MHOXKecTBa Separate, m Mbl
no6assieM ueTBepky (3, iy, 1, 1) B MHOXkecTBO Transition. AnanoruuseiM 06pa3om
MPOBEPSIOTCS  OCTaJIbHBIC IMepexoabl aBTomMara P. B pesymbrate mosrydaercs
OpOBEPSIIONIasl  MOCIHENOBATEIbHOCTE G =  lplqlglgialginoigialy  +  igiolg
i2iolqiqiolqiiolol1ialginlsinlsisly, 11 KOTOpOH BBIXOIHAS peEaKIUs MPOBEPSIEMOTO
aBTOMAaTa COJACPKUTCS B MHOXKECTBE PEaKIMU aBTOMATa-Crielu(pHUKaud Ha 3Ty
MoCae0BaTeIbHOCTE.  COOTBETCTBEHHO, MBI  MOXKEM  3aK/IFOYMTH,  YTO
NPEAbSBIACHHBIA [JIsI NMPOBEPKM aBTOMAT Ha PHUC. 2 €CTh PEAYKIHS aBTOMAaTa-
cnerudukanyuy Ha puc. 1.

4. Ucnonb3oeaHue (adanmueHbIx) pa3iudyaroujux mecmoebix
npumepos8 emecmo pa3sdensiroujel nocsedogamesibHocmu

Jnst amanTUBHOM CTpaTeruu, ONMCAHHOW B paszzesie 3, CYLIECTBYIOT JOCTATOYHO
JKECTKHE OTpPaHMYCHHUS Ha aBToMaT-crienudukanuio. Takol aBTOMAT JOJDKCH
00aaTh pa3IuyYaroniel MOCIeI0BATEILHOCTIO M OBITh O-CBA3HBIM. M3BecTHO [11],
YTO HE KaXIBIH aBTOMAT O0JIaacT 3TUMHU CBOWCTBaMH; 0oJiee TOTO, JJIMHA TAKUX

133



A.D. Ermakov, N.V. Yevtushenko. Deriving adaptive checking sequence for nondeterministic Finite State Machines.
Trudy ISP RAN /Proc. ISP RAS, 2016, vol. 28, issue 3, pp. 123-144.

MOCIIEZIOBATEIBHOCTEH (€CIIM CYMIECTBYIOT) MOKET OKAa3aThCs 3KCIOHECHIHATIBHON
OTHOCHTEJIFHO YHCIIa COCTOSIHHI aBTOMATa.

[ToCKONBKY MBI ~ HCIIONB3YeM  aJalTHBHYIO CTPATETHIO JUIA  MOCTPOCHHS
TIPOBEPSIFONIEH TIOCITIEA0BATEIBHOCTH, TO MMEET CMBICH 3aMEHHTH DPa3IeIIAIONIYIO
MOCIIEZIOBATEIPHOCTh ~ TaK  HA3bIBACMBIM  TECTOBBIM  NPUMEPOM,  KOTOPBIiA
TpEICTaBISsIET ANANTHBHBIN AKCIIEPUMEHT € MpoBepsieMbiM aBTomMaTom [13]. Bo-
TIEPBBIX, U3BECTHO, YTO PA3IMYAIONINIA TECTOBBIA TPUMEP MOXKET CYIIECTBOBATh M
NP OTCYTCTBHH Pa3leiIsIoIIEH MOCIeI0BATENLHOCTH, U, BO-BTOPBIX, [UIHHA TAKOTO
TECTOBOTO MPUMEPa BO MHOTHX CIydasx CYIIECTBEHHO MeHbIie [9].

Jlns BXomHoro u BeIxoaHoro aidasutoB | u O mecmoewiti npumep €cTh CBS3HBIN
HaOmrogaeMblii  mHAIMansHeI  aBromat P= (P, |, O, hp, py), rpad mepexomos
KOTOpPOro aHI/IKHI/IquKI/Iﬁ U B KaXIOM HC TYHNHUKOBBIM COCTOSAHHU ONPCIACICHBI
MEepexXoJbl TOJBKO II0 OAHOMY BXOJHOMY CHMBOJIY CO BCEMH BO3MOXHBIMHU
BBIXOJHBIMH cuMBoJiaMu. [lo ompenenenuto, eciau |I| > 1, TO TecToOBBIN mpuUMep
SIBJISIETCS. YACTUYHBIM aBTOMAaroM. /[MHA TECTOBOTO NpHUMeEpa OIpeAeNseTcs Kak
JUTHHA CaMoTo0 JUTHHHOTO MyTH M3 HAYabHOTO B TYITHMKOBOE COCTOsHME. BooOie
TOBOPs, JUIMHOW TECTOBOTO MpUMEpa SABISETCS [UIHHA CaMOM JUIMHHOM BXOIHOM
TIOCTIEZI0OBATEBHOCTH, KOTOpas TOJaeTCs Ha aBTOMAT B IPOIECCE aJalTHBHOTO
9KCIIepUMEHTa (MHOTIA €€ Ha3bIBAIOT BEICOTOM aJalTHBHOTO 3KcmepuMmenTa). Kak
OOBIYHO, TIPH TECTHPOBAHWUHM MbI OBl XOTEJIM WCIIOIb30BAaTh TECTOBBIE TPUMEPHI
MWHUMAJIBHON JUIMHBL. ECIIM HM3BECTHO, YTO aBTOMAT-CIIENU(PHUKAINS SBISAETCS
MOJTHOCTRIO  OTIPE/ICNICHHBIM HAOII0aeMbIM aBTOMATOM 0€3 CIWSIHUMA, T.e. IS
KaXIbIX BXOJHOI'O CUMBOJIa | 1 BBIXOOHOTO CMMBOJIa O HENYCTBIC NPEEMHHUKU IBYX
Pa3IMYHBIX COCTOSIHHM MO BXOMO-BBIXOJHOW Mape i0 He COBMAAAIOT, TO JJIMHA
pa3IMYAIONIero TECTOBOTO ImpuMepa (el TaKoOBOM CYIIECTBYET) SIBISETCS
MOJIMHOMHATBHOM OTHOCHUTENBHO YHCIIA COCTOSHUI aBTOMATa, 60Jiee TOYHO UMEeT
nopsimok O(n®) [16]. Knacc aBromatoB 6e3 CIMSHHMIL JOCTATOYHO GOJIBLION, IO
KpaiiHell Mepe, OH COAEPKUT JIOCTATOYHO MHOTO JIETEPMUHUPOBAHHBIX aBTOMATOB,
KOTOpBIE HCTIONB3YIOTCS B Pa3IMIHBIX TPHIOKEHHUX [17].

Ilycts S eCcTh MOJIHOCTBIO ONMPEICICHHBIA ¥ HAOIIOAaeMbIii aBTOMAT C BXOJHBIM H
BeIXOJHBIM ajiaButaMu | U O. TecTOBBIM PUMED, ONpPEAEICHHBIH OTHOCHTENBEHO
9THX al(aBUTOB, HA3BIBAECTCS pASIUMAIOWUM, €CIH JUIS KKIOW TPacchl,
NEPEBOJAIIEH TECTOBBIM NpPUMEP W3 HAYAIBHOIO B TYMHKOBOE COCTOSIHHE,
CIIPaBeUIMBO, YTO JaHHas Tpacca ABJAETCS TPACCOW aBToMara S TOJNBKO B OJHOM
cocrosHuM. Tpacca, MepeBOJSIIAs TECTOBBIA TPHUMEP B TYMHMKOBOE COCTOSIHHE,
Ha3bIBACTCSI MOJHOU TPACCOW TECTOBOTO MpHMepa. MHOXECTBO TOIHBIX Tpacc
tectoBoro npumepa TC o6o3nayaercs kak Complete(TC).

IMpumep 4. B xayecTBe mMpuMepa pacCMOTPUM ABTOMAT-CIIEHU(DUKALINIO Ha PUC. 3
u3 [12] ¢ maganepHeIM cocrosHHeM 1. HemocpeacTBEHHOH NPOBEPKOM MOKHO
yOeqUThCS, YTO aBTOMAT HE WMEET PAa3IeNsIoNiel MOCIeI0BATCIBHOCTH; OMHAKO
COCTOSIHHSI aBTOMAara IMOMAPHO O-JOCTHXXAMBI W CYIIECTBYET pa3IHIarON[Hii
TecToBbIM pumep (puc. 4). TYIHUKOBBIE COCTOSIHHS TECTOBOTO MPUMEPa MOMEUCHbI
COOTBETCTBYIOIIMMH HAYaJIbHBIMH COCTOSHHSAMH. IIOCKONBKY —TIpOBEpSIOIIas
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MOCJIeI0BATEILHOCTE CTPOUTCS aAalTUBHO, TO MOYKHO HCIIOJIb30BATh PA3THYAIOIINI
npUMep BMECTO pasZessioniell MOclieI0BaTebHOCTH. EJAMHCTBEHHOE pasiuyue C
MHOXecTBOM Separate m3 Tabm. 2 Oyner B TOM, YTO BMECTO EIWHCTBEHHOU
pa3nuyamIiel MOCNIE0BATEILHOCTH B TPOBEPSIEMOM aBTOMAaTe Mbl Oynem
(bUKCUPOBATH COOTBETCTBYIONINE UACHTU(PUKATOPHI COCTOSIHUM.

e/0

ell, g/, g2

Puc. 3. Asmomam-cneyugpuxayus S.
Fig. 3. Specification FSM S.

OTMETUM TaKKe, YTO aBTOMAT Ha PUC. 3 ABISAETCH O-CBAZHBIM; /I KaXKIOU Maphl j 1
K pasiHYHBIX COCTOSIHMIA CYIIECTBYET O-IIepPeIaTOYHas IOCIEA0BATEIBHOCTD O 01
= g6, 0u3= 00, 04 = @, 021 = @, O3 = g, aa = f, azs = 9fg, az2 = of, azs = g,
O41= €0, 042 = € 043= Q.
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e/0 g/o g/1

/0

T, 1, L

I

Puc. 4. Paznuuaiowuii mecmoswiti npumep T 0 asmomama-cneyugpuxayuu S na puc. 3.
Fig. 4. A distinguishing test case T for the FSM S in Fig. 3.

Jnsi MOJHOCTBIO ONpENeNICHHOro HaOMIoJaeMoro aBToMata S M COCTOSHHS S
BXOJIHAs TIOCJICZIOBATEIBHOCTD O €CTh UOEHMUDUKAMOP COCMOSHUA S, €CITH O, €CTh
pasfensionas MociIe0BaTeIbHOCTE T TF000H mapel cocrosHui (S, §'), S’ # S.
[ocnenosarensHocTH fef u feg cyts maenTudUKaTOps! cocTostHmid 1 and 3 aBTomara
S wHa puc. 3; min cocrosHmit 2 W 4 moOcCiemoBaTeNnbHOCTh fQ siBIsIeTCS
uaentudukaropom. IlycTe aBToMmar-criermpukanus S/S; MMeeT pasIuYaroIuii
tectoBbiii mpumep TC, wm P/p; ecTh JeTepMHHHPOBAHHBIA  MOJHOCTHIO
OTpe/IeNICHHBI aBTOMAT C TEM JKe YHUCIOM COCTOsiHHUA. ABTomar P/p; HaswsiBaetcs
TC-coBMecTHMBIM € S/S;, €CITH CYIIECTBYET B3aUMHO OJJHO3HAYHOE COOTBETCTBHE F:
S — P, Takoe 4TO A1 KaXI0ro cocTosiHus S € S mepeceuenue Tr(S/s;) m Tr(P/p,)
M Complete(TC) re mycto, ecinu 1 TONBKO ecitu P = F(S).

Teopema 4. Ilycte S/S; — MOJHOCTBIO ONpPEIEIEHHBIA HaOJIIOJAEMbI AaBTOMAT-
crietuduKarys, Ui KOTOPOro CyHIECTBYET pa3iIudaonil TecToBbd npumep 1C, u
P/p; MONHOCTBIO OTIPEIETEHHBIN IeTePMUHUPOBAHHBIN aBTOMAT, KOTOPBIH SBISIETCS
TC-coBmectumbIM ¢ S/S;. JIJIst KaXI0T0 COCTOSTHUS P aBToMata P/p; pasmuyaromuii
TecToBbIH mpuMep TC colepKUT MONHYIO Tpaccy o/, KOTopas SBJISETCS TPACCOi B
COCTOSIHHH P; 6oJiee TOTro, 0L eCTh HACHTU(PUKATOP COCTOSIHES P B P/p;.
JlelicTBUTENBHO, €CM CYIIECTBYET B3aWMHO OJIHO3HAYHOE COOTBETCTBHE MEXIY
cocrostHusaMH S/S; u P/p; cormacuo pasinyaroiieMy TectoBoMy npumepy T1C, To mst
JHOOBIX IBYX COCTOSIHUM S U ', S’ # S, CyLIECTBYET HAa4aJIbHBII OTPE30K HEKOTOPOI
HOJIHOH Tpacchl B TecToBoM IpumMepe TC Takoil YTO BBIXOJHBIC PEAaKLMU Ha 3TOT
oTpe3ok B coctosiHusax P = F(S) u p’ = F(s') pasnuunst. [Tockoneky TC siBasieTcs
pa3NUYAIONIMM TECTOBBIM mHpuMepoM st S/S;, W P/p; ecTh MOJHOCTHIO
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OTIPEZICTICHHBIN JETEpMUHUPOBAHHBIN aBTOMAra, 3TO O3HAYaeT 4YTO BXOJAHAS
HPOCKIHS TPACCHI O/ SIBIACTCS HACHTH(PHUKATOPOM COCTOSHUS .

CoryacHO TeopeMe 4, aJanTHBHYIO NPOBEPSIOIIYIO ITOCIECIOBATENBHOCTh MOXKHO
MOCTPOUTH C HCIHOJB30BAHMEM PpA3IMYAIOIETO TECTOBOIO IPHMEpPa BMECTO
pa3IenAIoei nocien0BaTeNbHOCTH. ENNHCTBEHHOE pa3Indne COCTOUT B TOM, UTO
MHOXXECTBO Separate BMECTO peakIuu Ha pPa3IHYarollyl0 II0CIE0BaTEIbHOCTD
COZICP’KUT COOTBETCTBYIOUIMH HACHTH(HUKATOP COCTOSHHUS, BBIXOJHYIO PEAKIHIO H
CJICTYIOIIIEE COCTOSTHHUE.

Mpumep 5. [TycTh mpoBepseMbIM aBTOMATOM SIBIsIeTCsi apTromar P/p; Ha puc. 5 ¢
HadalbHBIM coCcTOsIHHEM A, HemocpencTBeHHOI POBEpKO MOKHO YOSIUTHCS, UTO
P/p; usomopden nomaBromary aBromara S/S; (puc. 3), T.e. P/p; ects pemykums
aBromara S/S;. TlockombKy Tmpu TeCTHpOBaHMM aBroMaT P/p; sBisieTcs
HEHU3BECTHBIM, Mbl HCIIOJIb3YEM aJalTHBHYIO CTPATETHIO JAJsl POBEPKH, SIBISACTCS
mu P/p; penykuueit S/s; (puc. 3). HauuHas ¢ Ha4anbHOTO COCTOSIHUSI A, MBI TT0jaeM
pa3Myaroluid  TECTOBBIM MpuMep, Mojada KOTOPOro B HaIlleM Cilyyae
3aKaHYMBAeTCS  MOJa4dell  BXOJHOW  mociemoBaTenbHOcTH  feg, u  9Ta
MOCJIE/IOBATENILHOCTh  SIBIISIETCSL  WACHTU(UKATOPOM CcOCTOsiHMS 1 aBroMara S
(cormacHo paznuyaroeMy TECTOBOMY NpuMmepy Ha puc. 4). IIpoBepsiemblil aBToMar
BeIaeT peakiuo 010, 1 MBI 3aKJIF09aeM, 4TO HadyanbHOE cocTosHHe A aBTomara P
COOTBETCTBYET COCTOsIHMIO 1 aBTOMara S.

Puc. 5. Asmomam PIpy, ona komopoeo cmpoumes adanmusnas nposepaowas
nocie006amenbHoCHb

Fig. 5. FSM P/p, under test

s Toro 4troObl ONPENCeNUTh, B KAKOE COCTOSIHUE MEPEXOIMT TMPOBEPSICMBbIMA
AaBTOMAT TMOJ JEHCTBHEM BXOJHOU TOCIeqOBaTeIbHOCTH feg, MBI TOmaeM
pa3IuyaIUid TECTOBBIM MpUMep ellle pa3. B Hamiem ciydae 3TO 03Ha4aeT, 4To Ha
TPOBEPSIEMBI aBTOMAT €Ile pa3 MOJacTCsl TMOCIenoBaTeNbHOCTs fegy; B kauecTBe
BBIXOJHOW peakmuu Mbl monmydaeM 010 wu 3akmowaem, uro feg mepesomut
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MPOBEPSEMBIA aBTOMAT B COCTOSHHE A, KOTOPOE COOTBETCTBYET COCTOSIHHIO 1
aBTOMara S.

Janee Mbl mostaeM O-mepeiaToOuHYIO MOCIIEA0BATEILHOCTD Ol = (€, MPOBEPsIeMBbIi
aBroMar BelgaeT 10 M mepexomauT B HOBOE COCTOsHME B, KoTOpoe cooTBeTcTByeT
cocrtosHMIO 2 aBToMara S. J{nsg Toro 4toObl yOemAWTBCS B 3TOM, MBI ITOJAEM
unenrudukarop fg cocrosHus 2 u3 TecroBoro mpuMepa Ha puc. 4 U MOJIy4aeMm
BBIXOJHYIO peaknmnto 11, T.e. cocTosiaue B aBTOMaTa P cOOTBETCTBYET COCTOSHUIO 2
aBroMmara S. [IpoBepseMbIii aBTOMAaT IEPEXOJUT B cocTosiHue C , KOTOpoe JOJDKHO
COOTBETCTBOBaTh COCTOSIHMIO 3  aBTtomMara S. Mbl 1ojgaeM  BXOIHYIO
nocnenoBatenbHOCTh fef, momydaem Bhixomnyro peakmmoo 001, u mpoBepsieMblit
aBTOMAT IIEPEXOJUT B HOBOE cocTOsiHME D, KOTOpoe JOIDKHO COOTBETCTBOBATH
cocTosiHuIo 4 aBTomara S. UTOOBI yOIUTHCS B 3TOM, MBI I10/1a€M HICHTU(PHUKATOD
cocrosaus fg, momywaem BbxomHyro peakiuio 10, ¥ mpoBepsemblil aBTOMAT
NepexoIuT B HadansHOE coctosiaue A. logada BXoaHO# mocienoBarenbHocTH feg,
KOTOpasi SBJIETCS HMICHTH(HUKATOPOM COCTOSIHHA A, 3aBepluaeT Hpouenypy,
pe3yabTaT KoTopoii npuBeneH B Tabu. 3. [IocKoIbKY MpOBEpsSeMBIi aBTOMAT UMEET
He Ooyiee YeTBIpeX COCTOSHHM, 3Ta TaOJMIa COICPKHUT HICHTHOHKATOP IS
KQXK/IOTO COCTOSIHHUS, OXKHIAEMYIO BBIXOIHYIO PEaKIHIO M CIEIYIOIIee OXKHIaeMOe
COCTOSTHHE.

Tabn. 3. Muooicecmso Separate ons agmomama Ha puc. 3, coomeemcmayouee mecmogomy
npumepy Ha puc. 4.

Table. 3. The set Separate for the FSM in Fig. 3 according to the test case in Fig. 4

Tekymee Wnentudukaro | Beixoguas Crnenytomee
COCTOSTHHE P COCTOSTHUSI peakIms COCTOSIHHE
A1) feg 010 A1)

B (2) fg 11 C(3)

C@3 fef 001 D (4)

D (4) fg 10 A1)

MeuoxecTBo Transition cTpouTcst TOYHO Tak K€ Kak MPU HCIOJIb30BAHHH
pa3IeNSIoNIel TOCIeN0BATENbHOCTH, T.€. TOCIE TOJAYl KaKJIOTO BXOJHOTO
CHMBOJIA B K&XIOM COCTOSIHUM CIEIyIOLIee COCTOSIHUE BepHULIUPYETCs
NOCPEJCTBOM IMOAa4H COOTBETCTBYIOLIEro HacHTHU(uKaropa. Ecimu B Tekymem
COCTOSIHMU BCE BXOJHBIE CHMBOIIBI IIPOBEPEHBI, TO, HCIOJNB3Ys YKE MOCTPOCHHYIO
YacTh MHOXKECTBa Transition, aBroMar nepeBOIUTCS B COCTOSIHUE, B KOTOPOM €CTh
HENPOBEPEHHbIC BXOJAHbIC CUMBOJbL. [l aBTOMaTa-crienM(pHKAlMKd HA pUC. 3 H
IPOBEPSIEMOT0 aBTOMAara Ha PUC. 5 MBI MONYYHIN ANANTHBHYIO MPOBEPSIONIYIO
M0CIIeZI0BATEIBHOCTD JIHHBI 68, ¥ TOCKOIBKY OBLIN TTOIYUEHBI TONBKO OXKHITACMbIE
BBIXOJIHBIC PEAKIIMHM, MBI CJECNATN BBIBOJ, YTO IMPOBEPSCMBIA aBTOMAT SIBISIETCS
penyKIuen crerupuKaiy.

Takum 06pa3oM, CIIpaBe/THBO CIACAYIOIIEE YTBEPKICHUE.

Teopema 5. Ilycte aBromar-creuudukauust S/S; SBISETCS  MOJIHOCTHIO
ONPE/ICICHHBIM HAOIOaEMBIM aBTOMATOM, KOTOPBIH 00NamaeT pa3indaroinium
TECTOBBIM IIPUMEPOM M SIBISIETCS O-CBSI3HBIM. TOTAQ aganTHBHAs CTpaTerys,
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HampaBj€HHas Ha IIOCTpOEHME MHOKeCTB Separate u Transition, sBisercs
WCYEPIIBIBAIOIIEH OTHOCUTENBHO MOJENIM HeucmpaBHocTH <S/si, <, Q> T.e.
OpeabsBIEHHbIH aBToMar P/p; u3 001acTM HEUCHPABHOCTH BBIIAET TOJBKO
OXKMIAEMBIE BBLIXOIHBIE PEAKIMM HA MOCTPOEHHYIO aJAlTHBHYIO MPOBEPSIOILYIO
H0CIIEIOBATENBLHOCTD, €CIM M TOJIBKO eciii P/p; ecth pemykims S/S;.

5. NlocmpoeHue adanmueHol npoesepsirowieli
nocnedosamesnibHOCMU 07151 YaCMU4YHbIX HabsiroOaeMbix
aemomamoes

IIpennonoxuM, YTO aBTOMAT-CHCUUGBUKAIMS SBISICTCS YACTUYHBIM, BO3MOXKHO
HeIeTepMUHUPOBAHHBIM aBTOMaToM. B manHON paboTe MBI He 00CyXIaeMm
MOCTPOCHHE aJaNTHBHOU MPOBEPSIONICH MOCIEI0BATEIBHOCTH B OOIIEM ciydae,
TEeM HE MeHee, JUIS [OCTaTOYHO IIHUPOKOTO0 Kjacca aBTOMAaTOB TaKyro
MOCJIEI0BATEIbHOCTh MOYKHO TIOCTPOUThH HA OCHOBE OMHUCAHHBIX BBIIIE PE3yIbTATOB.
IIycte B aBTOMarte-crienupuKanuu S/S; CYIIECTBYET MOJHOCTHIO ONMpPEACICHHBIN
HaOJMI0aeMbIil O-CBSI3HBIA TOAaBTOMAT S'/S;, KOTOPBIA 00JamaeT pa3iuyarolluM
TeCTOBbIM mpuMepoM. COMIacHO YTBEP)KICHHIO 2, TOJHOCTBIO OMNPEACICHHBIN
aBTromar P'/p; Oyner penykuueit aBromarta S'S;, ecnu u ToimbKO eciau P'/p;
nzomopden momasTomary S'/s;. Ilockonbky mogaBromMaT S' 00JjagaeT BCEMH
HEOOXOUMBIMU CBOWCTBAMH, TO COTJIACHO TEOPEME 5, JUIT HEr0 MOXKHO MOCTPOUTH
HCUEPIBIBAIOIIYIO aJaANITHBHYIO CTPATETHIO.

Takum 00Opa3oM, MHOXeCTBO Separate crpourcss Ha OocHOBe mojgaBroMara S'S;.
Iocine TOro Kak YCTAHOBJIEHO B3aUMHO OJIHO3HAYHOE COOTBETCTBHE MEXIY
COCTOSIHUSIMH aBTOMAaTa-crielu)UKallMd U TPOBEPSEMOr0 aBTOMAaTa, MHOKECTBO
Transition ctpourtcst Tak ke kak B paszjene 3. EAUHCTBEHHOE OTIMYKHE COCTOHUT B
TOM, YTO B KaXJOM COCTOSHHH IPOBEPSIOTCS TOJBKO BXOJHBIE CHMBOJIBI, IO
KOTOPBIM OTIPE/ICIICHBI TIEPEX0bI B COOTBETCTBYIOIIEM COCTOSHHU.

Crenyer OTMETHTH, YTO €CJIM aBTOMAT-ClielU(UKAINS SBISIETCS YACTHYHBIM, TO
OTHOIIICHHUE PEAYKIIMU B MOJICITH HEUCIIPABHOCTH 3aMCHSCTCS Ha OTHOIICHHE KBa3H-
penykuuu [11]. B aTom cimyuae ycioBue NPHHAIC)KHOCTH BBIXOJAHOW peaKIMH
MPOBEPSEMOr0  aBTOMAara MHOXECTBY  peakuumid  crnenu(uKalue  JTOJDKHO
BBIMOJIHATHCS.  TOJABKO [T  BXOAHBIX —IIOCIICAOBATEIBHOCTEH, Ha KOTOPBIX
ompeneneHo nosenacHue creruduranuu. C Ipyroil CTOPOHBI, TAKOH MOIXOM HE
TpeOyeT, 4ToOBI crierudukanys OblIa, BOOOIIE TOBOPs, HAOII0JaeMBbIM aBTOMATOM;
OJTHAKO JUTS Pa3pabOTKH MCYEPHBIBAIOIICH aJaiTHBHOW CTPATETHU ISl YACTUYHBIX
BO3MO3KHO HEHAOIIOJaeMbIX aBTOMATOB HEOOXOAUMEI JalIbHEHIINE HCCIIEJOBAHMS.

6. 3aknroyeHue

B [[aHHOﬁ CTaThEC MpejiaracTcsa aaanTUBHAsA CTPATCIrUd NOCTPOCHUA npOBepH}omeﬁ
MOCJICAOBATCIIBHOCTU [JIA Cliyvasd, Koraa aBTOMaT-CHCHI/I(i)I/IKaHI/Iﬂ n HpOBepSIeMLIﬁ
aBTOMAT SABJIAKOTCA MNOJHOCTBIO OMPCACIICHHBIMU MHUIIUAJIbHBIMU aBTOMAaTaMU. HpI/I
OTOM aBTOMAT-pCain3dalus SABJIACTCA ACTCPMHUHHUPOBAHHBIM aBTOMATOM, YHCIIO
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COCTOSIHMI KOTOPOTO HE IPEBBIMIAET YUCIO COCTOSIHNI aBTOMaTa-Clenu(uKanyum, u
OTHOIIEHWEM KOH()OPMHOCTH sBIAETCS OTHOWIEHWME peaykmuu. IlomoOHO
JETEpMUHUPOBAHHBIM aBTOMAaTaM IIPOBEPSIOIIAs MOCJIENA0BATEIBHOCTE CTPOUTCS
IpH HAJIMYUM OMNPEACICHHBIX CBOWCTB y aBTOMaTa-crenudukanuu. ABTOMAT-
cneuduKanys JODKeH o0dajaTh paziM4aloniiM TECTOBBIM MPUMEPOM (JIOJDKEH
CyLIecTBOBaTb  QJANTHBHBIN  pa3snuYaoOlUil  3KCHEpUMEHT) U OBITh
JETePMUHUPOBAHO  CBA3HBIM, T.6. KaXJO€ COCTOSHME  JOJDKHO  OBITh
JETEPMUHUPOBAHO JIOCTIKMMO W3 JIO00r0 JpYyroro cocTtosiHus. Pasnmuarommii
TECTOBBI IIPUMEP MOXKET CYILIECTBOBaTb MU B TOM Clyyae, Korja B aBTOMare-
crenuduKau OTCYTCTBYET Pas3[elsIoNiasi MOCIeI0BaTeNbHOCTD, U ATHHA TaKOTO
npuMepa 00BIYHO 3HAYUTEIIHHO MCHBIIIE JUTHHBI paszensomei
MIOCJICIOBATENIFHOCTH (€CJIM TakoBasi CyIIecTByeT). boiee Toro, mmeer cMBbICH
BMECTO O-TIEPEAATOYHBIX IMOCJIEIOBATEILHOCTEH HCIIONB30BaTh  aJalTHBHbIC
HepelaTOyHbIe IOCIeI0BaTeNbHOCTH [18], 4TO Takke paclMpHUT BO3MOXKHOCTH
UCIIONF30BaHMS  aJallTUBHOM  CTpaTerMd TpPH IIOCTPOCHUH  INPOBEPSIOMICH
MOCJIEIOBATEIBHOCTH.
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634050, Russia, Tomsk, Lenin Ave., 36.

Abstract. The derivation of checking sequences for Finite State Machines (FSMs) has a long
history. There are many papers devoted to deriving a checking sequence that can distinguish a
complete deterministic specification FSM from any non-equivalent FSM with the same
number of states. To the best of our knowledge, for nondeterministic FSMs, the topic
appeared only recently; the authors started with preset checking sequences for FSMs where
the initial state is still known but the reset is very expensive. In this paper, a technique is
proposed for deriving an adaptive checking sequence for a complete nondeterministic finite
state machine with respect to the reduction relation. The main contribution of the paper is the
use of a (adaptive) distinguishing test case instead of a separating sequence. Such a test case
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is usually shorter that a separating sequence (when it exists) and can exist when there is no
separating sequence. We also discuss the possibilities of using adaptive transfer sequences
instead of deterministic transfer sequences that also allows to extend the set of FSMs for
which the strategy can be used and reduce the length of a checking sequence. The application
of a proposed strategy to partial possibly nondeterministic FSMs is briefly discussed.

Keywords: nondeterministic Finite State Machines (FSM); reduction relation; fault model;
test derivation; adaptive checking sequences.
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Abstract. In this article, an approach of detailing verified test scenarios for developed
software system without losing the model's semantics is proposed. Existing problem of
generating test cases for real software systems is solved by using multi-level paradigm to
obtain the real system signals, transactions and states. Because of this, the process is divided
into several steps. Initial abstract traces (test cases) with symbolic values are generated from
the verified behavioral model of software product. On the next step, called concretization,
these values in test scenarios are replaced with concrete ones. Resulting concrete traces are
then used as input for the next step, data structures conversion. This step is needed because
concrete traces do not contain all the information for communicating with developed software
and presented in another way with different data structures. After concrete test scenarios are
detailed, they can be used for generation of executable test cases for informational and
control systems. In this paper, a software tool is suggested for detailing test scenarios. It
consists of several modules: a Lowering editor that allows user to create rules of detailing a
signal, a Signals editor used to define complex data structures inside the signal and a
Templates editor that eases work with similar signals. Process of translating abstract data
structures into detailed data structures used in system implementation is presented with
examples.
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1. Introduction

One of the most perspective approaches to modern software product creation is
usage of model oriented technologies both for software development and testing.
Such technologies are called MDA (Model Driven Architecture) [1,2], MDD
(Model Driven Development) [2] and MDSD (Model Driven Software
Development) [3]. All of them are mainly aimed to design and generation of
application target code based on a formal model.

The article is devoted to specifics of model oriented approaches usage in design and
generation of large industrial software applications. These applications are
characterized by multilevel representation related to detailing application
functionality to the level where correct code is directly generated.

The idea of model oriented approach is in creating of multilevel model of
application during design process. This model is iteratively specified and detailed to
the level when executable code can be generated. On the design stage formal model
specification allows using verification together with other methods of static analysis
with goal to guaranty correctness of the model on early stages of application
development.

More than 80% [4] of model-oriented approaches are using graphical notations,
which allows simplifying of work with formal notations for developers.
Requirements for knowledge of testers and customer representatives is reduced by
this way and process of models developing are also simplified.

2. Levels of behavioral models development

One of high level languages for system formal model specification is Use Case
Maps (UCM) [5, 6]. It provides visible and easy understandable graphical notation.
Further abstract models will be specified in UCM language to demonstrate proposed
approach in details. Also considered is VRS/TAT technology chain [7], which uses
formal UCM models for behavioral scenarios generation.
Traditional steps of formal abstract model development in UCM language are the
following:

1. Specifying main interacting agents (components) and their properties,

attributes set by agent and global variables.

2. Introducing main system behaviors to the model and developing diagrams
of agent’s interaction control flow.

3. Developing internal behaviors for each agent and specifying data flow in
the system.

Undoubted benefit of UCM language is possibility to create detailed structured
behavioral diagrams. Structuring is specified both by Stub structural elements and
reused diagrams (Maps), which are modeling function calls or macro substitution.
Unfortunately, standard UCM language deals with primitive and abstract data
structures, which are not enough to check implementation of a real system. This
146



Jpoo6unres I1.J1., Korsapos B.I1., Hukudopos 1.B., Bounos H.B., M. A. Cenun. IIpeo6pasoBanne aGcTpakTHBIX
TOBE/ICHYSCKUX CIICHAPUEB B CLIEHAPHH IPUMEHUMBIE ULl TecTupoBanus. Tpyost UCIT PAH, Tom 28, Boim. 3, 2016,
c. 145-160.

drawback is compensated by using metadata mechanism [6]. But metadata does not
allow detailing data flow to more detailed levels. That’s why for creating detailed
behaviors it is proposed to use vertical levels of abstractions during behavioral
models development which are: structured system model in UCM language,
behavioral scenarios with symbolic values and variables, concrete behavioral
scenarios are behavioral scenarios with detailed data structures.

Another benefit of UCM usage is possibility to execute model verification process.
UCM diagrams are used as input for VRS/TAT toolset which provides checks for
specifications correctness. These checks can detect issues with unreachable states in
the model, uninitialized variables in metadata, counterexamples for definite path in
UCM, etc. After all checks are completed the user gets a verdict with a list of all
findings and a set of counterexamples which show those paths in UCM model
which lead to issue situations. If a finding is considered to be an error, the model is
corrected and verification process is launched again. As a result after all fixes a
correct formal model is obtained which can be used for further generation of test
scenarios.

After formal model of a system has been specified in UCM language, behavioral
scenarios generation is performed. Note that behavioral generator is based not on
concrete values assigned to global variables and agents attributes, but on symbolic
ones which reduces significantly the number of behavioral scenarios covering the
model. However symbolic test scenarios cannot be used for applications testing as
executing behavioral scenarios on the real system requires concrete values for
variables. So the problem of different level of abstraction between model and real
system still exists. In VRS/TAT technology concretization step [8] is used to
convert symbolic test scenarios. On this step ranges of possible values for variables
and attributes are calculated based on symbolic formula and symbolic values are
substituted with concrete ones. But concretization of abstract model’s behavioral
scenarios is not enough for their execution, because on this stage scenarios still use
abstract data structures which differ from data structures in real system. As a result
conversion of concretized behavioral scenarios of abstract UCM level into scenarios
of real system level was integrated into technology chain for behavioral scenarios
generation.

2. Concretization

In behavioral scenarios data structures are mainly used in signals parameters. There
are two types of signals in UCM model: incoming to an agent and outgoing from an
agent. Incoming signals are specified with the keyword "in" and can be sent either
by an agent or from outside the system specifying with the keyword "found".
Outgoing signals are specified with the keyword "out" and can be sent either to an
agent or to outside the system specifying with the keyword "lost".

An example of outgoing signal can be seen on Fig. 1. The element
"send_Fwd_Rel_Req_V2_papu" contains  metadata  with  the  signal
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"Forward_Relocation_Request_ V2" and UCM-level parameter "no_dns". Outgoing
signals can only be used inside of "do" section as a reaction of the system on some
event.

send_Fwd_Rel_Req_V2_papu T

i*':
inter mann T \

main| commom_check | no_addr_rel_req| deal_rel_rsp

<

w UME 23
Detail

do{
out Forward_Relocation_Request_V2({no_dns) to gud;

1

Fig. 1. Description of “Forward_Relocation_Request V2" signal in metadata corresponding
UCM element

WILEI_praprd i

re\r_F‘\eIi _sEipapuﬂ
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<
main | commom_check | no_addr_rel_req | deal_rel_rsp | common_hai

w UME 2 | [3 Emvironment Editor
Detail

seq_nbr: seqMum;

cause_dec: cause

€5 Cause:

in Forward_Relocation_Response_V2(seq_nbr,cause_dec, cs) from gud
do {} then

seq_number := seq_nbr;

gtp_cause := cause_deg;

cause_value = cs;

Fig. 2. Description of the " Forward_Relocation_Response_V2" signal in metadata of the
"rev_Rel_RSP_papu" UCM element

If the signal Forward_Relocation_Response_V?2 is received, then new values taken
from signal parameters are assigned to variables.

Consider an example of converting signal structure of UCM level into detailed
structures of real system for the signal "gtp_forward_relocation_req_s". Based on
high level UCM model symbolic behavioral scenarios are generated containing data
structures described in metadata of UCM elements. Fig.3 contains symbolic test
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scenario where the agent "GTP#gtp" receives the signal
"gtp_forward_relocation_req_s" from agent "GMG#gmg". In symbolic scenarios
actual names of UCM model agents specified in metadata are used.

GTP#qgtp GMG#gmag

gtp_forward_relocation_re os

seq_nbr, ip1, ip2, tid, isintra

Fig. 3. Symbolic test scenario with the signal "gtp_forward_relocation_req_s"

Symbolic behavioral scenario is input data for concretization module, which
substitutes symbolic parameters with concrete values. In current example the
parameters "sge_nbr", "ipl", "ip2", "tid" and "isIntra" are substituted with values
"invalid", "valid", "exist", "valid" and "0". Fig.4 contains concrete behavioral

scenario.
GTP#gtp | GMG#gma |
T

gtp_fonward_relucati0n_req_|s

el

invalid, valid, exist, valid, 0 |

Fig. 4. Concrete test scenario with the signal "gtp_forward_relocation_req_s"

4. Data structures conversion

After concretization, scenarios still have to be processed because their structure
does not match with one's of system under test (SUT). The most straightforward
approach is to manually review all generated scenarios and edit all used signals so
that their structure will reflect SUT interfaces. Obviously, it will require too much
time and may be a bottleneck of the whole process. Therefore, there is a need for
automation.

The common way is making a wrapper that transforms signals to desired form using
one of popular programming languages (C++, Java, etc.). However, it could lead to
making new mistakes and loss of correctness of test scenarios. The main reason for
this is ability to implement incorrect structures on scenarios level. In addition, other
language-specific errors are possible. Cutting down the ability to produce incorrect
code will reduce the number of mistakes while still maintaining good level of
automation.

4.1 Approach

To be able to satisfy these needs a two-step approach called "Lowering" was
suggested. The name comes from descending on lower levels of abstraction. In
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general, lowering can be described as creating processing rules for each signal
called "lowering rules" and application of these rules to the concrete scenarios.
As said above, there are some restrictions on possible operations to save the
correctness of test scenarios, such as:
e It is prohibited to separate constants into several independent parts (e.g.
separating value 1536 in 15 and 36 is not possible)
e Itis prohibited to separate fields of variables values
e  Only structures similar to SUT interfaces can be created
e Only constant template values and values that were obtained during
concretization step are allowed
Limitation was made by creating a special language that is used to define lowering
rules. Despite having all these limitations, user can define complex signal and
protocol structure dependent on UCM signal parameters in accordance with
language grammar. On Fig. 5, you can see the grammar in Backus—Naur Form.

LoweringSpec ::= UCMSignal "-»"
LoweringRule | LoweringSpec UCMSignal "-»"
LoweringRule

LoweringRule ::= LoweringCondition |
LoweringRule LoweringCondition
LoweringCondition ::= <condition STRING:
ConditionContent

ConditionContent ::= LoweredElement |
LoweredElement ConditionContent
LowredElement ::= LoweredDo | LoweredSignal
| Lowerediction

LoweradDo ::= <code STRING>

LoweringSignal ::= <signal name STRING>
SignalContent

SignalContent ::= ValueNotation Instance
Via

ValueNotation ::= <empty> | <value STRING>

| "(." valueNotation ".)" | ValueNotation

," ValueMotation

Instance ::= <empty>» | "TAT" | "suT"

Via := <empty> | <port STRING:

UcMsignal ::= Name UCMParam

Mame ::= <name STRING:

UCMParam ::= <empty> | <param name STRING>

| UCMParam "," UCMParam

Fig. 5. Lowering rules language grammar
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4.2 User perspective

For selected UCM-level signal user can define lowering rules. As you can see on
Fig. 6, rule consists of trigger condition and content. Content can be either one
detailed signal, several signals or actions performed on the variables.

4R Lowering Editor 22 | = Properties [El Conscle @ *UMC

*) Signals and Actions | £ Lowering

Signal Types and Actions Lowering Rule: Forward_Relocation

type filter text | v @ Sparam_0 eq 'no_dns'

w . soc_datato_req_s
&) Sgud_header, Ssock
% suT

S = - SR | N -

+) Forward_Relocation_Request V1 A
%! Forward_Relocation_Request_V2
% Forward_Relocation_Response_ V2

Fig. 6. Lowering editor with signal "Forward_Relocation_Request_V2" being selected

After specifying the condition and choosing the type of content, user can edit it in
the right part of the editor. This part dynamically changes depending on what is
selected in the middle of the editor.

For example, some signal was selected. Signals editor will appear in the right part of
Lowering Editor (Fig. 7).

Editor

Lowered signal name: | soc_datato_req_s |
Via: | |
From: SUT ~

Select TDL Type or Template: soc_datato_req_s: relecatio v~

Edit signal parameters in text below: & Qék-
Sgud_header, ~
(.

$socket,

Saddr
S
Sport,
$Forward_Relocation_Request V2 o
1

Apply Discard

Fig. 7. Signals editor

User selects the needed SUT interface in the drop-down list named "Select TDL
Type or Template”. Then user names the signal and puts concrete values in the
fields of detailed signal. Often similar conversion rules are required for different
signals. Templates can be used to simplify this approach. A developer can define a
template of detailed signal, specify either formula or concrete values as a parameter
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of detailed signal and then apply this template for all required signals. For each case
of template usage a developer can specify missed values in the template, change the
template itself or modify its structure without violating specified limitations.
Templates mechanism simplifies significantly the process of conversion rules
creation.

Consider the process of templates usage. Templates are created in separate editor
(Templates Editor). In Fig.8 the template "template_0" is shown which contains
detailed data structures inside and the dummy values which shall be changed to
concrete values when template is used.

Note that template can be created only from SUT interfaces description or another
template.

When a template of data structure is ready, it can be used for creation of conversion
rules. Fig.9 represents usage of the template "template_0" with substituted concrete
values of signal parameters instead of the dummy value "value_temp", which then
will appear in behavioral MSC scenario.

4R Templates Editor &2 Ei=in

Templates Editor
type filter text
4 (= Templates Templates name: template_0
0 template 0

Select TDL Type or
Template:

Edit signal parameters in text below:

128,
value_temp,
(.
8
0, value_temp, 1010'B
J.
&
0,00
J
.
value_temp, 123456789, 5060, 128

Apply

Fig. 8. Templates editor
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Lowering Rule : CONFIGURE Editor

i@y

) Sack_mpeg2=Sampeg2; Sack_multicast=Samulticast;

- . CONFIG_SIG_ST Lowered signal name: COMFIG_SIG_ST
@ 128 Sack_mpeg2, (. (.0, 100, 1010'B), (. 0,0, 0) ), Sack_mul| | Via: 5T_sim
% ST_sim
From: v

Select TDL Type or Template: | template 0: Template v

Edit signal parameters in text below: < &
128, ~
T SUT Eslack,mpegz,
CONFIG_SIG_ST ) 0,100, 1010'B
128, FLIF, (. (. 0, 100, 10108 .}, (. 0,0, 0 ) ), FLIP, 123456789, 5060, 128 (
0,00
| I ,
)

Sack_multicast, 123436789, 5060, 128

< > Apply Discard

Fig. 9. Template used in signals editor

In both signal and template editors user can use variables — some values that are too
big to remember of retype every time. On the Fig. 7 all the values are taken from
variables. Variables can be selected in the middle of the lowering editor. There are
different types of variables with different editors and checks. For example, the
contents of variable "$gud_header" used in "soc_datato_req_s" detailed signal are
shown on Fig. 10.

Editor

Variable name: gud_header

Variable type Value Metation ~
Select TOL Type or Template: ~

Edit signal parameters in text below:

(.
182,
18,
2
2
32
4,
3456

Apply Discard

Fig. 10. Contents of the variable "$gud_header"
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Variables can contain very complex structures and therefore greatly reduce expenses
on creating detailed signals.

Overall process of selecting UCM-level signal, creating lowering rules and editing
the resulting signal repeats for all UCM-level signals in the project.

4.3 Scenarios processing

Test scenarios Test scenarios
generated by VRS conversion rules

Test scenarios
convertor

Test scenarios of real
system level

Fig. 11. Test scenarios conversion scheme

Implemented module of behavioral scenarios conversion takes as an input the
concrete behavioral scenarios and specified rules of conversion and the output is
behavioral scenarios of the real system level, which can be used for testing. Overall
scheme of conversion is shown in Fig.11.

Detailing stage is based on the grammar of data structures conversion rules
described in Fig. 5 and conversion algorithm. The specific feature of test automatic
scenarios detailing to the level of real system is allow to storing of proved properties
of the system obtained in process of abstract model verification.
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A concretized trace

| GTP#gtp | | GMG#amg || GUD#gud

gtp_forward_relocati0n_req_|s

invalid, valid, exist, valid, 0 I

allocate_new_seq_nbritemp_seq_nbr) ]

"post_reld”

Forward_ReIocatiop_Request_\."Q

}
no_dns

Forward_ReIocation’_Response_V2

valid, req_acc_c, req_acc_c

gtp_forward_relocation_res_s

req_acc_c

FonNard_ReIocati0n_CorqpIete_Notiﬂcation_VE

i

}
valid, discard_c, error_cause

[ “decode fail, and discard msg” ]

— — —
Fig. 12. Concrete scenario to be lowered

Based on the specified conversion rule each abstract signal in concrete behavioral
scenario is processed. Signal parameters are matched to rule conditions and if the
signal satisfies them, then it is converted into detailed form. Fig.12 shows concrete
scenario, which will be processed.
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In this scenario you can see 3 agents: "GTP#gtp", "GMG#gmg" and "GUD#gud".
For example, we want to test an agent "GTP#gtp". On following trace it will be
described as SUT.

Other agents (or whichever we choose in the settings of the trace preprocessing) are
marked as TAT and joined together.

After data structures conversion, concrete signals are replaced with detailed signals
specified in lowering rules. Once simple signal structure unfolds in very complex
nested data while still maintaining its correctness. You can see the results on Fig.

13.

- gtp_forward_relocation req s

(192,19, 2,2 32 4,3456.), (15, (. (2, 4), (.4. 0., (5,1), (0,0} (1,0}, (.U. 0),00,0),(1,15) ). 12, (1, (0L (2, 4), (0,
15.).), (. (0,8),(15,15).),1.), 1,1 )( ( (1515.) ), ( (15,15.).), 0,0 )(. { (.15,15.) ), (. (15,15.).), ( 0,"FFH ), (. {. (.15,
15.).), (. (15,15.) ), (.(15,15.) 0,0 ) ).0), (- (0 0,°22334455H ), (. 1, "22223333444455556666°H ) ), 5000, (. (. 0,

TIINITH ), (0 1,°222222222222229222222H ) ),1,2,0

[ allocate_new_seq_nbr{temp_seq_nbr)

"post_relg”
soc_datato_req_s

(192,19, 2,2, 32, 4, 3456.), 1, (. (.0,°22334455H ), (. 1, 222’23333444455555555'H ).), 88, (12,
"48850008FFFFFFFFO0000100H.)

soc_datafrom_ind_s

(192,19, 2,2, 32, 4, 3456.), 1, E'( 0, 1MI1INH ), (1,°22222222222222222222'H ) ), 88, (. 18,
"4886000E00000001000001000200021000°H.)

| gtp_forward_relocation_re s_rs

(192,19, 2,2, 32 4,3456.), (15, (. (2, 4), r— 0.), (5, 1), (0,0) (1,0}, (’U 0.),00,0),(1,15).).),(.0,0,0,req_acc_c, 0.)

soc_datafrom_ind_s

(192,19, 2,2, 32, 4, 3456.), 1, E'( 0, 1MIIH ), (1,°22222222222222222222'H ) ), 88, (1 12,
'488900080000000100000100H.)

[ “decode fail, and discard msg” ]

L L

Fig. 13. Lowered trace with detailed signals

5. Conclusion

Proposed approach to behavioral scenarios generation based on formal models
differs from existing approaches in using the process of automatic conversion of
behavioral scenarios with abstract data structures into behavioral scenarios with
detailed data structures used in real applications. Proposed language and overall
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scheme of this process allow automating of creation a set of covering behavioral
scenarios.

In the scope of this work, the analyzer/editor for conversion rules of signals from
abstract UCM model level into signals of real system level was developed and
called Lowering Editor. It supports the following functionality: automatic binding
between conversion rule and signal of UCM level, conversion rules correctness
checking, templates usage, highlighting the syntax of conversion rules applying
conditions specification, variables usage, libraries and external scripts (includes)
usage, splitting UCM signal or action into several signals of real system in
according to communication protocol, copy/paste/remove operations, import and
export from/to storage file. Availability of described in the article features is able to
make process of automatic conversion powerful and flexible for a different types of
telecommunication applications.

Adding Lowering Editor into technology process of telecommunication software
applications test automation allowed to exclude effort-consuming manual work in
the cycle of test suite automated generation for industrial telecommunication
applications, increase productivity of test generation in 25% and spread the
properties proved on abstract models into generated code of executable test sets.
Excluding of manual work allow to reduce human factor in testing process and
guaranty quality of generated test suite based on verification results.
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AHHOTammsi. B 1aHHOW cTaThe paccCMOTpPEH MHOAXOJ JeTAIM3aliH BepH(HIMPOBAHHBIX
TECTOBBIX CIIEHAPHEB U1 pa3pabaTblBaéMO MPOrpaMMHOM CHCTEMBI 0e3 HW3MEHEHHS
CEeMaHTHKH Habopa, TO €CTh C COXpaHeHHWeM KOppekTHocTH. CymecTByromas mpoOiema
TeHEepallud TECTOB PEalbHBIX IPHIOKEHHII Ha OCHOBE BEpH(HIMPOBAHHBIX a0CTPAKTHBIX
CIIEHAPHEB, CIEHEPHPOBAHHBIX II0 IIOBEAEHYECKOW MOJENH, pEeIIaeTcsi Ha OCHOBE
JeTau3auy a0CTPaKTHBIX CLEHApHEB 10 YPOBHS KOHKPETHBIX COCTOSIHHUH, TpaH3aKLIHUiH,
NPOTOKOJIOB M CHTHAIOB. IIOCKOJIBKY XapaKkTepHOH OCOOEHHOCTBIO paccMaTpUBaEMBIX
aOCTPaKTHBIX MOJIENEeH SBIETCSl CHMBOJIBHOE TIPEICTaBICHIE TIOBECHUYECKHUX CIIEHAPUEB, TO
UX JleTaiu3alys MPOUCXOAWT B JBa JTama. Ha mepBoM sTame — 3Tane KOHKPETHU3ALUH,
CHMBOJIbHBIE MTApaMETPhl CUTHAJOB IIOMyYal0T KOHKPETHBIE 3HAUEHHS, 00pa3ys TeM CaMbIM
KOHKPETHBIE TTOBEJIeHUeCKHe clieHapuH. Ha BTopoMm 3Tare — 3Tarne COOCTBEHHO AeTaNn3alnH,
KOHKPETHbIE a0CTPaKTHBIC CIEHAPHH HEOOXOANMO MPEJICTABIATh B BUAE CTPYKTYP HAaHHBIX,
(OpMBI IIpeACTaBICHNS U 3HAYEHHS KOTOPBIX COJEpKAaT BCIO HEOOXOIMMYIO MH(MOPMAIUIO
Ui o0MeHa C peaJbHBIMHM MpWIOKEeHUsMH. [loydeHHble TakuM 00pa3oM JeTaibHbIC
CIIEHapUU MpeIHAa3HAueHBl JUIl TeHEpalMd HCIOJHUMBIX TECTOBBIX HabOpOB JUIs
MH(OPMAIMOHHBIX W YIPaBSIOMIMX CHUCTeM. B paboTe NpemiokeH WHCTPYMEHTapHil
JIeTalIM3alMy TECTOBBIX CIIEHApPHEB, MO3BOJISIOMINI HE TOJNBKO OIKCATh peajbHble CHTHAIEBL,
HO M JIeTaJIU3HpOBaTh MPOTOKOJbI OOMEHa CHUrHalaMH. B ero cocraB Bxoaut Lowering
editor, mMo3BOJIAIONIMII OMUCHIBATH MpaBHJIa MPEOOPa30BaHUsS CHTHAJIOB B COOTBETCTBHH C
MPUBEJCHHOW pa3paboTaHHOW TrpaMMaTHKOM mpaBui mpeobpasoBanuii, Signals editor,
HCTIONB3YEeMBIH Ul YIOOHOTO OMMCAHMS CIOXHBIX CTPYKTyp curHaioB u Templates editor,
MO3BOJISIIOIIMKA OJHOKPAaTHO OMNMCBHIBATH THUIIOBBIE CTPYKTYyphl. IIpuBenén mpumep mpouecca
npeoOpa3oBaHusi OT  aOCTPAaKTHBIX  CTPYKTYp  JaHHBIX K  JICTAIU3HUPOBAHHBIM,
HCTIONB3YIONMMCS TIPH TECTHPOBAHHUH LIEJIEBOTO KOJIA.
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Abstract. The paper presents an overview of approaches used in verifying correctness of
multicore microprocessors caches. Common properties of memory subsystem devices and
those specific to caches are described. We describe the method to support memory
consistency in a system using cache coherence protocol. The approaches for designing a test
system, generating valid stimuli and checking the correctness of the device under verification
(DUV) are introduced. Adjustments to the approach for supporting generation of out-of-order
test stimuli are provided. Methods of the test system development on different abstraction
levels are presented. We provide basic approach to device behavior checking —
implementing a functional reference model, reactions of this model could be compared to
device reactions, miscompare denotes an error. Methods for verification of functionally
nondeterministic devices are described: the «gray box» method based on elimination of
nondeterministic behavior using internal interfaces of the implementation and the novel
approach based on the dynamic refinement of the behavioral model using device reactions.
We also provide a way to augment a stimulus generator with assertions to further increase
error detection capabilities of the test system. Additionally, we describe how the test systems
for devices, that support out of order execution, could be designed. We present the approach
to simplify checking of nondeterministic devices with out-of-order execution of requests
using a reference order of instructions. In conclusion, we provide the case study of using
these approaches to verify caches of microprocessors with “Elbrus” architecture and
“SPARC-V9” architecture.
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1. Introduction

The key feature of modern microprocessor architecture is multicoreness —
combining several computational cores on a single system on a chip (SOC). To
reduce time needed to access RAM (Random Access Memory), device can
incorporate several levels of cache hierarchy. Access to smaller caches could be
executed faster than access to larger caches of the next level of the hierarchy.
Caches can keep data for a single computational core or serve as data storage for
several of them at the same time. A memory subsystem of a multicore
microprocessor must maintain coherence of the memory. Task of maintaining
correct state of memory is usually solved by implementing cache coherence
protocol that defines a set of data states and actions on transitions between states in
a cache [1]. To optimize the design and the implementation of coherency protocol,
caches can include a local directory — the device which keeps information on states
of data in different components of the memory subsystem. Sufficient complexity of
protocols and their implementations in multilevel memory subsystems can lead to
hard to find errors.

To ensure the robustness of a microprocessor, one must thoroughly verify its
memory subsystem. The importance of the functional verification — the checking
of correspondence between specifications of designs and their implementations —
is obvious for many reasons. This activity could be found out to take more than 70%
out of the total design development time. Two main approaches to functional
verification of microprocessors are formal verification and simulation-based
methods [2]. Formal methods are exhaustive and based on analyzing static formal
model. Models are large and formal verification techniques face the “combinatorial
explosion” issue. Simulation-based methods are not exhaustive, but they are much
more flexible and thereby employed at different stages. We can verify not only the
static model of system, but also implementation. The object of simulation-based
verification is RTL (Register Transfer Level) model of device.

One of the approaches to microprocessor verification is execution of test programs
on the microprocessor model and on the reference implementation of its instruction
set, and comparison between them. Such approach is called system verification. It
should be noticed that caches are often invisible from the point of view of a
programmer. That is why designing programs capable for sufficient verification of a
microprocessor caches is a complex task.

One way to shorten the design of microprocessors is the application of unit-based
verification. It is assumed that system is divided into a set of components and the
general functionality of the components does not change [3]. Such a way of
verification is called stand-alone verification. This paper addresses the problem of
stand-alone verification of microprocessor caches of different levels.

The rest of the paper is organized as follows. Section 2 suggests an approach to the
problem. Section 3 presents the test stimui generation methods. Section 4 reviews
the existing techniques for designing test oracles. Section 5 describes a case study
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on using the suggested approach in an industrial setting. Section 6 concludes the
paper.

2. Common View on Stand-alone Verification of Microprocessor
Caches

The object of stand-alone verification is model of the device under verification
(DUV) implemented in hardware description language (usually, Verilog or VHDL).
It defines the behavior of the device on a register transfer level. The device
specification defines a set of stimuli and reactions based on the state of the device.
To check the correctness of the device it is included in a test system — a program
that generates test stimuli, checks validity of reactions and determines verification
quality. Based on its functions test system can be divided into separate modules —
stimulus generator, correctness checking module (test oracle) and coverage
collector. Methods of estimation of verification quality are similar to that of other
devices: information on functional code coverage is used to identify unimplemented
test scenarios and refine stimulus generation by adding new test scenarios and
improving existing stimulus generator. This approach is called coverage driven
constrained random verification. Besides this, there are some approaches to
microprocessor caches verification. In paper [4] authors propose using
decomposition and abstraction for standalone verification. In our previous projects,
we have used the decomposition methods for L2-cache verification: L2-cache was
divided into several submodules for which reference cycle-accurate bit-to-bit
models and test systems were implemented [3]. This approach allowed to find bugs
in submodules, but did not give the chance to check the cache in general. We also
can use a SystemC reference model as presented in [5] but it is employing if
SystemC models are used in other stages of an ASIC design flow. In paper [6] the
approach to test oracle development for nondeterministic models is presented.
However, this approach refers only test oracle developing of in-order cache
execution and has no recommendation for caches with out-of-order execution. In
such a way, the main goal of this work lies in developing some new techniques of
standalone verification of microprocessor caches with different ordering of stimulus
execution.

Cache behavior exhibits a set of properties that should be considered while
designing a test system for verification of the device:

e Transactions (or requests) in the microprocessor system can be separated
into three groups: primary requests — requests from subscribers (other
caches, cores, etc.) to perform an operation with the memory (load/store),
secondary requests — responses of the test system to some reaction of the
cache, and reactions — output transactions from the cache

e Adevice implements a part of cache coherence protocol

e A device works independently with different cache lines — areas of
memory of fixed size
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e Requests that work with the same cache line are serialized. It means that
requests complete in the same order as they are received

e Device implements data eviction mechanism and protocol to determine
victim line (usually some variant of least recent used algorithm (LRU)).
Using these properties of the device under testing while designing a test system
could lead to the simplified structure using separate stimulus generators — the
primary requests generator and the secondary requests generator. We also can use
the fact that requests are serialized for checking the correctness of caches with out-
of-order execution.

3. Test Stimuli Generation

3.1 The common approach

Test stimuli are usually generated at more abstract level than register transfers and
interface signals. Based on the logical and functional similarity, groups of device
ports are combined into interfaces. Interfaces are used to transfer transaction level
packets [7]. To transform packets between different representations on signal and
transaction level, serializer and deserializer modules are implemented[8].

Test system should generate stimuli similar to that in a real system. Should be noted
that primary requests in real microprocessor are consequences of some memory
access operation (loading, storing data, eviction, prefetch, atomic swap, etc).
Secondary requests are answers for reaction packets from the device. It is usually
convenient to use only a sequence of primary requests as a test sequence, and
generate secondary requests automatically in corresponding modules. Properties of
secondary requests could be changed based on secondary request generation
modules configuration.

In the test system interfaces are combined into groups that represent working with
some devices. A test system should simulate the state of these devices to generate
correct responses from it.

3.2 Generation of Primary Requests for Caches with Out-of-
order Execution

Properties of the devices that support out-of-order execution should be considered
while designing a stimulus generator:

e Order of primary request can be different from the order of memory
accesses in initial program

e Primary request could be divided into several messages accepted at
different times. Messages for one primary request are identified by
common value of tag field

e Request canceling mechanism is present.
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To support out-of-order execution of memory access requests in a cache common
approach was augmented. The module responsible for transferring of primary
requests was replaced with high-level module that includes components working
with interfaces of primary request parts. The order of the request for the module is
identical to that of the test program, and reordering of request parts is executed
based on module settings.

4. Correctness Checking

Let us consider the existing approaches to reaction checking. Richard Ho suggested
two main methods: self-checking tests and co-simulation [9]. Co-simulation is a
method for reaction checking in which an independent reference model is used
along with the target design model [4]. The two models are co-simulated using the
same stimuli and their reactions are verified.

A reference model is implemented either in general purpose programming language
(C, C++) or in specialized hardware verification language (SystemVerilog, “e”,
Vera). If test stimuli are the same, difference in model and device reactions means
an error somewhere in the system[8]. Reference models could be cycle-accurate or
untimed functional. To implement the cycle-accurate model, behavior of the device
must be specified on a register transfer level. Behavior of caches usually defined on
a higher level of abstraction, because cache is not an essential part of a
computational pipeline of a microprocessor. A cache is not a subject of strict
temporal requirements. Besides this, the development of cycle-accurate model is
labor-intensive when the design specification is changing and no stable through the
verification phase. To simplify the development of reference models TLM
(Transaction Level Modeling) is often used [4]. To verify caches we also propose to
implement functional models working on transaction level.

4.1 Checking of nondeterministic caches

If one wants to develop functional model of cache, its specification must have
property of transaction level indeterminism. That is, identical transaction level
traces of stimuli (a set of RTL traces is mapped into this single transaction level
trace) must cause identical transactional reaction trace. It should be noted that
caches often include a set of components (eviction arbiter, primary request arbiter
serving different requesters), that do not hold that property. That is, different RTL
traces that are mapped into the single transaction level trace could lead to different
reaction traces. There are several methods to check the behavior of nondeterministic
devices.

4.1.1 “Gray box” checking

One of the ways to solve aforementioned problem is to replace usual “black box”
method of device verification. That is, we should not consider only external
interfaces of the device while analysing its behavior. To determine which variant of
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behavior was happened in the cache one could use “hints” from the implementation.
To use this approach, a set of internal interfaces and signals is defined and its
behavior is specified. This interfaces must be chosen in a way that information on
their state could be used to eliminate nondeterminism. In general, for caches such
signals are the results of primary request arbitration and the interfaces of finite
automata of the cache eviction mechanism. Additionally, that information can be
used in a request generator and for the estimation of verification quality. This
method is usually easy to implement. Drawbacks of this methods are additional
requirements for specification and reliance on interfaces that could also exhibit
erroneous behaviour.

4.1.2 Dynamic refinement of transaction level model

Another approach is to create additional instances of model for each variant of
behavior in case of nondeterministic choice in the device [6]. Each reaction is
checked against every spawned device model. If reaction is impossible for one
variation of behavior, then it is removed from set. If set of possible states after some
reaction becomes empty, the system must return an error. In general, this approach
may cause exponential growth of number of states with each consecutive choice.
However, for caches it could be implemented efficiently, because of several
properties of caches: serialization of requests and cache line independence.
Information on which nondeterministic choice was made in the device (for use in a
request generator or for verification quality estimation) could also be extracted from
reactions. The strong point of the approach compared to “gray box” method is
elimination of reliance on implementation details of the device. Drawback is
additional complexity of implementation.

4.1.3 Assertions

A test system generator imitates an environment of DUV. It also should be noticed
that interaction between the device and its environment must adhere to some
protocol. Based on that protocol, we can include functional requirements of
protocols as an assertions in the generator. Then, violation of an assertion signals an
error. Usage of assertions is an effective method of detection of a broad class of
errors. In addition, to assertions that are common for all memory subsystem devices,
several cache-specific assertions could be included. They represent invariants of
cache coherence protocol. To check this invariants, coherence of states of a single
cache line is analyzed in all parts of test system after each change.

4.2 Checking caches with out-of-order execution

Caches that support out-of-order request execution exhibit properties of limited
nondeterminism. That is the memory access request are received in the device in
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multiple parts from several interfaces, with different unspecified timing
characteristics. On the other hand, there is the “reference” order of memory access
operations presented in original test program. If out-of-order execution introduces
error to the canonical order, device must be cleaned and erroneous transactions must
be restarted. Results of operations that completed successfully are deterministic.
Based on these properties of the device, we propose to implement models of two
types:

e  “Ignoring the cancelled transactions” mode

e  Strict checking mode
In the first mode the result of checking is delayed until the moment of the request
full completion. If completion was unsuccessful, checks are not made. In the strict
mode we use the approaches which is similar to the dynamic refinement of model.
Set of possible device states is maintained, and it is augmented with each stimulus
and reaction. The number of possible states is limited by the number of
simultaneously executed out-of-order requests. Shortcomings of the first mode are
delays between erroneous transaction and the execution of actual checking and
reduction of the set of errors that could be detected (for example, unnecessary
cancel of request will not be detected). On the other hand, implementing that mode
is much simpler task, so verification could be started sooner.

5. Case Study

The approaches described above were used for stand-alone verification of L2-
cache[3] and the L3-cache[6] of the microprocessor with “Elbrus” architecture and
L1Data-cache (L1dc) of the microprocessor with “SPARC-V9” architecture. The
test systems for stand-alone verification of this caches were developed using
Universal Verification Methodology (UVM) [10].

5.1 Checking the “SPARC-V9” L1Data-cache with out-of-order
execution

L1dc supports out-of-order execution of memory access operations. The test system
structure for L1DC is presented in fig. 1.

| Core, ROB Model |

Interfaces with ROB$

Stimuli

Lldc Models Lldc RTL Lldc Checker

Reactions

$ Interfaces with L2 $
| L2 Model |

Fig. 1. The principal structure of the test sytem forL1Data-cache of the “SPARC-79”
microprocessor.
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The test sequences for L1dc are the memory access assembly instructions. They are
sent to computational core and the reordering buffer (Core, ROB Model). In this
module, the instructions are split into multiple messages (containing either operation
type, address or data). These messages are reordered and sent to DUV. Additionally,
this module keeps information about initial order of instructions received, to send
completion messages in correct order.

5.2 Checking the “Elbrus” L3-cache with nondeterministic
behavior

The test stimulus generator was developed to verify the L3-cache of the “Elbrus”
microprocessor[6]. It is based on simplified model of microprocessor core with the
L2-cache and the model of system commutator that simulates work in
multiprocessor environment. If multiple cores request access to a single cache line,
then the order of their execution is unspecified and defined by the device
microarchitecture. Internal structure of a cache is also a subject of change, due to
changes to requirements of physical design. To verify the device the approach based
on dynamic refinement of behavioral model was chosen. To supplement that
approach, a set of assertions were implemented in stimulus generator to check
validity of the system state. The approach allowed using the same test system with
minimal alteration for the next iteration of the “Elbrus” microprocessor.

6. Conclusion

The approaches described in this paper allows avoiding some shortcomings. It could
help to avoid excessive subdivision of the verified unit on small subdevices and
developing cycle-accurate models of them (as we done in our previous projects) on
the one hand and the development and maintaining of complex cycle-accurate
reference models of caches on the other. The approaches were used for stand-alone
verification of caches of microprocessors developed by MCST. Stand-alone
verification allowed finding several errors in different caches. The intermediate
results of application introduced approaches in the multicore microprocessor caches
verification if presented in table 1. We already had verified the L3-cache of the
“Elbrus” microprocessor using another approach and we could find new 7 errors
more with help of developed tests system based on nondeterministic caches
checking approach.

Verified caches
L2-cache L3-cache L1 data cache
“Elbrus” “Elbrus” “SPARC-V9”

Number of bugs 4 7 12

The test systems are developed as a UVM-environment. They were implemented to
be flexible enough to set both the pseudorandom and directed test sequences. Using
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of aforementioned approaches while developing test systems helped find some new
errors and simplify the test system development. Approaches could be used to verify
other caches of different multicore microprocessors regardless of its architectures.
Our future research is connected with improving the error diagnostics and
localization of found bugs.
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AnHoranms. B cratee mnpuBemeH 0030p METOIOB, IPHMEHSEMBIX IIPH IIPOBEPKE
KOPPEKTHOCTH TOBEACHMS KAII-MAMATeH MHOTOSIEPHBIX MHKpoIponeccopoB. OmmcaHbI
o0mue CBOHCTBa YCTPOMCTB IMOJCHCTEMBI HMaMATH MHKPOIIPOIECCOpa, a TaKkKe CBOWCTBA,
crieruUIHbIE TSI K3MI-TAMATeH, ¥ METOJ{ HOANEPKKH COTTIACOBAaHHOCTU COCTOSTHHS MaMSATH
B CHUCTEME HAa OCHOBAHUM IIPOTOKOJA KOTepeHTHOCTH. IIpencraBieHbl MOAXOABI K
IPOEKTUPOBAHUIO TECTOBOWH CUCTEMBI, I€HEPALUM KOPPEKTHBIX TECTOBBIX BO3ACUCTBUH U
IpOBEpKe  MpPaBWIBHOCTH  IOBEJICHUSA  TecTupyeMmoro  ycrpoicra.  IIpemioxens
MoAM(UKAIMK OOIIero IMoaXoJa K TeHepalMd TECTOBBIX BO3IEHCTBHH U YCTPOMCTB C
BHEOUEPEIHBIM HCIOIHEHHEM HHCTPYKIui. [IpuBeneHsl crmocoObl pa3pabOTKH TECTOBBIX
CHCTEM Ha Pa3IUYHBIX YPOBHAX abCTpakiuu. B cTarhe onmcaH OCHOBHOH cmoco0 MpOBEpKU
TIOBEJICHUS] YCTPOICTBAa Ha ypOBHE TPaH3aKIHUH — pa3pa0dOTKa ITATOHHOW MOBEICHUYECKOMN
MOJIeNU UL IOCIENYIOUEro CpaBHEHUs PEaKUUil yCTPOMCTBA ¢ 3TAJIOHHBIMH; PACXOKICHUS
B pEaKIMsAX CUTHAJIM3UPYIOT 00 ommOke. BrimeneHbl KpUTEpUH NPHUMEHUMOCTH JaHHOTO
noaxona. OnucaHbl METOIbI BepH(UKALMK YCTPOICTB, HOBEJCHNUE KOTOPHIX (PYHKIIMOHAIBHO
HE JETepMUHHMPOBAHO Ha YPOBHE TPAH3AKIMH: METOJ «Ceporo SIuKay, Oasupyromuics Ha
aHanu3e BHYTPEHHHMX HWHTep(pEHCOB yCTpOWCTBA, Mg YCTPaHEHWs BO3HHKAOLIEH
HEONpEeAENeHHOCTH B TIOBEJNEHHM YycTpoilcTBa. Kpome TOro, mpuBeseH HOBBI MeETON,
OCHOBaHHBII Ha JUHAMUYECKOM YTOYHEHUH IIOBEICHYECKOH MOJEIH HAa OCHOBE pEaKIHUU
yctpoiictBa. Takke paccMOTpeHBl MPEUMYIIECTBA  HCIIOJIB30BAHUS  YTBEPXKICHHUH
YTBEPKACHHUS B T€HEPATOPE TECTOBBIX BO3ICHUCTBUI B KAaueCTBE JONOJHUTEIBHBIX METOJOB
obHapyxeHus: ommOoK. B pabore mpuBeneH MeTo[, MO3BOJLSIIOLIMH YHPOCTUTH MPOBEPKY
NOBEJICHU YCTPOMCTB C BHEOUEPEIHBIM HCIOJHEHHEM MHCTPYKLUMH, OCHOBaHHBIN
(hOpMHPOBAaHUK JTAJOHHOW OdYEpeqr WX BBINOJIHEHHA. B 3aKOYeHHE MNPEICTABICHBI
pe3yabTaThl NPUMEHEHHSA NPEUIOKEHHBIX IOAXOHAO0B K Bepn(bnxaum/l K3II-ITaMsITeH
MHOTOSIEPHBIX MHKPOIIPOIIECCOPOB APXUTEKTYPHI «Ib0pyc» 1 «SPARC-V9y.
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UHCTpYMeHTblI MaTeMaTU4eCKOro cepBuca
MathPartner gna BbINnONHEeHUA
napanrnenbHbIX BbIYUCIIEHUM HA KnacTtepe

E.A. Hnvuenko <ilchenkoea@gmail com>
Tambosckuil 2cocyoapcmeennsitl yrusepcumem umeru I.P. [lepocasuna,
392 000, 2.Tambo8, yr. Hnmepnayuonanvuas, 33

AHHoOTanus. Bo MHOrMX mpuKmagHbIX 001acTAX HEOOXOAWMO BBIMONHATH CHMBOJBHO-
YHCIICHHBIC PACUETHI C JaHHBIMU 00JIbIIOro o0beMa. IIpumepaMu Takux 00JIACTeH ABISIOTCS
pOOOTOTEXHMKA, pPACIIO3HABAHHE pEYM, pAaclo3HaBaHWe Trpaduueckod wuHOOpMAIMH,
aBTOMATU3anus MPOU3BOACTBA U Apyrue. CHCTEMbl CHMBOJIBHBIX BBIUHCICHHH, X TaK XkKe
Ha3bIBAIOT CHUCTEMaMH KOMIIBIOTEPHOH anreOphl, aKTHBHO pa3BHBAIOTCS C KOHIA
BOCBMHUJIECSTHIX TOMOB. XOpOIIO M3BECTHBIMHU cHUCTeMaMu sBisitoTcss Mathematica, Maple,
Reduce n muorme npyrue. IToutn Bce 3TH CHCTEMBI He OBUTH OPHEHTHPOBAHBI H3HAYAIBHO HH
Ha MaclITa0HbIE MaTEMAaTH4YECKUE OOBEKTBI, HU HA MHOTOIPOLIECCOPHBIE KiIacTepbl. CucremMa
Form siBnsteTcst € IMHCTBEHHBIM UCKIIIOUCHHEM. DTa CUCTeMa Oblla M3HAYaJIbHO 3ayMaHa s
OTNepUPOBaHUS OOBEKTAMH, MPEBHIMIAIOIIUMU IO pa3Mepy OIEpaTHBHYIO NaMsATh. Takue
00OBEKTHI pa3MENAIOTCS Ha JKECTKOM JIHUCKe. B cTaThe maeTcs onucaHue alropuTMOB I TEX
HWHCTPYMEHTOB CHCTEMBI KOMIBIOTepHOW anreOpsl MathPartner, koTopble mpenHa3HaYeHBI
JUISL B3aMMOJEHCTBHSA C BBIYMCIHTENBHBIM KiIacTepoM. [IpHBOAWMTCA ONMCaHWE aJrOpHTMa
pabOTBI COKETHOTO CepBepa, SBILSIONIErocs CBA3YIOIUM 3BeHOM Mexay MathPartner u
HeKoTopoi cynep OBM, koTophIit oOecriednBaeT NCHONHEHNE apaUIeNbHBIX IPOTpaMM Ha
kinacrepe. [1ogpoOHO 0OBACHSAETCS MEXaHU3M, KOTOPBIH IO3BOJIieT abCTparupoBaThCs OT
KOHKpeTHOH cynep OBM u yctanoBnenHoit Ha Hee PBS, pabGotas mckmodnTensHO ¢ BeO-
nnTepdeiicom MathPartner. Kpome 3amycka roTOBBIX MPOTpamMM, OIUCHIBAEMBIN COKETHBIH
cepBep JaeT BO3MOXKHOCTh 3aIlyCKaTh I10Jb30BAaTENBCKHE MPOTPAMMBI, OTIPABIseMble Ha
BEIYHCIIUTENBHBIA KIIAacTep B BHJE zip-apxuBa uepe3 BeO-mHTepdelic. B crartee marorcs
TIpUMepHI UCIONB30BaHMS YK€ PeaTH30BaHHBIX MTAPAJLIIEIFHEIX aITOPUTMOB, KOTOPHIE BXOISAT
B coctaB BeO cepBuca MathPartner. Hexotoprle u3 mapamienbHeIX Tporpamm MathPartner
peanm3oBaHbl ¢ momomiplo mapamurmel «DDP» (dynamic decentralized parallelization) —
I0/J1X0/1a, TTIO3BOJISIOIIET0 HAUcaTh 3G GEKTUBHYIO MapaIeNIbHYI0 IPOrpaMmy Ajist paboThl ¢
HEOJAHOPOJHBIMU JAaHHBIMM, TAaKHMMH KakK pa3peKeHHble MaTpHlibl. B cTaThe moka3aHbl
npuMeps! ucnons3oBanuss DDP-niporpamm, nHTErprpoBanHbIX B MathPartner.

KnrodeBble cioBa: mapauielbHBIH anroputM; obnadHas Maremartuka; MathPartner; Be6-
uHTepdelic; COKETHBIH cepBep.
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1. BeedeHue

[Ipu pa3paboTke crcTeMbl KOMIBIOTEpHOI anredopsl MathPartner craBuiacek 3agaua
obecrieyeHns  BBIUYMCICHUH € MacIITa0HBIMH  CHUMBOJIHO-YHCIJICHHBIMH
MaTeMaTHYeCKUMHU 00bEKTaMH M MPOBEJCHUS BEIYMCICHUH Ha MHOTOIIPOLIECCOPHOM
BBIYHMCIINTEIBHOM Kiactepe. CeromHsi 3TOT OOJNA4HBIH MaTeMaTHYECKHH CepBHC
CcBOOO/THO JOCTYIICH Ha MIaThopMe MPoeKTa «Y HUBEPCUTETCKHIA KIacTep» Ha caiTe
http://mathpar.cloud.unihub.ru.

Cepeuc MathPartner cogepxut 6ubIMOTEKY CHMBOJIBHO-YUCICHHBIX aITOPUTMOB,
HallMCaHHYI0 Ha Java, a TakKe MakeThl NapaJIeNbHBIX MPOTpaMM, KOTOpHIE
BBIMOJIHSAIOTCSI HA BBIUKCIUTENBbHOM Kiactepe [5]-[7]. Kpome Toro, MathPartner
IPENOCTaBIseT  BO3MOXKHOCTH  3arpykaTb M HCIIOJHSATH HAa  KJacTepe
TMIOJTb30BATENIECKIE TPOTPaMMBI, KOTOpPBIE OBUIM INPEABAPUTENBHO 3arpyKeHbl Ha
HETO ¢ TIOMOIIbI0 Web-uHTepdeiica.

B nmanHOM COOOIIEHMM ONMMCHIBAIOTCS AJITOPUTMBI B3aHMMOJEHCTBHS web-cepBuca
MathPartner 1 BEIMHCTUTEIBHOTO KIIACTEPa, KOTOPHIH yIpaBisieTcst cucteMoii PBS.

2. Bzaumodelicmeue MathPartner c PBS

Portable Batch System (PBS) — cucrema ympaBiieHus pacipeaeieHHbIMU
BeruucieHAMH. OcHoBHass ¢yHkuust PBS - 3amyck  3amad B BBIYMCIHMTENBHOM
cpeme. OJTta cuUcTeMa WMeEET KOHCOJBHBIM uHTepdeiic. Kakx mpaBwio, mis
B3aUMOJICHCTBUSI C HEH JOCTATOYHO [BYX KOMAaH] - yCTaHOBKa IPOrpaMMBbl B
odepens U TIOCIENYIOIIEro BBIIIOJHEHHS M TPOBEpPKAa €€ COCTOSHHSA, YTOOBI
BBIICHHTB, KOTJa IporpaMma 3akoHumia pabory. Komanma gsub wucnoss3yercs
JUIS YCTaHOBKH NIPOTPaMMbl B O4epellb Ha BBINIOJIHEHHUE, re config — 3T0 MMs
¢aitma ¢ HacTpoiikamMu 3amycka. K HacTpamBaeMbIM IapaMeTpaM OTHOCHTCS
KOJIMYECTBO TPeOYEMBIX IMPOIIECCOPOB, YHCIO TPeOyeMBIX Y3JI0B, IMyTh K (haitmam
1A COXpaHCHHUA TIOTOKa BBIBOJA MW IIOTOKA omInOOK M oyTh K 3anyCKaeM0171
nporpamme.

Hus B3ammopeiicteus ¢ PBS B MathPartner Obu1 paspaboran KOMITJIEKC
NPOTPaMMHBIX CPE/ICTB. YIPaBISIONINI y3el kiacrepa ¢ nakerom PBS u cepsep, Ha
KOTOpOM ycTaHoBiieH BeO-cepuc MathPartner, — sto pasmeie yctpoiictea. Onn
cBs3bIBatoTCsl Mo cetu VHtepHer. IIporpamma, koTopas obOecrieunBacT MX CBS3b,
yCTaHABIMBACTCS HA YNpaBisioluid y3en kiactepa. C BeO-cepsucom MathPartner
OHa B3aUMOJICHCTBYET Yepe3 COKETHOE COCANHEHUE.
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s B3ammopeticteust ¢ PBS  Java-mporpamma ucmonb3yer kiacc Runtime, B
YACTHOCTH ero MeToJ] exec (String[] command). OTo nmporpaMMHBII aHAIOT
OOBIYHOM OTIIPaBKM KOMaHAsl B TepMmuHal. I[Iporpamma «PBSbridge» BeimosnHser
crenyromme QyHKINH:

3amyck yKe TOTOBBIX IIPOTpamMM, KOTOpBIE BXOISAT B OHOIHOTEKY
MathPartner. [ 3Toro HeoOXoamMo, YTOOBI Ha YIPABIIONIEM Y3IIe
KJlacTepa pacmojaranachk komus Java-kmaccoB MathPartner, Haxogsmuxcs
Ha BeO-cepBepe.

ObecrieueHne BO3MOKHOCTH 3aIlycKa MOJIB30BATEIBCKUX IMapajlICIIbHBIX
IporpaMM, HamucaHHbIX Ha Java, ¢ ucnosb3oBanueM MPIL. Ilpu stom
JIOJIKHO OCYHIECTBIIATHCS KONIMPOBAHNE CKOMIIMJIMPOBAHHBIX Java-KjlacCoB
Ha yNpaBJIOLIMM y3ell KlacTepa U HOoCIeNyomui ux 3amyck. s 3Toro
CO3J]aH cCreuuainbHbli uHTep(deiic, KOTOPBI IMO3BOJIAET NPOU3BOJUTH
konupoBanue  (¢aiiyoB, 3amycka NpOrpaMMbl  Ha  BBINOJHEHHE,
OTCIIC)KMBAHUE COCTOSIHUSI 3alyIIEeHHOW IpOrpaMMbl W OTOOpakeHHe
pE3yIbTATOB BHIMOIHEHUS.

Pasrpannuenue mnonp3oBaTeneil Apyr OT Apyra M 3ampeT JIocTymna K
(daitoBoii  cucTeMe  KiacTepa. BbImoMHEHHME 3aady  OT  pas3HbBIX
TIOJIH30BAaTENEH OCYIIECTBISIETCS B PA3HBIX IMMOTOKAX.

MathPartner users:

Andrey | dfi2317317 !
Oleg | fawfgg3lga
Eugeny | f32fff3fg | |
Al 2f23f24f4f

I
!

i

w Andrey | dfi23f73f7
| Ivan | 3fw3ff32f
i

Alexey | 2f23f24faf

-

“ssh-checking

manager node

VPN

task start;

task finish.

1
1
1
]
1
1
1
]
1
1
]
1
1
]
]
receiving/sending task data; |
1
]
]
1
1
1
1
1
1
]
1
1
1
]
1

Puc. 1. Obwasa cxema e3aumooeiicmeuss web-cepsuca MathPartner u knacmepa Unihub.

Fig. 1. The general scheme of interaction of MathPartner and Unihub.
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ITockoapKy HEOOXOOMMO pasTpaHHYUTh BCEX IIONB30BaTeNell, HE0O0XOIUMO
obecrmeunTh MX peructpamuio B cucreme. [ms storo B MathPartner mobaiena
mporenypa ayTeHTH(GUKAIu mos3oBareis. s XpaHeHUs JaHHBIX HCIIOIB3YeTCs
BHemHsAs CYB/I. IMocie Toro, Kak MONB30BaTENh BOIIET B CHCTEMY, OH MOXXET
ucronbp3oBaTh KoMaHnasl MathPartner mns pabdorst ¢ PBSbridge. Bes cucrema
paboraer 1Mo mNpHHIMITY 3ampoc-oTBeT. I[lomb3oBaTenb BBOAMT B HMHTEpdeEic
MathPartner komaHzy, I0CiI€ Yero COOTBETCTBYIOIIUH €l 3arpoc OTHPaBISETCS 110
COKETHOMY coenuHeHut0 mporpamme PBSbridge. BrimonHstorcss aeicTBus,
COOTBETCTBYIOIIME JTOMY 3alpocy, M pe3yjbTaT BO3BpAllaeTCs IO TOMY XK
COCIMHEHUIO 00paTHO.

Onwumem o0myr0 cxemy pabotsl mporpammbr PBSbridge. Knace, comepxamiuii
main-MeTox AJs 3amycka, uMeeT ums Server. Ha puc.2 npeacTaBieH aaroputM
METOoAa main, C KOTOPOT'O HAYUHACTCA BBIMIOJHCHHUE ITPOTPAMMBI.

B Hawane wMeroma main 3akphIBalOTCA [IOTOKM  BBOJA-BBIBOJA, UTOOBI
MpeayNpeauTb BO3MOKHOCTh CYIIECTBOBAHHUS UY>KUX OTKPBITBIX NMOTOKOB. Ilocne
9TOTO CO3JAIOTCSl HEOOXOAUMBIE TUPEKTOpUH U (aiin s 3anucu jor-daitna. [pu
5TOM BCe HAcTpoHWKH OepyTcsd M3 KOHCTAHT, KOTOpPbIE OIpEZeNeHBl B KIacce
AlgorithmsConfig. Metog writelog CIyKUT i 3alKCH Jior-(aiima ¢
otrdyetroM. [locie 3Toro 3amyckaeTcss OECKOHEYHBIH LHKJ, B KOTOPOM HPOHUCXOIUT
MpOCAyIIMBaHUE IOPTa, YKA3aHHOTO B HacTpoilkax cokera. Eciau npoucxoaut
COCIHEHHE, TO A 0O0pabOTKH 3allpoCOB, MPUXOASAIINX IO 3TOMY COCIHHECHUIO,
CO3/1aeTCs HOBBII TOTOK BBIMOJITHEHHUS.

//3axpbITHE TOTOKOB BBOJA- BEIBOJIA

System.in.close();

System.out.close();

//coznarme dailna, B KOTOpBIH GyIET 3aNHCBIBATHCS OTIET PAGOTHI IPOrPAMMEL

logFile=new FileWriter(AlgorithmsConfig.CNF_DATA_PATH"/log.txt" , false);

//co3nanme cepBepHOrO COKETA

ServerSocket server = new ServerSocket(AlgorithmsConfig.CNF_SERV_PORT);

//co3nanue CTpYKTYPBI IS XPAHEHUs COCTOAHM 337181

taskStates=new TreeMap< Integer, TreeMap<Integer,Integer= =();

writeLog("Server successfully started");

while true do

| new Server(server.accept());
end

Puc. 2. Anecopumm main-memoda knacca Server.

Fig. 2. Main-method algorithm of class Server.
daiinel  mosb30BaTeNiell XpaHATCS Ha cepeepe. I KaXOOTo IOIb30BATENs
CO3/aeTCsI CBOS TallKa, B Ka4eCTBE MMCHH Oepercs MICHTH(UKATODP MOJIb30BATEIIS
(1d) u3 6a3pr gansbix. [Iporpamma PBSbridge He umeer noctymna x 6ase, mo3Tomy
uaeHTUUKAaTOp moJp30BaTeas id MPUXOAUT BMECTE CO BCEMH 3alpocaMd Ha
cepsep.
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ObecnieunBaeTCsl BO3MOXKHOCTh OCYIIECTBIICHUS OJHOTO U3 JBYX PEKUMOB. MOXKHO
100 3aIycKaTh CBOM COOCTBEHHBIE 33Jaud, NPEOBAPUTENBHO 3arpy>KEHHBIE Ha
cepBep, MO0 3aIyCcKaTh 3a/1au, sBIstonecs yactbio MathPartner.
Jns xaxmoil 3amadm co3faeTrcs CBOSI MalKa, KOTOpash HaXOAWTCS BHYTPH TANKH
JaHHOTO ToJb30BaTensd. Hampumep, OHM MOTYT pacrojarateCsi BOT Tak:
. . /userX/taskyY. [lepes 3amyckoM 3a/1a4u B Manke OyAyT HAXOAUThCA 2 daiina:
¢aiin ¢ HacTpoilKamM 3alycka HapajuleNIbHOM TporpaMMbl U (ailn ¢ BXOJHBIMU
JAHHBIMH JJIS1 3aIIyCKaeMOH IPOTPaMMBL.
Conepxxumoe (aiiia ¢ HacTpoWKaMH 3aIlycka OMNKCBIBAaeTCsl CIelnUdUKaueH,
KoTopas ucrnonbdyercsa PBS cuctemoii. B ¢aite ¢ BXOTHBIMU TaHHBIMH XpaHHUTCS
MacCHB BXOIHBIX JJaHHBIX B BHJE CEpHAIM30BaHHBIX 00BekToB. Ilocie Toro kak
IporpamMMa 3aBepUIMT paboTy, B ITOM Mamke mosBsATcsa emie 3 (aiima, KoTopsle
ABJISIIOTCSL  PE3yJIbTaTaMM BBIYMCICHHH. OTO OyNeT MacCHB CepHATM30BaHHBIX
O0BEKTOB, COIEpXKAIIMX  PE3ydbTaThl  BBIUMCICHMH, (ailn, coneprkamui
CTaHIApTHHI TOTOK BBIBOAA, W (pailn, comepkamuii cooOmieHHs 00 ommoOKax.
CozepkuMoe KaXI0ro U3 3TuX (ailioB MOXKET OBITh MOJIYYCHO C IOMOIIBIO
COOTBETCTBYIONIMX KOMaH/ uutepdeiica MathPartner.
[NockonmbKy [UId KaXKAOW 3aladdl CO3JaeTcsl HECKOJBbKO (hailyioB, HEOOXOIHMO
KakuM-TO 00pa3oM 103a00TUTECS 00 HX YyHaleHHH. OTO MOXKHO CJIeJaTh
CIIeIyIOUIMM 00pa3oM: Jyisi KaKIoW 3a1aun OyJeM 3alloOMHHATh BpEMsl OCIIEIHETO
obpaienus k ee daiyiam. Eciiu pazHuna Mexy TEKylIIMM BpeMEHeM Ha cepBepe U
MOMETKOW KaKOH-TH00 3a71a4u 00JIbIle, YeM, HAPHUMEp, IBOE CYTOK, TO 3TH (haiiibl
MOXHO CUUTATh YCTApEBUIMMU, U OHU IMOJJICKAT YAAJICHUIO.
OTOT MeXaHM3M pealii30BaH B BUJE €lIe OJHOTO MOTOKA, KOTOPBIH pa3 B CYTKH
nepeGHpaeT BCe IMAaIKW, MPOBEpsis AaThl MOCIEAHEero obOpaiieHus Kk HuM. Takxke
HEOOX0MMO YAAJATh I0JIb30BATENbCKHE 3arpyKeHHbIe (aibl. J[Is HUX MOXHO
HCIIOJIBb30BATh MCXaHU3M, OIMMCAHHBIN BBIIIC, HO Tpe6yeTcsI YBEIIUYUTH
MPOJIOJDKHUTEIBEHOCTE XPaHEHUS dTHX (aityioB, HarpuMep, 10 30 THEe.
Bsaumopeiicteie ¢ mnporpammoii PBSbridge ocymectBisiercs ¢ mOMOIIBEO
3arpocoB, KOTOPEIE MOTYT UATH JHOO ¢ BeO-9acTH, JIMOO OT TOTO y3Ja KiacTepa, ¢
KOTOpOT'0 HAa4yaJioch BBIIIOJIHEHHE HA KJIacTepe TEKyLIeH 3a/1aun.
Heo6xonmuMo WMeTh MeXaHWU3M TOJTY4YeHHs] BXOJHBIX JNAaHHBIX Ha BEAYIIEM Y3JIe
KJ1acTepa, KOTOpBIE MEePEAlOTCsl ¢ YIPABIIONIETO y3J1a, U MEXaHU3M ISl OTIIPaBKH
pesyibTata BBIYMCICHWH Ha yHpaBisiomuid y3en. Jlust 3TOro  ciyxar
COOTBETCTBYIOLIME 3ampockl K mporpamme PBSbridge. ®opmar 3ampocos
CJICTYIOLIMI: CHAaYasa UET 1eJI0e YHCIIO0, SBIIONIeecs] HASHTH(UKATOPOM 3ampoca,
a moroM nanHble. IIporpamma PBSbridge cuuthiBaeT 3T0 4mcno, sBISIOIICECS
UIeHTU(HUKATOPOM, U, B 3aBUCHMOCTH OT €ro 3Ha4eHUs, NPUHMMAET peIleHHEe O
MOyYCHUH IOHONHUTENbHBIX AAHHBIX. KONMYECTBO 3THX MAaHHBIX U KaXKIOTO
3ampoca MOXeT OBITh PA3JINIHO.
O0OpaboTka Bcex 3ampocoB MPOHUCXOJUT B LHUKIE, paboTa KOTOPOTO 3aBEpLINTCS
TOJBKO TOTJa, KOTJa COKETHOE coeauHEeHne OyneT pazopsano. Ha puc. 3 mpusenen
QITOPUTM TakOro I[WKJIA, TAE T[OKa3aHa peanusanus o0paboTKM 3ampoca
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QS_ADD TASK, KOTOpPbI{ ClyXHT I 3amycka nporpamm. OH yHHBepcaseH,
MNOTOMY YTO HCIONB3yeTCs IS 3amycka kKak rotoBeix MathPartner-anmroputmos, Tak
U I0JIb30BATEIIbCKUX 3arpyKEHHbIX NporpaMM. HacTpoliku 3amycka nepenarorcs B
BUJIC CEpUAIM30BAaHHOrO O0bekTa kiacca TaskConfig. B ciyuae ycmemrHoro
3aIlyCKa I0JIb30BaTE0 BO3BPALIACTCS HOMEDP, IIPUCBOCHHBIN TEKYILEH 3a1ade [Ipu
3aIycKe, OH OYZET HCIIOJIb30BaThCs JUIS OTCIIEKMBAHUS COCTOSIHUS 3aayd M IS
IIOJIyYEHUS €€ PE3yJIbTATOB.

Henocpencreennoe cosmanue Qaia ¢ HacTpoiikamu 3amycka ainst PBS
ocymiecTBisieTcsi KiaccoM Launcher. OH co3gaeT OOBIYHBIA TEKCTOBBIN (haii,
yUIHTBIBas BCe HACTPOWKH, KOTOpble OBUIM yKa3aHBl B 3ampoce OT Web-wacrm,
yCTaHABIMBAaeT TMpaBa Ha WCIOMHEHHE i1 J3Toro ¢aitma W oTmpaBiser
COOTBETCTBYIOILIYI0 KOMaHIy I 3amycka. Ha puc. 4 npuBeneH aaropuTM TaKoro
METOo/a.

ITapannensHas mporpaMMma MO>KET UMETh 4 COCTOSIHHMSA: OHA MOXKET HaXOIOUTHCSA B
ouepelrd Ha BBHIIOJIHEHHE, B IIPOLIECCE BBINOIHECHHS, BBIYHMCICHHUSA IIPOrPaMMBI
MOJKET OBITh YCIIEITHO 3aBEpIICHBI, paboTa MpOrpaMMbl MOKET OBITh 3aBEpIICHA C
omuOKaMu.

Janee paccCMOTpUM MEXaHM3M OTCIEKUBAHHs COCTOSIHMA 3a1adu. [locime Toro kak
3aBEpIIMTCS  BbINONHEHUWEe  Meroga  CreateAndRunPBSfile, 3agaue
NPUCBAaUBACTCS COCTOSIHME «B ouepeaw». [lnsd 3amycka 3aJadd Ha CUET JOJDKHBI
ObITh TONY4YeHHl BXOIHBIE JaHHBIE C YIPABIAIOUNIErO y3la Kiacrepa. JTO
NpOUCXOIUT 10 3anpocy QS GET DATA FOR CALC. 3ajave NPHCBAMBAETCS
COCTOSIHUE «B IIPOLIECCE BBIIIOJIHEHUSY.
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//MHUIMANIN3aINs TOTOKOB BBOJA-BBIBOJA:
InputStream is = socket.getInputStream();
ObjectInputStream inp=new ObjectInputStream(is);
OutputStream os = socket.getOutputStream();
ObjectOutputStream oos=new ObjectOutputStream(os);
//co3nanue kmacca, ¢ TOMOMIBIO KOTOPOTO MBI 6y/eM 3ammyCcKaTh 3a1a4n:
Launcher launcher =new Launcher();
while {rue do
//mosyuenne naeHTH(HKATOPA BXOMSIIIETO 3aMPOca:
Integer qType=(Integer)inp.readObject();
Integer userID;
//BBIIIONHEHIE JeHCTBHI 7IsI COOTBETCTBYIONIETO 3a1Ipoca
switch ¢Type do
case AlgorithmsConfig.QS ADD TASK
/ /nomygenne id mosb3oBaTess
user]D=(Integer)inp.readObject();
/ /mosy 9eHne JAHHBIX W HACTPOEK JJIs aJIrOPHTMA
Object [Jdata=(Object[])inp.readObject();
Task Config taskConf=(TaskConfig)inp.readObject();
/ /HOMEp 3a7a9n, KOTODHI NPUCBAUBAGTCS JAHHO 3a1a4e:
Integer taskNumb=add TaskInMap(userID);
//3amyck 3ajadu
Integer launchResult=launcher.launch(userID, taskNumb, data, taskConf);
//€CIH O KAKMM-TO TPUYHHAM 33744y He YAAT0Ch 3AMyCTHTh, YAAIAEM 3aMiCH O Heil:
if launchResult!=AlgorithmsConfig. RES SUCCESS then
| removeTaskFromMap(userID, taskNumb);
end
/ /BO3BpaIeHNe pe3y/IbTaTa 3allyCKa 3aJa4i H IIPHCBOCHHOTO eif HoMepa:
oos.writeObject(launchResult);
oos.writeObject(taskNumb);

end
case AlgorithmsConfig.QS GET DATA FOR CALC
/ /manee geicTBus st 06pabOTKE 9TOTO 3AIIPOca

end
//masee uper 06paboOTKA MPOUNX 3aMPOCOB

endsw

end

Puc. 3. Aneopumm obpabomru nocmynarouux 3anpocos.
Fig. 3. Algorithm for processing incoming requests.

Bo3moxkHel 2 BapuaHTta: JMOO 3ajada YCIEIIHO 3aBeplIaeTCs W Pe3yJbTaThl
HIepeChlIaloTCs B PBSbridge c MIOMOIIBIO 3ampoca
QS_RECV_RESULT FOR _TASK CLUSTER, im0 33jaya aBapuifHO 3aBepiIaeT
CBOIO paboTy M B 3TOM ClIydae OHa HEe BO3BpaIlaeT pe3yJibTart.
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//daiin, B KOTOPLI MLl 3amuINeM HACTPOHKH f1s1 PBS:

FileWriter runFile;

String run_file path = folderPath+"/run";

File dir = new File(run_file path);

runFile = new FileWriter(dir);

//3anuch cTpOKH HACTPOeK B (aiia 3amycKa:
runFile.append("3mecs cTpoka 3amycka, YIATHIBAKINASL BCe HEOOXOTUMEIE HACTDPOHKH'");
//KOMaH/a AJIsi M3MEeHEHHe MpaB JA0CTyTa K 3amyckaomemy haiimy:
String [J[chMod="chmod", "777", run_file path;

Process chmod = Runtime.getRuntime().exec(chMod);

//KOMaHJa 3aImycKa KOMaHAbL gsub:

String [Jcommand="/opt/pbs/bin/qsub", run_file path;

Process gsub = Runtime.getRuntime().exec(command);

Puc. 4. Aneopumm cozdanus paiina c Hacmpouikamu ons PBS u eco nociedyrowezo
UCHOHEHUsl CUCIMEMOTL 3aNYCKA.

Fig. 4. File creation algorithm with settings for PBS and its execution of the launch system.

Ecnu 3anaya aBapumiiHO 3aBepinT paboTy, TO PE3yJIbTAT BBIYHMCICHHH He Oyner
OTCHUIATBCS Ha CEpBEpP, M € COCTOsHHME OyJeT MO-MPEeXHEMY «B MPOIEecce
BhINOJTHEHHs». Ho B (haiin, copepxaiinii mOTOK OMUOO0K, OyIeT 3amucal mpoTOKOI
MOSIBJICHHS UCKITIOUNTEIbHOU cutyaruu (Exception), kotopast nmpuBea K OCTAHOBKE
BBINIOJIHEHHST TIporpaMMbl. Eciiu 3aja4ya 3aBepinnia paboty ycmeriHo, To ¢aitn ¢
coobmieHrneM 00 omuOKax OyIeT MyCTHIM.

[osTOMy MpH KaXKJOM 3ampoce C BeO-4acTh O COCTOSIHUM 3aj1a4d TPOU3BOJUTCS
npoBepka 3toro (aiina, W B Ciy4ae, €CIM OH HE MYCT, TO [OJb30BATEIIO
BO3BpAI[AETCSI COOTBETCTBYIOIIEE COOOINCHHE, a 3aja4ye MPUCBAMBACTCS CTATyC
«aBapuitHOE 3aBEpILCHUEY.

3. MapannenbHbie anzopummsbi 6 MathPartner

MathPartner ~ comepxutT  mapajuieJbHBIE — NPOTPAMMBI,  KOTOPBIE  JOJIKHBI

BBIIIOJIHATBECS Ha KJIacTepe C HCIOJIbL30BaHHEM web-unTepdeiica. Yacts
aJIrOpUTMOB peann3oBaHa C HCTIOJIb30BAaHUEM TapaaurMbl DDP -
JCLEHTPAIM30BaHHOI'O JUHAMHUYECKOI'0 YHIpaBJICHHS napanieibHbIM

BbIYUCIUTCIIbHBIM MPOLCCCOM. 9Ta CXeMa YIIpaBJICHUSA MO3BOJIACT 3(1)(1)€KTI/IBHO
HCIIOJIb30BAaTh Y3JIbl KJIACTEPA, JdKE KOr'Jla BXOAHBIC JaHHBIC JId aJITOpUTMA UMCIOT
HEO/IHOPOJIHYIO CTPYKTYpY (pa3pexeHHble Marpuisl). B Tabm. 1 mpeacraBieH
MEepeUCHb MMCIOMIUXCSA Ha )IaHHI)IfI MOMCHT HNapa/uICJbHBIX MPOrpaMmM B COCTaBE
MathPartner.

I[J'If[ J'IIO6LIX napaJieJIbHbIX aJITOPUTMOB MOKHO IPOU3BOJAUTH HacrpoﬁKy 3aIryCckKa
Ha KJIacTepe. OHI/IC&HI/IG 9TUX HACTPOCK IMPUBCACHO B Ta6n1/1ue 2 BCG TMEPEMCHHBIC
34€CHh MOT'YT IIPMHUMATH TOJIBKO HEJIBIC IMMOJIOKUTCIIbHBIC 3HAUYCHUA.

Ha puc. 6 nokazan npumep BbINoJHEHHs onepaTopa \matMul tParlx8, KOTopbIit
BEITIOJHAET TapajulebHOEe OJIOYHO-PEKYPCUBHOE YMHOXKEHHE JBYX MATpPHIL.
CHaqana BBITIOJIHAKOTCS HaCTpOﬁKH BCEX HeO6XO,Z[I/IMI)IX NEPEMCHHBIX IJI 3aIlyCKa,
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3aTeM WHUIUATH3UPYIOTCS MaTpullbl-coMHOXuTesn A u B, mocnme srtoro
3aIrycKaeTcs 3aada YMHOKeHUS MaTpul Ha knactepe. Coobmenne «Task ID is
1» 03HaAyaer, 4To 3a/a4a yCIEIIHO NIOMEIIEHAa B 0YEPEAb BBINIOJIHEHUS Ha KJIacTepe
U ee HIACHTU(HUKATOP paBHAEeTCA eamHuUIe. MHPOPMANUIO O COCTOSHHH 3aqadd
MOJKHO TMOJIyYUTh C MMOMOIIBIO onepaTopa \getStatus, nepenaB eMy B KauecTBe
aprymenTra monydeHHeli Task ID. Coobmenne «Task 1is finished»
03HAYaeT, 4TO 3aJlavya YCICIIHO 3aBEepIluia CBOIWO padoTy. Pe3ynbTaT BBIIOTHEHUS
NIpOrpamMMBbl MOXHO MOJy4YUTH c TMOMOILBIO KOMaH/Ibl
\getCalcResult (taskID).

B toM cimywae, xorga BXOgHBIE JaHHBIE MMEIOT Oonbmioil o0peM, B MathPartner
MPeayCMOTpEH (aiIoBBI WMIIOPT H OJKCIOPT MAaTEeMAaTHYeCKHX OOBEKTOB
(MaTpumpl, BEKTOPHI, (YHKIUH, TMONWHOMEI). Ha pmc. 7 moka3an mnpumep
MATPUYHOTO yMHOXXEHHS, KOTJa BXOIHBIC JaHHbIC BBOIATCS u3 (hailioB
MOJIb30BATEJIsA, C TOCJICAYIONIMM COXpaHCHHEM pe3ynbtaTa B (aiine. Daiiibl
matrixA.txt W matrixB.txt copepxar TekcT «[[1,2]1,[3,4]11» u
«[[4,51,[6,7]11» cooTBeTcTBeHHO, (aitn matrixC.txt  COHEPKUT
pe3yabpTaT «[ [16,19], [36,43] 1». Ilepen Tem, Kak BBINOJHATh ONEPALUIMU C

(aiinmamMu UX HEOOXOIMMO CHadasIa 3arpy3uTh Ha BeO-cepBep, KakK MOKa3aHO Ha PHC.
5.

Taon. 1. Ilapannenvuvie npoepammel 8 cocmase MathPartner.

HasBanue anropurma Ormeparop mathpar Peanu3oBano ¢ moMoIib0
DDP
Martpuiisl ¥ IOJHMHOMBI
Marpuunoe ymuoxenue [13] \matMultParlx8 (A,6B) na
Brruncienve \adjointPar (A) HeT
MIPUCOESTMHEHHONW MaTpHILIb
YMHOKEHNE TOTUHOMOB \polMultPar (A,B) na
Tpomnuueckye BEIYMCICHHS
Pemenne ognopoaHoro \BellmanEquationPar (A) na
ypaBHeHust bernnmana
Ax=x [16]
Pemenne ognopoaHOrO \BellmanEquationPar (A,b) na
ypaBHeHHUs bennmana
Ax+b=x [16]
Pemenne ognopoaHOrO \BellmanInequalityPar (A) na
HepaBeHcTBa bennmana
Ax <x [16]
Pemenne ognopoaHOrO \BellmanInequalityPar (A,b) na
HepaBeHCTBa benimana
Ax+b<x [16]
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: MATH i Workbook

=TT 1535/ 1808MB > B +

Space R64[xy.z ] ~

~ Graphics and tables v+

®Import text

& Save text

21 X 297 & Save PDF

®Upload file ]

o Tiles

fromFile  toFile

g
Puc. 5. 3aepyska noavsosamenvcrozo paiina na cavim.
Fig. 5. Downloading the user file to the site.

Tabn. 2. Onucanue nepemennbix 05 HACMPOEK 3aNYCKA NAPALETbHbIX NPOSPAMM.

Mwms nepemennon Hasnauenue

\TOTALNODES KomnuecTBo y3710B Ki1acTepa, Ha KOTOPBIX OyaeT
3amylieHa IporpaMmMa

\PROCPERNODES KommgectBo mporpamm, KoTopsie OyayT
3aIyIIeHbI Ha OJJHOM y3Jie KiacTepa (KOJIHYeCTBO
MPI-niporieccoB s 0HOTO y311a)

\CLUSTERTIME MaxkcuMmanbHoe BpeMst paboThl IPOrpaMMBl,
IPEBLICHB KOTOPOE OHA OyzIeT aBapHItHO
3aBepluIeHa
\MAXCLUSTERMEMORY KonuuecTBo namsTi, T0CTyIHOe 11 JVM [uist

ojxHoro MPI-nponecca
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MATH Workbook

1509 / 1762MB > X+
e || TOT ALNODES = 2;
'

o il PROCPERNODE — 1;
CLUSTERTIME = 10;
MAXCLUSTERMEMORY = 100;
(1 2)

— A= -
y
B= (; Z)

- matMultParlz8(A, B);
[ Swdent. |l
Test titl
‘ Task ID is 1

Save text as new Test
> =+

Test ID
getStatus(1);

Load test by ID out :

Plan Grade book
Task is finished

Check Give up
> xR+

C = getCalcResult(1);
out :

7 10
15 22

Puc. 6. IIpumep 3anycka napannensno2o MampuyHo20 YMHOICEHUs C HACMPOUKaMU
napamempog 3anycka.

Fig. 6. Example of running a parallel matrix multiplication with setting startup options.
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<2 MATH

Workbook

L E T 1502 / 1762MB

Space R64[x,y,z,t] v '

SymbT)ls v
 Graphics and tables v

®Import text
L Save text
21 x 297 X Save PDF
®Upload file
#  Filename
1 matrixC.txt X
2 matrixB.txt £ x
3 matrixA.txt =

fromFile toFile

Cluster v

Loginv

Test title
Save text as new Test
Test ID

Load test by ID

> R+

TOTALNODES = 2;
PROCPERNODE = 1;
CLUSTERTIME = 10;
MAXCLUSTERMEMORY = 100;
A = fromFile(matriz A. tzt);

B = fromFile(matrizB. tzt);
matMultParlz8(A, B);

out :

Task ID is 2
> B +

getStatus(2);
out :

Task is finished
> == +

C = getCalcResult(2);
toFile(C, matrizC. tat);
out :

16 19
36 43

Puc. 7. Ilpumep 3anycka hapannenbHo2o MampuiHo20 YMHOMCEHUS C NOTYYEHUEM UCXOOHBIX

OaHHbIX U3 Paiinos.

Fig. 7. Example of running a parallel matrix multiplication where data is taken from the files.

[EEN
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4. 3anyck napannenbHbiXx Npo2pamMm, pa3pabomaHHbIx
nosib3oeamersiem 8 npoekme MathPartner

MathPartner npemocrapnser ynoOHbIH HHTEpdENc I 3amycka Ha K1acTepe HOBBIX
HapaJuIeNIbHBIX IPOTPAMM, Pa3pabOoTaHHBIX IOJIb30BaTeneM B mpoekte MathPartner
Ha s3blke Java. Ilpouecc 3amycka TakoW MHapajyieNbHOM MPOrpaMMbl COCTOUT U3
CIEIYIOIIHX IIaroB:
e HeoOxoxumo co3maTh zip-apXuB MTaKeTa CKOMIMINPOBAHHBIX java-
KJIACCOB.

e  Brmomnauts Bxox B MathPartner.
e 3arpy3uth apxuB Ha caiit MathPartner (puc. 5).

e  3arpy3uTh apXuB C IPOTPaMMOI Ha KJIaCTep C ITOMOIIBI0 KOMaH bl
\uploadToCluster (fileName.zip).

e [locraBuTh MpOrpamMMy B O4epes Ha UCTIOTHEHUE C TIOMOIIHI0 KOMaH IBI
\runUploadedClass (fileName.zip,
PackageWithClass.ClassWithMainMethod, paraml,
param2, ...).

[Tocie BBHINONHEHMS ONMUCAHHBIX INArOB  IOJIL30BaTeNI0 OyJdeT cooOlleH
UICHTU(PHUKATOP 3aJaud, C MOMOIIBI0  KOTOPOTOo OYAET OCYIIECTBISATHCS
nmanpHedmas pabora. Komanma \getStatus (taskID) 103BOJSIET Y3HATh
COCTOSIHME 3a7aud (B oOdYepend, B TMpoIlecce 3alycKa, 3aBepllicHa, 3aBepllIeHa
aBapuitHo). [[mst OTOOpa)KeHUs COJEPIKUMOTO IIOTOKOB BBIBOJIAa W OHIMOOK
HCTIOJNB3YIOTCS KoMaHIbl \getOut (programId) u \getErr (programlId).

5. 3aknro4yeHue

Brumn  W3MOXKEHBI ANTOPUTMBI  B3amMoJeHcTBHs BeO-cepBuca MathPartner ¢
BEIYUCITUTEIHHBIM KIIACTEPOM, Ha KOTOPOM yCTaHOBIIeHa cucteMa PBS.

OTH anropuTMbel OOECTEUYHMBAIOT pelleHHe AByX 3amad. OmHa W3 HHX — 3TO
BBIMOJTHEHHE NAPAJUICIFHBIX IPOrpaMM, BXOSIUX B coctaB MathPartner. [Ipyras —
9TO 3arpy3ka U BBIIIOJIHEHUE Ha KiacTepe MapajijlefIbHbIX MPOrpamMM I0JIb30BaTENs,
KOTOpEIE pa3paboTaHbl UM B mpoekte MathPartner.

JanpHelimee pa3BUTHE MaKeTa MapabIeNbHBIX MporpamMM B mpoekte MathPartner
MOJKET B BCEIIEIIO ONMUPATHCS HA IPUBEICHHBIC B TAHHOH pab0Te alrOPUTMBIL.
IIpuBeaeH COHMCOK MapaIeNbHBIX MPOTaMM, BXOJSIIMX B TEKYIIYI0 BEPCHIO
cucreMsl MathPartner.

OnucaHHbIe aNTOPUTMBI MOKHO NPHUMEHHUTh W JJIS IPYTHX BeO-CEPBHCOB, KOT/Ia
TpebyeTcsi 00ecneunTh B3aUMOJICHCTBUE C KIACTEpOM, Ha KOTOPOM YCTaHOBIIEHA
cucrema BPS.
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Tools of mathematical service MathPartner for parallel
computations on a cluster

E.A. lichenko <ilchenkoea@gmail.com>
Tambov State University, Internatsionalnaya, 33, RU-392000, Tambov,
Russia

Abstract. In many application areas it is necessary to perform symbolic-numerical
calculations with a large volume of data. Examples of such areas are robotics, speech
recognition, recognition of graphical information, automation and others. Symbolic
computation systems, they also called computer algebra system, actively developed since the
late eighties. Well-known systems are Mathematica, Maple, Reduce, and many others.
Almost all of these systems were not originally focused any large-scale mathematical objects
or on multiprocessor clusters. System FORM is a unique exception. It was conceived as a
system which can operate with objects exceeding RAM. Such objects are placed on the hard
drive. We give a description of such algorithms of MathPartner web services, which are
designed to interact with a computing cluster. We give an algorithm to work a socket server,
which is the link between MathPartner and super computers, and which provides the
execution of parallel programs on a cluster. We explain in detail the mechanism which
abstracts the specific features of super computers and the installed PBS package. The user
can run on the cluster or program of MathPartner package, or their own programs. To run its
own programs, they are able to send the compiled classes to the computing cluster in a zip-
archive through the MathPartner web interface. We show examples of using parallel
algorithms included in MathPartner package. Some of MathPartner parallel programs
implemented with the paradigm of DDP (dynamic decentralized parallelization). DDP is
designed as a framework that allows to write efficient parallel program for working with
nonhomogeneous data such as sparse matrix. We demonstrate examples of using DDP-
programs that are integrated into MathPartner.

Keywords: Parallel algorithm; Cloud mathematics; MathPartner; Web interface; the socket
server.
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AnnoTtammsi. B nanHo#t pabore paccmatpuBaroTcs MpoOieMbl Bepu(UKAIMA W aHAU3a
CIIO)KHBIX OIEPAIIMOHHBIX CHUCTEM C y4eTOM HX BapHaOeNbHOCTH, WM HAIMYHUS OOJBIIOTO
KOJIMYECTBAa pa3HOOOpa3HbIX KoHpuryparuid. MccrnemyloTcs MeTOABl, IO3BOJIIOLINE
MPEOI0JIeTh 3TH MPOOIEMbI, IPOBOAUTCS UX 0030p M KiaccuUKaiusi. BeiaeneHsl Kiacchl
METOJIOB, HCIOJIB3YIOIIUX ISl aHAJIN3a MHCTPYMEHTBI, HE YUHUTBIBAIOIINE BapHaOEIbHOCTD, U
BBIOODKM BApHAHTOB CHUCTEMbI W METOJIOB, HCIOJB3YIOMIMX  CICIHATU3UPOBAHHEIC
WHCTPYMEHTHI, YYHTHIBAIOIINE BapwaOelbHOCTh. Kak Hambonee MEpCIEeKTUBHBIE C TOYKH
3peHHs MAacIITa0HPYeMOCTH, BBIICICHBl TEXHHKH aHaJM3a, HCIONB3YIONIHe BHIOOPKH
BApHaHTOB CHCTEMBI, OOECIEYMBAMOIINE IMOKPHITHE €€ KoJa M KOMOWHAIMHA 3HAaYeHUI
KOH(UTYpallMOHHBIX IapaMeTpoB, a TaKKe CICHUaTN3UpPOBAaHHBIC, YYHTHIBAIOIINE
BapHaOebHOCTh KOJa TEXHUKH aHaln3a C MTEPaTHBHBIM YTOYHEHHEM MOJENIHU IMOBEICHHUS
CHCTEMBI Ha OCHOBE KOHTPIIPHIMEPOB.
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HOKpLIBaIOIHI/Iﬁ Ha60p; UTEPATUBHOC YTOYHCHUE MOICJIM Ha OCHOBE KOHTPIIPUMEPOB.
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1. BeedeHue

B coBpemenHoM wmupe mporpammuoe obecmeuenne (I10) wucnoms3yercss s
peueHuss Bce Goiiee OTBETCTBEHHBIX M CIOXKHBIX 3a1ad, 4YTO OOYyCIaBIHBAcT
MOCTOSIHHBIN POCT CJIOKHOCTH CaMHX mporpamM. [Ipu 3ToM mporneccsl pa3paboTKH,
aHanu3a u compoBoxaeHus 110 Takke YCIOKHSAIOTCSA, U TPEOYIOTCS CIEIHATbHBIC
Mepbl Uil CHW)KCHHsI TEMIIOB POCTa MX CTOMMOCTH W TpynosarpaT. OaHuM U3
METOJIOB CHIDKCHHUSI 3aTpaT Ha CO3/IaHHE W CONPOBOXKACHHE CIIOKHBIX CHCTEM,
pemiaronux OONbIIOE KOJUYECTBO PAa3HOOOPA3HBIX 3a/1ad, SIBISIETCS CO3JaHUC
sapuabenvuvix cucmem (wnu cemeticme cucmem, Software product families,
software product lines) [1-4]. DxoHOMHsS 37€Ch IOCTHTacTCs Ha TOM, YTO
pa3pabOTYMKHU MBITAIOTCS Cpa3y CO3/1aBaTh MHOTOKPATHO HCIOJIb3YEMbIC JIEMEHTBI
HECKOJNIbKUX CHCTEM ¢ Onu3kuM HabopoM GYHKIWH, OpeJHA3HAYCHHBIX IS
Pa3IMYHBIX TPYII MOJIb30BATENCH, COKpallas TAKUM 00pa3oM 3aTpaThl Ha CO3TaHHE
BCEX OTHX CHCTEM B COBOKYMHOCTH. Ha CeromHsiiHuii [eHb MPeIIOKEHBI
MHOTOYHCIICHHBIC TEXHUKU Pa3pabOTKH BapHaOEeNbHBIX CHCTEM PA3HYHBIX THIIOB,
BKITtOuas oneparonnsie cucteMsl (OC).

IIpu pa3paboTke BapuaOeNbHBIX CHUCTEM BAXKHEHMIIYIO PpOJIb HIPAIOT MOOeld
sapuabervnocmu (variability model) u mexanusm obecneuenus sapuabenvnocmu
(variation mechanism). Mogens BapuaOeIbHOCTH  3aJa€T  HPOCTPAHCTBO
BO3MOXHBIX BAPUAHTOB MaHHOTO ceMmeiicTBa cucteM. OGBIYHO OHA OMpEeIIIeTCs
Habopom xapaktepuctuk (featureS) wium KOH(PUIYpalMOHHBIX TApPaMETPOB,
MHOXKECTBAMH HMX BO3MOXHBIX 3HAYCHHUH W OrPaHMYCHUSIMH HA BO3MOXKHBIC
KOMOMHAIIMU THX 3HAYEHHH, KaX/(blii BAPUAHT CUCTEMBI MPH ITOM COOTBETCTBYET
HEKOTOpOMY HabOpy 3HAueHHWH BCEX XapaKTEPHCTHK. MeXaHW3M BapHaOeIbHOCTH
obecrieynBaeT BO3MOKHOCTh [TOCTPOEHHS BCEX BO3MOXKHBIX BAPHAHTOB CHCTEMBI U3
OrpaHHYEHHOro Habopa CO3/1aBaEMbIX U COMPOBOKIAEMBIX apTe(aKToB.
MexaHu3Mbl o0ecrieueHHs] BapHaOeNbHOCTH JOCTaTOYHO Pa3HOPOIHBI, HO MOTYT
OBITh pa3fesieHbl Ha TpU rpynnsl [5]: unmeepayuonnvie, OCHOBaHHbBIC Ha OTACIBHON
pa3paboTKe 3IIEMEHTOB JUTS Pa3IMYHBIX BAPUAHTOB U JabHCHINICH HX WHTETPAIINH B
pa3HBIX KOMOWHALUSIX, 2eHepamugHvle, WCIONB3YIOIINEe MapaMeTPU3AINIO TS
TeHepallii pa3IUYHbIX BapHaHTOB OJHOTO JJIEMEHTa H3 OOMmEed OCHOBBI, H
cMewanHble, OTPEACICHHBIM 00pa3oM 0ObeAnHSIONMEe 00€ 3TH TEXHHKH. B
00IacTH OTIEPAIMOHHBIX CUCTEM (31ECh U Jajiee TIO/ OTEPAIMOHHON CHCTEMOMN MBI
nmoHUMaeM sipo u 6a3oBele OmOmmMoTekn OC, MpPeAOCTaBIAIOMINE MPIIIOKEHHUIM
uHTepdeiicel i paboThl C BBIYMCIUTENBHBIMH PECYpCaMd W ammapaTHbIM
obecrieueHHeM) B KAayeCcTBE MEXaHH3Ma BapHaOENbHOCTH CMELIAHHOTO THUIIA
IIMPOKO HCIIONB3YeTCs MEXaHHW3M YCIOBHOW Kommuisiuuu s3bikoB C/CH+ (Ha
ocHoBe makpocos #ifdef, #elif, #else). On no3Bonser Ha 3Tane cOOPKH COCTABIATH
KOJ, OOBCAMHSAIOIINIA pa3IHYHbIE DJICMEHTHI, 3aJaBacMble HAOOPOM 3HAYCHHI
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XapaKTePUCTHK, ABISIOMINXCA B 3TOM CIIydae IMapaMeTpaMy YCIOBHON KOMITHIISIIHN
(ompexnensemMsiMu ¢ oMortisio0 Makpocos #define u #undef, a taxkxe mapamerpon
3aIrycKa mperporeccopa).

CnoXHOCTE MoJIeneii BapnabebHOCTH COBPEMEHHBIX OTIEPAIIMOHHBIX CHCTEM OYCHB
BBICOKA, HampuMmep, sapo Linux Bepcum 2.6.32 mmeer 6319 xapakTepucTHK, Golee
10000 orpanmueHnii, KOTOpHIE MOTYT 3aIEHCTBOBAaTH MO 22-X OTAEIBHBIX
XapaKTepUCTHK, TIPH 3TOM OOJIBIIMHCTBO XapaKTEPUCTHK 3aBUCUT KaK MHUHIMYM OT
4-x npyrux, a MakcuMmajbHas INyOMHa JepeBa 3aBucUMocTeil paBHa 8 [6]. Takas
CJIO)KHOCTh TMPHUBOJUT K OOJBIIOMY KOJMYECTBY OIIMOOK, CBA3aHHBIX, MPEXKIE
BCEro, C TPYAHOCTSIMH yd4eTa BCeX (PaKTOPOB, KOTOPHIC NOJDKEH MPHUHUMATH BO
BHUMAaHHEC pPa3pabOTUYMK OTHCIBHOr0 3JeMeHTa Konaa. COOTBETCTBEHHO, IS
BBISIBIICHMST ¥ TPCOJOJCHUSA OITHX OMHMOOK HEOOXOMUMO  HCIOJIb30BaTh
CHCIHANM3UPOBAaHHBIE TEXHUKH aHanmm3a W Bepupukanuu. CIOKHOCTH aHAIN3a,
XapaKTepHBIE IJIS CHCTEM C TaKHM MEXaHH3MOM BapHaOEeIbHOCTH, BO3HUKAIOT H3-3a
OTPOMHOTO pa3Mepa NPOCTPAHCTBA JOIYCTHMBIX BapHaHTOB (4TO JellaeT
COBEPIICHHO HEPEAMCTHYHBIM TPOBEPKY HMX BCEX) M  OTHOBPEMEHHOMH
HEBO3MOYXHOCTH IMPOBEPKH OTAEIBHBIX (PparMeHTOB, U3 KOTOPBIX cOOMpaeTcs KOX
cucteMsbl. [10CKOBKY HCIONB3yeTCs yCIOBHAS KOMIMIIAINS, KaKIbIH (QparMeHT He
00s13aH SIBJIATHCSA OTACABHBIM KOMIIOHCHTOM C OIPEICICHHBIM IIOBEIACHUCM,
KOTOpPOE MOXKHO OBUIO OBl MPOaHATU3UPOBATH OTACIBHO OT OCTAJIBHOTO KOAA,
0OBIYHO Takue PparMeHTHI SBISIOTCS JIUIIb BCTABKAMH B OOIIWI KO/, U MOTYT OBITh
MPOBEPEHBI JIHIIb B OMPEACICHHBIX KOMOUHAIMAX APYT ¢ ApyroM. HeobxoaumocTh
pelieHusT 3TUX NPOOJIEM HAKIaIpIBacT HAa HWHCTPYMEHTBI M METOJBI aHajIK3a,
MPUMEHSIEMBIC JIJISI CIIOKHBIX BapUaOEIbHBIX OMEPAI[MOHHBIX CUCTEM M CHCTEMHOI'O
IO BoOOmIE, ocoObie TpeOoBaHMA. DTH TPeOOBaHUS CIECHUPUYHBI UMEHHO IS
aHalM3a M BepU(HUKAINNA — METOJBI, TPUMEHSIEMBIC U1 CO3IaHHS TAKUX CHCTEM,
camMu 10 cebe He obOnergaror ux adanu3 [7,8]. OcHOBHas Iejdb HTaHHOIO
HCCIICIOBAaHUS — OIPEeNICHUEe W Pa3BUTHE MACIITA0MPYEMBIX METOJOB aHaJH3a
BapHaOEIbHBIX OMEPAMOHHBIX CHCTEM, ITO3BOJISIONINX CIIPABHUTHCS C ONMCAHHBIMH
npobIeMaMu.

Janee MBI KpaTKO pacCMaTpHBacM OCHOBHBIC 3JIEMEHTHI MOJEJCH BapuaOeIbHOCTH
U UCTIONIb3yeMble B 00nacTu cucteMHOro [1O sI3bIKH UL UX OMHCAHUS, IPOBOIUM
0030p METOJIOB aHaIM3a M BEPUPHUKAIUU CIOXKHOTO BapHUAOEIBHOTO CHCTEMHOTO
T1O u BbImENIsIEM M3 ONKMCAHHBIX B JINTEPATYPE METOJO0B HanOOJIee MEPCICKTHBHBIC
JUIsl TalbHEHUILIETr0 pa3BUTHSL.

2. Modenu eapuabenbHocmu u si3bIKU UX ONuUcaHusi

i POAYKTUBHOW pPabOTHI MO CO3MAHHIO WM COIPOBOXICHHIO ONPEACICHHON
BapuabeIbHOW CHCTEMBI (CeMelcTBa CHCTEM) HEOOXOAMMO MOHUMAHHUE €€ MOJICIH
BaprabeIbHOCTH, OMUCHIBAIONIECH Bce MHOTOOOpa3ne BapUaHTOB CHCTEMBI (CUCTEM,
BXOJUAIIIMX B JaHHOE CEMEHCTBO). Moenu BapuadebHOCTH ONEePAlMOHHBIX CHCTEM
MO0 CYIIECTBY HE OTIMYAIOTCS OT MoOJeell BapuabelbHOCTH, MCIOJb3YeMbIX IS
cucteM Apyrux TUMoB. OOBIYHO B paMKaX TAKOW MOJEIH OJHMH BaPHAHT CHUCTEMBI

191



V.V. Kuliamin, E.M. Lavrischeva, V.S. Mutilin, A.K. Petrenko. Verification and analysis of variable operating systems.
Trudy ISP RAN /Proc. ISP RAS, vol. 28, issue 3, 2016, pp. 189-208.

COOTBETCTBYET HEKOTOPOMY HaOOpy 3HAYEHUH ONPEICICHHBIX XapaKTEPUCTUK HIIH
KOH(UTypalMOHHBIX IAPaMETPOB, IIO3TOMY MOAETH BapnabelbHOCTH TAKXKE YacTO
Ha3bIBACTCSI MOJEIBI0 XapakTepucTHK [9] wmm Momenbio KoHpuryparwmii. Cama
MOJIETb TIPH 3TOM OIIMCBIBAETCS MHOXKECTBOM HCIOIB3YEMBIX XapaKTEpPHUCTHK,
MHO)KECTBAMH BO3MOJXKHBIX 3HAUCHHH Ui KaKAOH XapaKTEpUCTUKU U HaOOpOM
OTpaHWYEHUH Ha JONMYCTHMble KOMOHMHAIIMM 3HAa4€HHH XapakTepucTuk. Yactb
XapaKTEPUCTUK COOTBETCTBYET BHJIMMBIM II0JIb30BATENIO (DYHKLIUSAM CHCTEMBI, a
JIpyrasg 4YacTb - pas3iIM4YHbIM albTEPHATHBHBIM CIIOCO0AM peajM3allii 3THX
GyHKIMHA, a Takke peIIeHHSM, IPUHITEIM NpU pa3paboTKe CHCTEMBI U HE
MMEIOIINM HETIOCPEICTBEHHOTO BIMSHHUA Ha €€ BOCIPHATHE IIOJIb30BATEISIMH
(TompKO KOCBEHHOE). [l ONepanMoOHHBIX CHCTEM INPHMEPaMH XapaKTEPUCTHK
MOTYT OBITh: MOJJAEpX Ka pabOTBl C CEThI0, MOIJEPKKA MHOTUX IOTOKOB,
HOAJIEP)KKA OTJIAJIKA CHCTEMHBIX IIPOLIECCOB H Tp.

Bospimoe  KOIMYECTBO XapaKTEPUCTHK OOBIYHO HMEIOT OyJeBCKHE 3HAYCHHS
(xapakTepuCTHKa MOXXET OBITH BKIIIOUCHA WM BBIKJIIOYEHA B JAHHOM BapHaHTE),
peXe BCTPEUYArOTCS UHCIOBBIE 3HAUCHMS WM CTPOKH, 4Yalle BCEro OJHa
XapaKTEePUCTHKA MOKET MMETh JINIIb HEOOIbIIOe KOHEUHOE MHOXKECTBO 3HAUCHHH.
JIOBOIBHO YacTO BCTPEYAIOTCA OTPAaHWYEHHS, INPEIANHCHIBAIOIINE HCIIOIb30BATh
3HAUEHUS OJHOM XapaKTEPUCTUKU TOJIBKO IIpU BKJIKOYEHHOH JApyrod uiu
HECKOJBKUX JAPYrux (IepBas XapaKTepUCTHKa 3aBUCHT OT BTOPOH, MepBas HUMeEeT
CMBICJ TOJIbKO MPHU BKJIIOYEHHON BTOpPOHM, HalpuMep, BO3MOXHOCTb YIAJI€HHOTO
JIOCTya K CHCTEMHOMY >KypHaJly MOXET HMETbCS TOJBKO MpPHU BKJIIOUYEHHOU
MOJIJIEpIKKE PabOTHI ¢ CETHIO M BKIKOUECHHOU MOAJIEPIKKE BeleHUs KypHama). Yamie
BCECro M3 HCCKOJIbKUX BLI6I/IpaETCﬂ OJIHa, HauOoJiee 3HAYMMast 3aBUCHUMOCTDH, 4YTO
M03BOJISIET O(OPMILATH IOJIOOHOTO POJia OTPAaHUYEHUS] B BHUJIE CTPYKTYPHI JepeBa
(vepapxun) 3aBUCHMOCTEH Ha XapakTepHUCTHKaX. B 3ToMm JepeBe 3aBHCHUMBIE
XapaKTEePUCTUKU CUUTAIOTCS JOUYEPHHUMHU 10 OTHOMICHHIO K TOW, OT KOTOPOIl OHHU
3aBUCSAT, KOPHEM JepeBa CUYHMTAeTCsl HEKOTOpas aOCTpakTHas XapaKTepHCTHKA
(cooTBercTByrOmas ~ caMOMy ~ pacCMaTpUBaeMOMY  CEMEHCTBY  CHCTEM),
NPOMEXYTOYHBIMU ~ y3JIaMM  Yallle BCEr0 CTaHOBSTCS TOJBKO  OYyJIEBCKHE
XapaKTepUCTHKH (KOTOPBIE MOYKHO BKJIIOUHTH/BBIKIIOYHTH), @ XAPaKTEPUCTHUKH C
JIPYTUMH MHO)KECTBAMH 3HAYEHHH MOTYT OBITh TOJBKO JIUCTBIMHU ITOTO JEPEBA.
M3penka HeOyNeBCKHE XapaKTEPUCTHKH TOXKE MOTYT OBITh MPOMEXYTOYHBIMH
y37aMH JepeBa, HO TPU OTOM BO MHOXKECTBE HUX 3HAYCHUU JOJKHO OBIThH
BBIJICJIEHHOE 3HAUY€HHE, COOTBETCTBYIOIIEE «BBIKIIOUCHHIO» ITOH XapaKTEPUCTHUKH,
OCTaJIbHBbIE 3HAUEHUs NPU ATOM O3HAYAIOT pPa3HbIE BAPUAHTHI €€ «BKIHOUEHUS.
JloBosbHO 4acTo BCTpEYaroTCs TaKkKe OTpaHUYEHUS BHJA
«BKJIIOUCHHE/UCKITIOUCHHE»: BKJIIOYEHHE OJHOW XapaKTEpPHCTHKH JIOJDKHO BCerza
COIPOBOXKAATHCS BKJIIOYCHUEM JAPYTOW W/WMIM BBIKJIIIOYEHHEM HECKOJIBKUX APYTHX
XapaKTePUCTHUK.

M3BecTHO ~ JOCTAaTOYHO ~ MHOTO  SI3BIKOB Ul ONMCaHUs  Mofelel
xapakrtepuctuk [10,11], mpemoCTaBIAIOMIMX HATTSAHBIC CPENCTBA ISl OMUCAHHS
YKa3aHHBIX BBIIIE ITUPOKO BCTPEUAIOLIUXCS BUJOB OTPAaHUYECHUIN U 3aBUCUMOCTENL.
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B oGnactu onepannonHbx cucteM (M cuctemMHoro I1O BooOIe) ams 3TUX lesen
game Bcero [12] wucmomesyrorest si3eiku Kconfig [13,14], mpumensiemsrit st
OITHCaHMsI BO3MOXKHBIX KOH(HUryparmit siapa Linux ¢ 2002 r., w CDL (Component
Definition Language) [15], ucroms3yeMsiii B paMKax OTKPBITOM OIEPAI[MOHHOM
cucTeMbl peanbHoro Bpemenu eCoS[16] mms BerpoeHHbix cucteM. O6a s3bika
HO/ICPXKUBAIOT Bce OCHOBHbIE AneMeHThl MeTona FODA (Feature-Oriented Domain
Analysis) [9], onmcannpie Bbime. OMHAKO MOIAEPKKA CIIOKHBIX OrPaHUYEHHH,
CBSI3BIBAIOIINX XapaKTCPUCTHKH, HE SIBISIFOLIMECS OCThMU OTHOTO POAUTENS B
JIepeBe 3aBUCUMOCTEH, B HHCTpYMEHTaX, paboTaromux ¢ Kconfig, Heckopko xyxe,
YTO YacTO NPHUBOAWUT K OMMOKaM TIPH ONUCAHHH M O00pabOTKe CIOXKHBIX
KoH}urypamwmii [6]. /leTadpHOE COMOCTAaBICHHE BO3MOXHOCTEH OOOHX S3BIKOB H
0030p WX KCIOJIb30BaHWS Ha INpaKTHKe NpuBeaeHHl B [12], ma Puc. 1 moka3san
MpUMEp OMUCAHMUS HEOOIBIION MOJICITH Ha 000UX A3bIKAX, B3ATHIH U3 [12].

k1 menucontig MISC_FILESYSTEMS ¢t cdl_component MISC_FILESYSTEMS
k2  bool "Misc filesystems® c2 display eous £1

k3 c3 flavor

k4 if MISC_FILESYSTEMS c4

k-5 c5

k6 config JFFS2 FS c6 cdl_package CYGPKG_FS_JFFS2

k7 ate "Jour lash File Syst c7  display  "Jou ng Flast

k8 saloct ORC32 if MTD c8  requires CYGPKG_CRC

k9 c9  implements CYGINT_IO_FILEIO

k-10 c10  parent MISC_FILESYSTEMS

k-1 c11  active 3f MID

k-12 c12

k13 config JFFS2_FS_DEBUG 13 cdl option CYGOPTFS JFFS2 DEBUG |

k-14 int "JFF evel (O=quiet, 2=noisy)" c14 display

k15  depends on JFFSa Fs 15 flavor

k16  default 0 c16 default value

k17  range 0 2 17 legal_values

k-18 c-18 define

k-19 rbosity of ... c19 description

k-20 c20 )

k-21 c-21

k22  config JFFS2_FS WRITEBUFFER ©22  cdl_option CYGOPTFS JFFS2 NAND |

k23 bool c23 flavor

k24  depends on JFFS2_FS c24 define CONFIG_JFFS2_FS_WRITEBUFFER
k25  default HAS_IOMEM c25 calculated HAS_IOMEM

k-26 c-26 )

k-27 c-27

k28 config JFFS2 COMPRESS 28 cdl_component CYGOPT FS JFFS2 COMPRESS

k-29 bo ssion options for c29 display

k30  depends on JFFSZ Fs 30 default value

k31 c31

k82 config JFFS2 2LIB c32 cdl_option CYGOPT_FS_JFFS2 COMPRESS ZLIB
k-33 .." if JFFS2_COMPRESS ¢33 display -

k-34 c34 requires

k-35 select ZLIBJNFLATE c-35 default value

k36  default v 36

k-37 c-37

k38  choice 38 cdl_option CYGOPT_FS JFFS2 COMPRESS CMODE
k39  prompt " 1 ston" if JFFS2_COMPRESS c39 display @
k40  Gefeult JFFS2 CMODE PRIORITY c-40 £lavor

k41  depends on JFFS2_FS c-41 default value

k42 config JFFSZ CMODE NONE c-42 legal values

k-43 comg c-43

k-44 l:enf)g JFFS2 cmooe PRIORITY c-44

k-45 ‘ c45

k-46 confxg JFFSZ CMODE_SIZE c-46

k-47 bool "siz AL) c-47

k48  endchoice c48

k-49 endif c-49

Puc. 1. Onucanue oonoui modenu na Keonfig (ciesa) u CDL (cnpasa).

Fig. 1. Description of a model in Kconfig (left) and CDL (right).

2.1. MeToabl aHanu3a moaenen BapmabenbHOCTH

SI3bIkK  omMcaHWs MoJeNie BapHaOeIbHOCTH TNPENOCTABISIIOT MIMPOKHH Habop
BO3MOXHOCTEH MO 3aJaHUI0O CTPYKTYphl XapaKTEPUCTHK U OrPaHUYEHHH Ha HX
3HaueHus. OrpaHUuYeHHUs 4Yalle BCEro OINUCHIBAIOTCS B BUAE HEpPapXuu U
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3aBHCUMOCTEH, IPEICTABICHHBIX KaK JIOTHYECKHE BhIpaKeHUs. Takue orpaHuYeHUs
Ha TPaKTHUKEe MOTYT OBITH JOBOJBHO CIOKHBIMH, YTO HPHBOIHUT K PasHOro poja
ommOkaM B MOZAENAX BapHaOENbHOCTH, HampUMep, K TNPOTUBOPEYUSIM H
Hepa3pellUMbIM 3aBHCHMOCTSIM, H3-32 KOTOPBIX HEKOTOPBIE XapaKTEePUCTHKU
HEBO3MOXKHO BKIIIOUMTH. [l TPEOJONIeHUsT STHX TPYAHOCTEH IpeaHa3HaueH
ABTOMATHYECKUH aHallM3 MoJieNiell BaprHaOeIbHOCTH, KOTOPBIH MOMOTaeT BBISBUTH
NPOTUBOPEYMSI WM HECOIJaCOBAHHOCTH B CaMOW MOJEIM WIM TPOBEPUTH
JOIYCTUMOCTH 3aJaHHOM KOHKPETHOHW KOH(purypauuu (T.e., 4TO KOHQUIyparus
YJIOBJIETBOPSIET BCEM OTPaHMYECHHUSIM MOJICIIH).
Mertonsl aHanmMza Mojeneld BapuHaOENbHOCTH  SIBISIIOTCS TEMOW  aKTHUBHBIX
uccnenoBanuii. Haubonee pasBuThle cpeicTBa aHanu3a HMEIOTCS U SI3BIKOB
MO/JICTUPOBAHUS BapuabesbHOCTH, pa3pabaTbIBaeMBbIX B pamKax
HCCIIeIOBATENBCKHUX MPOeKToB [12,17]. IX MOXKHO pa3feNuTh Ha YeThIPpe OCHOBHBIX
rpymms [10].
e  AHanu3 Ha OCHOBE NMPOTO3UIIMOHAILHOM JIOTHKH.
B pamkax 9TOro moaxona OTPaHHYECHUS MOJCIU XapaKTePUCTUK
TPAHCIUPYIOTCS B MPEACTABIAIONINE UX JIOTHYECKHE (GOpMYIBI, KOTOPHIE
3aTeM aHAIM3HPYIOTCS C TOMOINBIO pelIaTeNneii, WHCTPYMEHTOB IUIS
ABTOMAaTHUYECKOI0 JIOKA3aTeNIbCTBA PA3NNYHBIX BHAOB (Ha ocHOBe SAT,
BDD wu mp.) wiu WHCTPYMEHTOB i paboThl ¢ GOpMaIbHBIMH S3BIKAMH
tuna Alloy, B win Z. Takue MeToabl JOBOJBHO IIHPOKO PACIIPOCTPAHEHBI,
ux 0030p MOXHO HaiTu B [18].

e  AHaiu3 Ha OCHOBE OHTOJIOT M.
DTOT MOJIXO0 UCHOIB3YET TPAHCIAIIUIO MOJICITH BapHaOeIbHOCTH B MOJICIb
outonorun. Hampumep, B [19] mpowmssoamtcs Tpancmsmust 8 OWL DL
(Ontology Web  Language  Description  Logic), pa3peummoe
noaMHOkecTBO si3pika OWL, oGnazaroiiiee 1O0CTaTOYHON BBIPA3UTEIILHON
MOIIHOCTBIO. ITocne TpaHCIAOUNU CTAHOBUTCA BO3MOKHBIM HCIIOJIB30BaTh

ABTOMATH3MPOBAHHBIE HHCTPYMEHTHI aHaim3a oHtoioruii [20], Takue kak
RACER [21].

e  AHaju3 Ha OCHOBE MMPOTPAMMHPOBAHHS B OTPAHHUCHUSIX.
B aTOM moX01€ OTpaHMYEHIS MOJIEITH BapHaOeIbHOCTH TPAHCIUPYIOTCS B
ommcanne 3amaun CSP (Constraint Satisfaction Problem), koTopast 3aTem
AQHAIM3UPYETCS  C  MOMOINBI0  CYHIECTBYIOLIMX  HMHCTPYMEHTOB
NpOrpaMMHpPOBaHMsl ¢ OrpaHudyeHusMu (constraint programming). Cw.,
Hanpumep, pabotsr [22,23].

e  AHaju3 Ha OCHOBE MIPOBEPKU MOJEICH.
HekoTopble uccneoBaTend HCMOIb3YIOT NpeoOpa3oBaHHe OrpaHUYCHHUIT
MO XapaKTEepPUCTHK B 3amaun mpoBepku moneneir (model checking),
KOTOPBIC 3aTEM PELIAIOTCS COOTBETCTBYIOIIMMHU HHCTpYMEeHTamu [24,25].

L4 HpI/IMeHeHI/Ie CIICHUAJIU3UPOBAHHBIX aJITOPUTMOB.
HeKOTOpLIC ucciaeaoBaresin  npeajarator  y3ko CrICHHUaIU3UPOBAHHBIC
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QNTOPUTMBI ISl PEIICHHS KOHKPETHBIX 3a7ad aHajlu3a MoJenei

XapaKTepUCTHK, HAIPUMEp, IUII OIEHKH YHCia JTOMyCTUMBIX BapHAHTOB.

OmnucaHue TaKUX IMOIX0I0B MOXHO Haiitu B [10].
B wumHCTpyMeHTaX, pa0oTaromuX € TMPAaKTHICCKH BaXXKHBIMH s3bikamu Kconfig u
CDL, Bo3MmokHOCTH aHanm3a Mojeneil BeckMa orpanmdensl. s Kconfig mownck
HECOTJIACOBAaHHOCTEH W HEOOIyCTUMOCTH  KOH(QUTYpaluil  BBIIOJIHAIOTCS
ABTOMATHYECKH TOJIBKO JUIS MOJENeH C OTPaHHYCHHUSAMH, HE BKIIOYAIOUIIMH
XapaKTEepUCTUKH, HE HUMeromue obmero poautens. [Ipu ucmnonb3oBaHuu Ooiee
o0IIMX OrpaHWYEHHH WX TNPOTHBOPEYUS M COOTBETCTBHE UM KOHQHTyparui
ABTOMATHYECKH HE BBIABISIOTCS. [loyIb30BaTENM NOJDKHBI BPYYHYIO OTCIIEKHBATH
co0JII0IeHHE TaKOTO POJIa OTPaHUYECHUH.
B CDL wumeercs mnojnmepka aHaln3a HENPOTHBOPEYMBOCTH KOHQUTypaluH,
OCHOBaHHAsl Ha MPONO3MLMOHAIBLHOM soruke. [Ipu Moandukannm KoH(GUrypauuu
MHCTPYMEHT aHain3a OIpelelisieT MPOTUBOPEUHsl M MOACKA3bIBACT IMOJIb30BATEINIO
CIOCOOBI UX pa3peleHHs.
B pabGorax [10,12] moka3ano, 4yro mnsi oboux s3eikoB Kconfig u CDL Her
NOAJIEP)KKKA OoJiee Pa3BUTHIX NOAXOIOB aHalU3a MoJelieldl BaphabeIbHOCTH,
JOCTYIHBIX JIJIS  MCCJIEJOBATENICKMX  SI3BIKOB, IIOYTH HEUCIIOJIB3yEMBIX B
MPOMBIIIICHHBIX TIPOEKTaX. OTO TOBOPUT O HAIWIAH BO3MOXHOCTEH ISt
CYIICCTBEHHOTO pa3BUTHS TNPUMCHAEMBIX Ha TNPAKTUKE SI3BIKOB OIHCAHHSA
KoHurypanuii cucremuoro [10.

3. MemoObI eepughukayuu u aHanu3sa eapuabenbHbix OC

Kak yxe ObI7I0 cka3aHO, OCHOBHBIE ITPOOJIEMBI aHaAIN3a U BEpH(PHUKALINH CIIOKHOTO
BapuabensHOro cucteMHoro I1O cBA3aHbI C HEBO3MOKHOCTBIO TIOYYUTh 3HAYUMYFO
nH(OpMaLHIo, aHATH3UPYs] KOMOMHHUpPYEMBIE B paMKaxX BapHaHTOB ()parMeHTHI KoJa
M0 OTJENBHOCTH, M3-32 OTCYTCTBHSI y HHUX CBOMCTB, IEPEHOCHMBIX HA ITOBEICHHUE
camux BapuaHToB [10, 1 ¢ HecrmOCOOHOCTHIO IPOBEPUTH KaXKIBIA U3 BapuaHTOB [10
B CHJIy MIX OTPOMHOTO KOJMYECTBa. PemaTs 3TH mpobiIeMbl MOKHO OJHHM U3 JIBYX
CIOCO00B.

e lcronb3oBarh 6e3 MomUdHKAIMH TE K€ HHCTPYMEHTHI M METO/IbI aHAJIN3a,
YTO W IS aHajJM3a COIJIACOBAHHOTO Koja (OZHOTO BapUaHTa CHCTEMEI).
[Ipu 3TOM MOJBEPTHYTh aHAIN3Y MOKHO TOJIBKO OT/IEJIbHbIE BAPHAHTHI, HO
He Bce (BCEX CIMIIKOM MHOTO), COOTBETCTBEHHO, BO3HHKAeT 3ajaya
BBIOOpa HEOOJBLIOTO IPEACTABUTENBLHOTO IIOJMHOXECTBA H3  BCEro
IPOCTPAHCTBA JOIYCTHMBIX BapHaHTOB. JTa 3ajlaya aHAJOTHYHA 3ajade
BbIOOpa HEOOJIBIIOTO, HO TPEICTABUTEIHHOTO MHOXKECTBA CHUTYAIlHi,
KOTOpBIE OyIyT WCIIOIB30BaThCSl B TECTaX, M3 BCEr0 THUTAHTCKOTO
MHOXKECTBA CHTYyallli, BO3MOXKHBIX NPU paboTe TECTUPYEMOH CHCTEMBI.
Bropast 3aaua 00bIYHO penraeTcs Mpy NOMOLIM BEIOOpA Tak Ha3bIBAEMOTO
Kpumepus NOIHOMbl TECTUPOBAHUA, WIN Kpumepus nokpuimus. Tak e u
NPU PELICHUH NEPBOH JIOTMYHO C(HOPMYJIHPOBATh HEKOTOPBIH Kpumepuil
ROKPBIMUA  NPOCMPAHCMBA 8APUAHMOS, JIOCTIXKEHHE KoToporo (T.e.,
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TPOBENICHHE aHaIn3a JUIs Habopa BapHaHTOB, YAOBICTBOPSIOIIETO 3TOMY
KPUTEPHIO) TI0 HEKOTOPBIM MPUYNHAM MOKHO CUMTATH JOCTATOYHBIM IS
BBISIBIICHUSI BCEX CYIIECTBEHHBIX CBOMCTB M OMIMOOK, XapaKTEPHBIX st
BCero Habopa BO3MOKHBIX BapHaHTOB. Mew, Jexkaiye B OCHOBE BEIOOpa
TAKOrO KPUTEPHS, MOTYT ObITh Pa3IMYHBIMHU, HO TPEOOBAHUS K HEMY TaKHe
e, KAK U K KPUTEPHIO MOJHOTHI TecTupoBaHus. OH JOJDKEH 1aBaTth, C
OJTHOM CTOPOHBI, BO3MOXXHOCTh BBISIBUTH HA YIOBIECTBOPSIOIIEM €EMY
Habope BapHaHTOB BCE CYIECTBEHHbIC 0COOCHHOCTH MOBEICHHUS CHCTEM H3
ceMeiicTBa M ONIMOKH, M, C APYroi, BO3MOKHOCTb BBIOpATh JOCTATOYHO
MaJIeHPKOe MHOKECTBO BapHAHTOB, YAOBIETBOPSIONIMX 3TOMY KPUTEPHIO,
qT00BI WX TIONHBIA aHANW3 ObLI TPAKTHYECKH OCYIIECTBHM B pPaMKax
OTpaHUYEHUI TIPOEKTa Ha TPYIAOEMKOCTh H CTOMMOCTb.

Takne METOIBI MOKHO Ha3BaTh anaiuzom ewibopku eapuanmos (sample-
based analysis). B 063ope [26] mogo0HbIe METOABI HA3BaHBI HALIEIICHHBIMHU
Ha npoaykrt (product-based).

Hpyroii croco6 — MomupHUKalus METOJOB M HHCTPYMCHTOB aHan3a C
HENBI0 MOAJEPKKH WMH pabOThl ¢ HECKOJNBKAMU  BapUaHTAMU
OIHOBPEMCHHO, T.€., BHECCHHE B X pabOTy TaKWX HU3MEHCHHi, KOTOPBIE
MO3BOJISAIOT AHAIW3UPOBATH CBOWCTBA Cpa3y HECKOJIbKHX BapHAaHTOB
OpPOBEPSIEMON CHUCTEMBI, HCIONB3YsS ISl SKOHOMHH YCHIHH OJIH30CTH
GONBIIMHCTBA BAPUAHTOB JPYT K JAPYry. B 3TOM ciydae MO-TpexHEMY
HEJb3s HANesThCS HA BO3MOXHOCTh IMPOBEPKH Cpa3y BCEX BapHAHTOB
CHCTEMBI - WX CJIHIIKOM MHOTO, 4YTOOBI MOKHO OBLIO y4YeCTh BCE
BO3MOXHBIC BApPHUAHTHI MOBEICHHS B paMKax OJHOTO aHamm3a. OmHAKo,
MOKHO BBINEJISATH Ul K&)KAOTO BBINOJNHEHWs aHaim3a 0oJiee KPYIHbIE
KYCKH KOJia, KOTOPbIE YK€ MOTYT OBITh KOMIIOHEHTaMH (WK TPYyIIIaMu
KOMIIOHEHTOB) € Y€TKO BBIJCICHHBIM HHTEPHEHCOM U OIpPEHEIICHHBIM
HOBE/ICHUEM, aHAIM3UPYsT KOTOPOE MOYKHO a/IeKBATHO BBUIBISATH CBOMCTBA
cucteMbl. [103TOMy [pH TOM MOAXOIE TAKXKE BO3HUKAET MOTPEOHOCTH B
KPUTEPHH MOKPHITUS, HO HE B MPOCTPAHCTBE JOMYCTUMBIX BAPUAHTOB, & HA
MHOKECTBE KOMITIOHCHTOB CHCTEMBI C WX TOYKAMH BapHalud - Oyaem
Ha3bIBaTh €ro Jaliee Kpumepuem NOKpbimus gapuayuti. ITOT KPUTEPHi
TaK)Ke JOJKEH OTPEICICHHBIM 00pa3oM rapaHTHPOBATh BBISBICHHE BCEX
CYIIECTBEHHBIX CBOWCTB M OIMMOOK BapHAHTOB CHCTEMBI W 00ECIEUHTDH
BO3MOXHOCThH BBIOOpA JIMIII HEOOJBIIOTO KOJMUYECTBA TPYIIN, KaKaas W3
KOTOPHIX B wWrore OylIeT MOABEPrHYTa aHalu3y. 3aMEeTUM, 4YTO
OCOOEHHOCTH HCIOJB3YEMBIX HHCTPYMEHTOB U MOBEICHUSI Pa3IUYHBIX
BAPUAHTOB CHCTEMbI MOTYT HOTpebOBaTh, YTOOBI 3TH  TPYIIIBI
[EPECEKAINCh KaK 110 KOMIIOHEHTAM, TaK H 110 TOYKaM BapHALliu.
IogoGHbIe METOABI WHOTZA HA3BIBAIOT YUUIMbIGAIOWUM BAPUABETLHOCb
ananuzom (variability-aware analysis) [27]. B [26] ati MeToabl Ha3BaHbI
HaneJeHHbIMU Ha cemeiicTo (family-based).
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O0630p OMHCaHHBIX B JINTEPATYPE METOJOB aHAIM3a BapHaOEIIbHBIX OTIEPAITHOHHBIX
CHCTEM IOKa3bIBaeT, 4TO 00a YKa3aHHBIX IOJIX0/Ia UCIOIb3YIOTCS B UCCIICIOBAHUAX
M Ha TpaKTUKEe, OJHAKO OoJiee aKTUBHO Pa3BHBAIOTCS METO/bI IEPBOTO THUIIA,
UCTIONb3YIOIINE KPUTEPUHU MOKPBITHSI MPOCTPAHCTBA BAPHAHTOB. TEXHHKH BTOPOTO
TUIIA BO3HUKJIM OTHOCHTEJIEHO HEIABHO W MOKA HE JOCTHIIA MAacIITaOUPYeMOCTH,
HEOOXOAUMOM ISt MOIEPKKHU aHamu3a npombiiienHoi OC, Takoi kak LinuX.

B 00630pe [26] BbimeneH eie OMMH BHI METOIOB aHANM3a CEMEHCTB CHCTEM —
aHanu3, HareJdeHHbi Ha xapakrepuctuku (feature-based), mpoBogumbiii Takum
00pa3oM, YTOOBI BBHISIBUTH CBOMCTBAa BCEX BAapHUAHTOB, OOJIAMAIOUIMX 3aJaHHBIM
3HAYCHHUEM BBIJICJICHHON XapaKTCPUCTUKH, OC30THOCHUTEIBHO OCTambHBIX. OIHAKO
UCTIONB3YeMbIl  1ist  cucteMHoro [10 MexaHuw3m BapuaOelbHOCTH (YCIOBHAsS
KOMITWJISIIIMS) KpaiHe YCIOXKHSICT MPOBEICHHE MOJOOHOr0 aHaiM3a MpU HATUYHU
MHOTHX XapaKTEPUCTHK, TMOCKOIbKY crelupUIHbIe TONBKO Ml  3aJaHHOM
XapaKTEPUCTUKU CBOMCTBA OUSHBb TPY/IHO BBIICIUTH HA (DOHE CIIOKHOTO TOBEICHHS,
OTIPEIeIIIEMOr0 OOJIBIIMM YUCIOM XapaKTEPUCTUK M UX B3aUMOCBs3sAMH. [1o3TOMY
Takas Pa3HOBHIHOCTh aHajM3a CIOKHOro cucremHoro IIO mpakTHueckd He
BCTpeUaeTcst U 00CYkIaThCs B JAHHOU paboTe He OyaeT.

Eme onuH 0030p MHCTPYMEHTOB aHajHM3a BapHaOENbHBIX CHCTEM MOXHO HaWTH
B [28]. HekoTopyro HHPOPMAIIHIO U3 3TOr0 0030pa MBI UCIIOIB3YEM B JAlIbHEHIIIEM,
HO OH, 10 OOJIBIIEH YaCTH, PACCMATPUBACT HHCTPYMEHTHI aHAITU3a BHE TOW CHCTEMBI
MOHSITHH, KOTOpast TpeOyeTcst HaM.

3.1. MeToabl aHanu3a Ha OCHOBEe BblIOOPKN BapUaHTOB

V3BecTHBIE METOIBI aHAAM3a BBHIOOPDKH BAapPUAHTOB JIEJHITCS HA CIEAYIOIIHE
rpymmsl [27].
e Ucnonb3oBaHue OmHOW «HamOoJee MPEACTABUTEIBHON» KOH(DUTYPAIIUH.

B 3TOM citydae mbITAIOTCS BBIOpATh OAHOTO MPEACTABUTEINS IIPOBEPIEMOrO
ceMeicTBa CHCTEM, OOJNANAMOIIEro KaK MOXKHO OOJIBLIIMM KOJIHYECTBOM
XapakTePHBIX CBOWCTB WJIM BKJIFOYAIONMIETO KaK MOYKHO OOJBIIE KOJa.
Yame Bcero aisi BbIOOpa TaKOTO BapHaHTa HEOOXOJMMO IPHUBJICUCHUE
aKcrepToB. B coobrectBe pazpaborumkoB siapa LinUX B 3TOM KadecTBe
OPHUHATO  WCIOJB30BaTh KoHpurypaummio allyesconfig, B koropoii
GOBIIMHCTBO XapaKTePUCTUK BKITF0OUEeHO [29].
OGBIYHO TIPH JOCTATOYHO BBICOKOM CIIOKHOCTH MOJENH BapHaOelbHOCTH
aHAJIU3 TOJIKO OJHOTO BapHaHTAa HECMOCOOEH AaTh NOCTATOYHO MOJHYIO
UHGOPMALIMIO O BO3MOXHBIX CBOWCTBaX BCEro CEMEWCTBA. DTOMY 4acTo
MELIAIOT MHOTOYHCIICHHBIC B3aHMMOMCKIIOYAIOIINE XaPAKTEPUCTHKH U
Oosnee CI0KHBIC OTPaHUYCHUS HA BO3MOXHBIC KOMOWHAIIMU UX 3HAYCHHUIL.
[loaToMy B CIOXHBIX CIydasx BBIOOp «Haubojee MPEACTABUTEIBHOI
KOH(HUrypamunm MOXeT ObITh JOCTATOYHO XOPOIIMM HA4ajoM IS
nocTpoeHuss HabOpa BapHaHTOB JUIsl aHajinW3a, HO BCerga MOJDKCH
JOTIONHSTHCS IPYTHMH BapUAHTAMH.
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Hcnonb30Banne CIIy9aifHBIX KOHQUTYPAITHIA.

Jis aHanmm3a MOMET HCIONB30BaThCs (TICEBIO-)CIYyYaifHO ITOCTPOSHHBIH
Ha0oOp HOMyCTHMBIX KOHOurypamumit. s LiNnUX ecTs HHCTPYMEHT WX
nocrpoenus, randconfig, wacto wcmonb3yeMblii MPH  HEOOXOAUMOCTH
noNy4YuTh  ciydaiiHpie  koH¢urypauuu [30]. HWHorma  moctpoeHue
KOH(UTypanuii, yJOBIETBOPSIONINX BCEM OTPAaHUYCHUSIM, HETPUBHAIBHO U
TpeOyeT IPUMEHEHHUS CIIOKHBIX IBOJIFOLUOHHBIX anroput™oB [31].
CoryuaitHbIi BBIOOD Habopa BapUaHTOB HE rapaHTHpyeT
NPE/ICTABUTEIIBHOCTH MX TOBEICHUS Ui BCErO aHaIU3UPyEeMOro
CeMEeWCTBA WM JOCTIKEHHS OIPENIENICHHOTO KPUTEpHUs IIOKPHITUS. TeM He
MEHee, OH MOXET HCIOJIB30BaThCs Kak 3aTpaBka Habopa BapHaHTOB I
JaJbHEHIIero MOMOJTHeHUS Ha OCHOBE BHIOPAHHOTO KPUTEPHUS TOKPBITHSL.

Vcnonp3oBaHme KpUTEPHUEB TIOKPHITHS KOJIA.

Kpurepun TOKpBITHS BapHaHTOB, HCIOJB3YIONIME IOKPBITHE KOJa,
YUUTBHIBAIOT, HACKOJIBKO B BHIOPAHHOM HaOOpe BAPHAHTOB HPEICTABICHBI
pa3nuyHble (parMeHTHl KOJAa, KOTOPBIE MOTYT OBITh BKIIOYEHBI HIIH
UCKJIIOYEHBI MPU TOCTPOCHUH JAOIyCTUMOTO BapHaHTAa CHCTEMBI (Takxke
MOTYT YYWTBHIBAaTbCS pa3IMUHbIE BO3MOXKHBIE KOMOHMHAIMM  TaKUX
(bparMeHToB). DTH KPUTEPHH OTIMYAIOTCS OT KPUTEPHEB IMOKPHITHS KOIA,
UCIIONIb3YEMBIX MPU TECTHPOBAaHMM, — IIEPBBIC HAICJICHI HA BBIOOD
HEKOTOpOro Habopa BapHAHTOB, COJEPXKAIIUX KAKHe-TO KOMOWHAIHH
(hparMeHTOB KO/a, a BTOpPbIC Ha BBHINOJHEHUE ONPEJIENICHHBIX YacTei Koja.
Hamnbonee mHUpOKO HCMOJIB3YEeMBIM KpPUTEPHEM TAKOTO poja sBISETCA
TpeOOBaHHE TOTO, YTOOBI KaXAbl (aKTyalbHBIH) (parMeHT Koaa W3
PEno3uTOpHsl TPOrPaMMHOTO CeMEHCTBAa BXOAMJI XOTS Obl B OAMH W3
BapUaHTOB, OTOOPAaHHBIX IS aHAIN3a. HecMOTpst Ha TO, UTO 3TO HE CaMbIi
CHJIbHBIA KPUTEPUI — MPHU €Tr0 MCIIOJIb30BAHUH MOTYT OBITh HE BBISBIICHBI
OIMOKH, TPOSBIAIOMIAECS TOJNBKO IPH OMPEAEIEHHBIX KOMOWHAIMIX
BapbUpPyEMbIX ()ParMEeHTOB, — JIAKE €T0 JOCTIXKCHHE B CIOXKHBIX CITydasix
CONPSDKEHO CO 3HAYMTENBHBIMH 3aTpaTaMu. TeopeTHdecKW 3ajada
MOCTPOEHHsT MUHHMMAJIBHOTO Takoro Habopa BapHaHTOB CBOAMTCS K
HekoTopoit NP-monHo#t 3amaue [27], mosTOMy Ha NpaKkTHKE JIydlle
HCIIONIB30BaTh aJITOPUTMBI, CTPOSIIHE HEONTUMAaNbHbIE Habopsl [32], HO
JIaXKe OHM HE BCETJIa af0T YIOBICTBOPUTEIbHBIN pe3ynbTar. B padore [33]
Juist BeIOOpa Habopa KoH(uryparmid supa LinUX, MOKpHIBAalOIIMX Kak
MOXHO OOJIbIIe KOJa, UCIOIb30BAIICS CHENUATN3UPOBAHHBIH HHCTPYMEHT
VAMPYR, koTopblif cMOT MOJIy4nTh MakCUMaJIbHOE IOKpBITHE Koxa 91%
JUISL apXUTEKTYphl MIPS (i apxuTekTyp X86 W arm yaanock MONy4YHTh
Bcero 88% u 84%). Hcnons3oBanue oot koHdurypauuu allyesconfig
JIaJio JUIsl 9TOH apXUTEKTYpHI MOKphITHE 55% Koaa (cooTBEeTCTBEHHO, 79%
u 60%), 4TO MOKa3bIBACT, TAK)KE, HACKOIBKO HA MPAKTHKE OIHA, JAKe
«camas TIPEACTaBUTENIbHAS» KOH(QHUTYpalUs MOXXET Majo 3aTparuBaTh
BO3MOJKHBIC BAPHAHTHI IOBEJICHUS CHCTEM ceMmelcTBa. [l MOBBILICHHS
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STUX 3HAYEHMH MOTYT MOHAJOOMTHECS ropa3fo OOJee CIOKHBIE TOIXOIbI,
CIIOCOOHBIE, HANpUMeEP, OOECHEYUTh BKIKYEHHE KOI4, BBIAEIECHHOIO
HecKonbKuMH qupektuBamu #if/#ifdef.

e lcrnonp3oBaHWE  KPUTEPHUEB  TMOKPHITHA  KOMOWHANWK  3HAUYCHHH

XapaKTEePUCTHUK.
OmnH w3 cmoco0OB  3a4eHCTBOBATH  3aKPBHIBAGMBIH  yCIIOBHBIMU
JUPEKTUBAMH KOJ — HCIOJIb30BaTh COOTBETCTBYIOIIYIO KOMOHHAIMIO

3HAa4YEeHHH XapaKTepUCTUK. DTO COOOpakeHue, a Takke Oojee oOas uaes,
4TO, pean3ys pa3jinuHble KOMOMHAINY 3HAYCHUI XapaKTepPHCTHK, MOKHO
JIOOWUTBCS TPOSBICHUSI BCEX BO3MOJKHBIX BAPHAHTOB IOBEJCHUS, CITyXKaT
obocHOBaHMEeM BbIOOpa Habopa BapHaHTOB [yl aHalM3a Ha OCHOBE
00pa3yeMoro MMM MOKpPBITHS Pa3JUYHBIX JIOMYCTHMBIX KOMOWHAIMN
3HAYCHUH XapaKTePUCTUK M3 MOJEIU BapHAOCIBHOCTH. MaTeMaTHYeCKOH
OCHOBOIl TaKMX METOIOB CIY)KaT aJTOPUTMBI IIOCTPOCHHUS HOKPBIBAIOWUX
Habopos (covering arrays) [34-36], koTopble YacTO HUCHIOIB3YIOTCS B
koH(purypaunonHom  rtectupoBanuu [37,38].  IlokpeiBaromumii  Habop
rIyOuHBl  ompenenser MaTpULy 3HAauYCHHI, B KOTOPOH CTOJNOLEI
COOTBETCTBYIOT XapaKTCPHCTHKaM (3HAYCHHSMH B CTOJIOLE MOTYT OBITH
TOJIBKO JOMYCTUMBIC 3HAYEHUs] COOTBETCTBYIOILEH XapaKTEPUCTHKH),
CTPOKU — BBIOMpAaeMbIM BapHaHTaM, U Kakaas KoMOuHauus t 3Ha4YeHuil B
Jr00BIX pa3HbIX t cronOnax o0s3aTeNIbHO BCTpEYaeTcs B OJHOM M3 CTPOK.
ITpocteiimuM ciydaeM sBIsSETCS MOKPBIBAIOUINA Habop riryOuHBI 2 (win
NOMAapHbBI, Pairwise), Mo3BOMSIIOIIMI TMOKPBITE B pamMkKax Habopa
BapUaHTOB, 3a/1aBAEMOI'0 €ro CTPOKAaMH, BCE COYETaHMs Nap 3HAYCHHH
xapakTtepuctuk [39]. 3agavya MOCTPOSHUSI MUHUMAIBHOTO MOKPBIBAIOLIETO
HaOopa NP-momHa, HO cymecTBYIOT 3((GEeKTHBHBIE  aITOPUTMBI
NOCTPOCHHST HA0OPOB, JIMIIb HEMHOTO OONBLIMX, YeM MHUHHMMajbHbIC [35-
38]. Jns cnmoxHBIX Moneneld BapHaOeIbHOCTH OOJbIIei mpoOieMoit
SBIISICTCSl YIOBJIETBOPEHHUE BCEX HAaJaraeMbIX MOJICIBIO OrpaHHYCHHU,
MOATOMY TEXHHKH CO3JaHHUsl  MOKPHIBAIOLIIMX  HAOOPOB  JIOJKHBI
JIOTIOJIHATBCSL IOCTATOYHO A(P(PEKTUBHBIMU METOJAMH TIOCTPOCHHUS WU
BBIOOpA YIOBIECTBOPSIONIMX OTPaHUUCHUIM KOH(uryparmii [40,41].
Kak BHJHO, MCXO/s M3 HAIECJICHHOCTH Ha aHalM3 KaK MOXXHO 0Ooliee IIHUPOKOTO
HaboOpa BapHaHTOB IMOBEACHHs, HAUOOJbBIIME MEPCHEKTUBbI Ul JAJIbHEUIIEero
pa3BHUTHSI CPEM METOJIOB aHAJIM3a HA OCHOBE BHIOOPKH BapHaHTOB UMEIOT METO/IbI,
OCHOBAHHBIC Ha MTOKPHITUN KOJa U KOMOWHAINH 3HAYCHUH XapaKTepUCTHK. Briomxe
BO3MOXXHO CO3/IlaHME T'HOPW/IHBIX TEXHHUK, COBMEIIAIONIMX HCIIOJIb30BAHHE
KOMOHMHATOPHO! I'eHEepaIiiy U OTCIISKUBAHUE JJOCTUTAEMOTO MOKPBITHS KOJIa.

3.1. MeToabl aHanu3a, yuuTbiBawLme BapuabenbHOCTb

Metonp! aHanm3a W BepUPHUKAINK, YIUTHIBAIOIINE BapHaOeIbHOCTh MPOBEPSIEMOit
CHCTEMBI, TIBITAIOTCS TPOBOIUTH MPOBEPKY Cpa3y MHOTHX (WIH JOaXe BCeX
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BO3MOJKHBIX) BAPHAHTOB OJHOBPEMEHHO, COKpAIllas CyMMapHBIC 3aTpaThl Ha HEe 3a
cdeT 00IBIIOT0 0OBeMa 00IIero Koia BO BCceX BapHaHTAaX.

VYuer BapuabenbHOCTH TpeOyeT MpU peanu3aldd WHCTPYMEHTOB —aHain3a
UCIIONb30BaHKUsl  MOJU(DUIMPOBAHHBIX JIEPEBbEB a0CTPAKTHOrO  CHHTAKCHUCA,
pa3MEUYeHHBIX  YCIOBHSMH  HCIOJNB30BaHMS  TE€X  WIA  HWHBIX  Y3JIOB,
MPEACTABISIOMAMEI  CO00H  OOBIYHO  TPOMO3WIHOHAIBHBIE  (OPMYNBI  Hal
paBEeHCTBAMHM  XapaKTEPHCTMK W WX  BO3MOXHBIX  3HaucHuit [27,42].
OnyOJIMKOBaHHBIC METOJBI TAKOTO POJia OOBIYHO OTHOCATCS K METOJaM IPOBEPKHU
tuno (type safety checking, well-formedness checking) [43-46] wiu meTtomam
npoBepku Mmojeneit (model checking) [47-51], ecTh Takke HeCKOJIBKO paboT,
UCMIONB3YIOIUX  JAeAyKTHBHYI0 Bepudukammioo  (theorem  proving) [52] wu
CHUMBOJIMYECKH MOHUTOPHUHT [53].

Metonpl  aHanM3a, YYMTHIBAIOIIME  BapuabenbHOCTh, 0ONamaloT  ABYMS
CyHleCTBeHHbIMI/I HEeaO0CTaTKaMU (HO CpaBHeHI/IIO C OCHOBAaHHBIMHU Ha BI>I60pKe
BapI/IaHTOB)I ux HpI/IMeHeHI/Ie Hy)KZLaeTC)I B aKKypaTHOM HUCIIOJIB30BAHUU HOJ'IHOﬁ
uH(OpMALIUK 0 MOJENIN BapHabeIbHOCTH, KOTOPask YaCTO MPE/CTaBlIeHa HEe TOJIBKO
B KOJIe, & U B KOHQUT'YPAIIMOHHBIX (Daiiiax, ¥ B HACTPOIKaX HHCTPYMEHTOB COOPKH,
a TaKKe TpeOyeT 3HAYUTENbHON JOPabOTKU M YCIOKHEHHSI HHCTPYMEHTOB aHAIU3a,
YTOOBI T€ MOTJIM YIUTHIBATh BCE UCIIOIb3yEMbIC XaPAKTEPUCTUKH U OTPAHUYCHHS.
Hawubornee mepcrneKTHBHO C TOYKH 3PEHUS] MACIITAOMPYEMOCTH M3 3THX METOIOB
BBITVISIIAT TEXHUKU TPOBEPKH THIIOB, MAIOIIME BO3MOXHOCTh 3(deKTHBHO
MPOBEPATH MPOCTEHIIINE CBOWCTBA KOPPEKTHOCTH, U TEXHUKH IPOBEPKU MOJIEICH C
UX UTEPAaTUBHBIM yTOuHeHueM, [51] TpeOyroline MHUHUMAJIBHOIO BMENIATEIHLCTBA
YenoBeKa IMpU aHaiu3e OONBIIOr0 Mo 00beMYy KOJA CO CIIOKHBIM IOBEICHHEM.
OCTaHI)HI)Ie METOAbI CTAHOBATCA qpe3MepH0 CJIIOKHBIMHU HpI/I y‘-IeTe peaJ’II/ICTI/I‘IHbIX
Mo/ielieii BapruabeIbHOCTH.

4. 3aknroyeHue

B cratee paccMOTpeHBI 3amaud  BepH(UKAMM W aHATW3a COBPEMEHHBIX
MPOMBIIIJICHHBIX OIEPAllMOHHBIX CHCTEM C YYETOM HX BapHaOENbHOCTH, WIH
Hamn4us OOJIBIIOTO dYHCIIa BO3MOXHBIX KOH(pHrypanuii. OCHOBHBIE TPOOIEMBI,
CTOSAIINE B 3TOW 00JIaCTH, — HEBO3MOXXHOCTh B Pa3yMHBIE CPOKH IPOBECTH aHATIN3
BCEX JONMyCTHMBIX BapHaHTOB CHCTEMBl M HEBO3MOXXHOCTH BBIIBUTH 3HAUNMBIE
CBOWCTBA IPH aHAJN3€ OTAEIHHBIX (parMEeHTOB KOAA, N3 KOTOPBIX COOMPAIOTCS ATH
BapUaHTHI.

Mertonbl aHanM3a, CIOCOOHBIE CIPABUTHCA C 3TUMHU MPOOJIeMaMu, NEJATCS Ha JBE
TPYNIIBL: aHAIN3 HEKOTOPOI BBIOOPKH BAPHMAHTOB M3 BCEX BO3MOXKHBIX M aHAIIN3
KOJla C y4YeTOM €ro BapuaTuBHOCTH. Ha ocHOBe mnpoBeieHHOro 0030pa TaKuX
METOJIOB, Y4YHUTHIBas OOJbLION 00BEM KoOJa M CIIOKHOCTH COBPEMEHHOTO
cucremHoro I1O, a Takke HaleNEHHOCTh HA IPOBEACHHE KaK MOXHO Ooiiee
MOJIHOTO aHalin3a IOBEICHMS BCEX KOHQUIYpauid CHCTEMBI, Mbl BBIOpaiH
HECKOJIKO METOJI0B, HanboJjiee MepCIeKTUBHBIX AU JajbHEHIero pa3sBuTus. Mmu
ABJISIIOTCSL  XOPOIIO ~ MacITaOMpyeMble TEXHHKH, HCHOJNB3YIONINE BBIOOPKY
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BapHaHTOB Ha 0a3e TMOKPBHITHSA KoJIa W/WIM Ha 0a3e TMOKPBITUS pPa3IUIHBIX
KOMOMHAIMH 3HAYEHHH KOH(QHUIYPAL[MOHHBIX MAapaMETPOB, & TaKKe TEXHHKH
aHanM3a KOJa, HCIOJB3YIOIINE HTEPATUBHOEC YTOYHEHHE MOJENie Ha OCHOBE
KOHTPIIPUMEPOB.
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Abstract. This paper regards problems of analysis and verification of complex modern
operating systems, which should take into account variability and configurability of those
systems. The main problems of current interest are related with conditional compilation as
variability mechanism widely used in system software domain. It makes impossible fruitful
analysis of separate pieces of code combined into system variants, because most of these
pieces of code has no interface and behavior. From the other side, analysis of all separate
variants is also impossible due to their enormous number. The paper provides an overview of
analysis methods that are able to cope with the stated problems, distinguishing two classes of
such approaches: analysis of variants sampling based on some variants coverage criteria and
variation-aware analysis processing many variants simultaneously and using similarities
between them to minimize resources required. For future development we choose the most
scalable technics, sampling analysis based on code coverage and on coverage of feature
combinations and variation-aware analysis using counterexample guided abstraction
refinement approach.

Keywords: operating system; software product family; variability model; software
verification; static analysis; model checking; type safety checking; source code coverage;
covering array; counterexample-guided abstraction refinement.
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Abstract. With the growing volume and demand for data a major concern for an
Organization trying to implement Data Driven projects, is not only how to technically collect,
cleanse, integrate, access, but even more so, how and why to use it. There is a lack of
unification on a logical and technical level between Data Scientists, IT departments and
Business departments, as it is very unclear where the data comes from, what it looks like,
what it contains and how to process it in the context of existing systems. So in this paper we
present a platform for data exploration and processing, which enables Data-Driven projects,
that does not require a complete organizational revamp, but provides a workflow and
technical basis for such projects.

Keywords: data-driven projects, crisp, Hadoop, data vault, distributed, information
retrieval, sandbox, topic modelling, streaming processing, auto-scaling, mesos, kafka

DOI: 10.15514/ISPRAS-2016-28(3)-13

For citation: Topchyan A.R. Enabling Data Driven Projects for a Modern Enterprise. Trudy
ISP RAN/Proc. ISP RAS, vol. 28, issue 3, 2016, pp. 209-230. DOI: 10.15514/ISPRAS-2016-
28(3)-13

1. Introduction

More and more Organizations are aiming at implementing Data-Driven projects
[1][2] which aim at increasing the quality, speed and/or quantity of information
gained from Data collected by the Enterprise. The main goal is increasing the
quality, speed, and/or quantity of information gain for the purpose of innovation
(e.g. innovating a new methodology) or the economic benefit to an organization.
This is particularly challenging for existing Enterprises with years of organizational
structure and system already in place, as completely changing the way data is
accumulated, handled, shared and used is not feasible. To this end in this work we
present a platform for data exploration and processing, which simplifies data driven
project by means of intelligent automation. The main goal of the platform is to
improve any project that relies on data analysis, but at the same time can coexist
with the existing landscape and not require an immediate organizational revamp.
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The solution is designed to address three real world view points of issues in a Data-
Driven projects flow. We accumulated these viewpoints when working with such
projects at large Organizations. These viewpoints are outlined below and represent
the challenged a specific parts of the organizations usually faces in the development
stages of a Data-Driven project. We outline the issue and shortly outline how we
solve them by means of analysis, automation and logical structure.

1.1 Issues from the point of view of the IT department

The issues an IT department has, are often of a technical nature. One major problem
is the inability to give users access to raw data. Usually data can only be shared
by ways of export tools, which are vendor and apply some transformations
to clean up the data, this is often very useful, but in some cases, which we
will outline below lead to data loss and or corruption. Another problem
commonly faced is the lack of processing resources to use for any type of
exploratory large scale processing. Again most system and proprietary and
solve a very specific use case the department has. This also extends the first
3 issues in the sense, that there is basically no unified, system independent
way to provide data in a consistent format to users. And third there is
the issue of unstructured data, such as documents, log files and others.
These are most often not stored in a central system,. such as a database,
but are scattered around the departments and are handled in very specific
ways. This data is nonetheless immensely valuable when combined with
user data, and the systems which can load and interpret this data, such as
monitoring and operational systems are not designed to provide facilities for
data export and analysis outside their specific context. We aim to solve this
problem by implementing a so called Enterprise Data Vault, which provides
flexibility to ingest any type of data, while preserving its structural and
logical relationship. This approach also imposes and standardization on data
extraction semantics as well as format. The main goal is so that all data is
extracted in a consistent way in the scope of the same framework. A central
goal is to also support near-real-time ingestion for source that can benefit from
this and to facilitate dynamic and evolving schemas as well as a multitude
of formats.

1.2 Issues from the point of view of Data Scientists

The main issues Data Scientist encounters at most Data-Driven projects are
Organizational or Information sharing related. It is very often unclear who owns the
data, how much there is, what it contains and where it is stored. It is
practically quite challenging to keep the data with the same structure ad
without introducing a lot of structural changes as systems evolve and change
with time. This is a usual issue with change management in very large
Organizations and is very complex to solve directly. Most of this information
is contained or can be inferred from project and data documentation as
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well.  This information is readily available, but scattered around dozens
of systems and departments with no simple way to search or analyse it
from a unified interface. Even if the data documentation is found and
stakeholders are contacted there is no guarantee the data is usable as it
might contain dropped fields, wrong data types and so forth, is essence no
data profile is available. This is often a data quality and governance issue,
but this on its own can be challenging with a very large volume of data in
some systems and is often ignored or not update as projects continue and
technical staff comes and goes. We aim to solve this problem by building
a large scale and intelligent index of all project documentation and and
information about data and people responsible for it. This model should
capture changes to data, project and technical personnel without being
influenced or depending on manual updates and necessity for bookkeeping.
We extract the mapping of data source to project based on documentation
content, the mapping between data, projects and key knowledge owners
based on the data and document metadata as well as documentation content
analysis. These are then connected to each other based on the data in
question and augmented with comprehensive data profiles, which offer data
consistency and distribution at a glance. This will allow Data Scientist to
understand a lot about the data even before getting access to it. Once a
decision has been made, that the data is useful a so called isolated Sandbox
environment will be provisioned, which has access to the data and a cluster
of computing power. The Data Scientist will have full control in his isolated
environment with tools in place to fetch program dependencies, collaboration
and visioning. The environments are isolated, but are collocated on the same
hardware with dynamic resource allocation and monitoring, which allows a
high degree of efficiency in such a highly multi-tenant environment.
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1.3 Issues from the point of view of the Business department

The business department being the most knowledgeable of business processes
and what the data actually means in a business context is most often very
much interested in a simple way of querying and exploring data by means of
structure queries or analytical views. This is interesting for them in order to
understand what effect their business decisions potentially informed by Data
Scientist and Analysts, actually have. This is in most cases quite similar to
what the Data Scientist and Analysts want as well. The key difference is,
that the Business department is most interested in how effective all the DataDriven
projects are, be it the value they bring or in case of failed projects,
how much resources were wasted. We address this by the combination of
the entire platform of the Enterprise Data Vault and Sandbox environments
greatly increasing productivity and minimizing waiting time to access and
process data, and the Information Marketplace greatly decreasing the time
required to analyse and understand if a use case is viable considering the
information present.

We define our proposed solution as the Operational Data Platform.
The solution is based on modern concepts of resource scheduling [3][6]
and immutability concepts to achieve flexibility and scalability. The entire
platform is built around the concept of data streams [4]. The platform
has been successfully deployed and is being used by a Large Automotive
Organization in Germany to investigate Data-Driven project based on large
variety of data, such as analysis time series Car Telematics Data to predict
faults or patterns, analysing textual Quality Assurance data and others.
A high level overview of the entire solution is presented in Fig.1 and
contains all the building blocks and their connections. We will go into more
detail about each individual component in the following the chapters. But
first we will define in more detail, what we understand as a Data-Driven
project at an Enterprise.

2. Data Driven Projects

To clarify the problem we are approaching lets define in more detail
what a Data-Driven Project is and what the life cycle and goals are. A
Data-Driven project aims at increasing the quality, speed and/or quantity of
information gained from Data. Any type of data can be used varying in size, source
and  business/operational  importance. Such  projects usually involve
Data Scientists, Business and IT working together to build up use cases
by analysing, processing and presenting data in a meaningful way. The
result of the project may be a report, dashboard, or a web service used
by other systems. These are very involved projects and require a great
degree of domain, statistical, modelling as well as large scale data processing
knowledge. To highlight the problem we are solving, lets take a typical datadriven
project lifecycle at a major enterprise. Most Data-Driven project
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follow a variation of the Cross Industry Standard Process for Data Mining
project lifecycle [8]. This varies from organization to organization depending
on the maturity of the Data-Driven mindset, but CRISP is one of the most
widely accepted approaches to such projects. The life-cycle usually consist
of six stages of development, which can be iterated upon and repeated or
completely abandoned. A slightly modified version of CRISP is:

1 Business Understanding
This initial phase focuses on understanding the project objectives
and requirements from a business perspective, and then converting this
knowledge into a data-driven problem definition, and a preliminary plan
designed to achieve the objectives [8]. This can vary from common cases
such as Fraud Analysis to large Scale Car Telemetry analysis. Outlining the
case often takes on month or more.

2 Data Understanding
Once the cases is more or less clear it has to be clarified if there is any
data to support it. The business department often knows what data can be
used, but more substantive knowledge of the data is required, so it is a task
of the business department and the Data Scientists to find out who owns
and has knowledge of any data related to the case. This can take a very long
time and is notoriously difficult in a large organization, because it is most
often unclear who the data owner is and who is knowledgeable about this
data. These are quite often different people. In our experience, this process
might take upwards to two months’ time and often it is discovered there is not
substantial data to support the use case. This is already approximately 3 months on a
case that potentially is not even possible.

3 Data acquisition and preparation
If the data is present the next challenge is to acquire even a small sample
of the data, which is usually customer data and is not shared easily between
departments. This is again a costly process and can take up to two months.
Luckily Data Scientist can start work on at least sample data if it can be supplied.
But this again does not guarantee any data will arrive in the end.
The data has to be transferred and transformed into a usable state. This may also
take a large amount of time and is quite often the most time consuming
phase that involves technical work. In our experience this process is repeated
multiple times throughout the project and each iteration may take weeks.
At this stage it can be found out that the data is corrupted, with columns
missing or being uninterpretable due to formatting loss or it is just very
sparse.

4 Modeling

In this phase, various modeling techniques are selected and applied, and
their parameters are calibrated to optimal values. This is dependant on what
type of problem is being solved and is greatly influence by the type of data
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available. Some techniques have specific requirements on the form of data.
Therefore, stepping back to the data preparation phase is often needed [8].
Depending on the problem and budget this can take anywhere from one to
two months.

5 Evaluation
At this stage some result can be shown and the models and approach
evaluated, preliminary results discussed and it is decided if there any value
in continuing the project.

6 Deployment
Creation of the model is generally not the end of the project. Even if the
purpose of the model is to increase knowledge of the data, the knowledge
gained will need to be organized and presented in a way that it is usable.
Depending on the requirements, the deployment phase can be as simple
as generating a report or as complex as establishing a fault-tolerant and
monitorable process to repeat the modelling and provide periodic or real
time results to the user. This is usually done in conjunction with the IT
department. This process has to often be subject to the requirements and
limitation of the departments hosting the solution, which greatly limits
flexibility and performance. In our experience this is actually the most
complicated step based on the problem and can take many months.

It should be noted, that quite often these project involved external
suppliers, which means they are inherently more expensive the longer the
projects take. So in essence a project can fail on at least 3 separate stages.
Which might take months and can be very expensive and deliver few to no
results. With our proposed solution we try to tackle this time and knowledge
requirement and achieve faster success and faster failure time windows. In
the solution we presenting, Data Scientist will have access to all of the project
documentation and with the addition of intelligent search capabilities, they
can quickly find what data is about or who to ask about it. In our experience
this greatly facilitates the Business Understating. Using this information, they
can easily transition to the Data Understanding phase and analyses the data
source and discover the data-profile, what the data actually contains and if it is
actually useful and contains the required information. If the data is there
the only thing stopping the Data Scientists is the knowledge about the form
of the data and authorization to access it. This is again streamlined as all
the data is stored in a central repository in a very strict logical hierarchy and
the data schema and access rights are presented with the data itself. This
will greatly simplify some of the usual administrative and mechanical tasks a
Data Scientist would have to go through in the Data preparation stage The
last step is to get the authorization to use the data and request and analytical
environment to process it. In contrast to how this is usually handled, we try
to automate the process as much as possible. The only thing required is what
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data is needed, for how much time and what kinda of processing power and
tools are required. The data owner if automatically notified and they can
specify which parts of the data can be used and this permission is granted
based on a fine grained access control scheme. The requested environment
is the automatically provisioned with all the analytical and collaboration
tools built in. This aids the Data Scientist in the Modelling and evaluations
steps as they have access to a fit for purpose environments, where many
Data Scientists can collaborate and iterate on their findings. Once the case
is ready our platform greatly simplifies the deployment process as the data,
resource and tool requirements are fairly transparent at this stage. To this
end lets go into more detail about the components of the solution that allow
this flexibility, starting with how the data is collected, processed and stored.

3. Enterprise Data Reservoir

In order to enable all truly dynamic and Data-Driven projects, Analysts and Data
Scientists need to have unimpeded access
to basically all use case and customer related data. A logical first step is to
aggregate all the data of the Enterprise in a central place, so that one central
source of truth is viable to Data Scientists and the Business department. This
is what has been traditionally done in the Data Warehousing world. Data
Warehouses are central repositories of integrated data from one or more
disparate sources. They store current and historical data and are used for
creating analytical reports for knowledge workers throughout the enterprise.
Examples of reports could range from annual and quarterly comparisons and
trends to detailed daily sales analysis[16]. The problem with this approach is,
that it is very structured by definition. Relationships are all predefined and
data is usually transformed between the extraction and load steps to answer
very specific questions. This is keys for performance and to reflect enterprise
specific requirements for these views. For most Data Science use cases this is
not optimal, because structured transformation tend to remove some useful
data as they reflect the needs of the application, which may or may not align
with the goals of the data scientist.

Let’s take a project that aims to analyze text descriptions of defects in
different car models of an automotive manufacturer. These text descriptions
also contain information about, which car models the issues are about. Now
let’s say the business department is interested in using this data to build a
report of faults by car to analyze the efficiency of the Quality Assurance
department, but some older models that are not produced anymore or have
their names changed since the inception of the system. So the view in the
data-warehouse should contain the actual names and only the specific models
the business department is interested in. This works very well and provides
the report that the business department is interested in. Now a Data Science
project is started to analyze these descriptions and use them to predict
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possible future issues in newer models based on the problem description
and historic data [10]. The data in the Data Warehouse would be extremely
biased towards specific problem for specific cars, it would also essentially not
contain some models or contain ambiguity between the model dictionary the
data scientist has and what the data contains. would lead to the Clustering
and Classifications models not generalizing to the entirety of possible issues
and cars. The answer would be to go to the actual data source and use the raw
data, in its original form. This is often very complicated or even not possible
due to the structure of the Enterprise and the way data ownership is handled
and is very costly to implement on project by project basis. The currently
accepted solution for this is to load all enterprise raw data into a a single
repository, a Data Lake [11]. A |Data Lake is a method of storing data within
a system that facilitates the collocation of data in variable schemas and
structural forms, usually object blobs or files. Data Lakes are a popular way
to store data in a modern enterprise. The usual architecture is fairly similar
to a Data Warehouse, with the exception of almost all transformation.
The main role of a Data Lake is to serve as a single point of truth, which
can be used to create use cases, which join and analyse data from multiple
departments. It addresses issues of scalable and affordable storage, while
keeping raw data intact by loading the data unchanged into a distributed
file system, like the Hadoop File System [12] and provides and batch oriented
integration layer for downstream consumers and use cases. This approach has
a lot of merits, but most implementation lacks certain key aspects, which are
more and more important for a modern business, such as self-describing data,
tolerance to changes in the data source and support for low latency data
sources. For the purpose of this platform we have adopted a variation of the
Data Vault approach coupled with some concept of a Data lake implemented
on top of a variation of a Lambda Architecture.

3.1. Data Reservoir

In contrast to the commonly accepted practice of just ingesting all the
data as is into separate parts of the filesystem and then transforming it into
a meaningful state, our approach to model the data in a more structured
as we impose the format, structure and extraction semantics, but we still
remain flexible as the data is still ingested in almost raw form and Data
Vault modeling is only applied to sources for which it makes sense. Our
approach is based on 6 layers:

1. Ingest

2. Store
3. Organize
4.  Analyse
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5. Process
6. Decide

The overall structure is outlined in 3. It includes all the Layer from Ingestion to
Serving(Decision) layer and based on our experience key components are the
Lambda Architecture underpinning this and the Organizational Hub layer, modelled
as a Data Vault. The Ingest, Store, Process and Analyse are layers, which are mostly
based on a variation of a Lambda Architecture and also include the Raw Data
Storage layers, which is essentially a Data Lake implementation. This is outlined in
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Fig, 2. Data Vault Architecture

3.1.1 Lambda Architecture

Let present the Lambda Architecture from the point of view appropriate in our
context of data processing. The Lambda architecture is a data-processing
architecture designed to handle massive quantities of data by taking advantage of
both batch- and stream-processing methods. This approach to system architecture,
used in our context, attempts to balance latency, throughput, and fault tolerance by
using batch processing to provide comprehensive and accurate views of batch data,
while simultaneously using real-time stream processing to provide views of online
data. The two view outputs can be joined before presentation [14]. In a classical
Lambda Architecture [15]:

1. All data entering the system is dispatched to both a batch layer
and a speed layer for processing.

2. The batch layer has two functions:
(8 Managing the master dataset (an immutable, append-only
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set of raw data)
(b) Pre-compute the batch views.

3. The serving layer indexes the batch views so that they can be
queried in low-latency, ad-hoc way

4. The speed layer compensates for the high latency of updates to
the serving layer and deals with recent data only.

5. Any incoming query can be answered by merging results from
batch views and real-time views.

This interconnections of the layer is outlined in Fig.3.

o PRECOMPUTE

BATCH
RECOMPUTE

BATCH LAYER

m View N SERVINGLAYER

BATCH VIEWS

REAL-TIME VIEWS

INCREMENT

REAL-TIME VIEWS
INCREMENT

SPEED LAYER

Fig. 3. Lambda Architecture

The main rational for a Lambda Architecture is to efficiently answer a query overthe
entire dataset. The challenge is that running arbitrary functions of an unbounded set
of data is very expensive. Thus the Lambda Architecture decouples this two
processes and offloads only efficient simple queries to the real-time layer as
outlined in 4. To achieve this the Lambda Architecture models the ingestion layer as
a stream of datum’s, which are ingested into a Distributed Message Queue, which
allows to both create an Immutable Master Dataset, which is an append only
historical log of all events and transactions, and a real-time layer, which answers
very specific questions on the incoming stream of data. Having an Immutable set of
data not only allows to easily build up analytical use cases, as well as creating
reliable point in time snapshots of data, which allows to recreate the full dataset at
any point in time. Most commonly in batch view in the Lambda architecture is
where the data persistent to a Filesystem takes place, this is a simplification as
achieving low latency exactly once persistence is quite challenging. So the
persistence layer is essentially part of the processing layer.

We have certain variations from the normal Lambda Architecture. Specifically, the
ingestion layer is fully decoupled from the processing layer and also supports near
real-time incremental persistence to HDFS as opposed to a scheduled batch job, as
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in the standard Lambda Architecture [14]. This allows the ingestion layer to be
parallel to the actual views that have to build on the data. We have found this to be
most beneficial for large Organizations, where it is sometimes unclear what the
default views and queries are before analysing the data. This also allows for the
same degree of consistency offered by the Lambda Architecture, but with less
latency.

3.1.2 Data Hub

The Data stored in real-time in the data reservoir has to be structured in a
meaningful way for actual business application to benefit from them. Views on the
stored data are created based on the business demand, existing project, some
analysis or processing a Data Scientist carried or a generic view of the raw data.
This might be a static periodic view or a real-time streaming view integrated into a
serving layer as described above. To keep the modelling consistent, we standardize
on the Data Vault approach. Data vault modeling is a database modeling method
that is designed to provide a modular way to incorporate multiple operational
systems [9]. It is also a method of looking at historical data that, apart from the
modeling aspect, deals with issues such as auditing, tracing of data, loading speed
and resilience to change, which is critical for the Data acquisition and Processing
steps. Data vault contains three different types of technical entities

1. Hubs. Hubs contain a list of unique business keys with low

propensity to change.

2. Links. Associations or transactions between business keys (relating
for instance the hubs for customer and product with each other
through the purchase transaction) are modeled using link tables.

3. Satellite. The hubs and links form the structure of the model, but
have no temporal attributes and hold no descriptive attributes.
These are stored in separate tables called satellites.

All the principal data sources, such as CRM data, Telematics data, Accounting
Data, Product detail, Quality Assurance data are modelled in the Data Vault
approach and exposed as views and APIls. The combination of real-time data
ingestion, processing and Data Vault modelling leads to a simple and flexible Data
Model, which solves the problem we posed in this section in a more robust way.
Historic data is easily accessible in real-time, while rigid defined views are still
available for more structured use cases as well as enabling a multitude or real-time
use cases.

3.1.3 Implementation details

The described data model and Lambda Architecture was implemented on top of the
described platform. With all the services running as immutable services in a shared
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cluster environment, managed by a central resource manager and service discovery
solution.

The central part is the Apache Kafka broker [4], which serves as the main coupling
layer for the entire solution. As described in the previous chapters we employ the
Staged Even-Driven architecture for most of the transformation, that has to
implemented on the platform, but the data collection and storage is modeled fully
after the Lambda Architecture.

All data source and sink connectors are running by reading and writing messages to
Kafka, most of the job progress tracking, reporting and orchestration is done by
using Kafka. This allows for the connectors to run in a distributed fashion with
automatic or manual scaling done via Apache Mesos [3]. More connectors are
launched based on demand and are fully immutable, which means if a connectors
crashed, a new instance will be transparently started somewhere else and it will
resume work from the last offset. This is quite critical in order to always provide a
consistent and up to date view of the source systems to the Data Scientist using the
platform, which is a central part of almost all the CRISP stages. Currently we
support a variety of connectors specifically developed for the described platform, all
of which are based on the Kafka-Connect framework [20] which provides a
comprehensive framework for building data extraction and loading connectors.
Compared to other similar systems the advantages are a standardized way of
keeping track of job progress and resuming on failures, as well as simplified scaling
due to the reliance on Kafka for balancing between processes. In our experience this
greatly simplifies operation, creating new connectors as well as being agnostic to
low latency or batch extraction/load as all the data is loaded into a queue and this
can happen both in real-time or periodically.

In the context of the architecture these represent the framework for extracting data
from almost any system a large organization might have. As each connectors deals
with rather different types of systems, these connectors are also a reference
implementation for most types of storage systems.

e JDBC connector

e  File Stream connector

e Elastic Search connector

e HDFS connector

e Binary File connector

e Others
An important functionality required for building a useful Data Vault model is
correct data partitioning and handling data schema changes. If the model stops
functioning after column name changes or a full scan is always required to execute
common queries, then the model has diminished value as an organization wide
repository of data.
As an example let's take sensor data or documents arriving in a stream to the
platform. A very common query one would need to do to analyze this data is to sort
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by date. If this data is stored as is in a single flat directory, this can be an extremely
expensive query. For example, car sensor data may increase by terabytes each
month. To address this common query pattern, we employ time based partitioning,
which enables efficient filtering queries on specific data partitions. We employ a
time based partitioning with a maximum granularity on a month. The actual record
assignment to time partition depends on what delivery semantics we are using.
Process-time (when the event was received) and event-time (when the event actually
happened). The choice if either depends on data source.

Now let’s also consider what happens if a column name or data type changes. This
can lead to inconsistency and even break some process that are already running if
this data is ingested. To solve this all data is stored in a efficient binary file format,
that supports schema evolution, Apache Avro [18] This means that event is stored in
an organized manner with the current schema always stored with the data, which
makes the described example much easier to handle.

Another very important aspect is exactly once delivery semantics. We are storing
our data in multiple storage services, such as the Hadoop File System(HDFS) [12]
and Elastic Search [13] In the case of Elastic Search, which supports updates, data
can be written multiple times, without greatly impacting the system, as each write
essentially overwriting parts of the record. In the case of HDFS, data can be append-
only by design. For which the HDFS connector is developed in such a way that a
datum is ingested only once, based on its ID and latest state of ingestion being
stored in a transaction log stored in HDFS and a two phased commit process. A first
commit is happening when the data is read from Kafka and then a second one after
it has been successfully written in HDFS. The second commit is written in the
transaction log stored in HDFS.

4. Information Marketplace

One of the biggest challenges faced by an Organization when exploring possible use
cases for Data Scientists is knowledge sharing and transfer. Large Organizations
have a large number of departments, which vary widely based on their size, project
they take on and the way these projects are completed and documented. This leads a
large variety of data sources, column names and documentation being created on the
same subject by a large number of stakeholders from different departments some of
whom might not be part of the Organization anymore.

This leads to challenges for Data Scientists and the IT department, which have to
identify the relevant information and people or documents describing the data,
especially when the project involves more than one data source.

With the use of the described model, we can provide Data Scientists with easy
access to well partitioned and self-describing data, which should simplify the
problem.

On the other hand, what is provided, is a technical description of the data. This
approach shows where the data comes from, how and when it was stored, and what
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did it look like at a specific point time without breaking compatibility across the
dataset. What is missing from this model is a functional description of the data,what
the data actually means, how it is used and by whom. For example, documentation
generated by the organizations. The problem is, such documentation is usually
scattered around different departments and is large in volume. So it is often unclear
if certain topics are documented or not and if yes, how to access them.

To bridge this issue, there are large undertakings for an Organization wide change
management and pushes for standardization. On a technical level this changes
translate to the centralization and standardization of project related documentation
as well as rigid data views in a central database. This role cannot be filled by a
normal Enterprise Data Warehouse and thus requires the creation of Organization
wide specialty tools and repositories for Data and Knowledge and complicated
integration layers providing each department with access and management
capabilities.

In reality this is a vast and complex process and can cost a large amount of money
and resources from the side of the Organization and in some cases might decrease
productivity. Each individual department has an approach of managing projects and
in most cases such a monolithic system allows for less flexibility for individual
departments. This may lead to decreased productivity. The learning period for a
complete change and standardization of such processes can bring an entire
department to a halt for an extended period of time.

As one of the components of our system we propose an advanced text search and
schema analysis based approach, which is simpler on the organizational level as it
does not require to be integrated organization-wide, and as a minimum provides a
much simplified approach for Data Scientists to explore the data. The Information
Marketplace(IMP) is a tool that provides an Expert with an easy to use and rich way
of exploring data and connections of data.

Now we will outline the functionality in more detail and technical implementation,
such as the architecture and algorithms used.

4.1 Functionality
The goal is to provide all relevant information (data, descriptions, contact links) and
make the existing environment searchable and discover new connections in the
organizational data. The Information Marketplace provides the user with a guided
search of:

e  Project Documentation

e Knowledge Owners and Information

e Metadata

e Data Sources Schema and Structure

e Data Profiles

This includes information on both data source and project of the Organization as
well as all new projects and data created using the platform. This means that the
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Information Marketplace not only contains information about the data sources and
documentation of the organisation, but there is a feedback loop that feeds all the
generated data and documentation back into the IMP. Benefits are exploitative
information discovery and faster implementation of analytical and data science use
cases due to direct access to relevant project documentation and overview of related
data as well as more information on what other people have tried on the platform.
The functionality is exposed as a reactive text-based search of the outlined data
types. The search provides the following

e main views of the data:

e Document Full-Text Search View

e Search View based on Author, Time, File-Format, Department, Datasource

e Search View based on extracted keywords, contexts, summaries

e Related document View, based on contexts and keywords

e Datasource profile view
All these views include, match highlighting, facets for author, document type, topic,
date and etc. Each document can also be viewed in more detail and the classified by
data sources, author, extracted topics and user comments are outlined.
The relevance score of each document is calculated based on text matches to the
document content, the topics describing that document, data source and authors.
The Information marketplace also contains and displays all the automatically
extracted schema data from all data sources, this is based on a central Schema
Registry, which is automatically populated for all data in the Data Vault.

4.2 Implementation Details

The Information Marketplace itself a stage based stream processing application.
This architecture was used for its flexibility, and for its simplicity when reasoning
about scalability and fault-tolerance. The IMP holds an index of 10s of GBs of
documents and this is expected to grow even larger in the near future. Apart from
the documents themselves, large topic models and word vectors models are used an
applied on a stream of incoming documents. The high level architecture is presented
in Fig. 4.
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Fig. 4. IMP high level architecture

1. There are 8 principal stages of processing a document goes through before
being accessible for searching:

Document load from source

Document original format to plain text conversion with metadata extraction
Map document to specific organizational data source

Extract document summary

Extract semantic representation of the document(contexts)

Find closely related/similar documents

Find Departments a data source might refer to
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Index document

4.2.1 Document load and detection

This stage contains a distributed directory watcher, which watches for filesystem
event and emits these events into a distributed message queue. Documents may
reside on a filesystem in every Department. We need to detect all the files already
there and detect the creation of new files to fulfill the low-latency requirement.

4.2.2 Document conversions

This stage implements a distributed streaming application, which consumes the
events from the watcher and extracts plain-text content and metdata. This process
scales by launching more instances. This is done manually or dynamically based on
the stream of incoming documents. Processes can be pre-allocated based on the
number of documents committed and average processing time. This functionality is
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based on the work presented in [17] but solves the optimization problem by
applying an evolutionary algorithm similarly to [7].

The consumption is balanced across the processes using the native Kafka group
balancing and offset management [19].

4.2.3 Document context extraction stage

This stage extracts the contextual topics of each documents. The documents are
modeled using [23] [22]. This processes are implemented with both learning and
inference functions. We are using Online Latent Dirichlet Allocation, which allows
online updates to the model based on incoming documents. So each document
received is added to the model and after that the topics are extracted, this allows us
to continuously update the model as well as extract topics from documents. The
updated model is periodically committed to disk for storage, scaling is achieved by
keeping multiple copies of the process running. The predicted topics are attached to
the document as a metadata field, this is necessary later on for ranking the matches.

4.2.4 Document data source classification

This stage is responsible for attaching a data source label to the document. Often it
is not known if a document is referring to a certain data source in the company. This
is achieved by using set distance between the schemas in the schema registry, short
descriptions of the sources and sentence per sentence chunks of the incoming
document, based on a modified Jacard Distance metric [21].

Scaling in achieved by launching more of these processes. The consumption is
balanced across the processes.

4.2.5 Document Index

This stage is the process that actually indexes the data into a search engine, in this
case Elastic Search is used to create a reverse token index of the documents. The
data is keyed with the filenames and timestamps and a unique offset is generated via
a hash function to ensure, that no duplicate data is written into elastic search even
during node failures.

5. Analytical Sandbox Environment

With the use of the Data Hub and the IMP, a Data Scientist can find and request
data required for their use cases in a simplified fashion and build up analytical use
cases, such as the one described in the previous chapters.

But another issue often faced by large organizations is that even if the data is stored
in an easily consumed format, and the Data Scientist knows what data they want to
investigate, there are a number of points there are still unclear. Such as how to
actually access and process the data, where to develop reproducible results on this
data, how and where these will be deployed and used in production.
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To cover this points a few things are missing, such as:

e A Consistent environment definition for use case development and
deployment

e A flexible yet secure environment for the Data Scientists and Analysts to
work

e Ondemand access to services and processing power

e Dynamic Security service

e A Collaboration Service

e Fault tolerant, flexible storage for project data and models
To this end we propose the analytical sandbox environments, which are generated,
immutable environments provided to Data Scientists and Analysts and where they
can build up their project on the data. It is a fully isolated environment, where the
user can install or download any extra tools they require and is accessible via an
analytical and console view. The environment serves as a gateway to the data and
the processing back-end of the cluster. The way the sandbox is defined makes it
inherently self-describing, thus making it simpler to deploy in production as the
software requirements, resource requirements and data requirements are already
defined when requesting the sandbox.

5.1 Implementation

The sandbox environment is also implemented on top of the ODP architecture. Each
sandbox is developed as a separate service running inside the environment. We try
to provide as many built in services commonly used by Analysts and Data Scientist
is Data-Driven use cases. Scientific environment, such as Python, R, Scala and
processing environment such as Spark and Hive are included alongside the Hadoop
environment.

To provide full isolation for security and resource sharing reasons the sandbox is
implemented as a Linux container running a specified set of services, such as:
Secure Shell access

Ipython Console, R console, Scala Console

Hive, Hue, Hadoop

Pyspark, Spark, RSpark

The services are running in a single environment with shared resource. For
collaboration a code repository is provided for each sandbox project and can be
shared amongst collaborates. For convenience and fault tolerance the sandbox user
directory is mounted unto a Network mount, running on top of a distributed File

System to ensure data does not get lost on sandbox restarts as the entire
environment is recreated on failures.

As we are running the sandboxes in a shared environment, network isolation and
sharing is a large concern. To this end we use a network abstraction to allocate a

226



Tomusin A.P. HOHHCp)K](a BBIIIOJTHCHHUS TIPOCKTOB, OPUECHTUPOBAHHBIX HAa TaHHBIC, B COBPEMCHHBIX NPEATIPUATHAX. .
Tpyzast UCIT PAH, Tom 28, BeIm, 3, 2016, c. 209-230.

private IP address for each sandbox [24] [25]. All the user facing services are
integrated into the Organizations central user and rights management platform.

This solution has shown to scale well when only limited hardware is available. As
the sandboxes are running in a shared environment with a single resource scheduler
controlling all the resource, scaling this solution would be trivial as new sandboxes
could be allocated to new nodes both on premise and cloud.

6. Conclusion

We described a proposed end-to-end environment for creating and running Data-
Driven projects at a large scale Enterprise. The described platform can efficiently
manage the resources large number of users and services. On the data modelling
side we proposed a flexible way to organize and transform stored Data Sets in order
to become ready to answer analytical questions and generate value. We proposed a
flexible way for discovering data and interconnections of the data, based on
metadata, functional descriptions and Documentation, in an automated and
intelligent way, while not requiring a full departmental restructure. We also
proposed a dynamic and scalable sandbox environment to allow collaborative and
shared creation of Data Science use cases based on the data and simplify the
deployment of these use cases into the production. We believe the approach,
proposed platform and its architecture provide a well structured environment to
simplify Data-Driven projects at large organizations.
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Annorammsi. C poctom oObemMa M cHopoca Ha JaHHBIE OCHOBHBIMH IpOOJIeMaMu
OpraHM3alHi, KOTOPHIE IBITAETCS PEaTN30BaTh MPOEKTHI, CTAHOBUTCS HE TOJIBKO TO, YTOOBI
TEXHUYECKH COOpaTh, OUYUCTHUTH, HHTETPHUPOBATH TAaHHBIE M 00SCIEYUTh K HUM JIOCTYII, a B
Gonblelt cTenmeHu obecredeHHe MOHUMAHHUs TOTO, KaK M 3aUeM UX CIEIYeT HCIIOIb30BaTh.
OT1cyTCTBYeT B3aHMMONOHMMAHHE Ha JIOTHYECKOM M TEXHHYECKOM YPOBHSAX MEXIY
crenuaniuctaMu 1o obOpaboTke W aHanu3y fAaHHbX, WT-mompazmenenusmMu U Ou3HecC-
TIOJIpa3IeNICHUSIMY, TIOCKOJIBKY HESICHO, OTKYZa IPOUCXOAAT JNAaHHBIE, KaK OHH BBITJISIIUT, YTO
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AnHoTammsi. Pa3paGoTaHHBI METOA B paMKaxX IPELENeHTHOTO MOAX0Aa K IPUHSATHIO
pelieHnii MO3BOMSIET PeluTh MpobiemMy BeiOOpa Hambojee MOAXOASAIINX TMPEHEICHTOB B
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1. BeedeHue

BriBog Ha OCHOBE NpELEICHTOB — METOJ MPHUHATHA PELIEHU, B KOTOPOM
UCTIONIB3YIOTCS 3HAHUS O MPEIBIAYIINX CUTYAIUSIX WK clydasx (mpenencHrax). B
TAKOW TCPMHUHOJIOTHHU TMPELEACHT PacCMaTPUBACTCS KaK 00bekni, BKIIOUYAIOIIUN B
ceOs omucaHue TPOOIEMBbI, ONMUCAHWEC PEIICHUS TMPOOJNIEMBI M  PE3yJbTaT
npUMeHeHus pemeHus (ucxon). HakomieHHas COBOKYIHOCTh MPELEACHTOB,
HAIlOJIHsAeMasi KaK CMOJICITHPOBAaHHBIMU THIIOBBIMH CIIy4asMH, TaK U CIIy4asMH U3
MpaKkTUKH, 0o0pa3yeT Tak Ha3blBaeMyr 0a3y mpeneneHToB. [Ipu paccMoTpeHHH
HOBOH TpOOIEMBI (TEKYyIIETO ciydas) B 0a3e MIpEIeNCHTOB HAXOIUTCS IOXOXKUH
mperneneHT. MOXKHO TOTBITaThCs HCIONB30BaTh paHee NPUHITOC ISl HEro
pelieHne, BO3MOXHO, aJalTHPOBaB K TEKYIIEMY CIy4alr, BMECTO TOTO, YTOOBI
UCKaTh pELICHHE KaXIblii pa3 cHavana. [lociae Toro, kak oOpabOTKa TEKYILETo
Cilydasi 3aBEPIIMTCS, HOBBIN MPELEACHT MO/DKEH ObITh BHECEH B 0a3y MpeIe/ICHTOB
BMECTE CO CBOUM pEIICHUEM I BO3MOXKHOTO MOCIIEIYIOIEr0 UCIOIb30BAHUS.
OpHako 4TOOBI HAWTH HaWOOJIeE MOAXOJSINIUIN MPELEACHT, HY)KHO UMETh CIOCO0
U3MepeHusl OJIM30CTH TpeleZieHTa M TeKyllero ciydas. Yacto HCIoib3yeMbIM
METOZOM B BbIOOpe Hambonee NOAXOIAIINX IPEUEACHTOB SBISACTCA Memoo
onudcatimezo coceda. B ero ocHOBE JISKUT TOT WIM HHOW CIOCOO HM3MEpeHHs
CTeTIeHH OJM30CTH Tpele/eHTa M TEeKyIero ciydas. B KkadecTBe OCHOBBHI
M3MEpEHHIl B MPOCTPAHCTBE BCEX MPU3HAKOB MOKHO BBECTH KaKy0-THOO METPHUKY,
OTIpEeNieNINB B 3TOM IPOCTPAHCTBE TOYKY, COOTBETCTBYIOIIYIO TEKYIIEMY CIydalo.
Ha ocHoBe BBRIOpaHHOI METPUKH MOKHO OTBICKHBAThH ONMKAWIIYIO TOYKY, KOTOpas
U TIPEICTaBHUT TIpereneHT. K coxkalieHnio, BO MHOTHX CITydasXx BBECTH METPUKY HE
ymaetcs. Torma BMECTO METPHKH HCIIONB3YETCs TaK Ha3blBaeMas Mepa OJHM30CTH.
OTO O3Ha4aeT, 4YTO0 BMECTO METPHYSCKOTO TMPOCTPAHCTBA  HCIOIB3YeTCs
TOTIOJIOTHYECKOE.

2. Cmpykmypu3ayus 6a3bi npeyedeHmos

OnuH U3 CcrocoOOB ONpEeAeNCHUS MEpPbl OJIM30CTH — CTPYKTYpPHU3AIUsl MHOXKECTBA
NpPElEeCHTOB, HampuMmep, pa30omeHHMe 0a3pl  MPELNEACHTOB HA  KJIACCHI
SKBHUBAJICHTHOCTH, IIPH KOTOPOM BCE CIy4adW OJHOTO M TOTO K€ KJIacca CUMTAOTCS
paBHBIMH. B 0ocHOBY Takoro pa3zOmeHus KiamyTcs 3HAHUS O MPEAMETHOH 00iacTH
(boHOBOE 3HAHME), TOJyYEHHBICE C TOMOIIBIO MeTOMOB M00bu nanHbix (Data
Mining) — knaccudukanuu u Knacrepusanuu [1, 2, 3].

B 3amauax pacmo3HaBaHus 00pa3oB OOBIYHO MPENIOJIAracTCs, YTO B OCHOBE
OTIMCaHUN OOBEKTOB JIS)KUT HAOOP MPHU3HAKOB, OOMIUI JIsi 0OBEKTOB BCEX KIIACCOB
(32 OCHOBY NpPHHATO TPH3HAKOBOE OIMCAHHWE CIydas, KOTrJa OH OIMCBHIBACTCS
HAO0OpPOM CBOWX XapaKTepUCTUK). HMHBIMH ClOBaMH, KIACChl M HCCIEAyeMble
OOBEKTBI PACIONIATAIOTCS B CIMHOM IPU3HAKOBOM IPOCTPAHCTBE. B peanbHbIX
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NPUIOKEHUSIX 3TO YCIOBHE YacTO HE BbINONHSETCS. Kak caMu OKpysKaromiue
O0OBEKTHI, TaK W OIHMCAaHWUSA KIACCOB, MOTYT MMETh COOCTBCHHBIE MHPOCTPAHCTBA
npusHakoB. Hampumep, B MequuuHe Kaxkaoe 3a001€BaHUE XapaKTEPU3yeTCsl CBOMM
HaOOpOM CYIIECTBEHHBIX INMPHU3HAKOB. V, HaKoOHeN, MCCIEIyeMbIH Cilydail MOXET
MMeTh Habop MoKazaTesel, He COBIAIAIOIIUKA ¢ HAOOpaMU IoKa3arelieil BBEJCHHBIX
B CHCTEMY KJIaccoB (B MeAUIMHE — 3a00JIeBaHui), YacTO U3-3a ne(UIIUTa BpEMEHH,
pecypcoB, a HHOT/Ia M KBAIM(HUKALMK UCCIIE0BATEIS.

Psn mpu3HaKoB, KOTOPBIMH 00JIa/laeT UCCIEAYEMBIH ClTydaid, MOXKET HE BXOIWTH B
ofl1ee MPU3HAKOBOE MPOCTPAHCTBO UMEIOIINXCS KJIACCOB, a HEKOTOPbIE MPU3HAKH
MOTYT OKa3bIBaTbCA HECYILIECTBEHHBIMH ISl JAHHOTO KOHKPETHOro ciydas. Takue
NPU3HAKK B JajbHElmeM He OynyT Hamu paccmarpuBaTbes. C Ipyroil CTOpOHBI, y
HCCIIEYyeMOT0 cIy4as IO pa3HbIM IpPUYMHAM MOTYT OTCYTCTBOBAaTh IPU3HAKU
(manpuMep, HE TIPOAENAHBl BAKHBIC M3MEPEHUs, HE 3aBEPIICHBI BAXKHBIC
HCCIICIOBAHUS), KOTOPBIC ABJISIOTCS CYIIECTBCHHBIMHU IO OTHOIICHHUIO K HEKOTOPBIM
KJIaccaM.

3. QucppepeHyupoeaHue knaccoe ebI6GoOpoM pa3densioue2o
npusHaka

Y>ke JOBOJBHO AaBHO B MHUPE Pa3BUBAETCS TEXHOJOTHS, BO MHOTOM OIHPAIOIIASCS
Ha MeToJbl paccyxieHuss no mnpeueneHram [4-7]. B HCII PAH wna 6ase
pa3paboTaHHOTO HCCIIEI0BATEIHCKOTO IIPOTPaMMHOTO KOMIIJIEKCa
«YHUBEpCAIBHBIA AHATU3aTOP» U CHCTEMBl MOJAEPKKH BpaueOHBIX pEIICHUH
«CryTHUK Bpaua», co3laBaeMoll Ha kiuHu4yeckoil 6aze MOHUKU um. M. O.
Braaumupckoro, Takxe MPOBOAWTCS pa3paboTka HOBOM Texuonoruu [2, 8-9]. B
pa3BUBaeMOM I0/1X0/e 6a3za MperieIeHTOB COCTOUT U3 COBOKYITHOCTH IpeIe/IEHTOB
U ONHMCaHUM KJIaccoB, KaXKAOE K3 KOTOPHIX BKIIOYaeT B cebs TepedyeHb
CYIIECTBEHHBIX IPH3HAKOB (IIPUYEM KJIACCHI — 3TO CTPYKTYypa, HakJajblBacMasi Ha
COBOKYITHOCTb IIPELEACHTOB cBepxy). ONEHNTH Cilydail — 3HAYUT BBIIBUTH €TO
NPUHAJIEKHOCT TOMY MJIM MHOMY Kiiaccy. OTHOLIEHUSI MEXLy TeKYLIHM CIIydaeM
U KJIACCaMU BBIABISIIOTCA B MPOEKIMAX KIACCOB HA MPOCTPAHCTBO HPHU3HAKOB
o0bekTa — Tekymiero ciydas. HeqocTaToyHO MOJIHO OMMCaHHBIH OOBEKT MOXKET
MOTMIAaCTh B MPOEKIMIO Kilacca, K KOTOPOMY OH Ha caMOM JeJie He MPUHAJICKHT,
TOJIBKO TIOTOMY, YTO Y HETO HE XBaTaeT MIPHU3HAKa, KOTOPHIi auddepeHuponan 051
€ro OoT 3Toro kiacca. [IpomnIrocTprpyeM 3To0 Ha IPOCTOM IIPHMEPE.

JBa Hemepecekarommxcsi kiacca, A W B (puc. 1), ommcaHbl B MPOCTPaHCTBE
MPU3HAKOB {x;, Xx,}. Texyuwmil ciy4yait O NpeACTaBJIIEH OJHUM IPU3HAKOM X,
INpU3HAK X, OTCYTCTBYeT. B HpOCTpaHCTBE NPU3HAKOB {X;} MPOEKIHUH KJIACCOB
HepeceKaroTcsl, 1 OOBEKT MOMA/IAeT B 3TO MEPECeUEeHHE.

Knaccsl HyxHO anddepeHunpoBaTh, 100aBIIsisl 3HAYCHUS HEAOCTAIONINX IPHU3HAKOB
JUIL  TeKymiero ciydas. B MexunmHe monoOHas 3ajaya  HOCHT Ha3BaHUE
ouppepenyuanvrasn ouaznocmuxa [9)]. Ha npaktuke mogo6Hoe 100aBICHUE MOXKET
OBITH 3aTPyAHEHO H3-32 HEXBAaTKH CPEACTB, BpEeMEHM WM obopynoBaHus. Ho
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IJIaBHAs TpHUYMHA 3aKII0YaeTCs B TOM, 4YTO pealbHBIE TNPHIOXKEHHUS PEIKO
YKJIQBIBAIOTCSA B paMKH (PKCHPOBAHHOTO ITPU3HAKOBOTO IPOCTPAHCTBA.

X2 A
>
O X1
Puc. 1. Oonospemennoe omuecenue HeOOCMAMOUHO NOJIHO ONUCAHHO20 00beKma K 08YM
Kaaccam.

Fig. 1. Not fully described object may be assigned to several different classes.

dopManIbHO CYIIHOCTh MPEJIOKEHHOTO METO/1a OIIEHKH HE TMOJIHOCTHIO OMUCAHHBIX
00BEKTOB CBOJUTCSA K CIIEAYIOIIEMY:

e onucaHue 00beKTa (Cirydasi) — HaOOp MPHU3HAKOB.

e OMUCaHWE Kiacca — MHOTOMEPHBIM MapajuieNienunea] B MPOCTPAHCTBE
MPU3HAKOB, MUHUMAaJIbHO 00BEMITIONINIA TIPETIeIEHTHI Kilacca.

L4 OIICHKa o0bekTa — CpaBHCHUE Cliydyad C MNPOCKUOHUAMHU KJIACCOB Ha
IMPOCTPAaHCTBO CBOUX MPHU3HAKOB.

®  Ougpgpepenyuanvubiti psd ciydas — HaOOp KIacCOB, B IEPECCUCHUE
MPOCKI[HA KOTOPBIX OOBEKT IMOMA.

e cci OOBEKT moman B 00JacTh IepecedeHHs NPOCKLUUH KIaccoB, TO
HanOosiee ONM3KUMH K HEMY CUHTAIOTCS TPEUEJeHTHl 3THUX KIIACCOB,
HaxojsIMecs B TOW e o0JacTu mepeceyeHus. B aTom 3akiodaercs
CMBICII HCKOMOW Mmepwvl Onuzocmu [2, 3, 8] oTpakaromied CXOACTBO
TEKyIIeTro 0ObeKTa (CiTydasi) ¥ BEIOPaHHOTO IpeIre/IeHTa.

B 3aBHCHMOCTH OT CJIOKHOCTH MEpeCedeHH s, BCe MPELEJCHThI JIeJSTCS Ha TPYIIIbL.
Haxopsmpecs: B o0Iei ¢ TEKyIIMM cliydaeM O0JIaCTH IepecedeHH s, €CTECTBEHHO
cuuTaTh OoJiee ONM3KUMH K HEMY, YeM Te, YTO HAaxXOMAATCS TOJIBKO B OJHOM H3
KJ1accoB. B KOHEYHOM cueTe, MpEeLeNeHThl CaMOro BBICOKOIO paHra OJM30CTH
HaxomsaTcss B o0macTH  IepecedeHHs ~ BCEX  KJIACCOB,  00pasyroIux
b depeHInanbHbI A TeKyLero ciy4as (puc. 2).

[epBoHauaNbHBI OTOOpP MPELEEHTOB MOXET HE [aTh OUIYTUMOIO Pe3yJibTara.
Hampumep, Hannuue B TEKYLIEM CIydYae BCErO JIMIIb OJHOTO MpPU3HAKa «BBICOKAsS
TeMmnepaTypa» (B MEAUIMHE 3TO HOCUT Ha3BaHUE JIMXOPaKa HESICHOTO TeHe3a) AacT
o0mine mepeceKarIuxcs KiaccoB. Toraa HyKHO JIHOO COTNIACHUTBCS, YTO € TaKHM
HabOpOM MPU3HAKOB MPOOIEMY HE PEIIHTh, THO0 HApalIUBaTh HAOOP HCCICIYEMBIX
OPH3HAKOB.
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Texywmuii ciydaii
Current Case

Puc. 2. Cmenenu 6nuzocmu npeyedenmos (yugpamu 0603HaueHbl paccmosnus Mexcoy
MEKYWUM CIyuaem u npeyeoeHmami).

Fig. 2. Similarity degrees (digits designate the degree of similarity between the new case and
existing cases).

4. Mpu3Haku u ux posib e dughghepeHyUPO8aHUU KJ1accoe

3amavua uccaenoBareis — PaCIMPUTh MPU3HAKOBOE MPOCTPAHCTBO TEKYIIETO CITydast
TaK, YTOOBI OJHO3HAYHO OICHHUThH €r0 MPUHAIICKHOCTh TOMY WM MHOMY KJaccy.
Korma cny4ait HaX0IUTCsI B 00J1aCTH MEPECEYCHUST KIIaCCOB, B YCIOBUAX HEXBATKU
BPEMEHU WJIM PECYPCOB BBISBIISITH BCE OCTABIIMECS MPU3HAKH HET BO3MOXKHOCTH.
HyxHo chopMyTHpOBaTh KPUTEPHUIA U3BJICUECHHS HOBBIX PU3HAKOB [UIs pa3ieIeHUsI
KJIACCOB, onpedensisi npuopumemsl 3mo20 usgieyenus. J{jis 3TOro MCMoNb3yHTCs
HECKOJIbKO HOBBIX MOHSTHUN: YCTOWYHMBBIE COUETAHUSI IPU3HAKOB, PAHT MPU3HAKA B
KiIacce mo ero crerneHu uH(opmaruBHocTH. Ilpeanaraercs BBecTH emie psf
JIOTIOJTHUTENBHBIX KPUTEPHEB OTOOpa: IO YacTOTE HCIMOJIb30BaHMs TMPH3HAKA B
MPUIIOKCHUH, 110 KaTCTOpHUU O6’beKTa, 10 JOCTYITHOCTH IIpHU3HAKa.

He Bce mnpu3Haku, KOTOpBIE MPHCYTCTBYIOT B ONMCAHWUHM Kiacca, OJMHAKOBO
uHpopMaTuBHBL. Tak, B MeAWIUHE, €CThb TaK Ha3bIBaEMbIC MATOTHOMOHHYHBIC
CHUMIITOMBI, KOTOpbIE HMEIOT aOCOJIOTHOE JMArHOCTHYECKOe 3HaucHue (B
YaCTHOCTH, MapKepsl paka, TemaTuTa, HH(apKTa) M MO3BOJISIOT YCTAHOBUTH
Hanmnuue 3aboneBanums. B oOmeMm ciydae, OTBIEKasCh OT MEAWIMHBI H €€
NPUIOKEHUH, MBI Ha3blBa€M MPH3HAKM KJjIacca, HMEIOIINE HAHOOJBIIYIO
WHPOPMATUBHOCTD, udeanvibimu. OHU OJTHO3HAYHO HIECHTHU(GUITUPYIOT CBOK Kiacc,
a B JIpYrHX KiaccaxX He BCTpedaroTcs. Ho B TOi ke MeIUIHE MaTOrHOMOHIYHBIC
CUMIITOMBI HE BCErla OOHAPYKUBAIOTCS MPH COOTBETCTBYIOINUX OOJE3HIX, OO
00HApYKUBAIOTCSI HE BO BCEX CTAAMAX WJIM HE NpU BceX (dopmax TeueHus. [lpu
OTCYTCTBUM IMOJOOHBIX CHMIITOMOB HEOOXOIMMO NPUHHUMATh BO BHUMAHHE P
JPYTUX TPU3HAKOB, OTHOCUTEILHO OOJIee XapaKTepHBIX, 4YeM Jpyrue, JUis
cormocraBisieMoro 3aboiieBaHus. ECTh NpH3HAKH, MOSBISIONMIMECS B KIacce C
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BEPOSITHOCTBIO, B HECKOJBKO pa3 IPEBBIMIAIONIEH BEPOATHOCTh UX IOSIBICHUS B
NperneaeHTax Ipyrux KiaccoB. HazoBeM Takue NpH3HAKH OemepMuHupylowumu
(OnnmupyOwmH, Tme4eHOUHBIE (EepMEHTH Tpu rematuTax). KoHedHO, I
OKOHYATEJIbHON OLEHKH HE CIEIyeT OpPHEHTHUPOBATHCA HA OJMH TaKOH IPU3HAK,
ciielyeT 00s3aTeNIbHO YUUTHIBATh €r0 COUSTaHHe C IPYTHMHU.

W, HakoHen, 4acTo BCTpEdaeTCs €Ie OJHA TPYMIa NMPU3HAKOB — COnYmcmeyouue.
OHr He SABIAIOTCA XapaKTEPHBIMHM NMPU3HAKAMHU Kiacca (B MEIWLMHE, HApPUMED,
9TO CHUMIITOMBI, KOTOpPBIE MOTYT COIYTCTBOBaTh OCHOBHOMY 3a00JI€BaHHIO:
JIMXOPajKa, CKOPOCTh OCEIaHMs SPUTPOLUTOB U T. 1.). FIX Haln4ne MOKHO CUUTAThH
HEOOXOIMMBIM, HO HE JIOCTATOYHBIM YCIIOBHEM HPHHAIJICKHOCTH K Knaccy. Poib
CONYTCTBYIOIIMX MpPH3HAaKOB B JIU()(EepeHIUpOBAHUM KIACCOB  HHYTOXKHA.
Pestomupysi, Oynem cuutaTh, 4TO NMPHU3HAKK B ONMUCAHUM KXKAOTO Kiacca B Oase
NPENECHTOB pPAaH)XUPOBAaHBI, & WMEHHO, IIOAYMHECHBI OTHOLICHHUIO IIOPS/IKA:
uneanbHble  —  JETePMUHHpYIOIME —  comyTcTByromme.  JlocToBepHO
UIeHTU(HUIUPOBATH COCTOSHIE 00BEKTa MOXKET TOJIBKO HMICANbHBIN mpu3HaK. [Ipn
€ro OTCYTCTBHH, JaXX€ €CIM K pPACCMOTPEHUIO TPHUBICYEH WENBIH  psx
JETEPMUHUPYIONIUX TPU3HAKOB, TOBOPUTH O NPHUHAMICKHOCTH K KIIACCY MOXHO
JMIIG YCJIOBHO.

[Ipn BBIBIEHWH JIOOBIX JOMOJHHUTENBHBIX NPU3HAKOB JIOJDKHBI YUHUTHIBATHCS HX
paHTH B KaXJI0M M3 KnaccoB quddepennnansHoro psiaa. Camo coboit pasymeerc,
YTO HCCIIEAOBaHME IIPU3HAKA, KOTOPBIM BO BCEX Kiaccax psAa OTHOCHUTCS K
COIYTCTBYIOLIMM, HE JIaCT Takoro a¢dexra, Kak ecii Obl 3T0 ObUI IPHU3HAK OoJiee
BBICOKOTO PaHra.

sl OKOHYATENbHOTO OINpENeNieHns] Kilacca, K KOTOPOMY OTHOCHTCS TEKYIIUH
clly4ail, He BCEerJa MOXXHO OPHEHTHPOBATHCS HA €JIMHCTBEHHBIH NPHU3HAK, HYXKHO
YUYUTBIBATHL €T0 BO3MOXHYIO CBA3b C JAPYTMMH IHPU3HAKAMMH. TaK, B MCIUIIMHE
0co00e IMarHoCTH4eCcKoe 3HaYeHUEe UMEET YCTOWYMBO HabJIr0/1aeMasi COBOKYITHOCTh
CUMIITOMOB, onpeacIaeMas Kak CUHIPOM (CeMI/IOTI/IKa — HallpaBJICHUEC B MECIUIIUHE,
A€ U3y4aroTCsd CUMIITOMBI PA3JIMYHBIX 3a6OHeBaHHﬁ, B OCOOEHHOCTH UX COYETAHUS
U UX pois B auG¢epeHraIbHOR THATHOCTHKE, TaK Ha3bIBaeMas CHHIPOMHAsS
creUIHOCTh). 37ech BUIHA NPsIMasi CBSI3b C METOJOM BBISIBJICHUS] 3HAHUH TPH
J00bIue TaHHBIX, KOTOPBIH HOCUT Ha3BaHUE aHalu3 daccoyuayuti. ITOT METO]
BECbMa TIOJIE3€H W YacTO YCIIEIIEH IpH 00paboTKe ommcaHWil KiaccoB B 0Oase
NPENeCHTOB Ha TMpeIMET BBISBICHHUS YCTOHYMBBIX COYCTAaHMH W PaHIOB
MPU3HAKOB.

BBonumoe nounsitue Yemotiuusvie couemanus npusnaxos — AONOJHUTENbHBIN MyTh
K au¢depeHInpoBaHmio KiaccoB. B3anmocssisb [lpusnaru - Coyemanusn npusHakos
MOXO0’kKa Ha B3aMMOCBs3b [Ipusnaku - Knaccol. I B TOM, 1 B IpyroM ciry4ae — 3TO
CBSI3b MHOTHE-K-MHOTHM. Ecim mepBast CBsS3b HM3HA4albHO ObUIa OTPakeHa B
CTPYKTYpE JMaHHBIX 0a3bl IPEHEJCHTOB, TO BTOpas TOJBKO BOIUIOMIACTCA Ha
TekymeM oTtane. Ilo aHamormm c kimaccamu, B 0a3y INPELENEHTOB 3aHOCATCS
COYETaHUS W BXOAAIINE B HUX MpU3HAKHW. Ha mpakTHKe Takod MOIXOX yXKe JaBHO
WCTIONB3yeTCs. B MemuImHe CHHIPOM KaK yCTOHYMBBIA HAOOp NPHU3HAKOB MOXKET
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yKa3bIBaTh HE Ha OIHO, a Ha psa 3aboneBaHuii. C Ipyroil CTOPOHBI, 3a00JICBaHME
MOJKET TIPOSBIATHCSA HE OTHHM, a pAAOM CHHAPOMOB. O0a 3TH (akTa yKa3hpIBAIOT Ha
cBs3b Knaccwol - Couemanus npusHakos Kak Ha CBSI3b MHOTHE-K-MHOTHM. JTa CBS3b
TO’KE JTOJDKHA OBITH OTpaXKeHa B 0ase MpereIeHTOB.

Texymmid ciay4aidi Tpm €ro OICHKe B 0a3e TMPEUeNeHTOB TONamaeT B
I QepeHInANBHBIA Pl COYSTaHWH MPU3HAKOB, IJIE B MEPEKPECTHH HAXOIATCS
NpU3HAKA CIIydas, a B OCTAJbHOH YACTH JICTIECTKOB — MPH3HAKH, IIOKa
OTCYTCTBYIOIIHE B OIIMCAHUH ClTy4asi, HO KOTOpbIE PH HaJIMYMK CMOTYT 00pa3oBaTh
C NEpBBIMHU yCTOHYMBOE coyeTaHHe. ECTeCTBEHHO, TP MPUHSATHH PEIICHNUS, KaKOW
U3 NIPU3HAKOB BBISBILITH B IIEPBYIO O4Yepe/ib, BRIOMPAETCs CoueTaHue, rie B Habope
NPU3HAKOB Cilydass HE XBaTaeT TOJBbKO OJHOIO TMpH3HAaKa W3 H3BECTHOIO
YCTOMUYMBOTO COYeTaHUs (MM HAUMEHbBILIETO YUCiIa TAKUX NIPU3HAKOB).

Urak, ecu nepBast cTaust OLEHKH CiIydasi — nojtydeHne AudpepeHraibHoro psa
KJIaccoB, TO BTOpass — moiydeHue AupQPEepeHINaTbLHOT0 psjia COYETaHUH
npusHakoB. [lo cBs3u Knaccet - Couemanusi npusHakoe MOXHO BbIOpaTh HaOOp
KJIACCOB, KOTOPHI COOTBETCTBYET 3THM COUYCTAHUSM. L[peThs CTagWsi — K IIByM
HabopaM IPUMEHSAETCS ONeparysi KOHBIOHKINH, B Pe3yIbTaTe KOTOPOH BO3HUKACT
YMEHBIIICHHBIN 1r((epeHITNaTbHBIN PSA KIAcCOB.

Wrak, korma TeKymui cirydaii HaXOAWTCS B OOJIACTH TepeceueHHs KIIacCoB,
BBISIBILITH BCE €T0 HENOCTAIOUINE MPHU3HAKH B YCIOBHAX HEXBATKH BPEMECHH WIIH
pecypcoB HET BO3MOXKHOCTH. B 3ToW cuTyamum I BeIOOpa PEKOMEHIYETCS
UCIIONB30BaTh BBEJCHHBIC paHee WOHATHS Pawe npusHaka WM Ycmouuugvle
CouemaHusi NPU3HAKOS.

[ombITaeMcs onmcaTh OCTaIbHBIE KPUTEPUH 0TOOpa:

e  HoBblil npu3HaK XOTs Obl B OJHOM U3 KJIAcCOB AU (EePEHIIHATBHOIO psijia
JIOJDKEH UMETh BBICOKHI paHT (MACaIbHBIN WK IETEPMUHHUPYIOIINH, HO HE
COITYTCTBYFOIIHI).

e  BoIABIAIOTCS B MEPBYIO OYepeb MPH3HAKU, KOTOPbIE MMEIOT OOJBIIYIO
4acTOTY MOSIBIICHUS (Ha YpOBHE Bceil 0as3bl NMpeleieHToB). DTy BEINYNHY
MOXHO TIOJIyYUTh HPUOIM3UTENIFHO, TOAJCPKUBas B ONUCAHHHM Oa3bl
NPENEeHTOB MPU KaXJIOM IPHU3HAKE CUETYMK HCIIOJIb30BAHUH JIAHHOTO
NpU3HAKa, 3HAa4YeHHE KOTOPOro JIENUTCS Ha 3HAUYEHHE CYETYHKa
WCIIONIb30BaHWH BCEX MPHU3HAKOB 0a3pl. B 0aze BBoOAWTCS emie OAWH
HOHOHHHTGHBHLIﬁ TET JJId IPU3HaKa.

e  VYyuThIBaeTCS KaTErOpHs HCCIeayeMoro oOBekTa. BBIOMparoTCs TOIBKO
MPU3HAKH, COOTBETCTBYIOIIHNE NaHHOW Kateropud. [ mpumMepa MOKHO
OTATh OOpaTHTBCS K MEIWIIMHE: KOHKPETHOE JIeYeOHOe YUPEKICHHE BO
MHOTOM OTIpelensieT KOHTHHTEHT OONBHBIX, HAXOIMIIUXCA TaM, UX
3a0o0eBaHns, XapaKTEepHBIE CHMIITOMBEL. B 0a3y mpereneHTOB BBOIUTCA
cymHocTh Kamezopus, n oTHomeHue Kamezopus - Ilpusnax Buga MHOTHE-
K-MHOTHM.
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e BriOuparorcs Hambosee MOCTYIHBbIC MPU3HAKA. DTO JOBOJIBHO IIMPOKUH
TEPMHH, TIOJ KOTOPHIM TIOHMMAeTCsl psj [apaMeTpoB: CTOMMOCTh
BBISIBJICHUSI TPU3HAKA, HAJIWYHME AMMapaTypbl IS €rO BbISBICHUS, LENbINA
psn  mapaMeTpoB OpeanodTeHus (B MEIHWIMHE W3BECTEH TEPMHUH
HCMHBA3MBHOCTB) M DSl APYTHX. B 3aBHCUMOCTH OT TPWIOKEHUS, ITO
OJIMH WM HECKOJBKO JOMOTHUTEIBHBIX TETOB MPU3HAKA Ha YPOBHE 0a3bI.

5. 3aknroyeHue

IMoxxox k OlleHKE HE MOJHOCTHIO OMHMCAHHBIX 00BEKTOB BOCTPEOOBaH, OCOOCHHO B
TaKOW 00JIACTH, KaK MEIMIIMHA, XOTS MCIUIIMHCKUMH MPHUIOKCHUASIMHU 3TOT MOIXO]
He orpanunumBactcs. [lonsatue muddepeHnUaANLHOrO psiia U Mepa ONU30CTH B
OIICHKEC OOBCKTOB SBIISIFOTCS OPUTHHAIBHBIMH, OHU pa3pabOTaHbl U TOAPOOHO
omucaHbl B 00Jice paHHUX paboTax aBTOPOB.
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Abstract. Authors are developing precedent approach to solving the problem of optimal
decision making. The method they develop makes it possible to make the most adequate
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AHHoTammsi. B jaHHON paboTe paccMOTpeHa ammapaTHas pealu3alus —pacdera
JETIONNMEepH3anuy  OeKOBOH MHKPOTPYOOUKH METOIOM OpOYHOBCKOH IHHAMHUKH Ha
KpHCTaIIe IporpaMMupyeMoit orndeckoif maTerpansHoit cxeme (IIJIMC) Xilinx Virtex-7 ¢
HCIOJIb30BaHUEM BBICOKOYPOBHEBOTO TpaHcisiTopa ¢ si3sika Cu Vivado HLS. Peanusarus Ha
IJNIUC cpaBHuBaeTcss C mNapaUieJbHBIMU peaju3aldsiMH 3TOr0 K€ ajiropuTMa Ha
MHOTOsIepHOM Tiporieccope Intel Xeon wu rpaduueckom mpormeccope Nvidia K40 mo
KPUTEPUSIM TIPOM3BOJUTENBHOCTH W HEProddGeKTHBHOCTH. AJropuT™M paboTaeT Ha
OpOYHOBCKHX BpeMEHaxX M TIO03TOMy TpeOyeT OONBIIOr0 KOJIMYECTBA HOPMAIBHO
pacnpeneneHHbIX CIOydadHbBIX gucen. OpHUTHHANBHBIA IOCIEOBAaTENbHBIA KOX  OBLI
ONTHMH3HMPOBAH TIOA MHOTOSAEPIAHYIO apXHTeKTypy ¢ mnomompio OpenMP, mms
rpaduaeckoro nponeccopa - ¢ momomisio OpenCL, a peanmuzanus za [IJIMC 6buta momydena
MOCPEICTBOM BBICOKOYpOBHeBoro Ttpancisropa Vivado HLS. B pabore mokasano, uTo
peamuzanus Ha [IJIMC Gsictpee CPU B 17 pa3 u Osictpee GPU B 11 pa3. Uro kacaercs
sHeproaddexruBHoCcTH (pon3BoauTensHocTH Ha BarT), [IJINC 6bua ny4me CPU B 227 pa3
u nyqme GPU B 75 pa3. Yckopennoe na IIVIMC npunoxenue 66u10 pa3paboTaHO C TOMOLIBIO
SDK, Brmovaromiero rotossiii mpoekt [IJIMC, nmeronmmii PCI Express nuatepdeiic s cBsizu
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C XOCT-KOMITBIOTEPOM, U coTBepHBIC OMOIMOTEKHU 1711 001eHus XocT-puioxenus ¢ [IJINC
yckoputeneM. OT KOHEYHOro pa3paboTyuka OBIJIO HEOOXOOMMO TONBKO pa3paboTaTh
BEIYHCIIUTENBHO A1po anroputMa Ha s3bike Cu B cpene Vivado HLS, u e Tpeboamocsk
cnenuanbHbIX HaBbIKOB [IJIMC pa3paboTk.
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BBICOKOYPOBHEBBII CHHTE3; OPOYHOBCKas TMHAMHKA
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1. BeedeHue

BBICOKOIIPON3BOIUTENILHBIE BBIYHUCIICHHS MPOBOAST Ha mporeccopax (CPU),
OOBEAMHEHHBIX B KJIACTEPhl W/WJIM WMEIOIIMX allapaTHble YCKOPUTEIH —
rpadguyeckne mporeccopsl Ha BHmeokaptax (GPU) wim  mporpamMmupyembie
norudeckue uarerpanbhbie cxembl (ITJIMC) [1]. CoBpeMeHHBIH MpOIECCOp caMm Io
cebe  sBUsAETCS  OTIAMYHOM  IaTGopMoi Ui BBICOKOIPOW3BOJHUTEIBHBIX
BbrunciaeHuit. K noctonncrsaM CPU MOHO OTHECTH MHOTOSAEPHYIO apXUTEKTYPY
¢ oOmell KOrepeHTHOW KAII-MaMAThIO, IOANEP)KKY BEKTOPHBIX WHCTPYKIMH,
BBICOKYIO 4YacTOTy, a TakXe OIPOMHBIH HaboOp IpOTpaMMHBIX CpEACTB,
KOMITWJISITOPOB M OMOJIMOTEK,  OoOecrnevMBarOI[Mii  BBICOKYIHO  T'MOKOCTB
nporpaMMHUpOBaHus.  Bwicokas  mpousBoguTenbHOCTh  miargopmel  GPU
OCHOBBIBACTCA  HAa  BO3MOXKHOCTH  3allyCTUTh  THICSIUM  IapauleIbHBIX
BBIUYMCITUTENBHBIX IOTOKOB Ha HE3aBHCHMBIX amnmapatHelx sapax. Hdus GPU
JIOCTYITHBI XOPOIIO 3apeKoMeHIoBaBiiue cedst cpenactBa paspaborku (CUDA,
OpenCL), cHmxkaronie nopor ucrnonszoBanust GPU muaTdopmsbl 11 TPUKIAIHBIX
BBIUUCIIUTENbHBIX 3aa4. HecMoTps Ha 3T0, B nocnennee aecstunerue [JIMC Bce
Yalie CTalu HCIOJIb30BAaThCA B KadecTBe IIaT(OPMBI ISl YCKOPEHHMS 3a]ad, B TOM
YHCIie HCIONB3YIOIMX BellecTBeHHble BbuucieHus [2]. IIJIMC obnapator
YHHUKAIIbHBIM CBOMCTBOM, pe3ko orTauuatomuM ux or CPU m GPU, a umenHO
BO3MOJ)KHOCTBIO TIOCTPOMTh KOHBEHEPHYIO alNapaTHYI0 CXEMY I10Jl KOHKPETHBIH
BBIYMCIINTEIbHBIH anropuT™. [lo3TOMy, HECcMOTpS HA 3HAYNUTEIBHO MEHBIIYIO
TaKTOBYIO 4acTOTy, Ha KoTopoi paborator IIJIUC (mo cpasuenuto ¢ CPU u GPU),
Ha HeKoTopbix amroputMax Ha [IJIMC ymaercs mgoOutbes — Oosbrner
npousBogurenbHocTd [3]-[5]. C apyroéi CTOpOHBI, MEHBIIAS YACTOTa PabOTHI
o3HawaeT MeHblmee 3HepromnoTpedinenne, n [IJIMC mpakTudeckm Bcerma Oomee
abpdextuBHp, wem CPU wuw GPU, ecimum  uCnoib30BaTh  METPHUKY
«IIPOM3BOANUTENBHOCTS HA BaTT» [5].

OnmHUM H3 KIACCHYECKHUX IPUIOKCHHH, TPEOYIOUIMX BBICOKONPOU3BOIUTENBHBIX
BBIYHCIICHUH SIBISIETCSI METOJ MOJICKYIAPHOW AWHAMUKH, WCIIONB3YIOMIMHACS AT
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pacueta IBIJKEHHMsS CHCTEM aTOMOB MM MoJeKyl. B paMkax sToro merona
B3aUMOJICHCTBUS MEXy aTOMaMM M MOJIEKYJIaMHU ONKCBIBAIOTCSA B PaMKax 3aKOHOB
HeI0TOHOBCKON MEXaHUKHU C MOMOIIBIO MOTEHINATIOB B3auMOAeHCTBH. Pacuer cun
B3aUMOJICHCTBUS TMPOBOAMUTCS MTEPAaTUBHO M MPEICTABISIET CYIIECTBEHHYIO
BBIYHCIIUTEIBHYIO CIIOKHOCTh, YUUTHIBAS OOJBIIOE KOJMYECTBO aTOMOB/MOJICKYT B
cHCTeEME W OOJBIIOE KOIWYECTBO PACUETHBIX HTEPALUH. YCKOPEHHIO pacueToB
MOJIEKYJISIPHOH IWHAMHUKK OBUIO yIEIEHO MHOTO BHHMAaHHS B JIUTEPAaType B
Pa3IHIHBIX CHCTEMaX: CYIIEPKOMIIBIOTEPAX [61, KJractepax [71.
CIIeUUANTN3UPOBAHHBIX MO MOJIEKYJSIPHO-ANHAMUYECCKHE pacyeTsl MammnHax [8]-
[10], mammuax € yckoputensmu Ha ocHoBe GPU [11] u TUTUC [12]-[17]. Bsuio
npoaeMoHcTpupoBaHo, uto ITIJIMC MoxxeT ABIAThCA KOHKYPEHTHOU albTepHATUBOM
B KauecTBe amMapaTHOTO  YCKOPUTENs JUId  MOJEKYJISpPHO-IMHAMHUYECKUX
BBIYMCIICHUH BO MHOTHX CIy4asX, OJHAKO Ha CEeTOAHALIHUN NCHb HE CYIIECTBYET
KOHCEHCYCa O TOM, Ul KaKUX MMEHHO 3a/1a4 U aJTOPUTMOB BBIFOJHEE IPUMEHAThH
wiatdopmy IJINC.

B nanHoit pabore MBI paccMarpuBaeM BaKHBIM YacTHBIM ciydail MOJEKYJSIpHOM
JUHAMMKH — OpOyHOBCKyI0 JuHamMuKy. OCHOBHasi OCOOCHHOCTH MeToJa
OpOYHOBCKOM JMHAMHKH O CPABHEHUIO C MOJICKYISIPHON JUHAMHUKON 3aKITI0YAETCsI
B TOM, 4TO, MOJIEKYJISIpHas cHCTeMa MoJenupyeTcs Oojee rpy0o, T.e. B Ka4ecTBe
3JIEMEHTAPHBIX OOBEKTOB MOJEIMPOBAHMS BBICTYIIAIOT HE OT/JEIbHBIC aTOMBI, a
Oosiee KpymHBIC YaCTHIBI, TaKHe KaK OTAENbHBIC JIOMEHBI MaKpPOMOJICKYJ HIIH
LENble MAaKpOMOJIEKYJIbL. MOJIEKyIIbl pacTBOPUTENS. U APYTUe€ Mallble MOJEKYJbI B
SBHOM BHJIE€ HE MOJEIHMPYIOTCA, & UX 3((EKThl YUUTHIBAIOTCS B BHIE CIy4aidHOU
cuibl. TakuM 00pa3oM ymaeTcs 3HAYMTENLHO CHU3UTH Pa3MEPHOCTh CHCTEMBI, YTO
MO3BOJISIET YBEIWYUTh UHTEPBAJ BPEMEHH, TIOKPHIBAEMBIN MOJIEIBHBIMU pacuyeTaMu
Ha TTOPSAKH.

Ham Hen3BecTHBI ONMCaHHBIE B JINTEPATYPE MOMBITKH HCCIIENA0BATh 3(P()EKTHBHOCTD
[JINC mo cpaBHEHHIO C albTEPHATHBHBIMHU IUIaTGOpMaMy JUIs YCKOPEHHs 3aiad
OpoyHOBCKOM auHaMHKH. [l03TOMYy MBI TPEINPUHSIN HCCIEAOBAaHHE HaHHOTO
BOIIpOCA Ha IpUMeEpe 3aJaddl MOJCIUPOBAHMS JICTIOIMMEPHU3ANNN MUKPOTPYOOUKH
METOJIOM OPOYHOBCKOW JMHAMHUKH.

MuxkpoTpy0oUuKkH — 3TO TPYOKH JHaMETPOM OKOJIO 25 HM M JJIMHOW OT HECKOJIBKHX
JIECSITKOB HAaHOMETPOB [0 MAECATKOB MHUKPOH, cocTosmiue Oenka TyOyiawmHA U
BXOISIIME B COCTaB BHYTPEHHETO CKeJleTa IKUBBIX KIETOK. KirroueBoid
0COOEHHOCTBIO MUKPOTPYOOUEK SBISAECTCSA WX AWHAMHYECKass HECTaOMIBHOCTD, T.€.
BO3MOXKHOCTh CIIOHTAHHO NEPEKII0uaThcsl MEXAy (a3amMH IOJMMEpU3aluil |
nenonumepusanun [18]. DTo moBeleHHe BaKHO MpeXIe BCEro s 3axBara U
HEepEMEIICHHST XPOMOCOM MHKPOTPYOOUYKaMH BO BpEMsl KJIETOYHOI'O JICJICHHS.
Kpome TOro, MHKpPOTPYOOUKM HIpalOT BaXXKHYIO pOJb BO BHYTPHKICTOYHOM
TPaHCIIOPTE, ABMXEHUHM PECHUYEK W JKTYTUKOB M IOJACPKAaHUM (OPMBI KICTKH
[19]. MexaHu3Mbl, Jexanue B OCHOBE pabOThl MUKPOTPYOOUEK, HCCIEAYIOTCS YiKe
HECKOJBKO [JECATKOB JIeT, HO JIMIIb HEJABHO PAa3BUTHUE BBIYMCIMTENBHBIX
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TEXHOJIOTHH TTO3BOJIMIIO ONHMCHIBAThH ITOBEJCHNE MUKPOTPYOOUYEK HAa MOJICKYJIIPHOM
ypoBHe. Haunbonee nmoapoGHasi MosekyJssipHas MOZEIb IMHAMHUKHA MHUKPOTPYOOUeK,
CO3[JaHHas HEJaBHO Halllel rpynIold Ha OCHOBE METOJa OpPOYHOBCKOHM JAWHAMUKH,
Obuta peamm3oBaHa Gaze CPU w  mos3Boisimia  paccyMThIBaTh — BpeMeHa
MOMMMEPHU3ALNH/ IETTOTUMEPU3AMA MUKPOTPYOOUEeK MOpPAIKa HECKOIBKHX CEKYHI
[20]. OTo mpommio CBEeT HA PSAA BAKHBIX ACMEKTOB JHHAMHKH MHKPOTPYOOUEK,
OJHAKO, TEM HE MEHEE, MHOTHE KIIOYEBBIE 3KCIEPHUMEHTAJIbHO HaOJF0OHaeMble
SBJICHUSI OCTAJIMCh 32 PaMKaMH TEOPETHYECKOTO ONMHCAHUS, T.K. OHU NPOHCXOAAT B
MHUKPOTPYOOUKaXx Ha BpEeMEHaxX IEeCATKOB W aaxe coTeH cekyHm [21]. Takum
00pa3oM, ISl TIPSIMOTO CPABHEHMS TEOPUHM M SKCIEPHMEHTa KPUTHUECKH BAXKHO
JOCTUTHYTh YCKOPEHHS PacueToB JUHAMHMKUA MHUKPOTPYOOUYEK XOTs Obl Ha MOPSIOK
BEJINUMHBI.

B nanHO# paboTe MBI HCClieyeM BO3MOXKHOCTD YCKOPEHHS PacieTOB OpOYHOBCKOM
JuHaMUKd MEKpoTpy6ouku Ha IIJIMC u cpaBHHBaeM pe3ynbTaThl, IOJIy4YCHHBIE IPH
peanu3aly OJHOTO M TOTO K€ aJIrOPUTMa JUHAMHKH MHKPOTPYOOYeK Ha Tpex
pa3HbIX iatdopmax, o KpPHUTEPUSIM MPOM3BOIUTENEHOCTH u
3HEProdpPeKTUBHOCTH.

2. Mamemamuyeckasi moodesb

2.1 O6wme cBeaeHUA O CTPYKTYpPE MUKPOTPYOOUKN

CTpyKTYypHO MHKpPOTPYOOYKa MPENCTaBIsIET cO00¥M MWIMHAP, cocTosmuil m3 13
nernovek — npotoduiaamentos (Puc.1).

Longitudinal
bonds energy, keT ;
10 » 7~
v %1703 06 09
-10 r,nm
bending energy, ksT
Lateral bonds energy, kT 12
8
. 10
& r 4
a > 1€ 07703705 09 0 0204
\- » .40 r, nm .
> ¢ X, rad

Puc. 1. Cnesa — cxema mooenu muxpompybouxu. Cepvim noxazamvl cyoveOunuysl myoyiund,
YepHBIMU MOUKAMU — YeHMPbl 83aumodeticmaus medxicoy Humu. Cnpasa - 6uo
9HEp2eMUYECKUX NOMEHYUALO08 B3AUMOOCUCIBUSL MENHCOY MY OYIUHAMU.

Fig. 1. On the left — the scheme of a microtubule model. Grey shows tubulin subunits, black
spots — centers of interaction between them. Right — the kind of energy potential interaction
between tubulins.
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Kaxnplii mpotodumaMeHT mocTpoeH W3 auMmepoB Oenka TyOynamHa. Cocennue
npotouIaMeHTsl CBSI3aHBI JIPYr C JAPYroM OOKOBBIMH CBSI3SIMH M CIBHHYTBHI
OTHOCHTEJIFHO JIPYT Jpyra Ha paccrostHue 3/13 JUIMHBI OTHOrO MOHOMEpA, TaK 4TO
MHUKpOTpYOOYKa MMEET CHHUPaJbHOCTh. [IpM mojauMmepusanuu JuMepsl TyOyJIHHA
NPUCOSAMHAIOTCS K KOHIAM IPOTO(QMIAMEHTOB, MpPUYEM INPOTO(UIAMEHTHI
MHKPOTPYOOUKH  CTpeMATCS  NPUHUMATh IpAMylo  KoHpopmammo. [lpu
JETOIMMEPU3alii  OOKOBBIE CBS3M MEXIY NPOTOQHIAMEHTaMH Ha KOHIE
MHKPOTPYOOUKH pa3phIBAIOTCA, U MPOTOGHUIAMEHTH 3aKpy4YHBarOTCs HapyxKy. [Ipu
9TOM OT HHX CIIy4ailHBIM 00pa3oM OTPBIBAIOTCS OJUTOMEPHI TYOyJIHHA.

2.2 MogenupoBaHMe genonumMepusauum MUKpPOTPYOOUKH
MeToAOM OPOYHOBCKOW AMHAMMUKN

Hcnons3yemast 37eCh MOJICKYJISApHAs MOJEIb MHKPOTPYOOYKH Oblia BHEPBbIC
npencrapnena B cratbe [20]. TTockonbKy 3amaueil HACTOSIIETO HCCICHOBAHHS
SBIUIOCH  CPaBHEHHWE  MPOU3BOAMTEIBHOCTH  PA3lHYHBIX  BBIYHUCIHTEIbHBIX
m1athopM, Mbl OTPAHHYHINCH MOMCIHPOBAHHEM TOJBKO JCHOIUMEpPHU3AIIN
MHUKPOTPYOOUKH.
BkpaTiie, MHKpOTpYOOUYKa MOIEIMPOBaNach Kak HaOOp C(HEpHUECKUX HACTHIL,
OPECTABISIONINX COO0W MOHOMEpHl TyOynnHa. MOHOMEpHI MOTIIH JIBHTAThCS
TONBKO B COOTBETCTBYIONICH WM paadaibHON IUIOCKOCTH, T.e. B IUIOCKOCTH,
NPOXOSIIIeH Yepe3 OCh MHUKPOTPYOOUKHM M COOTBETCTBYHOLIMI MPOTO(HIAMEHT.
Takum 00pa3oM, I[OJOXXEHHWE M OPHEHTALMSA KaKAOTO0 MOHOMEpa MOJHOCTBIO
ONPEeNIeISITHCh TPeMsl KOOPJHHATAMU: JIBYMs IEKAPTOBBIMH KOOPIMHATAMH LIEHTpa
MOHOMEpa M YIrIoM opHeHTauuu. Kakaplii MOHOMEp HMeN 4YeThlpe LeHTpa
B3aMMOJCIHCTBHS Ha CBOCII IIOBEPXHOCTHU: JBA LIEHTPa OOKOBOI'O B3aHMMOJCHCTBHS M
JBa IIEHTPa IPOJOJBHOTO B3aUMOJCHUCTBUS. ODHEprus TYOYIHH-TYOYIMHOBOTO
B3aMMOJICHCTBHS 3aBHCeNla OT PACCTOSIHHS I MEXIy CalTaMH B3aUMOJICHCTBHUS Ha
MOBEPXHOCTH COCEJHHX CYOBEAMHHI] M OT YIia HAKIOHAa MEXIy COCEIHHMH
MOHOMEpaMH TyOyITHHA B TIPOTO(HIAMEHTE.
BokoBble ¥ TPOMOJIBHBIC B3aUMOICHUCTBUS MEXKIY JAAMEpaMd TyOyiuHa
OTPEIeISUTHCH MOTEHIINAIOM, UMEIOIIIAM CIICTY IO BUI:
2 2
V(r)zA.L .exp;r_b .expﬂ (1)

r, r, d-r,
rae A u b onpenensiiin riryOMHY TTOTEHITHAIBHOM MBI U BBICOTY SHEPTETHUECKOTO
6apbepa, oy u d — mapaMeTpsl, 3aJaf0MIHe MUPHHY TOTCHIUATILHON MBI U GOpMy
noTeHnuasa B nenom. [lapamerp A npuHUMal pa3invHble 3HAYCHHS [T OOKOBBIX U
NPOAOIBHBIX CBA3CH, TaK YTO OOKOBBIC B3aMMOACIHCTBHS ObUTH ciabee MPOAOIbHbIX,
BCE OCTANbHBIC MapaMeTPhl COBMANANH A 0OOMX THIIOB CBsI3eH (IIOTHBIA CIIHUCOK
napamMeTpoB M WX 3HadeHud npencrasaeH B Table 1 B [20]). IIpomonbHbie
B3aMMOJCICTBHS BHYTPU AUMEpa MOJCIUPOBAIUCH KaK Hepa3pbIBHBIC MPYKHHBI C
KBaPAaTUYHBIM HEPreTHUCCKUM NOoTeHIHaIoM U(r):
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u(r):%k-r2 2)

rae K - JKeCTKOCTB CBSI3U TyOyIHH-TyOyIMHOBOTO B3aHMO/ICHCTBHS.

Oneprust u3ruba J(x) cBA3aHA ¢ TOBOPOTOM MOHOMEPOB JIPYT OTHOCHUTEIHHO JIpyTa
M TaK)Ke OMICHIBANIACH KBAIPATUIHON HEpa3pPBHIBHON (yHKIINEH:

90-20 - ©

TZie ¥ - YrOoJl MEXIy COCEeTHHMH MOHOMEpaMH TyOyJlnHa B IPOTO(MIAMEHTE, ¥ o -
PaBHOBECHBIH yroJ MKy ABYMsI MOHOMEpaMH, B - n3rnbHas KecTKOCTb.

Tlomnas SHEprusd MPIKpOpr60‘{KI/I 3alMChIBAJIACh CIICOYIOINUM O6pa3OMZ
13 K,
lateral Iongitudial
Uota = ZZ(an Vicn +Un +gk,n) )
n=l i=1l

rae N - HoMep npoToduiiaMenTa, | - HoMep MOHOMepa B N-oM npotodunamente, Ky

lateral
- uueno cyObenuuun TyOynuHa B N-om mporopunamenre, V"7 - dHEprus

o lon g itudi al
OOKOBOTO B3aUMOJCHUCTBUA MCKAY MOHOMCpaMH, V OHEPIrusd

MPOJOIBHOTO B3aUMOJICUCTBHS MEXIy AUMEPaMHU.

DBOJIIOLNS CUCTEMbI PACCYHUTHIBAIIOCH C IOMOIIIBIO METOIa BpOyHOBCKO#M TMHAMHUKH
[22]. V3nauanbHO#t KOHDHUTYpalmeii MUKPOTPYOOUKH OblLTa KOPOTKAs «3aTpaBKay,
comepkamasi 12 MoHOMEpOB TyOynuMHa B KaxXAoM mpoTtoduiaMente. Mbl
paccMaTpuBaiM TOJbKO JenonuMepusando MT u MoaennpoBany Bce TYOYJIMHBI ©
PaBHOBECHBIM YIIIOM yo = 0.2 pax. KoopiuHaTel BceX MOHOMEPOB CHCTEMBI Ha i-0if
UTEpaLNK BEIPAKAIHCH CIIETYIOIUM 00pa3oM:

=g~ & Py oy %oy
7q qk,n 7/q (5)
rinzri’j—g-auit.‘m% 2|<BTg N (0,0)
Ty, 01, 7.
. =677
. =8ar'y

rae dt - mar no Bpemenu, Uy Boipaskaercs yepes (4), Kg - mocrosiaaas bospimana,
T- temmeparypa, N(0,1) — ciaydaiiHOe YKCIO M3 HOPMAIbHOTO PACIPEICIICHUS,
CreHEPHPOBAHHOE C MOMOIIBI0 adroput™Ma BuXph Mepcenna [23]. y, u 7y, -
BS3KOCTHBIC ~ KOX((UIMEHTHl  CONPOTUBJICHUS JUIS CABHTAa W  TOBOPOTA
COOTBETCTBCHHO, PaCCUMTaHHbIC T cep paauyca I = 2 HM.
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. i
HpOPBBO[[HaH NOJIHOU 3HEPIvUu MO HE3aBUCHMBIM KOOpJAUHATAM qk n BbIpaxkalaCh

yepe3 OOKOBYIO, MPOJOJIBHYIO COCTaBIISIOIINE JHEPTHH B3aHMMOJCHCTBHS MEXIY
COCETHIMH JYMEpPaMH U BHYTPHU IUMEPa, a TAKXKE SHEPTHIO U3THOa:

aU[_ota| avlateral . avlongltudlal .\ aul_(,n .\ agkn
6qll<n aqkn aqkn anI(n anI(n

Jlnst yckopeHusl pacueToB OBIIM HCIOJB30BAHBI aHAJMUTHYECKUE BBIPAXKCHUS IS
BCEX I'PaJINCHTOB YHEPTHH:

(6)

avlaleral _ 2
Alateral expl — - ' Z_L 2 blateral -€Xp (r) ' o (7)
aqk n I f f d- fy d LB aQk n
&/Iongitudial ~ r _r r 2'blongitudia| r _(r)z or (8)
W— Aiongitudial'r?'exr’ ? : Z_E + dor, - exp d-r, 'aq:(‘n
au
Han _pp. T (9)
aqk,n aqk,n
89,. 09, O, 0%,
Jo_ Dun T gy ) 2 (10
aQk,n 8;(k,n aC‘k,n aQk,n

Crnenyer OTMETHTH, HYTO pa3Mep JAHHOW 3aJayd CPaBHUTEJHFHO Mail. Mbl
paccMaTpuBali TOJBKO 12 €JI0€B MOHOMEPOB, YTO IaeT MOJHOE YHUCIO YacTHIL
paBHOe 156. OnHaKo, 3TO HUCKOJIBKO HE YMEHBIIAET 3HAYUMOCTD BBIYMCICHUH, T.K.
B PEalbHBIX pacyeTax JOCTATOYHO BBIUUCIATH MOJIOXKEHHE KPaHHMX HECKOJIbKUX
(mopsiaka 10) c10B MOHOMEPOB, T.K. IPH POCTE MUKPOTPYOOUKH JajbHHE OT KOHIIA
MHUKPOTPYOOUYKH MOJIEKYJIBI TyOyJIHHa 00pa3yroT yCTOWYHBYIO IWIMHIPUIECKYIO
KOH(UTypanuio, n OpaTh UX B pacdeT HET CMbICIIA.

2.3 NceBpokon anropuTma pacyera

AJNTOpUTM SBIAETCS WTEpaTHUBHBIM 10 BpemeHu ¢ marom 0.2 He. CymiecTByrOT
MAacCUB TPEXMEPHBIX KOOPAMHAT MOJIEKYJ, a TakXe MAaCCHUBBI CHUJI MOIMEPEYHOrO
(marepasibHOrO) M MPOAOIBHOTO (JIOHTHTYIAIBHOTO) B3auMojeicTBuil. Ha kamoii
UTEepaLru 10 BPEMEHHU MOCIEI0BAaTENIbHO BBIIOJIHSIIOTCS /IBa BJIOXKEHHBIX LIUKJIA 110
MOJIEKyJaM, B TIE€PBOM MPOU3BOAUTCS BBIYMCIEHUE CHJI B3aUMOAECHUCTBUS IO
W3BECTHBIM KOOPJAWHATAaM, BO BTOPOM — OOHOBJISIFOTCS CAMU KOOPJMHATHL. B 1rukire
BBIYUCIICHUST CHJI B3aUMOJICHCTBUS HEOOXOIUMO MPOYHTATh KOOPIUHATHI TPEX
MOJIEKYJI, OJTHa IICHTpaJbHas U JBE COCEOHME («IeBas» M «BEpXHsA», cM. Puc.2), a
pe3ynabTaTOM BBIYUCICHHS OyAET CHjla IOTEPEYHOr0 B3aUMOJICHCTBUS MEXKIY
LEHTPaIbHOMN M JIEBOM MOJIEKYJaMU U CUJIa MPOAOJIBLHOTO B3aUMOIECHCTBUS MEXIY
LEHTPaIbHOM 1 BEPXHEH.
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Puc. 2. Cxema pacnonodicenust 63aumo0eticmgyouux cyobeOuHuy 8 Mooeiu MUKpompybouxu

Fig. 2. The scheme of arrangement of interacting subunits in the microtubule model

B wurtore mocnme 3TOro IMKNIA OKA3bIBAIOTCS  BBIUMCICHHBIMH BCE  CHIIBI
B3aUMO/ICHCTBUSI MKy BCEMH MOJICKYJIaMH. B mnkie oOHOBIEHUS KOOPIMHAT MO
M3BECTHBIM CHJIaM BBIYMCIISIIOTCS H3MEHEHNUS KOOPAMHAT, a TAKXKe OepyTcs B pacueT
cilyqalHble [100aBKM Ui ydeTa bBpOyHOBCKOTO [BWKEHHSA. TakuMm obOpasom,
TICEBJIOKO/T aJITOPUTMa MOXHO 3aIHCaTh CJIETYIONINM 00pa3oMm.

Bxon: maccuB xoopauHat Moitekyn M = {X, y, teta}. ['paHu4HBIC YCIIOBUS Ha CHIIBI
B3aUMOJICHCTBHS.

BLIXOI[I MacCuB KOOpJAUHAT M nocne K maros mo BpPEMCHU

fortin {0.. K-1} do
foriin {0.. 13} // xonuuecTBO MPOTOHUIAMEHTOB
for j in {0.. 12} do // xonu4ecTBO CI0EB MOJIEKYIT
Mc <- M[i,j]
MI <- M[i+1,j]
Mu <- M[i,j+1]
/I mo dopmynawm (7, 8, 9, 10)
F_lat[i,j] <- calc_calteral(Mc, MI)
F_long[i,j] <- calc_long(Mc, Mu)
end for

foriin {0.. 13}
forjin {0.. 12} do
Il mo hopmynam (5)
MTi,j] <- update_coords(F_lat[i,j], F_long[i,j])
end for
end for
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3. MpoepammHas peanusayust Ha CPU u GPU

3.1 Peanu3auua Ha CPU

Bruta mpennpuHsTa MOMBITKA MakCHMallbHO pacnapauienuTs koj Ha CPU Intel
Xeon E5-2660 2.20GHz mnox ynpaBnenumem OC Ubuntu 12.04 ¢ nomomipo
oubmmotekn OpenMP. [lapamuienbHast cexnus HaYMHAIACH JIO LHUKJA 110 BPEMEHH.
[ukmer  pacdera cmi  B3aUMOACHCTBUSL M OOHOBJIEGHHUS KOOpPAWHAT OBIIH
pacmapaiuiesieHsl ¢ momorneio aupektuBsr omp  for  schedule(static), mexmy
IUKJIaMH ObUla BCTaBiIeHa OapbepHas CHHXPOHM3amMsA. MacCHBBI, COAEpIKallve
CHJIBI B3aMMOJICHCTBHS U KOOPAUHATHI MOJICKYJI, OB OOBSBICHBI Kak private ms
Ka)KJJOTO ITOTOKA.

IIpu peammzamum pacueroB Ha CPU 0Oputo 0OHapykeHO, UTO pa3Mep 3agadd He
No3BOJISUT ee 3(P(EeKTHBHO pacmapauleInTh. 3aBUCUMOCTh BPEMEHH BBINIOJIHEHHS
ONHOM WTEepanuMu OT YHCIAa [apajuleIbHBIX MOTOKOB OBUIA HEMOHOTOHHA.
MuHHNMaIbHOE BpEMsl pacdera OJHON WTEpalMy 110 BPEMEHH OBUIO MOJIYYCHO NPH
ucronb3oBaHun Bcero 2 motokoB (saep CPU). OObscHAETCS 3TO TeM 4YTO, C
YBEJIMYCHUEM KOJIMYECTBA IIOTOKOB PACTET BpeMs Ha KOMHMPOBAHME JAHHBIX MEXKIY
MOTOKAaMH M Ha MX CHHXpOHHU3auuio. [Ipu 3ToM pazmep 3amaud OueHb Mall, YTOOBI
BBIUTPBINI OT yBEJIWYEHHS KOJMYECTBA SAEP NPEBBICHI ITHU HAKIAIHBIE PACXOMBI.
Ilpun 3TOM 3KCHEPUMEHTHI MOKA3ald, 4TO 3ajada cnabo MacmTabupyeTcs NpH
yBenmueHUN pasmepa (weak scaling), T.e. mpH OTHOBPEMEHHOM YBEIHUYCHHU
pa3Mepa 3a7adM ¥ Yuciia MapajyieNIbHBIX TOTOKOB BPEMs BBIYHMCICHHS OCTaBaJoCh
MPUMEPHO OJUHAKOBBIM. B mrore mydmmM pesymsratoM Ha naHaoM CPU Ovmio 22
MKC Ha OJIHy MTEpaIHIO 110 BpEeMEHH Ipu ncnoss3oBannu AByx saep CPU. Kox we
ObLT BEKTOPH30BaH M3-3a CIIOKHOCTH BBIYNCICHUH CHJI B3aMOJICHCTBHS.

3.2 Peanunsaumnsa Ha GPU

Mai 3amyckanu OpenCL peanusammio Ha rpad mpomeccope Nvidia Tesla K40.
[{uKIibl, BBIYMCIISIONIME CHIIbI B3aUMOJICUCTBUS W OOHOBJIEHHS KOOPJWHAT ObLTH
pacnapajieNieHbl, TJIaBHBIM IMKI 10 BpPEMEHH OBbLI HTEPATHBHBIM. bBhUIH
pealn30BaHbl JBa BapUaHTa — ¢ OJHOM W HECKOIBKMMH pabouynmM rpymmamu (Work
groups). B mepBoM ciydae ObLIO BBIIEIEHO MO OJAHOMY padodemy HOTOKY (WOrk
item) Ha kaxxayro Moyekyiy. B KamoM rmoTtoke GbUT LUKII 110 BPEMEHH, B KOTOPOM
BBIYMCIISUIMCH CHJIBI M KOOPAMHATHI MOJIEKYJIBI TOTOKa. [IpM TOM HpHMeHsIach
OapbepHas CHHXPOHHM3ALMS IIOCJIE BBIYUCIEHUS CHJI W IOCIHe OOHOBJIEHUS
KoopauHAT. B 9TOM cilyyae ydacTHe XOCTa He TpeGOBajOCh Ul BBHIYMCIEHHUH, OH
TOJIBKO 3aHUMAJICS YIIPABJICHUEM U 3aITyCKOM siiep.

Bo BTOpoM ciyuae ObUIM J[Ba THIIA TIOTOKOB, B OJHOM IIPOCTO BBIYMCIISIIMCH CHIIBI
JUISL OJTHOM MOJIEKYIIBI, BO BTOPOM — OOHOBIISUIUCH KOOPAMHATHL. ['JIABHBIN LIUKII 10
BpeMeHHU ObUT HA XOCTE, KOTOPBIN YIPABJISLI 3aIlyCKOM U CHHXPOHM3AIMEH sep Ha
KaKJIOH UTEepaIiH [UKJIA T0 BPEMEHHU.
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HauGonbIras npon3BOAUTEILHOCTS ObLTA MOJyYeHA B pacdeTax ¢ OJHOU IPYIIOH
MOTOKOB M 0aphepHON CHHXPOHM3ALUCH MEXIy HHMHU. be3 HCIoiabp30BaHUsS
TCHEPAaTOPOB TICEBIOCIYYAUHBIX YHCENI OJHA UTCPAIVsl BBIYHCIAIACH B TCUCHHE 5
MKC, €CJIM MCIIOJIb30BaTh OJIUH T'CHEPATOP YUCEN Ha BCE MOTOKH, TO BpeMs paOOTHI
BO3PACTAIO 710 9 MKC, a IPH MaKCHMAaJbHOM 3aIoHeHUH o0ted mamsta (Shared
MEMOry) ymaBajoch BKIIOYUTH 7 HE3aBUCHMBIX TE€HEpaTOpOB, IPH STOM BpeMs
BBIYUCIICHHUS OJHOW WTEPAllly 10 BPEMEHH COCTaBmWiIO 14 MKc, uro Oputo B 1.57
pasa OsicTpee peamm3aru Ha CPU.

3arpyxenHocts sinep GPU cocrasmna 7% ot ogHOro mynerunpoueccopa (SM), mpu
STOM O00mas MmamsATh, TAC pPa3MEMIATUCh MAaCCHBBI CHJI, KOOpAWHAT U Oydeps
JAHHBIX TEHEpaTOPOB IICEBAOCITyJaiiHBIX ducend, Obbia 3amonHeHa Ha 100%. T.e. ¢
OITHOW CTOpPOHBI pa3Mep 3afadl OBUT SBHO Main Uil HoiHo# 3arpysku GPU, c
JIPYTOi CTOPOHBI IPH YBEIWYCHUW pa3Mepa 3aJadd MPHUILIOCH OBl MCIOIB30BaTh
robansayro DDR mamsTh, 4To MOrio Obl HPUBECTH K OTPAHMYECHUIO pPOCTa
HpOI/I3BO[[I/ITeJ'H)HOCTI/I.

4, Peanu3sayus Ha lNJINC

4.1 OnucaHue nnathopmbl

Boruncienuss wa IIJIMC mnpowsBoamwnuck Ha miaardopme IIJIMC RB-8V7
npousBoyctBa ¢upmel HIIO “Pocra”. Ona npencrasiser coboir 1U Onok s
YCTAaHOBKH B CTOMKY. Biiok cocrout u3 8 kpucrawmoB I[IJIMC Xilinx Virtex-7
2000T. Kaxnas [IJIMC umeer 1 GB Bremnelt DDR3 namstu u PCI Express x4 2.0
uaTepdeiic k BHyTpeHHEMY PCle koMmmyTaTopy. biiok nmeet nBa untepdeiica PCle
x4 3.0 K XOCT-KOMIIBIOTEPY Yepe3 ONTHYECKHE KaOenH, KOTOpPbIE IOJDKHBI OBITH
COE/IMHEHBI CO CIIENMANIBHBIM a/1alITEPOM, YCTAHOBJIEHHBIM B XOCT-KOMIIBIOTED.

B kauectBe XocT-KOMIBIOTEpa OBLT HcTIONb30BaH cepBep ¢ CPU Intel Xeon E5-2660
2.20 GHz, paborarommuii mon ynpasieauem OC Ubuntu 12.04 LTS — takoif ke kak
u jia BeluucieHud mpocro Ha CPU ¢ momompro OpenMP. IIporpammuoe
obecrnieuenne, padoratomee Ha CPU xoct-koMnbrorepa «Buaut» 6ok RB-8V7 kak
8 mezaBucumex I1IJIMC yerpoticts, nogkmodeHHbx no mmHe PCI Express. [lanee
Oyner omuceiBaThes B3aumoeiicteue CPU tombko ¢ ogroi ITJIMC XC7V72000T,
IIPY 3TOM CHCTEMa I03BOJIsIeT ucnoib3oBath [IJIMC He3aBUCHMO 1 apaijieTbHO.
Yckopennoe ¢ momomrsio [IJIMC mpunoxkeHue ObpUIO pa3pabOTaHO C ITOMOIIBIO
SDK co cnenyromeit mogensto. Ha CPU xoct-kommbioTepa (manee mpocto CPU)
paboTaeT OCHOBHAs MporpaMma, KoTopas Hcmoib3yeT yckoputenb [IJIMC st
HanOoJiee BRIYUCIUTENbHO eMKuX npouenyp. CPU nepenaer gaHHbBIE B yCKOPUTEINb
n obparHo yepe3 BHemHIOIO DDR mamsate, moakmodennyio k ITJIMC, a Takxke
ynpaBisieT padoroit BeramcautensHoro siapa B [IJIMC. BerauciaurensHOe sSApO
coznaercs 3apaHee Ha si3bike C/C++, Bepudunupyercs u tpancaupyercss B RTL kox
¢ nomouibto cpeacrea Vivado HLS. RTL ko BEIYHUCIUTENHHOTO SIIpa BCTaBISETCS
B ocHOBHOH [IJIMC mpoekT, B KOTOPOM yXe€ peajn3oBaHa HE0OXOJMMas JIOTHKA
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yopaBieHuss M nepefaud JaHHbIX, Bkmouaromas PCI Express sapo, DDR
KOHTpoJulep W 1muHy Ha kpucraiuie (Puc. 3). OcnoBnoit [IJIMC npoekt mHOrAa
HaszeiBatoT Board Support Package (BSP), on pa3spabarbiBaeTcsi MPOU3BOIMTEIEM
o0bopynoBaHMs, W OT IIOJIb30BaTeNsl He TpeOyeTcs ero MoANU(HUKALUH.
Brruncimrensroe simpo HLS mocne 3amycka camo obpamaercs B8 DDR mamsTs,
CUHTHIBACT OTTYJa BXOAHOH Oydep MaHHBIX It 00pabOTKH M 3aIHCHIBACT Ty/a JKe
pe3ynbTat BeruuciaeHuid. Ha ypoHe si3pika C++ oOpamieHne B MaMsaTh MPOUCXOIUT
yepe3 apryMeHT (YHKIMH BEPXHETO YPOBHS BBUUCIMTEIBHOTO s1pa THUIIA
yKa3arels.

pBlock_base - SLR2
PCI Express
Core -
@
X
Control 4 = DDR3
o
Sty I
12
AXI Stream|Rand AXi|Master
Data
¥
MICROTUBE S
CORE
pBlock_hlis - SLRO, SLR1 FPGA

Puc. 3. bnok-cxema npoexma IT/IAC. Cunum u srcenmvim yeemamu ommeyensvt O10KuU,
éxooawuue 6 BSP. 3enenvim 0603nauenvt svruuciumenvuvie HLS adpa. Takowce ob6o3uauero
pazbuenue sdep npoexma na 6noxu (PBlocks) ors nanoscenus npocmpanceennvix
02paHUYeHUll npU MpaccuposKe.

Fig. 3. A block diagram of the FPGA design. Blue and yellow colors mark blocks included in
the BSP. Green color mark HLS computing cores. Splitting the cores of the project on the
blocks (pBlocks) is also marked to impose space restrictions on tracking.

Jns co3maHMsi YCKOPEHHOTO TIIPWIIOKEHWs! Oblia pa3paboTaHa METOJO0JIOTHS,
COCTOsIIasl U3 HECKOJBKUX 1IaroB. Bo-nepBbIX, OpUrHHAIBHBIN MOCIEI0BATENbHBIN
Kox kommwimpoBaics B cpege  Vivado HLS, wu  nposepsiioch, 4TO
CKOMIWJIMPOBAaHHBIH TakMX OOpa3oM KOJ HE W3MEHSET BBIXOAHBIX JaHHBIX
OIIOPHOTO TIOCTEIOBATENbHOIO KOJa. BO-BTOpBIX, M3 3TOr0 KOAA BBIAEISIIACH
OCHOBHAsl BBIUUCINTENbHAS W TOAXOASIIAS U YCKOPEHHS 4YacTb; 3Ta YacTb
OTAEIANACh OT OCHOBHOTO KOJa € TMOMOIIbI0 (yHKnuu-odeptku. Ilocme wero
CO3[aBaJOCh /IBE KONHMM TaKOW (YHKIWM M JIOTHKa NPOBEPKH HA COOTBETCTBHUE
pe3ynbpTaToB 0benx gacted. IlepBas komus ObIIa ONIOPHOH peanm3aluei aropurMa
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B Vivado HLS, a BTOpas Obuia ontumusupoBana ais Tpaucisimuun B RTL kox.
OnTUMU3aIUK BKIIOYAIH B ceOe MEpENChIBAHNAE KOJIa, TAKUEC KaK MCIOJIh30BAHUE
CTaTMYECKMX MACCHBOB BMECTO JUHAMUYECKHUX, HCIOJB30BaHUE CICIHAIBHBIX
¢byHknmid  ans BBoja/BeiBoma B HLS  smpo, MeTomsl IKOHOMHH TaMATH U
MIEPEUCIIONB30BAHMS  PE3YNbTaTOB BbIUMCIEHUM. Ilocime Kakaoro H3MeHEHHs
pe3ynbpTaT (YHKIHUH CPAaBHHUBAJICS C PE3YNIBTATOM OMOPHOH peammsanuu. Jpyrum
METOAOM ONTHMH3AIMH OBLIO WCIOJB30BAaHUE CIEIHATbHBIX AUPEKTHB Vivado
HLS, He MeHSIOmMHMX JIOTHYECKOE IIOBEIEHHE, HO BIHUAIOIINX HAa KOHEYHYIO
npousBogutenbHocTh RTL koma. Ha maHHOM craguu cienyeTr ocTaBaThbesl 4O TEX
mop, TOoKa He OyOyT TMONYYeHHl YIOBICTBOPHUTENBHBIC IIPEIBAPUTEIBHBIC
pesynbratel TpaHcusaiuu C B RTL, Takue Kak MPOU3BOJIUTENBHOCTH CXEMBl H
3aHIUMAaeMBbIE PECYPCHI.

Crnenmyromas ctagust — 5TO HMIUIEMEHTAIUs Pa3pab0TaHHOTO BBIYUCIUTEIHFHOTO
sapa B cucteMe Vivado BHE KOHTEKCTa OCHOBHOTI'O MPOEKTA. 3/1eCh 3a1a4a JOOUThCS
OTCYTCTBUS BPEMCHHBIX OIMMOOK yXKE Pa3BEACHHOTO [u3aiiHa BHYTpHU
pa3paboTaHHOTO BBIYHCIUTENBHOTO siapa. Eciu Ha 5TOM 3Tane HaOMI0AarTCs
BPEMEHHbBIC OIMUOKH, TO MOYKHO MPUMEHATH APYrHe MapamMeTpbl UMILUICMCHTAIUH,
60 BO3BpAaIAThCs HA MPEABIAYIIYIO CTaIUIO0 U MBITAThCS M3MEHUTh C++ KOJ Ui
WCIONb30BaTh APYTUE JUPEKTUBEI.

Ha cnenyromeit cranun HE0OXOIUMO HMIUIEMEHTHPOBATH BBIYUCIUTEIBHOE SIAPO
yK€ BMECTE€ C OCHOBHBIM NMPOEKTOM M €r0 BPEMEHHBIMHU U MPOCTPAHCTBEHHBIMU
orpaHndeHUsAMH. Ha maHHOHW cTagmu Takke HEOOXOOMMO JOOWUTHCS OTCYTCTBHUS
BpPEMEHHBIX omMOO0K. Ecii oHM HaOIIOJAr0TCS, TO MOXKHO JINOO U3MEHUTH YacTOTY
paOOTBl  BBIYHACIHUTEIIFHOW CXEMBI, HANOXKUTHh JPYTHE TPOCTPAHCTBCHHBIC
OTpaHMYCHUS Ha pa3MEIICHHE CXEMBI Ha KPHUCTaUle, JUOO ONSTH 3aHATHCS
n3MeHeHneM C++ KoJla W/WJIH UCTIONB30BaTh IPYTUE TUPEKTUBEL.

Hocnenuss craaus pa3pabOTKH — 3TO TPOBEpPKa HA COOTBETCTBHE PE3yIbTATOB,
MOJIyYEHHBIX Ha PEaJbHOM 3aIlyCKe B JKeJie3€ M C MOMOUIbI0 ONOPHOW MOJENN Ha
CPU. Ilpoxomut oHa Ha HEOOJBIIOM MPOMEXKYTKE BPEMCHH, TIPU 3TOM CUYHTACTCS,
4yTO Ha OoJiee IUTENBHBIX 3amyckax (koraa cpaBHUTE C CPU yxe mpoOiieMaTHYHO)
[IJINC peuienne BeIaeT MPAaBUWIBHBIE PE3YIbTATHI.

4.2 Pabota B cpepe Vivado HLS

B pabGore wucnomszoBanocs aa Vivado HLS sapa (Puc. 3): ocHoBHOE szpo,
peanu3yolee anropuT™M MOJEKYSIPHOW AMHAMHUKU MUKpoTpyoodek (MT sapo), u
SIPO JUIsl TeHepanuu mceBaocaydaiiaeix umcenl (RAND siapo). Ham mpummoch
pa3leNuTh AIrOPUTM Ha JIBA BBIYMCIMTENBHBIX SIpa MO CIEAYIOLeH NpUYUHE.
Kpucramn ITJIMC Virtex-7 2000T — sto cambiii Gonbmoi kpuctamn ITJIMC
cemeiicTBa Virtex-7 Ha peiHke. OH Ha caMOM Jielie COCTOUT M3 YEThIPEX KPUCTAIIOB
KpPEMHHS, COCANHEHHBIX HA ITOUIOKKE MHOKECTBOM COCIMHEHNH U 00BEANHEHHBIX
B OJMH Kopmyc MuKpocxeMsl. Ilo TepmuHonoruu Xilinx KaIplii Takoi KpHCTaUl
HaszbiBaercst SLR (Super Logic Region). Ilpu ucnonb3oBaHMM Takux OONBIINX
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[TJINC Bcerna BO3HUKAIOT MPOOJIEMBI C LIEMSAMH, NepecekaromuMu rpaHunsl SLR.
Xilinx peKOMeHyeT BCTaBJSTh PETUCTPHI HA TAKHE LENH ¢ 00eHX CTOPOH TPAHHIIBI
SLR.

[onnoe HLS sinpo, Brmowaromee 1 MT u RAND sinpa, TpeGoBanu amnmapaTHBIX
pecypcoB Goublie, yeM ObUIO JOCTYMHO B oaHOM SLR, mosTomy OblmM Lemy,
KOTOpBIE IEPECEKAIM I'PAHULY HE3aBUCHUMBIX KPUCTAIIOB KpeMHus. Ha cranuum
tpancisuuu ¢ s3bika C++ B RTL Vivado HLS Hudero «He 3HaeT» O TOM, Kakue
nenu OyIyT BIOCIEACTBHM IEPECEKaTh I'PAHMIy, M MO3TOMY HE MOXKET 3apaHee
BCTaBUTh JOMNOJIHUTENBHBIE PErHCTPBl CHHXpOHM3anud. llosToMy MBI HpUHSIN
pELICHUE pa3iesuThb apa Ha J[Ba, TPOCTPAHCTBEHHO OIPaHMWYUTH UX B paszHble SLR
¥ BCTaBUTh PETUCTPHI CHHXPOHHU3ALMK Ha MHTEP(EHCHBIC e MEXIY SApaMu Ha
yposHe RTL.

4.2.1 dppo MT

JaHHBIH adropuT™M OYEHb XOpOIIO NoaxoAut s peanuzauuu Ha [IJIMC, notomy
JUTS CPaBHUTEIFHO HEOOIBIIOTO KOJTMYESCTBA JAHHBIX M3 MaMATH (KOOPAWHATHI IBYX
MOJICKYJT) HEOOXOOMUMO BBIYHCIUTEH CIOXHYIO (DYHKIMIO CHII B3aMMOACUCTBHUS U
yAaeTcs NOCTPOUTH JUIMHHBIN BBIYMCIUTENBHBII KOHBEHEP.

Save
regs

RAM | | coords RAM
mi ,‘_ Pipeling, m2

random values

Puc. 4. Bnox-cxema annapamuoii geiuucaumensrou npoyedyput aopa MT. 3enenvim
0603Hayenvl annapamubvle O10KU NAMAMU Ol XpaneHus Koopounam moaexyn. Obosnavensl
BLIUUCTUMENbHBIE KOHBEUEPbI CUTL U 0OHOBIEHIUs KOOpOUHam, a maxoice 610k Save Regs ora

XPAHEHUsL NPOMENCYMOYHBIX Pe3YTbMmamos guluucienui. Ilcesdocayuaiinvie yucia

nocmynarom 6 Kougetiep 00HoseHus: Koopournam u3z opyeozo HLS sopa.

Fig. 4 Block diagram of hardware procedure of MT core. Green color designates hardware
memory blocks to store coordinates of molecules. Instruction pipelines to calculate forces
and to update coordinates are marked, as well as block Save Regs for storing intermediate
results of calculations. The pseudo-random numbers receive in the pipeline for coordinate
updates from other HLS core.

Kaxnast Monekyma, T.e. MOHOMED TyOyJIMHA, B3aUMOACHCTBYET TOIBKO C YETBIPHMS
cBoumu coceaamu (Puc. 2). Ha kaxnoit urepaumu 1o BpeMEHH HaJo CHadvania
BBIYHMCIINTh CHJIBbl B3aHMMOJCHCTBHS, a 3aT€M OOHOBHTH KOOPJIMHATHI MOJIEKYIL

253



Rumayanstev Y.A., Zakharov P.N., Abrashitova N. A., Shmatok A.V., Ryzhikh V.0., Gudimchuk N.B.,
Ataullakhanov F.I. PGA HPC Implementation of Microtubule Brownian Dynamics Simulations. Trudy ISP RAN / Proc.
ISP RAS, vol. 28, issue 3, 2016, pp. 241-266.

@OyHKUMY BBIYMCICHUS CHJI B3aWMOJIEHCTBHS BKIIOYAIOT B ceOs MHOXXECTBO
apu(METHYECKNX, OSKCHOHEHUHUAJIBHBIX W TPUTOHOMETPUYECKHX OIEpaTOpPOB.
Hame#t nepBoii 3ajmaueil ObUIO CHHTE3MpPOBaTh KOHBEHep Uil 3THUX (QYHKIHH.
PaGouum TumoM gaHHBIX Obul  BemiecTBeHHBIM Tun  float. Vivado HLS
CHHTE3WpOBaNa Takue QyHKINN B BUIE KOHBeHepoB, paboraromux Ha gactote 200
MI'n, ¢ mnmarertHocThi0 mmopsiaka 130 TakrtoB. Ilpm »TOM KOHBeiepsl OBLIH
OJHOTAKTOBBIE (WJIH, KaK TOBOPAT, C MHTEPBAJIOM HHHUIMANIN3AIMN paBHOH 1), 9TO
03HAa4aeT, 4YTO Ha BXOJ OHM MOITHM IPUHUMATh KOOPIAWHATHI HOBBIX MOJIEKYI
Ka)XIBIH TaKT, a 3aTeM I0CJIE HAaYalbHON 3afep>KKH (JJATEHTHOCTH) — BBIAABAThH
OOHOBJICHHBIE ~ 3HAYEHUS] CWJI TaKXKEe KaXIObli TakT. BBIXOmHBIE — CHIIBI
B3aUMOJICHCTBUSI MCIIOJIB30BAIIUCH Ui OOHOBJICHHsI KOOPAMHAT, YTO TOXE OBLIO
KOHBelepr30BaHo. J{J1s1 0OHOBIIEHHST KXKI0i KOOPIMHATHI KaXXIOW MOJIEKYJIbI ObLIH
HE0OX0/IMMO HEe3aBHCHMBIE MICEBOCITyYaiiHble HOPMAJIBHO paclpe/ielieHHbIE Yncia,
nony4aemele u3 apyroro HLS sapa. Ecnu B34Th Tpu MOJEKYJIBI («TEKYIIYIO»,
«WJIEBYIO» M «BEPXHIOIO») TO MOJIYYHJIOCH BO3MOXHBIM OOBEIUHHUTH KOHBEHEpPHI
BBIYUCIICHHUS CHJI U OOHOBJICHHUS KOOPJHMHAT B OJUH KOHBeHep, peaausyronuil Bce
BBIUUCIICHHS Al OMHOW MONEKynbl. Takoll KOHBEilep MMeN JIATEHTHOCTh PaBHYIO
191 taxt (Puc. 4).

AJNTOpUTM NPOXOIUT IO BCEM MoJIeKydaM B Iukine. Ha kaxnmoil urepauuu nukia
HE0OX0MMO MMETh KOOPJIMHATHI TPEX MOJIEKYJ: OJTHA MOJIEKYyJa paccMaTpHBacTCs
KaK «TEKyllas», TaKkKe €CTb «JIeBasg» M «IpaBas» MoJeKyJIbl. COOTBETCTBEHHO
PacCUUTBHIBAIOTCS CUJIBI B3aMMOJAEHCTBHSL MEXAY ITUMU TpeMs MojeKynamu. Jlanee
Npu OOHOBJIEHMH KOOPAWHAT TEKYyIIeH MOJIEKYIJbI JIeBasi W BEPXHSSI KOMIIOHCHTHI
CHJI B3aUMOJICHCTBUS Opaiuch W3 pacdera Ha TEKyLIeW WTepanuy, a HIDKHAA |
npaBasi KOMIIOHEHTH! Opaiiuch 00 W3 TPAHUYHBIX YCIOBHUH, MO0 C MPeIbITyIINX
UTEpaIHii U3 JIOKAILHOTO perucTpoBoro daitna Save Regs (Puc. 4).

Kommmaectso monekyn N B cucteme 0pu10 HeO0mpmuM (13 mpoTtodumamenTos x 12
Mosiekyn = 156 momekyn). Ha kaxmyro Monekymy TpeOyercs 12 OGait. Cxema
MCTIONb30Baja Ba MaccuBa koopauHat ml u m2, oOmmm oobeMom Menbine 4 Kb,
COOTBETCTBEHHO 3TH JaHHBIE JIETKO IMOMEIIATUCh BO BHyTpeHHIo0 mamsaTe [IJINC —
BRAM, peamm3oBanHyto BHyTpH HLS smpa. Cxema ObIIa yCTpoeHa TaKHM
00pa3oM, 9TO Ha YETHBIX HTEPALHUAX [0 BPEMEHH KOOPAWHATHI CUUTHIBAINCH U3
MaccuBa ml (M 3amUCBHIBAIMCH B M2), a HA HEYETHBIX — HA000poT. C TOUKH 3peHHUs
ITOPUTMAa MOXKHO OBUIO YHMTaTh M MUCATh B OAWH MaccHB KOOpAuHAT, HO Vivado
HLS nHe Morna co3nmaTh cxeMy, CHOCOOHYIO Ha OJHOM M TOM K€ TakTe€ YUTaThb U
nucaTh OJMH M TOT J>KE almapaTHbli MaccuB, 4To TpeOyercs st paboThl
OJTHOTAKTOBOTO KoHBeifepa. [losTomMy OBLIO MpPHMHATO pelIeHHE YIBOUTH
KOJIMYECTBO HE3aBUCHMBIX OJIOKOB IaMSITH.
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Puc. 5. Cxema xomugetiepnoco pacuema e3aumooeticmsuil myoyiuHo8 8 MUKpompyoouxe.
Fig. 5. The scheme of pipeline calculating of tubulin interactions in the microtubule.

Oxa3anoch BO3MOXHBIM pPEaln30BaTh TPH TOJHBIX MapajUIeNbHBIX KOHBelepa,
CIIOCOOHBIX OOHOBJIATH KOOPAUHATHI TPEX MOJIEKYJT Kaxkabiil TakT (Puc. 5). Torma Bo
n30exaHne NPoCTanBaHKUs KOHBEHEpOB HEOOXOANMO OBIJIO YBEJIMUUTh MPOIYCKHYIO
CIOCOOHOCTH K JIOKAJIbHOM MaMATH M YUTaTh KOOPJMHATHI CEMH MOJIEKYJ KasKIbIi
TakT. DTO MpobiieMa JIETKO pelIiach, MPakTUUECKH He MEeHsIsl ucXoaHbiil C++ kof,
a Wb 3a CYeT MWCIOJb30BAHUS CIELUANbHOW JUPEKTHUBHI, (uznuecku
pa3OuBaromIell MCXOIHBI MacCUB AaHHBIX 10 YETHIPEM HE3aBHCUMBIM aIllIapaTHBIM
omokam mamsTtu. T.k. mamsate BRAM B IIJIMC sBnsgercs ABYNOPTOBOW, TO W3
YeThIpex OJIOKOB MaMsATH MOXKHO IPOYUTATh 8 3HAUeHMH 3a TakT. Ho, Tak Kak Tpu
KOHBelepa TpeOyHT KOOPIMHATEI 7MU MOJIEKYJ 32 TakT (cM puc 5), 3T0 perimiio
npobiemy.

#pragma HLS DATA_PACK variable=m1, m2
#pragma HLS ARRAY_PARTITION variable=m1, m2 cyclic factor=4 dim=2

Taba. 1: I[Ipouzeooumenvrnocme u ymunuzayus cxemovi HLS ¢ mpems nonnvimu konsetiepamu

Table. 1: Performance and utilization of HLS scheme with three complete pipelines

[lepuon L | BRAM DSP FF LUT Vrumuzanus
5 HC 191 1 52 498 | 282550 | 331027 A0conroTHas
TaKkT | TaKT 2 % 23 % 11 % 27 % | OTHOcHUTeNbHAS

B Tabun. 1 npuBogurcs yrunmzanus cxembl HLS (T.e. kosmuecTBo noTpedisieMbIx it
anmapaTtHeix pecypcoB ITJIMC, B aOCONMIOTHBIX W OTHOCHTENBHBIX €IMHMIAX IS
kpuctamia Virtex-7 2000T) u ee mpousBoanTenbHOCTb. L — 3TO 3anmepkka WM
JATEeHTHOCTb CXEMBI, T.€. KOJIMYECTBO TAKTOB MEXTY I0aueii B KOHBeWep MepBhIX
BXOJHBIX AHHBIX U IIOJYYEHHEM IEPBBIX BBIXOIHBIX NaHHBIX, || — 3TO MHTepBan
WHUIHAM3anuK (WIM TIPOITYCKHAs CIOCOOHOCTh) KOHBEWepa, o3Hadarolee depes
CKOJIBKO TAaKTOB Ha BXOJ KOHBEiepa MOXKHO II0JaBaTh CIIEAYIOIINE aHHEIE.
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YTunuzanus NpUBOAWTCA Kak B aOCOMIOTHBIX BEJMYMHAX (CKOJIBKO TpedyeTcs
tpurrepoB FF wmu tabmun LUT) must peanusaiiin cXeMbl, TAK U B OTHOCHTEITBHBIX K
MOJIHOMY KOJIMYECTBY AaHHOTO pecypca B KpHCTaJlIe.
Kak BumHO 13 Tabn. 1 natenTHOCTh L mosHOro koHBeitepa Obiia paBHa 191 takTy,
IPU 3TOM KaXXJIbIii KOHBeep Jo/bkeH Obl1 00paboTaTh TPEThIO YacTh BCE MOJIEKYII,
YTO JJaeT TEOPETHYECKYIO OIIEHKY BPEMEHH BBIUUCIICHUS OJTHON UTEpaluy paBHYIO
Trume = (L+N/3)*5uHc=1.2 mMKc
W3 Tabin. 1 Taxke BUJHO, YTO B KPUCTAIJIE OCTAJIOCH €Ille MHOTO HEUCIIOIb30BAHHOM
JOTUKY, HO Jaibllie YBEJIMYUBATh KOJMYECTBO MapajuieJbHBIX KOHBEHEpOB
HENpaKkTUYHO. bByneT yMmeHbIIaTbess TOJNBKO BTOpOE cllaraeMoe, a HadaibHas
3aJiep)KKa BCe paBHO OyAeT AaBaTh 3HAYMTENBHBIN BKJIan BO Bpems pabotsl. IIpu
9TOM YBEJIMYEHHE KOJMYECTBO JIOTHMKH YCJIOXXHHUT pa3sMEUIeHHEe WM TPacCHPOBKY
CXEMBI Ha CIICIYIONIUX CTaIusIX pa3paboTku mpoekTa B Vivado.

4.2.2 dapo RAND

Kak ObLJ10 yKa3aHo, aJITOPUTM Y4HUTHIBaeT bpoyHOBCKOE NBH)KEHUE MOJIEKYII, OJTHIUM
U3 METO/IOB pacueTa KOTOPOTo SBJISETCsS NpHOaBlieHHE HOPMAJIBHOW CIydailHOM
J100aBKM K M3MEHEHUIO KOOPANHAT Ha KaKJOH HTepannu 1o speMeHn. Heo6xomimo
OYEHb MHOTO HOPMAJbHO pACIpPENENCHHBIX CIy4allHBIX dHCEd, Ha KaKAYyIo
utepanuoo — 1o N*3 gmcen, 9TO JaeT MOTOK 4207106 uucen/c. Takoii HOTOK He
MOXeET OBITh 3arpy’ke€H C XOCTa, IO3TOMY €ro HeOOXOANMO T'eHepHpOBaTh BHYTPH
IUINC «ua nery». Hdns 3Toro, kak u B omopHoM kone minst CPU, Oput BBIOpaH
TeHepaTop BUXpPh MepceHHa, Ao paBHOMEPHO  paclpe/ieleHHbIe
NceBOCHydaHble yucha. [lamee kK HUM MpHMEHSUIOCH INpeoOpa3zoBaHue boxca-
Mromiepa W Ha  BBIXOJE ~ TONYYalIMCh  HOPMAJbHO  pacHpeseCHHBIC
MOCJIE0BAaTEIHOCTH. VICXOAHBIM  OTKPBITBIH Ko BHXpS MepceHHa ObLI
MOAM(MUIMPOBAH JUIA TIOJIyYSHUs] aNlapaTHOro KOHBeHepa C HHTEPBAIOM
MHHALMAIM3alUK B 1 TakT. AJroput™ TpeOyeT 9 HOpMallbHBIX YHMCEIl KaX bl TaKT,
nostomy siapo RAND Britouano B ce6s 10 He3aBHCHMBIX TI'€HEpaTOpOB BUXPA
MepcenHa, T.k. mnpeoOpazoBanue bokca-Mromiepa Tpebyer 1Ba paBHOMEPHO
pacrpeaeneHHbIX Yucia JUIs TOJTydeHus 2X HOpMaJIbHO pacipeieeHHbIx. B tabi. 2
npuBonuTcs yruamzanus sapa RAND.

Tabn. 2: Ymunuzayus aopa RAND
Table. 2: Utilization of the RAND core

BRAM DSP FF LUT Vrunmmsanus
30 41 48395 64880 AbGconrorHas
1.2% 9% 0.1% 53% OTHOCHUTEIbHAS

Bunno, 4uro Takoe siapo Tpedyer 3HaunTenbHyI0 4acTh DSP pecypcos kpucramia, u
9TO SApo OBIIO OBI CIOKHO pa3MecTHTh B oxHOM SLR ¢ smpom MT, T.k. cymma
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yraau3anuid Byx sgep xots Obl mo DSP pecypcy 31% Oomnblie ueM MOKET
BMecTUTh oauH SLR (25 %).

4.3 Co3paHue 6utctpuma

[Nocne mHTErpany BEIYUCIUTENBHBIX siaep B Vivado Ha MPOEKT ObUTH HaJIOKEHEI
NPOCTPAaHCTBEHHBIC OTpaHMYeHusi Ha pasmenienue [P Omokos. Hcmonb3yemas
[IJIUC Virtex-7 2000T umeet 4 HezaBUCHMBIX Kpuctamia kpemuust (SLRO, SLR1,
SLR2, SLR3). bsino nokazano, uto sapo MT He ymemanocs B oauH SLR, noatomy
ObuTO pemeHo co3nath JBa pernoHa pasmernenue (pBlock): pBloch hls mius
pasmemennus Tonbko MT snpa u pBlock base mms pasMemienns ocTambHBIX saEp
npoekra (Puc. 3). Peruon pazmemienus pBlock_hls sxmouan B cebst SLRO u SLR1,
pBock_base — SLR2. Takoii moaxo MO3BOJIUI Pa3MECTHTh JIOTHKY ONTUMAIbHBIM
00pa3oM, BCTaBUTh PETUCTPHl CHHXPOHM3AIMM Ha WHTEp(EHChHl, IepeceKaronye
peruonsl pazmemnieHus (a 3Ha4uT U SLR) 1 10OUTHCS MOT0XKNUTEIBHBIX BPEMSHHBIX
PE3yJIBTaTOB MOCIIE TPACCHPOBKH ITPOCKTA.

5. Pesynbmamsi

5.1 NMpounsBoanTENbLHOCTb

Pesynbratel padboTsl Becex Tpex peanuzanuii (CPU, GPU u IIJIMC) Obliu JOTHYSCKH
BEpU(UIUPOBAHbl  OTHOCUTEJIBHOIO  OPUTMHAJIBHOTO  KOJAa M  IPU3HAHEI
cocTosiTeNnbHbIMU. CpaBHEHHE IPOM3BOAUTEIBHOCTEH MNPOU3BOJIMIOCH 3aMEPOM
BpeMeHH paGoThI mporpaMM Ha 10 uTepartuii anropuT™Ma U BRIUHMCICHHEM BPEMEHH,
TpeOyromerocst s pacyera OJHOW HTepauud. [IpM 3TOM NPOM3BOIUTENHHOCTD
GPU u IIVIMC nmatdopm Opaim B pacdeT BpeMs Hepeladd JaHHBIX MEXKIY XOCT-
KOMIIBIOTEPOM H YCKOPHUTEIIEM.

[t OLEHKH NPOHM3BOJUTENBHOCTH OOBIYHO HCIONB3YETCsS METpUKa OIepaluii B
cekyHny. J[ns maHHOro ajropuTMa HaM OKas3ajoCh CIOKHBIM BBIYHCIHUTH TOYHOE
3HAUYCHHUH BEIIECTBEHHBIX OIEPALii, TOATOMY MBI IPOCTO CPaBHMBAeM BpeMEHa
paboTel  anroput™Ma  JUIS  BBIYMCICHMS ~ OJHOM  WTEpallMM,  ONpEnesss
npousBojurensHocTh  CPU  mnardopmer paBHoit 1. Pesynbrartel cpaBHEHUS
NPUBOAATCS B TaOJ. 3, BO BTOPOM CTOJIOE KOTOPOH NPHUBOAATCS BpeMeHa
BBIYMCIICHHUS OJHOI HTEepalul ajropuTMa B MHKPOCEKYHJaX, a B TPETheM —
OTHOCHTEJIbHAsI IIPOU3BOIUTEIBHOCTD TUIAT(OpPM.

Tabn. 3: Cpagnenue npouzgooumenrbHocmu mpex niamgopm
Table 3: Comparison of the performance of the three platforms

[Tnardopma Bpewms, Mxc IIpousBoauTENHLHOCTH
CPU 22 1
GPU 14 1,6
TUINC 1.3 17
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W3 Tabnuie! BuaHO, uyTo peanusanus Ha GPU opictpee CPU Beero B 1.6 pasa, B To
Bpems kak [1JIMC 6pictpee CPU B 17 pa3. Oto o3nauaer, uro [IJIUC 6sictpee GPU
B 11 pas. [lomyyenHoe skcniepumenTanbHo Bpems pabotst IIJIMC pauo 1.3 Mkc Ha
UTEepalyio OoNblIe pAacueTHOr0 BpeMeHH B 1.2 MKC HU3-3a ydYeTa HaKJIaJHBIX
pacxo0B Ha repenady qanHsIX 1o muHe PCl EXpress.

5.2 QHeproachpeKTMBHOCTb

Jnist u3MepeHus SHepronoTpedIeHUs] MBI HCTIONIB30BANIN CIleAyoLre cpeacTsa. Js
CPU mnatdopmsr — yrunuty Intel Power Gadget. st GPU miatdopmsl - yTHITUTY
Nvidia-smi. IOns ITIJIMC — crenuaigbHble MPOTpAaMMHO-AlMapaTHble CpeicTBa,
BKITIOUEHHBIE B cocTtaB O1oka RB-8V7. Bo Bcex cmywasx 3amepsiiack pasHHUIIA B
NOTPeOJICHUN BCETo YHIA 10 3aIlyCKa 3a/1a4yl M BO BpeMs BBIYUCICHUH. Pe3ynbTaThl
NPUBEICHEI B TaOuIe 4.

Tabn. 4: CpasHnenue suepeonompedieHus 6bIHUCTUMENbHBIX NIAMPOPM

Table 4: Comparison of power consumption of computing platforms

[Tnar¢opma | Mowwocts, | E,, W=1 | E}¢!
Br
CPU 89.6 0.011 1
GPU 67 0.033 3
JINC 9.6 25 227

Bo BTOpOM cTONO1IE TAOIMIIBI TPUBOANUTCS] MOIHOCTH, BBIACIISIONIASCS MIPH pacyeTe
Ha pasHbIX Matgopmax. B Tpersem cronliie nmpuBoasATCS 3HAYEHHUsST aOCONIOTHOM
9HeprodGPeKTUBHOCTH (IPOMU3BOIUTEINFHOCTH Ha BT) s nanHOW 3amauwm,
orpezenseMoi 1o ¢popmyiie

P
E, ="/ Pow,
B YEeTBEPTOM crosbie TPHBOJSITCS 3HAYCHUSI OTHOCHUTENBHOM
9Hepro3(GEeKTUBHOCTH Pa3HbIX MIATGOPM JUisl JAHHOW 3a/1aud, BBIYHCIISIEMON MO
¢dopmyne

rel _ Ex
Bt ="/ Ecpy

Hnst o6enx popmya, X = {CPU, GPU, TIJINC}.

Bugno, uro y ITIJIMC ects Gosblioe mpeuMmyliecTBO B 3HEprodddexTuBHOCTH
nepes JApyruMH IulaTgopMaMu, YTO MOXKET CHITpaTb poJib B CPEAHE W
JonarocpouHoit mepcrextuBe ucnoib3oBanus [IJIMC yckoputenei B maTauneHTpax
IpU OIUIATE CYETOB 3a 3JIEKTPO3Hepruro. JlocTuraercss 3To B MEPBYIO O4epenb 3a
cyet Toro, uyto ITJIMC pabGoTaroT Ha OPSAAOK MEHBIIIEH YacToTe.
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6. O6cyxoeHue

B pamee omyOmukoBaHHBIX pabortax TexHonorms IIJIMC HeomHOKpaTHO
OpUMEHSIACh K  PEIICHHIO 3aJad  MOJISKYJspHO#  aumHamuku  [12]-[17].
UccnenoBatensm u3 nadopatopun CAAD BoctoHckoro YHuBepcureTa yaanoch
paspaborath  sddexTHBHOE  SAOPO AN pacueTa  KOPOTKOAEHCTBYIOLIMX
MEKMOJIEKYJSIPHBIX CHJI, KOTOpoe Obulo peanu3oBaHo Ha miate ProcStar-I11
(mpousBozactBo ¢upmbl Gidel), ¢ ycraHoBieHubiM kpuctauiom I[TJIMC Altera
Stratix-III SE260. Ilnata umena PCI Express uHTEepdeiic K XOCT-KOMITBIOTEDY.
Bruto nokaszano, 9yTo pa3paboTaHHOE YCKOPEHHOE pemreHue Obuto B 26 pa3 ObicTpee
gucroit peammsarn Ha CPU Ha Gemumapke Apoal. B paGorte [24] aBrophi
MEpPEHECTN YacTh IakeTa A pacyeTa MOJEKyJsipHoM auHamuku LAMMPS Ha
IUINC. YckopeHHas 4acTh BKJIIOYana B ceOs BBEIYUCICHUS NATBHOICHCTBYIOMINX
B3auMozeiicTBuil. PaspaboraHHoe ammapaTHOE SIAPO COCTOSUIO M3  4YEThIpEX
OJIMHAKOBBIX HE3aBHCUMBIX KOHBEWEPOB, paOO0TaIOIIUX MapayiebHo. 3a1aua Oblia
BBINIOJIHEHA Ha cynepkomibioTepe Maxwell, KaxIplii y3en KOTOPOro COCTOMT M3
onuoro mporieccopa Intel Xeon u aByx kpuctamios IIJIMC Xilinx Virtex-4 [25].
ABTOpBl ~ 3asBWJIM, YTO pa3padOTaHHOE YCKOPEHHOE  pELICHUE  JIETKO
MacTabupoBajIoCh HA MHOXKECTBO Y3JI0B cylnepkomnblotepa Maxwell. V3 ananuza
MPOU3BOJUTEIHHOCTH TONBKO YCKOPHUTENS CJeoBajo, YTO Ha JBYX Yy37lax
KOMITBIOTE€Pa MOXKHO OBUIO MOJYYUTh yCKOpeHHe B 13 pa3 1o CpaBHEHHMIO C YHCTO
NPOTpaMMHBIM penieHreM. OHaKo IMOJHOE BpeMsl paboThl TMOPHIHOTO pEIICHHS
OBIIO XyX€ YNCTO MPOTPAMMHOTO H3-3a TOTO, YTO BpEMsI Ha IEPECBUIKY IaHHBIX
Mexay CPU u BHewHedl nmamsarbio SDRAM, noaxmouennoit k [JIMC 3anumano
96% BpemeHu paboThl Bcero aiaroputma. Ho B pabore yTBepkmaeTcs, 4TO €CIH
yIYYIIUTh HHTEpQENC repeiaun TaHHBIX, TO MOXKHO ITOJTYIHTh ITOJTHBIA BBIUTPHINI B
ckopocTH B 8-9 pas.

B macrosmeit pabore mbl mpumenmnn [IJIMC x pacuery ABIWKEHHS aHCAMOISA
OEJKOBBIX MOJIEKYJI METOJIOM OpOyHOBCKOH anHaMuku. Hama mnporpammuo-
amnmaparHas peayn3aiys aJropuTMa JAETOTUMEpPH3aIi MUKPOTPYOOUKH TTOKa3ana,
yT0 npousBoauTensHOCTh [TJIMC npu pacyere ogHON TPaeKTOPUH MHUKPOTPYOOUKH
B 17 pa3 npeBocxonuna npousoauteiabHocts CPU 1 B 11 pa3 npou3BOAUTENbHOCTD
GPU. Tlony4eHHOE YCKOPEHHE IMpPH pPAaCUeTe NCTOJUMEPHU3AIHH MHKPOTPYOOUYKH
METOAOM OpPOYHOBCKOW AMHAMHKH ITO3BOJISIET OCYIIECTBHTH pacdeT Ha BpPEeMEHax
NOpsiIKa HECKOJIBKUX JIeCATKOB M JaXk€ COTEH CEeKyHA. OTO TO3BOJIUT
Ipe/ICKa3bIBaTh IIOBEJCHUE pEabHBIX MHKPOTPYOOYEK Ha JKCIIEPUMEHTAJIbHO
JOCTYIIHBIX BpeMEHax M IPOaHAIN3UPOBATh MEXaHM3Mbl  JTUHAMHYECKOMN
HecTaOMIIBHOCTH MMKPOTpyOOYeK, 4To OyaeT mpeameroM Oynymied paboThl B
JTAaHHOM HaIpaBJICHUU.

[Tomy4eHHBIH BBIMIPHINI HA 3a7a4e OPOYHOBCKOM JHMHAMMKHU IIO3BOJIIET TOBOPHUTH O
nepcriekTuBHOCTH npuMeHenust [IJIMC pns pemieHuss JaHHOTO TUMA 3ajad.
Hackonpko HaM U3BECTHO, 3TO MEpBas MOMBITKA CPAaBHUTH NMPOU3BOAUTENBLHOCTh U
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9Heprod(GEeKTUBHOCTh Pa3JIMUHBIX TUIIOB alIapaTHBIX YCKOPUTENEH Ha JaHHOM
aNropuTMe.

Jonroe Bpemst rnaBHO# npoOnemoii ucnonszoBanust [IJINC siBisutock 0TCyTCTBHE
BBICOKOYPOBHEBBIX CPEJICTB ITPOTPaMMHUPOBaHMUs. TpajuIIMOHHBIE S3bIKH OMHCAHUS
anmapaTypsl Bcera TpeOyIoT 3HaYUTEILHOTO BPEMEHH AJIsl pealli3aluy alropuT™a,
B TO BpEeMs KaK MEpPBbIC BBICOKOYPOBHEBBIC TpaHCIsATOPbI [26] renepuposann RTL
KOJl HHU3KOro KadecTBa. OJHAKO, HECKOJIBKO JIeT Ha3aa kKommaHuu Altera u Xilinx
CTalll YAETSATh 3HAYUTENBHBIC PECYpCHI ATOH MpoOiieMe W BBHITYCTHIM HA PHIHOK
CBOH BBICOKOYPOBHEBBIE cpencTBa mporpammupoBanms (Altera SDK for OpenCL u
Xilinx Vivado HLS). J[lanHble TpaHCIATOPH TEHEPUPYIOT HAMHOTO OoJjee
3¢ (GeKTUBHBI KOA W TO3BOJIOT TPHKIATHOMY IPOTPAMMIECTY HCIIONb30BaTh
mpikn C/C++  (Xilinx) ' OpenCL (Altera) nmnst co3maHUs KadeCTBEHHBIX
amIapaTHRIX BBEIYUCIUTEIBHBIX CXeM. B ImocienHee BpeMs IOSBHIOCH MHOXKECTBO
paboT, B KOTOPBIX HCIOJIB30BAJIMCh CPEACTBA BBHICOKOYPOBHEBOTO CHHTE3a JJIs
paszpabotku [IJTUC yckoputeneii [27]-[29]. Hanpumep, B padote [28] ¢ momoiisio
cpencta Vivado HLS peasnn3oBaH anropuT™ ONTUYECKOTO MOTOKA Ha Iiatdhopme
Xilinx  Zyng-7000. PaspaboranHas cHCTeMa WMeJa MPOU3BOAUTEIHHOCTh
cpaBHEMYIO ¢ peanu3aieit Ha CPU, mpu sTom notpebieHue 3Hepruu Obuio B 7 pas
MeHblIIe. ABTOPBI OCOOCHHO TOJYEPKHBAIM, YTO HCIOJb30BaHue cpencts HLS no
CpaBHEHHIO C TpagunuoOHHEIMH RTL s3BIKaMH 3HAYUTEIHHO COKPATHIIO CPOK
pa3paboTKu. HUcnonp3oBanne cpenctea Vivado HLS B xone BEIMONHEHUS
HAcTOSIIeH pabOTBI TaKKe II03BOJNIMIIO 3HAYUTEIBHO COKPAaTHTH BpeMs H
TPYAOEMKOCTh pa3pabOTKH W MPHUBICKATh K IPOTPaMMHPOBAHUIO Pa3pabOTUHKOB,
HE BIAJICIOMINX CIeIHaIbHBIMU HaBblkaMu pabotel ¢ [IJIMC. Bcee aTo mo3Bomser
TOBOPUTH 006 IJIcC KaK 0 CcoCTOsIBUIEHCS mwiatgopme st
BBICOKOIIPOU3BOIUTENILHBIX BBIYUCICHUH B 00JIACTH MOJIEKYJIIPHONW B OPOYHOBCKOM
JMHAMHKH.

lpuzHamenbHocmu

Pabota Obuta monmnepkana rpantom PO®U, npoext Ne 16-04-01862 A. ABTOpBI
6narogapst HIIO POCTA 3a mpenocraBneHHoe obopynoBanue. I[Iporpammel,
UCIIONIb30BaHHBIE JUISl PAacyeToOB B 3TOM HCCIEIOBAaHMH, MOTYT OBITh HaWIEHBI I10
cepiike: https://github.com/urock/FpgaMicrotubule.
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Abstract. This paper presents high performance simulation of microtubule molecular
dynamics implemented on Xilinx Virtex-7 FPGA using high level synthesis tool Vivado
HLS. FPGA implementation is compared to multicore Intel Xeon CPU and Nvidia K40 GPU
implementations in terms of performance and energy efficiency. Algorithm takes into account
Brownian motion thus heavily uses normally distributed random numbers. Original sequential
code was optimized for different platforms using OpenMP for CPU, OpenCL for GPU and
Vivado HLS for FPGA. We show that in terms of performance FPGA achieved 17x speed up
against CPU and 11x speedup against GPU for our best optimized CPU and GPU versions.
As to power efficiency, FPGA outperformed CPU 227 times and GPU 75 times. FPGA
application is developed using SDK, which has Board Support Package including FPGA
project framework where accelerator kernel (designed in Vivado HLS) IP core is to be
integrated, and host-side libraries used to communicate with FPGA via PCI Express.
Developed flow does not require expert FPGA skills and can be used by programmer with
little knowledge of hardware design methodology that could use C\C++ language for
complete development of FPGA accelerated solution.
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Bo3MOXHOCTH ruGpuaHoro metoaa
annpokKkcMmauumn KOHBEKTUBHbIX MOTOKOB
npu moAaenMpoBaHUUN TEYEHUN CXKUMMaeMbIX

cpen

M.B. Kpanowun, <m.kraposhin@ispras.ru>
Huemumym cucmemnozo npoepammupoganus PAH,
Poccus, Mockesa, yn. Conxcenuyvina, 0. 25

AHHoTanms. {11 MoenMpoBaHus TEYEHUH B IIUPOKOM Juana3oHe yucen Maxa npeiosxxeH
THOPUIHBI METOJ amPOKCUMAIlMM KOHBEKTHUBHBIX CllaraéMbIX, OCHOBAHHBIH Ha cXeMme
Kypranosa-Tagmopa u pasHoBumHoctd Merona mpoekuuii PISO (Pressure Implicit With
Splitting Operators). OcoOeHHOCTh JaHHOTO METOAA COCTOMT B HESBHOW BBIPaKEHUH
KOHBEKTHBHBIX ITOTOKOB U3 cXxeMbl Kypranosa-Taamopa 1 BBeIeHUH CIIEIMAIBHON (QYHKIINH-
HepeKTIovaTeNst, 00eCIeUnBAIOIIEl B 3aBUCHMOCTH OT JOKAJIbHBIX XapaKTEPUCTHK MOTOKA
nepexon OT «cxkuMmaeMoin» cxembl (KypranoBa-Tammopa) K «HECKHMMaeMoil» cxeme
(craHmapTHas ammpoKCHUMamus, ucroib3dyeMas B merone PISO). Mcnomp3oBanme Takoid
THOPHUIHOHM CXEMBI MO3BOJISIET MONYYNTh CIEAYIOMNE NMPEUMYIIEeCTBa: a) 3a CUET HEeSIBHOTO
yuéra 1ud(Qy3MOHHBIX CllaraeéMbIX IIar 10 BPEMEHH HE OrPaHUYCH CKOPOCTHIO
pacnpocTpaHeHuss BOJNH JU((GY3MOHHBIM MexXaHn3MoM; 0) 3a CcuéT anmpoKCHMaIn
KOHBEKTHBHBIX CJIaraeMbIX HESIBHBIM CIIOCOOOM M Hepexola K CTaHIapTHBIM cxemaMm PISO
mar MO BPEMEHH OrpaHMYMBAaeTCs TOJBKO IIOTOKOBBEIM uucioM Kypanra; B) mnpu
HEOOXOMMOCTH Pa3pelIeHns] aKyCTHIECKHX BOJH JJOCTATOYHO CHIDKEHHS IIara Mo BPeMEHH
IO TOCTIDKEHHUS aKycThieckuM uuciioM Kypanra 3HaueHuii meHbIe 1 Bo Bceil oOmacTu; T)
ucronp3oBaHne cxembl Kypranosa-Tagmopa MO3BONSET MONYYNTh HEOCIHILIMPYIOIIEe
pelreHre B 3a7adax C pacHpOCTPaHEHMEM aKyCTHUECKHX CHTHAnoB miu mpu M > 0.3. B
JTAaHHOW PabOTe BBIMOJHEHO TECTUPOBAHUE peaTM3aldi THOPUIHOTO METOa IS IIHPOKOTO
Kj1acca 3ajia4 ¢ U3BECTHBIM AaHAJIUTHYCCKUM PECHICHUEM WU SKCIICPUMCHTAJIbHBIMU JaHHBIMU:
a) CKMMaeMble TE€YEHHs — pPaclpOCTPaHEHWe BOJIHBI B npsmMoMm kanane (3amaya Copa),
oOTekaHue IJIOCKOTO KIHMHA, OOTEeKaHWe OOpaTHOTO YCTyHa CBEPX3BYKOBBIM ITOTOKOM,
oOTekaHue MPSMOTO YCTYIIa CBEPX3BYKOBBIM ITOTOKOM, TEUCHUE B CBEPX3BYKOBOM COILIE IIPH
HaJIMIAHU TPSIMOTO CKAdKa yIUIOTHEHHUS B 3aKPUTHIECKOH 4acT; 0) Hec)kHMaeMble TeUCHHUS
— JI03BYKOBOE TEUECHHE JIAMHHAPHOTO BS3KOTO IOTOKAa B KaHAle KPYIJOTO CEUeHUs,
oO0TekaHMe IUIMHAPA B JIAMHHAPHOM pEXHMe; OOTeKaHHe IWIMHIpA TypOyJIeHTHBIM
MOTOKOM, TEUEHHE CTPYyH Ta30B CO CMEIICHHEM; B) NPOMBIIUICHHBIE N aKaJeMHYECKUe
BepH(UKALMOHHBIC 3a/Ia4l — HCTEUYEHUE CTPYHU ra3a U3 CBEPX3BYKOBOTO COIUIA, HMCTEUYCHHE
KBa3UPAaBHOBECHOM pacHIMpsIOLIeNCss CTpyH IUIa3Mbl B BakyyM; TI) KaueCTBEHHOE
HCCIICIOBAaHUE aeKBATHOCTH MOJENM JUIsl  3aJad [POMBIIUICHHOr0 MacimTaba —
MOJENUPOBAHUE TEUEHHUs B BBHICOKOCKOPOCTHOM KOMIIPECCOPE, MOJENb T'HAPOANHAMHUKU
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1. Cnucok cokpauweHuli u o6o3Ha4vyeHul

NASA — National Aero Space Agency

PISO — Pressure Implicit With Splitting Operators

SIMPLE — Semi-Implicit Method for Pressure Linked Equations
U — Cxopocts

R —_— I/IH)II/IBI/IILyaHLHa)I ra3zoBasd IIOCTOsSTHHasA

Cp_— yaenbHas u300apHas TEMIOEMKOCTh

C'y — ynenbHas 130X0pHAS TEMIOEMKOCTD

”Y — noxasatens anuabaTel

P — naenenue cpennt

1" — temmeparypa cpemst

P — mI0THOCTB Cpebl

Y — maccoBas 1015 koMnoHeHTH! UK Basbl B 06bEME CpeIbl
M — uucno Maxa

(. — JIOKaJIbHasi CKOPOCTh 3ByKa

D — xospdumment qudpdysun

2. BeedeHue

CoBpeMeHHBIII pocT BKIaJa YHUCIEHHOTO MOJEIUPOBAaHHS B  MPOLECCHI
MPOEKTHPOBAHUS M SKCIUTyaTallMd WHXCHEPHBIX COOPYKEHHH CBA3aH B IMEPBYIO
ouepenb C POCTOM BBIYMCIUTENBHBIX MOIIHOCTEH. B TO ke Bpemst ogHHM H3
OCHOBHBIX (DaKTOPOB, TOPMO3SIMMUX MPUMEHEHHWE UHCIEHHBIX METOJOB B
MPOMBIIIJICHHOCTH, — ABISETCS KECTKAs TPHUBSA3KA IMOCIETHHX K  BBIOODPY
MaTeMaTHYECKOW MOJIeNH (Jla)ke B paMKax €IUHOTO (PM3UUECKOTO MPEICTABICHHS)
M KaK pe3yiapTaT — K KOHKPETHOH MpuKIaaHOW obmactu. IIpmmepoM Takoro
pa3fencHys YUCIEHHBIX METOJOB MOXET CIYXHUTh TaKOdl MapaMmeTp CIUIOIIHON
Cpeibl Kak C)KMMaeMOCTh, pa3OMBarolias MEXaHHKY J>XHJIKOCTH M Tra3a Ha JBa
OoJIBIIMX KJlacca — C)KMMaeMble M HEC)KMMaeMble TeueHMs. M3MeHeHume kiacca
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pemraeMoil MPUKIATHOW 3afadyd TPHBOANT K H3MCHEHHIO BBIOOpA YHCIEHHOTO
METOJla, MPOTPaMMHBIX CPEICTBA €T0 peann3aluy U HabOpa MCXOIHBIX NAHHBIX,
BIUIOTb 1O CMEHBI TEXHOJOTMYECKOTO MpoLecca penieHus. UHCIeHHbIe METOJBL,
IpeJHa3HaYeHHbIe AT pelleHUs A03BYKOBBIX 3a7ad (B MEPBYIO Ouepelb B CMBICIIE
HEC)KUMAEeMOCTH) MaJIONIPUIOJHBI JJIS PELIeHUs TPAHC- M CBEPX3BYKOBBIX 3ajlay B
CHIIy HX OCOOEHHOCTEH, OOYCJIOBJICHHBIX IIOCTPOCHHEM COOTBETCTBYIOIINX
YHCJIEHHBIX CXeM. B mepBoM citydae yaire BCero MCMob3yrTCs METObI MPOeKLUil
(rakme kax PISO/SIMPLE), a Bo BTOpoM ciiydae — METOABI Ha OCHOBE
npuOIMKEHHOTO  pemieHust 3agaud  Pumana. Merox  mpoekuumil, Xopouo
3apeKOMEHAOBaBIIAN ce0si B MO3BYKOBBIX TeueHmsx (M < 0.3, [27]), obmamaer
BBICOKOW  YCTOWYMBOCTBIO  DELUCHMUS, obOecrieynBaromell  BO3MOXKHOCTB
MHTETPUPOBaHUS C OONBIIMM IIaroM IO BpeMeHH. IIpm 3ToM mepexox B
«CKMMAEMYI0 00JacTh» CONMPOBOXKIACTCA MAPA3UTHBIMHU OCHIIUIALMAMH, KOTOPBIE
CTaBAT I10J] COMHEHHE I11€71eCO00Pa3HOCTh HCIIOIB30BAHMS 3TOTO0 MHCTPYMEHTA JUIA
cinydaeB ¢ M > 0.3 nnu Ui paspenieHus: akyCTUYeCKUX BOH. EIE oqHUM BayKHBIM
JIOCTOMHCTBOM METO/ia MPOEKIUH SABJISETCS €r0 pacIIUpseMOCTh U OTHOCHUTEIbHAs
MPOCTOTA Pa3pabOTKH CONMPSDKEHHBIX MOENEH Oiaroaapsi CTaHAapTHOM npouenype
CBS3BIBaHMUS IUNIOTHOCTH, CKOPOCTHU U JaByieHus [28].

Merto/p1, OCHOBaHHbBIE Ha PELICHUM 3a]a4d PrMaHa, o0ecrieunBaroT MOHOTOHHOCTh
U CXOJMMOCTb, HO TIPH 3TOM KpalHe 3aBHCAT OT BBIOOpa IIara o BpPEMEHH,
KOTOpBIM ONPENENIeTCss CKOPOCThIO PaclpoCTpaHeHUsl Bo3MylleHui. Ilockonbky
3Ta CKOPOCTh CKIAIBIBACTCd M3 JIOKAIBHOM CKOPOCTH CpeAbl U CKOPOCTH
pactpoCTpaHeHHsI aKyCTHMYECKHX BO3MYIIEHHMH, TO B Cllydae, KOT/Ia IOCIEeIHSAA
CYHIECTBEHHO MPEBBINIACT IEPBYIO, a HMHTEPEC MPEJICTABISAET UCKIIOUUTEIBHO
HNEPBBIA MEXaHU3M JBH)KEHHS, IIar 0 BPEMEHU CTAHOBUTCS U3JMIIHE MaJlbIM, 4TO
JleTlaeT BBIYMCIUTENbHBIC 3aTpaThl HEI(G(EKTHBHBIMM W CBOAWT Ha HET BCE
OCTaJIbHBIE NPEUMYIIECTBA 3TOTO METOAA.

I[Ipn sTOM cCymecTByeT psja 3amad, B KOTOPBIX BO3HHMKAeT IIOTPEOHOCTH B
NPUMEHEHHH OOOMX METOJI0OB — MEPEeXOJMHbIE IPOIECCH C MEPHOAMIECKUM
U3MEHEHHEM CKOPOCTH Cpelbl OT J03BYKOBOM [0 CBEPX3BYKOBOM WM K€
MOJIETIMPOBaHNE 00JacTel, B PasIMUHBIX y4AaCTKaxX KOTOPBIX IOTOK MOKET OBITh
KaK JI03BYKOBBIM, TaK M CBEPX3BYKOBBIM. IIpumepamy Takux TEUEHUH SBIISIOTCS
TEYEHHS TUIa3MBI, B TOM YHCIIE O] ASHCTBHEM MTEPEMEHHOT0 MCTOUYHUKA UMITYJIbCa,
WCTEUYCHHS M3 Pe3epByapa BBHICOKOTO IABJICHUS B BaKyyM, JIByX(a3HbIE TCUCHHS,
TEYEHHUS B BEICOKOCKOPOCTHBIX KOMIIPECCOPaX, PAKETHBIX IBUTATENAX U TIp.

Jis pereHust faHHOH MPOOIEMBI OBUT PEATIOKEH U PeaNn30BaH THOPHUIHBINA METO
MOJICINPOBAHMS CKUMaeMBbIX TeueHuil [ 1]. BociencTeum merox ObLT pacuivpeH Ha
CiIydail TeUYeHHH MHOTOKOMITOHETHOH CMECH HIEalbHBIX Ta30B WIN ABYX(a3HOH
Cpensl.

MeTton peann3oBaH B KadeCTBE CaMOCTOSTENBFHOTO MPIJIOKEHHSA-«pEIIaTes» Ha
OCHOBe OTKpBITOH 6ubmmorekn OpenFOAM [2].
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3. Kpamkoe onucaHue 2ubpudHo20 Memooda

OcHOBHas wAes paHee NPEAIOKEHHOTO THOpumHOTO MeToma [l] cocrouT BO
BBE/IeHNN (DYHKIIUH TEPEKII0UaTesi, KOTopas B 3aBUCHMOCTH OT COCTOSIHUSI CPEJIBI
B JBYX COCEOHHMX  SU€HKax  «CMEIIMBAaeT»  KOHBEKTHBHBIE  IIOTOKH,
anmpoKCUMHPOBAaHHbIE C HCIOJb30BaHMEM Mertoma Kypranosa-Tammopa, c
MOTOKaMH, BBIYMCICHHBIMH B COOTBETCTBHU CO CTAHAAPTHBIM METOAOM IPOEKIUH,
aJalTUPOBAHHBIM K CXXHMMaeMbIM TedeHHsM. IIpomemypa BBEIMHCIEHHS ITOTOKOB
THOPUIHBIM METO/IOM BKJIIOYAET B ce0sl CIIEAYIOIHUE TaIbI.

1. BrIpaxkeHrne MOTOKOB (PHEPTUH, UMITYJIECA, MACCOBBIX JOJICH) B HESBHOM
BU/IE OTHOCHTEIIPHO WHTCHCHBHBIX II€PEMECHHBIX B COOTBETCTBHH C
npoueaypoir KT/KNP (Kurganov-Tadmor/Kurganov-Noelle-Petrova) u B
COOTBETCTBUU C METOOM IIPOEKLIUH.

2. Bsemenue (QyHKIUH-MIEPEKIIOYATENS U1 «CMEIIMBAHUM» KOHBEKTUBHBIX
[IOTOKOB, BBIYHUCIIAEMBIX ABYMS Pa3HbIMU METOAAMHU.

3. ®dopMupoBaHHE CHCTEMbl JHHEHHBIX alreOpanvyecKkux ypaBHEHHH IS
Ka)kK/10r0 0aJJaHCOBOT'O COOTHOIICHHUS U PELICHHUE ITOH CUCTEMBI.

4, (I)OpMI/IpOBaHI/Ie anre6pa1/1qec1<0r0 YpaBHCHUA U1 JABJICHUA Ha OCHOBC
JAUCKPETU3UPOBAHHOIO YPABHCHUS HCPA3PBIBHOCTH. [lonck HOBOro Mo
JAABJICHU, YAOBJICTBOPSIOMICTO YCJIOBHUIO HEPA3PBIBHOCTH, KOPPCKIUA
MAaCCOBBIX IOTOKOB B COOTBECTCTBHUU € HOBBIM JIaBJICHUCM CPCIbI.

4. Peanusayus 2u6pudHo20 memoda

[IpennoxeHHbI THOPUIOHBIH METOJ M €ro MOAM(HUKAIWU IS CIIydaeB TEUEHHS
MHOTOKOMITOHEHTHBIX M JBYX()a3HBIX TOMOTEHHBIX cpell OB peanu3oBaH C
UCIIONB30BaHUEM OTKpBITON OnbOimmorekn OpenFOAM B BHIE caMOCTOATENBEHBIX
NPUIOKEHUH-«perareneii», cM. puc. 1. Pearn3oBaHHbIe IPHUIIOKEHHS HAXOIATCS B
OTKPBITOM JIOCTyNle W XpaHsTcsi B apxuBe BeO-cepBuca GitHub mo axapecy:
https://github.com/unicfdlab.
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Puc. 1. Ilpunooicenus-pewamenu, peanusyroujue 2UOPUOHbLIL MEMOO U Pacuupsouue
cmandapmuviil Habop modeneti nakema OpenFOAM

Fig. 1. Solver applications implementing hybrid method and extending the standard model set
of the OpenFOAM package
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PazpaboTaHHble  NPUIOKEHHS  PACHIMPSIIOT  CYIIECTBYIOIIMH  (YHKIMOHAN
cragmapTHeix Mmogaeneii OpenFOAM wu  pa3gensiorcss Ha TpU TPYNNBl B
cootBercTBUH ¢ NpUHATEIM B OpenFOAM cmocobom knaccupukamum (puc. 1),
TIOJTHOE OTHCAaHNe BO3MOKHOCTEH NMPHIIOKEHUH MpHUBEIeHO B Ta0I. 1.

o CoxuMaeMble )44 HECX)KUMACMBIC TCUCHUA — pemiarenn
pisoCentralFoam/rhoPisoCentralFoam/pisoCentralDyMFoam.

e (CxuMaeMble TEUEHHS pearupyromux cpex (COBEpIISHHBIX Ta30B) —
pematens reactingCentralFoam.

e TomoreHHas nAByx(]a3Has MOIETb TEUYEHHS IOBYX CXKHMAeMbIX Cpel —
twoPhaseMixingCentralFoam/twoPhaseMixingCentralDyMFoam.

B 3aBucuMocTi 0T HabOpa WCHONB3YEeMBIX CTaHAAPTHHIX OuOmmorek OpenFOAM,
MEHSIIOTCS ~ JIONIOJHUTEIbHBIE  BO3MOXKHOCTH  pa3pabOTaHHBIX  MPWIIOKECHUH.
Hanpumep, BbeIOOp Monenu TypOyJNEHTHOCTH OCYLIECTBISICTCS CTaHAAPTHBIMU
cpeactBaMmu OpenFOAM U 1o cyTd BHOCUT HM3MEHEHHSI B JUCKPETH3ALUIO
I (y3HOHHBIX ClIaraéMbIX B YPaBHEHMSIX M3MCHEHHS MMITyJbCa M SHEPTHUH.
OtaenbHBIE BEPCUH MPHUIIOKEHHH, TTIOAEPKUBAIOLIIE PA0OTY C TOABUKHON CETKOM
(dynamicFvMesh) mMo3BONSAIOT OCYIIECTBIATH peElICHWE 3aJad B CIydasx C
JBIDKYILEHcs pacu€THOM 001acThIO.
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Tabn. 1. Cnucok npunoosicenuii- «pewiameneiiy, paspabomanuvlx Ha OCHO8e OUOIUOMEKU
OpenFOAM u peanusytowux cudbpuoHbiii Memoo MOOEIUPOBAHUS CHCUMACMBIX MedeHUl.

Table 1. List of applications-"solvers" developed on basis of the OpenFOAM library and
implementing a hybrid method for modeling compressible flows.

NeNe | HammeHoBaHue

Onucanne

CkMMaeMbIe U HEC)KUMAEMbIe TCUCHUS 0I[H0(1)a3HBIC TCUCHUSA

pisoCentralFoam

Mopens JJaMUHApHOTO WIH TypOYJICHTHOTO
TEUYEHHUsI CKUMAeMOM cpeabl (COBEpILEHHBIN
ra3) mpu umcnax Maxa or 0 mo 6 ¢
BO3MOXHOCTBIO ~ MEPEKIIOUEHHS  MEXIy
CTallMOHapHOU I HECTAIlMOHAPHOMN
YUCIEHHOH CXEMOH.

rhoPisoCentralFoam

Mopens JJaMUHApHOTO WIH TypOYJIEHTHOTO
TEUeHUs] C)KUMAeMOH Cpelpl ¢ ypaBHEHHEM
COCTOSIHUSI PEaJIbHOTO Ta3a IpH drciax Maxa
ot 0 10 6 U ¢ BO3MOKHOCTBIO IEPEKITIOYCHUS
MEXy CTallMOHapHON WJIM HECTallMOHApHOH
YHCJIEHHOH CXEMOM.

pisoCentralDyMFoam

HecrarnmonapHass MoJelb JTaMHHApHOTO HIIH
TypOyJI€HTHOTO TEYEHHS CXKHMaeMOH Cpembl
(coBepieHHbIH ra3) mpu yuciaax Maxa ot 0
0 6 ¢ BO3MOXHOCTBIO MOJEIHPOBAHUA
CIIy4aeB B YCJIOBUSIX TOJBM)KHON pacu€THON
obacTy.

CXMMaeMble TeUCHHUS pearupyronux cpell (COBEPIICHHBIX T'a30B)

reactingCentralFoam

Mopens JJaMHHApHOTO WIH TypOYJIEHTHOTO
TEUYCHUS CXKUMAEMOH MHOTOKOMIIOHEHTHON
cpenpl (COBEpUICHHBIH ra3) mpu ynciax Maxa
or 0 10 6 U y4€TOM KMHETHUKH XUMHYECKHX
MIPEBPAIICHUI COCTABIISIONINX IOTOKA.

JIByx(a3Hble TeUCHUS

twoPhaseMixingCentralFoam

Mopens JTaMHHApHOTO WM TypOYJICHTHOTO
TEUeHUst rOMOTEHHOI nByx(azHoi
C)KMMAaEeMOU CMECH.

twoPhaseMixingCentralDyMFoam

Mopens JTaMHHApPHOTO HWIH TypOYJIEHTHOTO
TEYEHUs rOMOTEHHOI nByxdazHoi
C)KUMAeMOH CMeCH MOJIETHPOBAHUS CIy4acB
B YCJIOBHSX ITOJIBM)KHOW pacu€THOM 00J1acTy.
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5. PaccMompeHHble 3ada4yu

C 1menpio TECTHPOBAaHWS THOPHIHOTO METoNa OBUIM PAacCMOTPEHBI CIIEAYIOIINE
TPYIIIBI 3aa4.

1. BaaupanmoHHbIe 3aJa4M JUIA CilIydas CHKUMaeMoro TtedeHus. B oty
IPYIITy BXOAAT 3aJauyél C OTHOCHUTENBHO IIPOCTOH TeoMeTpuel obyiacTH
TEYCHUs, HMEIoIUe JIM00 aHAIUTHYeCKOe pelIeHHe, JIMOO 3TajJoHHBIE
JaHHBIC U3 3KCHEPUMEHTA, JIM00 Pe3yIbTaThl YUCIEHHOTO MOACIUPOBAHUS
C MOMOIIBIO JIPYrHX YHCJICHHBIX METOJOB WM IakeToB. Beero B aty
IPYIITy BXOIAT CICIAYIONIME 3aJadyd: a) pacHpOCTpaHCHHE BOJHBI B
npsamMoMm kaHane (3amawa Copma); 0) oOTekaHWe IUIOCKOTO KIHWHA, B)
o0TekaHHe OOpaTHOrO YCTyHa CBEPX3BYKOBBIM IOTOKOM; T') OOTEKaHHE
MPSAMOT0 YCTyIa CBEPX3BYKOBBIM IOTOKOM; /1) T€UCHHE B CBEPX3BYKOBOM
COIUVIC MNpHU HAJIUIUU TOPAMOIo CKadka YIJIOTHCHUA B 3aKpHTH‘-IeCKOI71
YaCTH.

2. BajiumpanmoHHble 3aadM UIs CIyd4as HCECKMMACMOTO TCUCHHS: a)
JTI03BYKOBOE TCUCHHUE JIAMUHAPHOTO BSI3KOTO MOTOKA B KaHaje KPYIJOro
cedeHus; 0) oOTeKaHWe IIIUHIPA B JTAMHHAPHOM pEXHUME; B) OOTeKaHHE
WIMHAPA TYpOYJIEHTHBIM TIOTOKOM; T) TEUCHHE CTpyH Tra3oB CO
CMEILIEHUEM.

3. IIpombiieHHbIe BepH(UKAINOHHBIE 32/1a4H: a) ICTCUCHNE CTPYH r'a3a
U3  CBEPX3BYKOBOTO  comia; 0) HCTeYeHHE  KBa3HPaBHOBECHON
PaCLINPSIONIEHCS CTPYH IIa3MBI B BAKyyM.

4. 3apayuM NPOMBILLIEHHOr0 MacimuTada: a) MOJENHPOBAaHHE TEYCHHSI B
BBICOKOCKOPOCTHOM KOMIIpeccope; 0) MOJeNUpOBaHHE THAPOJUHAMHUKU
BOJIOKOJIBIIEBOTO HACOCA.

6. Peaynbmamsl mecmupoeaHusi

IIpoBenéHHOE TEeCTMPOBaHME OXBATWIIO LIMPOKHHM KPYr 3agad — CXKHUMaeMble U
HEC)KUMaeMble TEUECHHUsI, TSUEHHS B MOJBHKHBIX 00J1aCTAX, MHOTOKOMITOHEHTHbIE U
JIByX(a3HbIE TEUCHHUS.

6.1 PacnpocTpaHeHue BOJHbI B NpAMOM KaHane (3agadva Copa)

PaccmarpuBaercs ciiydail pacnpocTpaHeHUs yAapHOW BOJIHBI B LIMJIHWHIPUYECKOM
kaHaie (ymapHoi TpyOe). BomHa co3maércs pacmmpeHHEM CKaToro BO3AyXa C
BBICOKMM JIaBICHHEM M TEMIIepaTypod, B 00JIacTh, 3alOJHEHHYIO ra3oM c Ooiee
HU3KAMH JaBJeHWEM U Temreparypoid. Ha pwuc. 2 mpencraBieHa cxema
paccmarpuBaeMoi 3agaud. ['a3 cieBa M chpaBa OT NMEPErOPOAKH — BO3IYX IpH
pasHBIX TEMIepaTypax W JaBIEHHSAX. 3ajaya SBJISETCS OIHOMEPHOW M HMEeT
aHanuTHyeckoe pemenue [3]. B HauaibHBI MOMEHT BpeMeHH OOJACTH C Pa3HBIM
JIaBJICHWEM paszeleHbl auadparMoid, B MOMEHT pa3pbiBa JuadparMbl HAUMHAETCS
pacrpocTpaHeHHE BOJIHBI CXKaTusl B CTOPOHY ra3a HHU3KOTO MaBJIEHUS, BOJHEI
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pa3pexeHns B CTOPOHY T'a3a BEICOKOTO JaBIICHHS, a TAK)KE KOHTAKTHOTO pa3phiBa. B
3aBUCHUMOCTH OT COOTHOIIIEHUS JTaBIICHUH B TIPaBOM M JIEBOHM YaCTAX YIAAPHOU TPYOBI
MepeTeKaHne Tra3a MOXKET IPOUCXOANTH CO 3BYKOBOW M JJO3BYKOBOW CKOPOCTSIMH.
IIpu TectupoBanuu pematens pisoCentralFoam mozaenupoBamick 00a 3THX Citydas
(cM. Tabm. 2).

Tabxn. 2.Havanenvleyciosuassadauepacnadapaspoléd.

Table 2.The initial conditions for the Sod's problem.

JoxputrndyeckoencredeHue Kputnueckoencreuenue
Obnacts Iasnenue, I1a | Temneparypa, | laBneHue, Temneparypa,
K Ila K
CrneBaoTnuadparmsl P4:6,897*104 T,=288,89 P4:6,897*104 T,=288,89
Cmpasa ot P1:5,897*104 T,=288,89 P1:6,897*103 T,=231,11
auapparmel
Diaphragm
3.048cm —
ps = 6.807- 104 Pa @ | @ pt = 6.807- 103 Pa
Oem
Ty = 288.80 K T =231.11K
Driver | Driven
| | |
Oem 15.42 em 30.48 em

Puc. 2. Cxema pacuemmoti obracmu 015 cryuas pacnpocmpanenusi 60aHbl 8 KaHALe

Fig. 2. Computational domain for the case of wave propagation in the channel (Sod's
problem)

TectupoBanue pemarens  pisoCentralFoam  npoBomuiocs B OJHOMEPHOI
(xommuectBo  staeek - 100), mBymepHoit (1000 sgeex), ocecHMMETPHYHON
nBymepHoit (1000 staeex) n mosHOCTBIO TpéxMepHOit mocranoBke (30000 s4eek) ¢
LEbI0 ONpe/eNIeHNs BIMSHUS Pa3MEPHOCTH 3ajaud Ha pesynbrar. Ha puc. 3
MOKa3aHbl pacYETHBIE CETKU JUIA ABYMEpHOTO (2a) 1 TpéxMepHOro (20) ciaydaes.
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Fig. 3. Types of computational mesh (¢ — two-dimensional, and 6 — three-dimensional) used
for the Sod problem

Pacuérel npoBommnuce a0 MomeHTta Bpemenu t=0.00025c. Kak nokazanu
pe3ynbTaThl, pacupesielieHue NaBIeHUS M0 OCHU TPYObl HE 3aBUCHUT OT Pa3MEpPHOCTH
3amaun. Ha puc. 4 u 5 NpUBOIUTCS CpaBHEHHE PE3YNbTAaTOB, MOJYYEHHBIX TIO
OJIHOMEPHOMY pacuéTy (T. K. ObUIO YCTAHOBJIEHO, YTO Pa3MEpPHOCTh 3a/Jaydl He
BJIMSIET HA PE3YJIbTAT) C AHATMUTUUYCCKUM perieHueM. M3 npeacraBieHHbIx rpad)ukoB
BUJHO OTCYTCTBHE OCIWUUISIMA W XOpOoIlas COTJACOBAHHOCTh PE3yJbTaTOB,
MTOTyYCHHBIX C IMOMOIIBI0 pa3pabOTaHHOTO METO/a, ¢ AHAIUTHYCCKUM PEIICHUEM.
BTOppIM BakKHBIM PE3yJIbTATOM SIBISIETCSl COBNAJACHHE PELICHHs, MOJYyYEHHOTO C
HCIOJIh30BaHUEM THOPHIHOTO METOIa B UCXOMHOM cxeMbl Kypranosa-Taamopa.
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58000 5 0 U_analytical
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XM

Puc. 4. Cpasnenue pacuémmnozo u anarumuyeckoeo pacnpeoeienus 0agieHus U CKopoCcmu
60016 ocu mpyovl 0151 Cyuas 0oKpumuyeckozo mevenus. Obosnauenus: «analyticaly -
anamumuyeckoe peuterue, «pisoCentralFoamy» — uuciennoe pewenue, noiyieHHoe ¢
nomouvio peanuzayus 2ubpuorozo memooa 8 OpenFOAM.

Fig. 4. Comparison of calculated and analytical distributions of pressure and velocity along
the tube axis in the case of subcritical flow. Legend: «analytical» - analytical solution,
«pisoCentralFoam» - the numerical solution obtained with the implemented hybrid method

80000 300
70000 = »50
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o
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30000 ' 100
20000 = I: --------- p_pisoCentralFoam
\', 50 """ U_pisoCentralFoam
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Puc. 5. Cpasnenue pacuémmnozo u anarnumuyeckoeo pacnpeoenenus 0agieHus U CKopocmu
600716 Ocu mpybbl 0114 cayyas Kpumuieckozo mevenus. Obosnavenus: «analyticaly -
ananumuyeckoe peutenue, «pisoCentralFoamy — uucnennoe pewienue noiyuenHoe ¢

nomowvio peanuzayus 2uopuoro2o memooa 8 OpenFOAM.

Fig. 5. Comparison of calculated and analytical distributions of pressure and velocity along
the tube axis in the case of critical flow. Legend: «analytical» - analytical solution,
«pisoCentralFoam» - numerical solution obtained with the implemented hybrid method
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6.2 ObTeKaHue NNOCKOro KnuHa

PaccmartpuBanock cBepx3ByKOBOE 00TeKaHHE IUIOCKOTO KinHa (puc. 6). B xauecTse
WCXOIHBIX JaHHBIX HCIOJB30BAIUCH MAaTEpUANBI, NPEICTaBICHHBIE B padoTe [4].
Umcno Maxa Haberaromero motoka M=2.5. Pabouas cpema — cyxoil BO3AyX,
MoJsipHas Macca — 28.96 r/Moib, ynenpHas ra3oBas nmocrosaHas — 287.05 Jx/kr/K.
[IprHMManace rumore3a O BO3MOXKHOCTH MOAEIHMPOBAaHUS pabouei cpeapl B
Ka4yecTBE HACAIBHOTO rasa. JlaBJIeHHE W TeMIepaTypa B HaOEraromeM IOTOKE —
101350 ITa u 288.9 K.

W3ob6apuas remroémiocts mpuHUManace Cp=1004 J[x/xr/K, mokaszarens annadaTs
vy = 1.4. CxopocTb 3ByKa cpensl — a = 340.73 m/c. CkopocTs Haberaromero moToka
U=M - a = 851.84 m/c. /IluHamu4eckasi BSI3KOCTb Cpebl NPHUHUMAJIACh PaBHOMN
18.4 mxIla-c. Yucno Ilpanarns Pr= 1.

Kak wm3BecTHO, JUIl JaHHOW 3aJa4yM CYLIECTBYET NPHOIMKEHHOE aHAIUTHYECKOe
peleHre B paMKax TEOPUH KOCHIX CKayKOB YIUIOTHeHui (cM. [4]). Takum obpazom,
C TIOMOIIBIO JaHHOW 3aJaydl MOXKHO TIPOBEPUTH BO3MOXKHOCTH CXEMBI IO
BOCIIPOM3BECHUIO CKAYKOB YIUIOTHEHHMH: HMX TOJIOKEHUS M «Pa3MBITOCTHY», YTO
MO3BOJISIET B 11€JI0M OLIEHUTH OJHM30CTh YUCICHHOTO PEILICHUS K aHAIUTHYeCKoMy. B
KauyecTBe Iapamerpa, XapaKTepH3YIOIIero OJM30CTh YHCIEHHOTO pEIleHUs K
AHATMTHYECKOMY, pacCMaTpUBAIOCh YHCIO Maxa, CKaukooOpa3HO MEHSIoIeecs
IPU TIPOXO’KACHUH Yepe3 CKa4oK yIutoTHeHus. C 3Toi menbio ObUIH pacCTaBICHBI
TOYKH O0TOOpa pacu€THBIX 3HAYECHUH MapaMeTpoB MOTOKa, orcTosmue Ha 0.05 M mo
KoopauHate Y OT TBEPAOHM CTEHKH.
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0)

Puc. 6. Pacuémnas cxema 0151 ciyuas Habe2anusi NOmoKa na KAuH (a) u cemka 6 pacuémuotu
obnacmu 0ns paccmampugaemozo cayyas (6)

Fig. 6. Geometry and settings for the case of flow attack on the inclined wedge (a) and the
mesh in the computational domain for this case (6)

[ maHHOTO Citydast cTpomiiachk IByx0Oi04Hast JByMepHas ceTka (puc. 60). Ilepsblii
050K TpesACTaBIsUT co00M mpsMoyronbHUK pazmepamu 0.1522x0.3048 m, BTOpOW
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(Hag KIIMHOM) — TIPSMOYTOJNBHYIO Tpanenwnto BeicoToi 0.3048 M, paBHOU HIDKHEMY
OCHOBAHHIO, ¥ ¢ OOKOBOM CTOPOHOM, HaKIIOHEHHOH K ocu OX Ha 15°. [y npoBepku
CXOJMMOCTH TMPOBOJHUIOCH MOJCIUPOBAHKUE ISl TPEX YPOBHEH CTYIICHHS CETKH.
[lepBonauanbHOE pazOmeHne OMOKOB Ha saerkm: 75x50 sgeex (HMEepBBIA ONOK —
25x50; BTopoi Omok — 50x50). [lns momydenust Gosxee rpy0Ooil u Oosee TOYHOM
CETKH KOJIMYECTBO S4YEEK Ha KaKAbIH OJIOK YMEHBIIAIOCh U YBEJINYMBAJIOCH B 1.5
pasa ot 6a30Boro cooTBeTcTBEHHO. CeTOYHast CXOAUMOCTh ITPOMJUTIOCTPUPOBAHA Ha
puc. 8.

[MoMumo 3TOrO M3y4anoch BIMSHHUE MOpSAKA AMIPOKCHMAIMU IMPOM3BOAHOU II0
BPEMEHH Ha CXOIUMOCTh pelleHHs. PaccMaTpuBaiuch HEsIBHBIE CXEMBI IIEPBOTO U
Broporo mopsaka. Ilojge naBieHus, moOKa3blBalOIlee IOJIOKEHUE CKadkKa
YIJIOTHEHHS NPEJICTAaBICHO Ha PHUC. 7.

2.88+5

24e+b

28+5

68+5

2e+5

ARSI RARRRRARA RRRR 1)

Puc. 7. Ilone oaenenust npu 06mekanuu Koco2o ycmyna c8epx36yKo6biM NOMOKOM

Fig. 7. The field of pressure at the supersonic flow attack on the inclined wedge
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Puc. 8. Cemounas cxooumocmo u CpaeHerue YucCileHnoco U mo4YHo2co peueHus onst cayuasi
Habe2anusi NOMOKA HA KIIUH

Fig. 8. Mesh convergence and comparison of numerical and exact solutions for the case of
attack of stream inclined wedge

AHanu3 TpOBEACHHBIX pacy€ToB TMO3BOJSET CJAENaTh BBIBOA O TOM, UTO
WCIIONIB30BAaHUE CXEMBI BTOPOTO TOPSIIKA, XOTh U MPHUOIMKACT YACICHHOE PEIICHNE
K TEOPETHYECKON 3aBUCHMOCTH, MOXET MPUBOAMUTH K MOSIBICHHIO OCIHJUIALAI.
[ToBeneHmre ruOPUIHOTO METO/IA TAKKE OKA3aI0Ch UICHTHYHBIM cxeMe Kypranosa-
Tagmopa.

6.3 O6TekaHMe obpaTHOro yctyna cBepx3ByKOBbIM MOTOKOM

B kauecTBe TpeThEro TECTOBOrO MPUMEpa paccMaTpUBallach KiacCHuecKas 3ajada
M3 TEOPUH OTPHIBHBIX TEYCHHUH - IUIOCKOE CBEPX3BYKOBOE OOTEKaHHE OOpaTHOrO
yeryna. Ha puc. 9 mpejcraBieHa cxemaTHYHas KapTHHA TedeHus. [1oTOk mpu
MPOXOXKJICHUH KPOMKH YCTyIa pacuiupsieTcs, o0pa3ys Beep BOJH pa3pekeHHs.
Hanuuue mnperpaasl B BUIE TOPU3OHTAIBHOM IIOBEPXHOCTH 33  YCTYIIOM
00yCIaBIMBACT OTPBIB BSA3KOIO IMOTOKA. IIpHCOEAMHEHHE ITOTOKAa BEIET K
obOpa3oBaHUIO A-00pa3HOTO CKayKa YIUIOTHEHHS.
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Puc. 9. Cxema meuenus npu c6epx36yk060m odmexanuu 00pamnozo ycmyna

Fig. 9. Geometry and seetings for case of supersonic flow over backward step

B kadecTBe MCXOIHBIX NaHHBIX HCIOJIB30BATNCH MAaTEpPHAJbl, MPEACTABICHHBIC B
[6]. Uncno Maxa maGeratomero motoka M=2.5. Pabouas cpema — cyxoil BO3ayX,
MoJsipHas Macca — 28.96 r/Moib, ynenpHas ra3oBas nmocrosaHas — 287.05 Jx/kr/K.
[IprHMManace rumore3a O BO3MOXKHOCTHM MOJENUpPOBaHUS pabouei cpeabl B
KauecTBe COBEpIICHHOro rasa. Mcmomp3oBamack crangaptHas K-o SST mozmens
TypOyIeHTHOCTH. 3ajaHie MapaMeTpoB TYpOYJIeHTHOCTH K, @ Ha BXOJe pacyeTHOM
0GIIaCTH MPOM3BOIMIACH MOCPEACTBOM H3BECTHBIX 3aBHcHMocTeit: k=3/2*(U 1)%,

rae U - cpemHsss CKOpPOCTh TeueHHMA, a | — HHTEHCHBHOCTH TYpOYJIEHTHOCTH,
npuHMMaeMass paBHOH 5%; o =¢/(k-C,), TAe KuHeTMYeckas dHeprus
TypOYJIEHTHOCTH &= C#3/4'k3/2/|, I=0,07L, rme L- xapakrepHbiii pasmep, a
xo3ddunuent C, npuanMaetcs pasHeimM 0.09.

CraTtnueckoe naBiaecHue B HaOeraromeM moToke — 13316.6I1a, paBieHue
Topmoxkenuss — 22752711a, Temmeparypa Haberaromero motoka — 153.04K,

Temneparypa TopMmoxxkeHus — 344.44K.

MN3obapras temnoéMkocTh mpuHuUManack paBHoit Cp=1005 JIx/kr/K, mokazarens
agmabater y=1.4. CxopocTh 3ByKa cpensl a =  248wm/c. CkopocTh Haberaromero
notoka U =M * a = 620m/c. luHamMnyueckast BA3KOCTb Cpe/ibl MPUHIUMAJIACh PaBHOW
18.27mkI1a*c. Yncno IMpaunras Pr=0.7.

Beicora yctyna 0.01125M, paccrosHue ot yctyna 1o BxogHoro ceueHust 0.1016m,
J0 BeIxogHoro cedeHust 0.3048M, paccrosiHMe 10 BEpXHEH IpaHHUIBI pacu€THOM
obsactu 0.1475M. /lnana3on xapakTepHbIX Ul TeUeHMs yuces PeliHonbaca: 7%10°
~5%10° [5].

Crponnace TpéxOsioyHasi nByMepHast ceTka. Kaxkuplii M3 OJIOKOB IpeicTaBIIsiI
€000} IPSIMOYTOJILHUK; TIEPBBIil OJIOK MPUMBIKAI K YCTYITy CBOEH JIEBOH CTOPOHON
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1 HacuuTeiBaT 240x40 siaeek, BTopoi pacronaraics Haj ycryrnoM (104x112 saeek),
TpeTHil pacronarajics HalI TEpBHIM OJOKOM ¥ 3aMBIKall pacuéTHyI0 o00JacTh
(240x112 saeex). Ha Bcex TBEPABIX MOBEPXHOCTSX 33/1aBaJOCh TPAHUIHOE yCIOBUE
OpIIHIanus, K ¥ @ anmpoKCHMHPOBAIKCH MPH MOMOIIH IPUCTEHOYHBIX QYHKIH.
PesynbraTel MoIEMMpOBaHHUS CPABHUBAIOTCS C ONBITHBIMH JAHHBIMH IT0 OOTEKaHUIO
00paTHOTO YCTyIa TOW kK€ TeOMETPHH, MPEICTaBICHHEIMH B paboTe [5], a Takxke ¢
pacuy€THBIMM  JAHHBIMU, MOJIy4€HHBIMHU B KOJax PARC,WIND it
ANSYSFluidDynamics. Pacuér mposommics mo 0.06C, 4TO COOTBETCTBOBAIIO
YCTaHOBHUBILIEMYCSI PEXKUMY TCUCHHSI.

Ha puc. 10 mpencraBneHsl rpaduku pacnpeseieHus NaBJICHHS 3a YCTYIOM B
pacuére, B SKCHEpUMEHTE M B pacuérax JApPYruxX aBTOpPOB. J[aBlieHHE OTHECEHO K
CTaTHYECKOMY JaBJIICHHIO TIIE€PeJ YCTYIIOM, a TOpPH30HTalbHAas KOOpJIMHATA
OTCUHUTHIBAETCS OT CTEHKH YCTYyIIa B JIIOMax.

Kak BumHo 3 rpaduka, Mmomens, peanu3oBanHas B pisoCentralFoam, mpuBomut
pesynbrataMm, Hanbojee ONM3KUM K TONyYeHHBIM ¢ momoimbio ANSYS [6] u B
SKCIEPUMEHTE, YKa3aHHOM B [6]. B To ke BpeMs MoJIoKeHHe KPUBOH, MOITy4eHHON
C  TOMOIIBI0  pa3pabOTaHHOM  MOJAENH,  HECKOJIbKO  OTIMYaeTcs  OT
SKCHEPUMEHTAIBHBIX JAaHHBIX U3 UCTo4HHKa [5] m pesynbraToB komoB WIND u
PARC [7], a mpenckazpiBaeMoe JaBIICHIE B OTPHIBHOM 30HE HECKOJIBKO 3aBBIIICHO.
Crienyer OTMETHTh, 4YTO pacHpelelieHHe [aBlIeHUs, KOTOpOE IPHUBOJHUTCS B
pykoBozcTBe monb3oBatest ANSYS [6], B oTaére [S] HalimeHO HEe OBLIO.

Jns HaryisgaHOW OLGHKH aJIeKBaTHOCTH BOCIIPOHM3BEICHUS NPOCTPAHCTBEHHBIX
XapaKTEePUCTUK CPEJbl MPU CBEPX3BYKOBOM OOTEKaHMH CO CKaYKaMHU YIJIOTHEHHSI
BEINIOJTHEHO CpPAaBHEHHE C HMMEIONIMMHUCS JKCIIEPUMEHTATBHBIMH W PacYETHBIMU
nmanebiMHA. Ha puc. 11 mpezncraBieHa KapTHHA TEUCHUS, TOIYYEHHAsI C MOMOIIBIO
paspaboranHOl Mojenu, peanu3oBaHHO# pisoCentralFoam, u cpaBHeHHe C
SKCIICPUMCHTAIBHEIM TIOJOXKCHHEM CKadyka yIDIOTHeHHWs [5] W pacu€THBIM
TIOJIOXKCHHUEM CKadka YIDIOTHeHHs, noxydeHHBIM B koge PARC [7]. Kak BugHO U3
pUCYHKa, TOJOXEHHE CKadKa VYIDIOTHCHHS JISKUT JOCTATOYHO ONU3KO KaK K
OKCIIEPUMEHTAJIbHBIM, TaK U K PACUETHBIM JIAHHBIM.

PesynbraT mpoBenEHHOTO HCCICNOBAHUS CETOYHON CXOOUMOCTH IPEICTaBJICH Ha
puc. 12. Cxema mMeeT BTOPOU HOPSIOK TOYHOCTH IO MPOCTPAHCTBY M PEIICHHE
CXOJUTCSl K TOYHOMY; TIPH HM3MENIbYEHHH CETKH B OOJACTH OTPhHIBA IO KaXIOMY
HaIpaBJICHHUIO B 4 1 6osiee pa3 MOrperrHoCTh He mpeBbimaet 1%.
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Puc. 10. Cpasnenue pacnpedenenus 0asienus 3a 00pamuvim yCmynom
Fig. 10. Comparison of the pressure distribution behind backward step

U Magnitude
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om0

Puc. 11. Cpasnenue nonodicenuti ckauxa yniomHeHus, 8b136aHHO20 NPUCOEOUHEHUEM NOMOKA.
Cepbimu moukamu NOKA3aHo SKCHEPUMEHMATbHOE NOL0JICeHUe CKAYKA YIIOMHEeHUs, CUHUL
nuHuell — pesynomam pacuéma kooom PARC[7]

Fig. 11. Comparison of the shock position caused by the flow reattachment. Grey dots show
the experimental position of the shock wave, the blue line - the result of the calculation with
PARC code [7]
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Puc. 12. Cemounas cxooumocms pazpadomaHHOU YUCIEHHOU CXeMbl Ha npumepe Ciyuas

obmexaHus 0bpamuo2o ycmyna

Fig. 12. Mesh convergence of the developed numerical scheme by the example of the case of

a flow over backward step

6.4 ObTekaHue npAMOro yctyna CBepXx3ByYKOBbIM MOTOKOM

PaccmaTpuBaeTcs cBEpX3BYKOBOE TEUEHHE HJEAJIBHOIO ra3a B KaHajle C PE3KUM
cyxenneM (puc. 13). Jlannas 3amava SIBASETCS KIACCHUECKMM TECTOM METOJIOB
MOJICINPOBAHMS CBEPX3BYKOBBIX TeueHH (cM. [8]). B HauamsHBINT MOMEHT BpeMEHHU
10 BCEMY IIPOCTPAHCTBY KaHaja CKOPOCTbh, JaBJICHUE U TEMIIEpaTypa paclpeeeHbI
paBHOMepHO. I'paHUYHBIE YCIIOBUS CIEAYIOIIHE.

Ha ycryme (3amTpuxoBaH) — YCIOBHE HEMPOTCKAHWS IJIsI CKOPOCTH,
yCclIOBUE aauabaTUYHOCTH JUIA TeMIeparypbl (HyJeBas HOpMalbHas
MPOM3BOJHAS), YCIOBHE HEMPOHUIAEMOCTH JJIs JaBieHusl (HyJeBas
HOpMaJbHasi MPOU3BOIHAS).

Ha BepxHe#l TOpH30HTaNBHOH M HIDKHEH (Bmoss oTpeska NXI1)
TOPU3OHTAILHON TPaHUIAX — YCJIOBHE MPOCKAIB3BIBAHUS I CKOPOCTH
(HOpManbHas cKOpocTh paBHa 0, HyneBas HOpMallbHAs MPOW3BOIHAS IS
TaHTCHIIMAIILHOW), YCIIOBUE aauabaTUIHOCTH ISl TEMIIEPATYpPhl, YCIOBUE
HENPOHUIIAEMOCTH JIJIs TaBIICHUSI.

Ha Bxome B pacuérHyro oOnacth (neBas BepTHKaJbHAs TpaHWLA) —
(ukcupoBaHHble 3HauYeHUs ckopoctd (3m/c), masmenus (1 TIla),
temmeparyps (1 K).

Ha BeIXOme u3 pacuérHoil oOyacTu (mpaBas BEPTHKAIbHAS TPAaHUIA) —
HyJIeBbIE HOPMaJbHBIE TPOUW3BOJHBIE JJISI CKOPOCTH, JaBJICHHUS H
TEeMIIEPaTypHI.
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®dusnyeckue CBOMCTBA raza moJo0paHbl TakK, 4TOOB B HAYaIBHBI MOMEHT BpEMEHH!
yrcno Maxa MOTOKa B TOPU3OHTAIBHOM HANpaBICHUH PAaBHSUIOCH 3, a MOKa3aTelb
apnabatsr (Cp/Cv) — 1.4.

e  Momsapnaas macca: 11640.3 r/moms.

e  AnmabartHas TemnoéMkocTs 2.5 Jx/kr/K.

e  Uucno IIpannarnsa 1.
[Mapamerpsl pa3buenust npuBefeHsl B TaOn. 3. Pacu€r mpoBoamics 10 MOMEHTa
BpemMenn  t=4c.  CpaBHHMBalOCh  TMOJOXKEHHE  HOXKH»  A-cKauka |
HAIMYAE/OTCYTCTBUE  HEYCTOIYMBOCTH KenpBuna-I'ensMronsia, KoTopas
HaOmoanack BO MHOTHX pabOTax MpH BOCIPOM3BEIACHUM NaHHOTO ciydas. [Ipm
KOPPEKTHOI ITUCKPETH3allMd B MOMEHT BPEMEHH t=4C I0JI0’KeHUE HOXKKH A-CKadKa
JOJDKHO TMIPUXOANTRCS Ha epeaHuH Kpait yetymna (X=60cm).
JlaHHbIH cmydail HCTIONIB30BAJICA U TECTHPOBAHUS MacIITaONPyEeMOCTH MOAEIH U
HCCIIEIOBAaHNUS CETOYHOM CXOIMUMOCTH IO BPEMEHHM M NPOCTPAHCTBY. Pe3ynbTarhl
CETOYHOM CXOAMMOCTH IIPHUBOJIATCS TOJNBKO AJSI CPEIHEH, YIydIIEHHOW M MEJKOH
ceTok. [TapameTpsl rpy0Ooii ceTKH MPUBENCHBI IS CIIPABKH.

_ 300 cm
60 cm
A
NX1 ;
B =] :
E la- - .
=) i
= v
YA ‘ /)/ t=0sec 7
Y T= 1K,
& = p=1Pa,
‘ X I U=3m/s

O

Puc. 13. Cxema pacuémmnoii obracmu u pazbuenus Ha 6J10KuU.

Fig. 13. Geometry of computational domain and settings for block mesh for the case of
supersonic flow over forward step.
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Tabn. 3. [lapamempul pazbuenus pacuémuou obracmu

Tab. 3. The parameters of the block mesh of the computational domain

ggn. OTpe3ox Ymcno oTpe3KoB pa3OHeHUS
rpy0as ceTka | CpelHsis ceTKa YAYUWCHHAT | o 1kast ceTka
ceTKa
1 NX1 96 192 384 768
2 NX2 384 768 1536 3072
3 NY1 32 64 128 256
4 NY2 128 256 512 1024
Yucno siueek B pacu€THOM CETKe
60 TBIC 250 TeIC 1 muH | 4 MiH

W3 pacu€roB BUIHO, YTO BHE 3aBHUCHMOCTH OT CTEIIEHU U3MEJIbUYCHUS PACUETHOU
CETKH, MOJIOKEHHE «HOXKKH» A— CKayka COOTBETCTBYET MOJIOKEHHUIO yCTyma (puc.
14). Ilpu 3TOM B cityyae HCIIOJNB30BAaHHS CXEMBI IEPBOTO IMOPSIKA 1O BPEMEHH,
HeycToiunBocTh KenpBuHA-I ebMronblia HAYMHAET MPOSIBISITECS TOJIBKO HA CaMOii
MEnKoH ceTke (4 MIH sideeK), B TO BpPEeMs KaK HCIOJIb30BAHUE CXEMBI BTOPOTO
MOpSJKa alMPOKCHMAIMN 110 BPEMEHH TT03BOJIIET BOCIIPOM3BOANTH 3TOT 3(dexT n
Ha 3aMeTHO Ooiree rpy0Ooit cetke (I MmH sueek) — puc. 15. HccrmemoBanme
Macmrabupyemoctn (puc. 16) pemmarens TOKa3zajio —YIOBJIETBOPUTEIHHOE
YCKOpEHHE Ha CeTKe | MIIH sueeK M CBEpPXJIMHEITHOe YCKOpeHHe IS CETKH 4 MIIH.
suyeek. CBepXIMHEITHOE YCKOPEHUE CBA3aHO C HEBO3MOXKHOCTBIO Pa3MENICHHs BCEX
JIAHHBIX YHCIEHHOW Mojaenu (4 MIIH sYeeK) B KOIIe Mpoleccopa B
OJTHOIIPOIIECCOPHOM ~ PEXHME  pacueTa, dYTO TPUBEIO K  3aBBIIICHHOMY
OTHOCHTEJILHOMY YCKOPEHHIO.
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Moderate mesh,

1st order
time scheme

rho
58.500e+00

Fine mesh,
1st order 3
time scheme

=2.000e-02

Very fine mesh,

1st order
time scheme

Puc. 14. Cpasnenue xapmun meuenus (noie niomHocmu) 0 « CpeOHeil» cemki,
VAYHUEHHOU CemKU U MENKOU CemKU 8 MOMeHm épemeHu t=4c. 1-ii nopsdok annpoxcumayuy
no epemenu u 2-ii NOPAOOK annpOKCUMAYUY NO NPOCMPAHCIEBY.

Fig. 14. A comparison of flow visualisation (field density) for the moderate grid, fine grid and
very fine grid at time t = 4s. First order approximation with respect to time and the second
order approximation in space were used.
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rho
:2,500e+00

Very fine mesh, i

1st order
time scheme

~2.000e-02

Fine mesh,
2nd order

time scheme

Puc. 15. Cpasnenue xapmun meyenus (n1omHocmu) 0 CLy4as, ROCYUMAaHHo20 ¢ 1-m
NOPIOKOM ANAPOKCUMAYULU NO BPEMEHU HA CAMOU MEJIKOU CemKe U CyYdsi, ROCYUMAHHO20 CO
2-M nOpsAOKOM annpoxkcumayuu no epemMenu Ha 6oiee epyboil cemie

Fig. 15. Comparison of the flow visulisation (density) for the case calculated with the 1st
order approximation in time on the finest mesh and the case calculated with the 2nd order
approximation with respect to time on a coarser mesh
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Puc. 16. Cpasnenue macuumabupyemocmu paspabomanHozo pewiamens 01 cemox 1 man
Ayeek u 4 Man aueex

Fig. 16. Scalability of the developed solver for 1 million cells and 4 million cells grids

6.5 TeyeHne B CBEPX3BYKOBOM coOMse Npu Hanuuuu npsimoro
CcKa4ka yNnnoTHEHUs B 3aKPUTUYECKOW 4acTu

PaccmarpuBanach 3aa4a 0 TEYEHHH B MPOCTEHIIEM OJHOMEPHOM CBEPX3BYKOBOM
COIUIe, TEOMETPHs KOTOPOTO 3aaBajach KOMOWHAIMEH JABYX YCEUYCHHBIX KOHYCOB.
HavanbHble naHHBIE COOTBETCTBOBAIM pacueTHOMY ciydaro u3 [6]. PesynbraTh
CPaBHUBAINCH C TPHUOIIKEHHBIM aHATUTHYECKUM pPEIICHWEM, OCHOBAaHHBIM Ha
3aKOHAX M309HTPONUYECKOTO TEUEHUS UCATLHOTO Ta3a U TEOPHUU MPSMBIX CKauKOB
ymtotHenui [4,6], u ¢ pacaerom B ANSY SFluidDynamics.

Cxema coruta W CTPYKTypa YCTaHOBHBIIETOCsS TedeHHWsh M300pakeHbl Ha pwuc.l7.
OTHoOIlIeHWE TUIOMIAJe Ha BXOJE W Ha BBIXOJAEC K KPUTHYECKOMY CEUCHUIO
MIPUHUMAJIOCH PaBHBIM 3, JUITMHA COIIa PaBHOM 2M (711 y00CTBA ONIEPUPOBAHHMS C
obe3pa3zMepeHHON KOOPMHATON CKavKa).
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I'paHUYHBIC YCIIOBUS OIPENEIISUINCH JAaBICHUAMH Ha BXOJE M Ha BBIXOZE, KOTOPBIE
npuHUMAaTUCh paBHBIMU 300 1 175 kI1a cOOTBETCTBEHHO, HA CTEHKaX CTaBHIOCH ['Y
NPOCKaJIb3bIBaHKs. TedeHne NPUHAMAIOCH UCaTbHBIM.

[ockoneKy cymiecTByrollee aHAIUTHYECKOE PEIICHUE CIIPABEIUIMBO JIMIIb JUIS
OJJHOMEPHOTO ciiy4asi (MICHTUYHbIE MapaMeTphl TEUSHUs II0 BCEMY IHOIEPEIHOMY
CEYeHHIO COIUIa), OblTa BEIOpaHa OJJHOMEpPHAs pacdeTHas ceTka (110 OTHOU sUelike B
HampasieHusx OY, OZ; ocr OX pacnonokeHa MO OCH CHUMMETPHH COILIA).
KommgectBo stueek mo X - 100.

Takum o00pa3oM, TIOCTaHOBKA 3aJadd OBUIa MaKCHMAalbHO NPUONIDKEHA K
(hopMyTHpPOBKE 3a/1a41, COOTBETCTBYIOIIEH aHATUTHIECKOMY PEIICHHIO.

Puc. 17. Kapmuna ycmanoguguie2ocs meuerus ¢ conie

Fig. 17. Visualization of the stationary supersonic flow in the nozzle

CpaBHeHHe pacnpejesieHusi 4uciia Maxa 10 JUIMHE COoIUla C aHaJMTHYECKHM
pelieHreM mpeacTaBieHo Ha puc. 18, I'padukd MpPaKTUYECKA IOJHOCTHIO
COBIIAJIAIOT, UCKIIIOYasi HEOOJbIINE PACXOKACHHUIH B 00JACTH CKayKa YIUIOTHEHHUS,
KOTOPBIC MOTYT OBITh 00BSICHEHBI CXeMHOH TG Gy3HeH.
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Puc. 18. Cpasnenue pacnpedenenus uucra Maxa no onurne conia.

Fig. 18. Comparison of the distribution of the Mach number along the length of the nozzle.

6.6 [lo3BykOoBOe Te4YeHue JaMUHaApPHOro BA3KOro noToka B
KaHane Kpyrrnoro ce4yeHus (TedyeHue lNyasenns)

C TmOMOIIBI0 JaHHOTO pPacy€THOTO CIy4as IPOBEpSeTCS KOPPEKTHOCTh
BOCTIPOM3BeAcHUS AP Yy3NOHHBIX ClIaraeMBbIX B YPaBHEHUH COXPAHCHHUS UMITYJIbCa
(TeH30pa HampsHKEHUH) PU MaNbIX Yruciaax Maxa. [TockonbKy Uist JaHHOTO CiTydast
W3BECTHO AHAIUTHYECKOE PEIICHHE, TO MOXXHO KOJIMYSCTBEHHO OICHUTH Pa3HHILY
MEXIy TOYHBIM U TNPHOMMKEHHBIM peHIeHusAMHU. [l TOCTAaHOBKM 3amayu
npuHuMaercs, 4ro 4ucino Re = 200, BSI3KOCTh BBIYHCIAETCS U3 (U3MYECKUX
JaHHBIX, 3a1aBACMBIX IIPH IMOCTAHOBKE HAYAJIbHBIX U KPACBBIX yCHOBI/Iﬁ.
HpI/IHI/IMaeTCSI, YTO I'PpaHUYHBIC YCJIOBHA COOTBETCTBYIOT HOPMAJbHBIM YCJIIOBUIM:
ckopocth Ha BXoge U,=0,68369M/c; naBneHHe Ha BBIXOAE Pau—10132511a;
temmeparypa — 25 °C; ras — Bosmyx. Ilpoduib CKOPOCTH Ha BXOIE B
uccieyeMyro 001acTb paBHOMEPHBIIA.

B cooTBercTBUM ¢ yKa3aHHBIMH Iapamerpamu cpeabl uucio IIpanaras Pr=0.73,
IMHAMHUYECKAsT BI3KOCTH ;L=ZI..85'10‘5 ITa-c, temmoemkocts Cp=1007 JIx/kr/K,
MoJsipHas Macca M=28.96r/moib.

PacuérHas obnacTh mpenacTaBisieT COOOW CEKTOp UHMIMHAPHUYECKOTO KaHama C
JUIMHOM, CYLIECTBEHHO OOIbllel JnaMeTpa KaHajia AJsl MOJyYeHHs JIAMUHAPHOTO
npoduis Ha BHIXOJIE.
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Jlst monmydeHus 3alaHHOTO 3HA4YeHUS KpuTepus Re, muameTp pacd€THoi obnmacTtu
BBIOMpaeTcsl paBHbIM 4.6MM. JnmuHa mosaranack paBHod 161mm. s momydeHus
pPaBHOMEpPHOW CeTKU pacuéTHas 00JacTh pa3OuBaeTcs Ha 23 OoTpe3Ka IO pajgnycy u
1610 oTpe3koB 1o ATUHE.

PesymbraTel CcpaBHEHHS YHCICHHOTO pEIICHHS, IMOJYYCHHOTO C IOMOIIBIO
HACTOSIIEH MOIend Ha BBIXOJE W3 pacuy€THOH o00JacTH, C aHATUTHYCCKUM
pemieHreM (cM., Hampumep, [4,6]) UIs TaMUHAPHOTO MPOGWIS MPEACTABICHBI Ha
puc. 19. Yucno Maxa cocrasisuto 0.002. Pacuér Béncst ¢ marom no Bpemenn 30-40
MKC, UTO COOTBETCTBYET aKycTHdeckomMy kpurepuro Kypanta nopsaka 1300.

1.6

14 . .
——UZ, Analytica solution

12 = = =z pisoCentralFoam
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Uz, mfs
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Puc. 19. Cpasnenue ananumuueckozo u pacuémnozo pacnpeoenenuii Uz no paduycy kanaia
Kpyenoeo cedenus paciemd.

Fig. 19. Comparison of analytical and calculated distributions of Uz along radius of
channel with circular cross section

6.7 O6TekaHMe UMnNMHApa B TlaMMHAPHOM peXxume

C nomouipl0 AaHHOTO TECTa UCCIEAYETCS NMPUTOJHOCTb PEaTu30BaHHON MOAEIH
1A MOJACIIUPOBAHNA HO3BYKOBBIX TECUCHUH JJIA TaKOro mMIMpoOKO U3BECTHO Cliydas,
KaK TECYCHUE BOKPYT IIJIOXO 00TEKaeMBIX TEI. I/ICCJ’[G}IOBaHI/Ie IIPOBOAUTCA MJIA IBYX
ClIydyaeB — JIaMHHApHOE TeueHHe M TypOylneHTHoe TeueHne. VcciemoBaHne
MOCTETHETO CIydas OCOOCHHO BaXKHO B CBETE IIOCTABICHHONH B paboTe nenu
obecrieyeHnss WCHONB30BaHUS yxke wumeromeiica B OpenFOAM 6ubimorexn
MoJieJieH TypOYIeHTHOCTH Oe3 e€ N3MCHEHUSI.
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3a ocHOBY OepyTcs pe3yibTaThl pacu€ToB, MONy4YeHHBIE B padore [9]. CpaBHEeHHE
MPOBOAMTCS JJIsl NBYX 3HadueHWid unciaa Maxa — mensme 0.1 u 0.3, KoTopele
COOTBETCTBYIOT IBYM IIPEIENBHO MOIYCTUMBIM CIy4asM — “TITyOOKHiA” IO3BYK
(TIOMHOCTRIO HEC)KMMaeMoe TeueHne) 1 cknmaemoe Teuenue. Yncno Re pasro 100.
B kauecTBe HaBliCHWsI W TEMIICPATyphl BHIOUPAIOTCS ONHM3KUE K HOPMATBHBIM
yenoBust — 101325 IMa u 300K cooTBeTcTBEHHO, paboyas cpesia — BO3AyX, MOJIIpHAs
Macca — 28.9 r/MoJIb.

Takum 00pa3oM, IUIOTHOCT CPEJIbl IPU ITHX YCIOBUSIX Oyner paBHa 1.17404 kr/m3
N306apHas TeruioeMKocTh HpuHMMaeTcst paBHoit 1004 [x/kr/K, ciemoBarenbHo,

nokasartenb aguadatel paBeH 1.4 CxopocTh 3ByKa cpensl — a=,/ (YRT)= 347.6 m/c
Junamuueckas BI3KOCTb cpeabl B3dTa paBHoM 18.5 mklIla-c Yucno Ilpanatns Pr =
0.73. InameTp IMIMHIDP OMpEAEsIeTCs MO 3aJaHHON CKOPOCTH Ha BXOAC W YHCIY
Re.

[purse U = 10 m/c, gaTo cooTBeTcTBYeT unciay Maxa 0.029, momydaeM 3HaUYcHHE
muamerpa mwmmHApa 0.000157m  (0.157mm). Ilpuase U = 100 w/c, d9tO
cooTBeTcTBYeT umcay Maxa 0.29, momydaeM 3HaueHHWE JAWaMeTpa IMIMHIPA
0.0157mm.

B kauecTBe KpuTEpHs NPOBEPKH MPABIIBHOCTH DPE3yJbTaTOB pacdyéra BBICTYIIAN
koadunmeHT conmpotuBieHus. B Tabn. 4 mpuBeneHo cpaBHEHHE KO3(PPHUINCHTOB
CONPOTHUBJICHHS, IOTYYEHHBIX IPH IIOMOIIM THOPHUIHOTO METOAA C JPYTUMH
YHUCIICHHBIMH M OKCIIEPUMEHTAIBHBIMU MCCIIEAOBAHUAMHE, NPUBEAEHHBIMH B [9].
Crenyer Taxke NOOAaBUTh, YTO YacTOTa CPbIBAa BHXpEH M aMIUTUTYyJa KoyieOaHHi
k03 duineHTa 10060BOr0 COMPOTURIICHHUS [IHIIMHIPA TAKKE HAXOISITCSA B XOPOIIEM
COBIIAJICHNH C U3BECTHBIMU JIAHHBIMHU.

Tabn. 4. Cpasnenue Koappuyuenma conpomusienus YuiuHopa noay4eHHuIX pasHbIMU
Memooamu

Table 4. Comparison of the cylinder drag coefficient obtained by different methods

pisoCentralFoam |ACL Sharman |Mene-01 |Kang Ding 07
2008-4 |05 (2003)

Cd |1.37 1.365 1.33 1.37 1.33 1.356

6.8 ObTekaHue UMNMHApPa TYpOYynNeHTHbLIM MOTOKOM

Monemupyercss o0Tekanne opmHOyHOrO mwimHApa (puc. 20), pe3yIbTaTH
comoctaBisIoTcss ¢ uccnepoBanmeM  [10].  Ilommmo  comocraBieHHS €
SKCIEPUMEHTOM, OBUTO BBHIIIOJIHEHO CPAaBHEHHE C PACUETOM IT0 HEC)KHMAaeMOH U 10
CKMMAeMOH T03BYKOBO# MoesiM, uMerorumcst B OpenFOAM.

Pabouas cpena — BO3/yX, YCIOBUS — OM3KKE K HOpManbHBIM ( naBienune 101325
ITa u temmneparypa 300K), muiotHOoCcTE — 1.18 KI/M°, KHHEMAaTHYeCKast BA3KOCTh —
1.5*10" m?/c, ckopocTb 3ByKa — 0K0JI0 330 M/c. CKOpPOCTh HaGEraroIIero OToKa B
9KCIIEpUMEHTaX NpUHUMaiack paBHor 10 m/c, T.e. uncino Maxa Obio Mensuie 0.1
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— Ti1yOOKO JJ03BYKOBOE T€UeHHE. B XoIe 3KCIEpUMEHTOB M3MEPSUINCH 3HAYCHUS
CHIbl JJOOOBOTO COMpOTHBIEHMS Fy W 1o €€ 3HA4YEeHHIO PaCcCUNUTHIBAJICS
ko3 dunmenHT nodoBoro conpoTtusieHNs Cy .
Ha mepBom sTane mMozmenupoBaHUs Ul OTJIAAKA MOJETH Pacy€éThl MPOBOAMINCH B
HECXKMMAacMOM  NpuOmkeHnd.  Pacuér  mpoBomwics [0 — HACTYIUICHHSA
YCTaHOBHBIIETOCS PEXHMa TEUCHHUS. TypOyneHTHOCTh  y4HTHIBAJIacCh C
ucnons3oBanueM Mmojaean K-omegaSST [11]. Beuti paccMOTpeHBI BapHaHTHI
PacUTHBIX CETOK ¢ HH3KHM paspelieHHeM BOJM3HM TOBEpXHOCTH mummuipa (Y& ~
100, pac4éTsl MPOBOIAMINCH C MCIOJB30BAHUEM NPHCTCHOUYHBIX (QyHKUMi), Tak H
CETOK C BBICOKAM paspelieHHeM BONM3M — ToBepXHOCTH Iummuapa (Y& ~1,
NPUCTEHOYHBIE (QYHKIMYU HE MCHONb30Baiuch). 1o momydeHHBIM pe3ysbraTtam Juis
JlanbHEHNIIero ucciea0Banus ObUT BBIOpaH BTOPOH BapHaHT ceTKH (puc. 21).
Ha rpanurax pacuéTHoii 001acTu 3a1aBajIkCh CICAYIOIINE TPAHUYHBIC YCIOBHUS:

1) Ha BXOJe — 3HAYCHHE CKOPOCTH, HHTEHCUBHOCTH KHHETHYECKOW SHEPIHU

U TeMIepaTypsl (U1 CXKUMAaEeMBbIX CITydaeB);

2) Ha BBIXOJI€ — 3HAUEHHE JIABJICHHUS;

3) Ha MOBEPXHOCTH IMIMHIpPA — HYJIEBOE 3HAYEHHE CKOPOCTH (yCIOBHE
NpWINIAHNs), TpPUCTEHOUHass (GYHKIMS WIM HyJeBOE 3HAueHHE ISt
KHHETUYECKOI SHEPTrUuH TYPOYICHTHOCTH;

4) Ha BepxHEW W HIKHEH TpaHHIAX pPacuéTHOH 00NacTH — YCIOBUE
MPOCKAaIb3bIBAHUSL.

BuyTtpu pacuétHOil oOiacTH B HadYaJ bHBII MOMEHT TEMIIEpaTypa H CKOpPOCTh
3aJ]aBalIUCh PABHBIMH TEMIIEpaType M CKOPOCTH Ha BXOJE, NaBIICHHEC — PAaBHBIM
JIaBJICHUIO Ha BBIXOJIC.

[Ipr HaCTYyIUIEHHMHM YCTaHOBHBILIETOCS peXHMa TEUCHHS B PAcUETHOH oOiacTh
HaOroajcs TMEPUOTUISCKAN OTPBIB BHUXpEHd OT MOBEPXHOCTH IHJIMHApPA U
obpazoBaHue 3a MIWJIUHAPOM BUXPEBOU JOPOXKKH (T. H. 1opoxku KapmaHa).
BcenenctBue oTpriBa Buxped 3HaueHHE Kod((UIMIEHTa JTOOOBOTO COMPOTHBICHHS
Cqy xonebyiercss Bo BpeMeHu. [103ToOMy B KauecTBe pe3ysbTaTOB paccMaTpHBAIOCh
ycpeqHEHHOe 110 BpeMeHH 3HaueHne CyHa WHTepBajie BpeMEeHH 0CiIe HACTYIUICHHS
YCTaHOBUBUICTOCA PEXKUMA TCYCHUA.

MojenupoBanue MPOBOAMIOCH ISl Ciiydasi OOTeKaHWsl LWIMHIpA C JHAMETPOM
12.22 cm mpu umcie Peitmomsaca (Re), paBHom 7.3*10* (oTcroma cKopocTh
Haberatomero moroka U= 9wm/c). IIHTEHCHBHOCTP KHHETHYECKOH »HEPTUu
Typ6yIIeHTHOCTI/I B OJOKCHOCPUMEHTE HW3MCHAIACHh MNYTEM YCTAHOBKHM Ha BXOJC
penieTok ¢ pa3Hoil (GopMoOi M pa3MepoM siUeeK M COCTaBIsUIa B PACCMOTPEHHOM
ciaydae 0.7% (puc. 22). Pesynbrupytomiee 3HaueHue Cy B SKCIIEPUMEHTE COCTABUIIO
1.22.
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Fig. 20. Geometry and initial settings for the case of flow over cylinder
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Fig. 21. Computational mesh
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Fig. 22. Experimental data (drag coefficient) for the flow around a single cylinder

Ha BropoM sTame ObLIM MPOBENCHBI PacyeThl ¢ IOMOMIBIO THOPHUIHOTO METOMA.
Pacuetsl mpoBommmMCh Ha ceTke ¢ Y ~0.8, TIpHCTeHOYHBle (GYHKIHH He
HCIIONIB30BANTUCE. Pe3yibTaThl CpaBHEHHS 3KCIEPUMEHTa, pacuérTa B HECKMMAEMOM
conBepe pimpleFoam, cranmaptHoM cxumaemom pemarene rhoPimpleFoam, a
TaK)Ke B UCCIIEMyeMOM B JaHHON pabore pemarene pisoCentralFoam mpuseneHs! B

Tabim. 5.

Tabn. 5. Pesynomamul pacuémos ko3gguyuenma 10608020 cCOnpOmMuGIeHuss YutuHopa 8
MypOYIEHMHOM pencume ¢ NOMOUBIO PA3TUYHBIX YUCLEHHBIX MOOeNell.

Table. 5. The results of calculations of the cylinder's drag coefficient in a turbulent flow
through a variety of numerical models.

No Onucanue Ucnonbzyemsrii conBep | 3Hauenne Cy

1 OKCIIEpUMEHT - 1,22

2 Pacuer B HeckumaemoMm | pimpleFoam 1,15
pemiaresne ( y*~0.8,
Iinletzo(%)

3 Pacuér ma menkoit cerke B|pisoCentralFoam 1,07
C)KUMAEMOM pelarerie

4 Pacuér na Mmenkoii cerke B |rhoPimpleFoam 1,12
C)KUMAEMOM pelarerie
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6.9 TeuyeHue cTpym rasoB co cMelLeHUEeM

Ipemnoxxennsiit B [1] ruOpumHBIE METOX MOXET OBITH PACHIMPEH Ha Ciydal
JBIKCHHS MHOTOKOMIIOHEHTHOH CpeIbl COBEpLICHHBIX ra3oB. B 3ToM ciydae K
obmrelt cucteme ypaBHeHHH m3 [1] moOaBmsroTcs ypaBHEHHS IepeHoca (OamaHca)
Macchl Kaxnaod u3 kommoHeHT. C yuérom nud¢y3moHHOTO mpuOMmKeHus [16]
ypaBHEHHE TIEPEHOCA |-l KOMITIOHEHTHI CMECH IPHOOPETaeT BUA:

W v (0p%) = V- (oD, 9Y))

JanHprii momxox OB peanm3oBaH B BHIE oTaenbHoro pemarenss OpenFOAM u
MIPOTECTUPOBAH Ha MPOCTEUIEH 3a7aue JTaMUHAPHOIO CMEUIEHMsI IBYX ra3zoB. s
CpaBHEHHsI OBLIM B3SATHI PE3YJIbTAThl PACUETOB, MOJYYCHHBIC C MOMOIIBIO CXEMBI
AUSM [12].

B nanHOM cirygae paccMaTpUBaeTCs CMEIICHUE IBYX PAa3MYHBIX Ta30B TEKYIIUX B
mwiockoM kaHane (puc. 23). CBoiicTBa ra3a B BEpXHEH CTpye COOTBETCTBYIOT a30Ty
(N,), Texyruemy co ckopocthio 0.1M/c, HUKHEN cTpyr — Bogopoay (H,), Tekymemy
co ckopocthio 0.3m/c. [Inuua pacuétHoit obnacTu cocTtaBimsieT 1.2M, BbICOTA —
0.16m. [laBnenue Ha Boixoge — 100klIa, Temmeparypa obenx CTpyd Ha BXoJe —
300K. MoaenupoBaHue IPpOU3BOJUTCS 10 TOCTHIKEHUS CTAIIMOHAPHOTO COCTOSIHHMSL.

dusnyeckue CBoCTBA cpea OBLIH B3STHI CJICAYIOUIHUE:

e  Asot N2: momsipHas Macca 28 r/MoJib, yaenbHas nu3o0apHas TeII0EMKOCTh
1040 Ix/xr/K, uucno Ipauntis 0.73, nunamudeckas Ba3kocTh 17 mklla-c,
ko3 dunuent temwionposogHoctu 0.026 Br/m/K.

e Bomopox H2: wmomsipHas wmacca 2 T1/MOJb, ynaenbHas HM300apHas
tertoémrocth 15000 Jhx/xr/K, gwcno Ilpanmrmis 0.73, nuHamudeckas
Ba3kocTh 8.9 Mklla-c, koaddurment teronposognoctu 0.172B1/M/K.

OnucaHue rpaHUYHBIX YCJIOBUMA M UX THITBI IIPUBEJCHBI B Ta0J. 6.

CpaBHeHue pacu€roB ¢ pesyibTaTaMu MojenupoBanust [12]. Pacnpenenenus
TUIOTHOCTH CMECH U CKOPOCTH CMECH MOCTpPOEeHbI Ha pacctosiHuu 0.7M OT BXOJa B
pacu€THyI0 00JIacTh U MPEACTABIEHHI HA pHC. 24.

AHanu3 pacrpeneneHnsl Mojeld IUIOTHOCTH M CKOPOCTH Ha pHUC. 24 TNOKa3bIBaeT
OTCYTCTBHEC OCI_[I/IJ'IJ'IHI_[I/If/'I Ipu CMCIICHUU IBYX KOMIIOHCHT JABMKYIUXCA C pa3Hoﬁ
CKOPOCTBIO M OJM30CTh MONYYeHHOTO permieHus k cxeme AUSM. Takum o6Gpazom,
0 KpaifHel Mepe B CTallMOHAPHOM ITPHUOJIMKEHNH cXeMa 00eCIIeuuBaeT OTCYTCTBHE
OCHI/IHHHHI/Iﬁ JJIA MHOTOKOMITOHEHTHBIX JT0O3BYKOBBIX TEUEHUH. HepeTquI/I OHEPIrun
, He 00YCIIOBIICHHBIE TOCTAHOBKOM 33[]a4¥ TAK)KE OTCYTCTBYIOT.
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Fig. 23. Geometry and settings for the considered problem of flow with mixing of two gases

Tabruya 6. I panuunvle ycnogus

Table 6. Boundary conditions

TTone Bxop aszora Bxon Brxon Crenku (walls)
(Inletl) BOJZIOpOIa cMecH
(inlet2) (outlet)
Jasnenue, Pa | YcnoBue VYcnosue ITonnoe VYcnosue
MOCTOSIHHOTO | TIOCTOSTHHOTO | IaBJICHUE HETIPOHHUIIAeMOC-
IOTOKA IOTOKA 100xITa TH
MaccoBas ®ukcupoBas- | Pukcupo- VYcnosue Ycnosue
norsi, N2 HOE 3HaYeHHe, | BAHHOE CBOOO/IHOTO | HEMPOHHUIIAEMOC-
1 3HayeHue, 0 | BBIXOAa TH KOMIIOHEHTHI
MaccoBas OukcupoBaH- | Dukcuposan- | YciaoBue VYcnosue
nois, H2 HOE 3Ha4YeHHUe, | HOe 3Ha4YeHHE, | CBOOOIHOTO | HEMPOHUIIAEMOC-
0 1 BBIXOJa TH KOMIIOHEHTBI
CxopocTb OuxcupoBan- | Dukcuposan- | Yciaosue VYcnosue
Cpeabl/KOMIIO- | HOe 3HaYeHHue, | Hoe 3HaYeHue, | CBOOOHOTO | IPOCKaIb3bIBa-
HEHTBI, M/S 0.1 0.3 BBIXOJa HUSA
Temneparypsl | DukcupoBaH- | DukcupoBan- | YcioBue VYcnosue
Cpebl/KOMIIO- | HO€ 3Ha4YeHHUE, | HOe 3HAYCHHUE, | CBOOOIHOTO |aquabaTHIHOCTH
HeHThl, K 300 300 BBIXOJ1a
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Puc. 24. Cpasnenue pacnpedenenusi niomuocmu (0Cb Cnpaea) u cCKopocmu cmecu (0cb
cnesa), noryueHHble 05 3a0a4u CMeUeHUst CIMpYil pA3TUYHLIMU MEmMooamu U 8 PA3IUYHbIX
naxemax (U_OpenFOAM-3.0.1 — cxopocmo cmecu, eubpuonviii memoo, OFv3.0.1,
U_OpenFOAM-2.3.0 — cropocmb cmecu, eubpudnwiii memoo, OFv2.3.0, U _ref — ckopocme
cmecu, AUSM, rho_OpenFOAM-3.0.1 — niomnocme cmecu, 2ubpuonsiii memoo, OFv3.0.1,
rho_OpenFOAM-2.3.0 — nromnocms cmecu, 2ubpudnsiii memod OFv2.3.0, rho_ref —
niomuocms cmecu, AUSM)

Fig. 24. Comparison of density distribution (axis on the right) and speed (axis on the left) of
mixture for the problem of mixing jets, computed using different methods and packages
(U_OpenFOAM-3.0.1 — speed of mixture, hybrid method, OFv3.0.1, U_OpenFOAM-2.3.0
— speed of mixture, hybrid method, OFv2.3.0, U_ref — speed of mixture, AUSM,
rho_OpenFOAM-3.0.1 — density of mixture, hybrid method, OFv3.0.1, rho_OpenFOAM-
2.3.0 — density of mixture, hybrid method OFv2.3.0, rho_ref — density of mixture, AUSM)

6.10 MogenupoBaHue pacnpocTpaHeHUs1 aKyCTU4eCKUX BOSH

OnHUM M3 BaXXHBIX OTJIMYMI METOJOB, OTHOCSIIIMXCS K KJIACCy PEIICHUs 3aJla4dl O
pacnaze pa3pbiBa (WA CXOXKHUX C HUIMH), OT METOJIOB M3 KJlacca MPOEKITHI SIBIISIETCS
BO3MOXXHOCTh HEIIOCPEJCTBEHHOTO y4€Ta PaclpOCTPaHEHUS] aKyCTHYECKHX BOJIH.
MeTo1bI BTOPOTO TUTIA OO0 «pa3Ma3bIBAIOTY pElIeHUe, Tepss HHPopMaIluio, b0
CO3/IAf0T YMCJICHHBIE OCITUILISIINY.

TectupoBaHre THOPHIHOTO METOJA Ha 3aJadax PacHpOCTPaHEHUS aKyCTHUYECKHX
BO3MYIICHUH TIO3BOJISIET OMPENEINTh CTENeHh €r0 MPHUTOJAHOCTH IS PEIIeHUs
MOJOOHBIX 3aJa4, HIM HHBIMH CJIOBaMU - «OJM30CTBY» CBOWMCTB METOJa K
«cxonHomy» merony KypranoBa-Tagmopa B akycTuueckoMm auanasone. Kpome
TOTO, TECTUPOBAHHWE TIO3BOJIUT KAYECTBEHHO «OLEHUTHY» IUCIEPCUOHHBIE U
JIMCCUNATUBHbBIE CBOMCTBA cxembl [13].
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Jus tectupoBaHUS OBUIM OTOOpaHBI /Ba CIy4as C AHAIUTHYECKAM DPELICHUS

OQHOPOAHOI'O0 BOJIHOBOI'O YpPaBHEHHA, COOTBETCTBYIOIIHME MOHOIIOIIO W IUIIOJIO
[14].

6.10.1 MopenupoBaHue aKyCTMYECKUX BONH, MNPOU3BOAUMbIX
«Ablwawen» cdepon

B mepBom cimydae paccMaTpuBarOTCs KOJICOAaHUS IUIOTHOCTH (JaBICHHS) CPEIBL,
NPOU3BOAMMBIC H3MEHEHUEM pajuyca chepbl 10 FTapMOHHYECKOMY 3aKOHY, puc. 25a
. AKyCTHYeCKOe JaBJICHHE, BOSHHKAIOIIEE B 3TOM CIIydae BBIYHCIISACTCS COTJIACHO
crenyromeMy 3akony [15]:

p(r,t) = ée’j(”"”kr)
i r

A = pocUpae™ ke
rae aMHHI/ITy,Z[a BBIUUCIIAACTCA KaK - p(} -Lpue HpI/I yCHOBI/II/I COBITIaACHUSA
HAPABICHUS M3IYYCHHUS C paiyc-BeKTOPOM HaOIIOAaTENs.

e

Puc. 25a. Cxema uznyyenus akycmuueckux Puc. 256. Pacuémnas cxema ons
60JIH MOHONOJIeM Modeﬂupoeamm MOHORNOJIA.
Fig. 25a. Diagram of acoustic wave emission Fig. 256.Computational domain of
by monopole monopole

s mocTpoenust pacy€THOM MojenH, Obuia chopMupoBaHa 001acTb, BKIIOYArOMIast
B ce0s1 cerMeHT noBepxHocTH cdepbl. Ha «y3Kkoi» cTopoHE cermMeHTa 3ajaBajiach
CKOPOCTh JABWKCHHS ITOBEPXHOCTH C(ephl, Ha TNPOTHBOIOJIOXKHOH CTOpPOHE —
ycioBHe CBOOOJHOTO PacIpOCTpaHeHUs BOJIHBL. Ha ocTanbHBIX IpaHsIX — YCIOBHE
cUMMeTpHH, puc. 256. Jlanee B pacu€THON o0sacTu BBIOMpanIack TOYKa B KOTOPOI
CpaBHMBaAJIACh JWHAMHKaA ITYJIbCAllNU JAaBJICHUA C AaHATUTHICCKUM BBIPAKCHUEM.

KoHcTaHTHI cpebl  mapaMeTpsl ABHKECHHS BRIOMPAIHCH CIIEIYIONIHE:
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U=5m/s; pg=12922m/s; ¢ =330.7T m/s; a = 0.1 m;
w = 1000 1/s;

Heo6xoaumMo mNOHMMAaTh, 9YTO aHAJIWTHYECKOE pPELICHHE OBUIO IOIYYEHO IS
pacnpocTpaHeHHUs aKyCTHUECKUX BOJH B CTOsS4eH cpene (OJHOPOAHOE BOJIHOBOE
yYpaBHEHHE), B TO BpeMsl KaK YHCICHHOE pELICHHE IOJIyueHO A ypaBHEHMH
Olinepa. OTO 03HAuUaeT, 4TO MEXIY ABYMs PELICHUAMHU JOJDKEH HNPUCYTCTBOBATh
CABUT 1O BPEMEHU U, 3HAYUT, AJSI HUX KOPPEKTHOTO CpaBHEHMs TpedyeTcs
COBMECTUTh 00a BPEMEHHHIX Dsla JNaHHBIX. Paziaudue Mexay aHaIMTHYECKOH |
pacyéTHOM BPEMEHHBIMH 3aBHCHUMOCTSMH OOYCIIOBJIEHO II€PBBIM IEPUOIOM
KoseOaHWH, Ha KOTOPOM YHCJICHHas MOJENb BBIHY)KICHA IIPEOJ0JIEBATH
«HAYaJIbHYIO HHEPIHIO» CPEMBI.

Bbeuto ompeneneHo, 4TO AMCCUIATUBHBIE M AMCIHEPCHOHHBIE CBOICTBAa CXEMBI
CTaHOBATCS MPEHEOPEKNMO MaJbIMH IPH HCHONB30BaHUH Ooiee dyeM 20 sdeek Ha
JUIMHY BOJIHBI M akyctmieckoM uucie Kypanrta messmem 1/2. B atmx ycrmoBmsx
pelIeHNe CTPEMUTCS K aHATUTHIECKOMY, pHC. 26.

Probe: preccure

48 T

ae

10

Fressure. Fa

-ag L 1 1 I
a 6.81 8.82 8,03 6,84 8,83

Puc. 26. Cpagnenue aHanumuyecko2o u YUCIeHHO20 PeUweHs 8 PA3TUUHbIX MOYKAX U C
PA3IUYHBIM CEMOYHbIM pa3peuileruem 05t CLyHdas nyabCcupyroujeil cgepul.

Fig. 26. Comparison of analytical and numerical solutions at different points and for
different mesh resolution for the case of pulsating sphere
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6.10.2 MopenupoBaHMe aKyCTM4YECKUX BOJIH, NPOU3BOAUMbIX
Koneo6nwouwenca ccepon

Bropoii Tect sBIIsieTCsl pacIIMPEHUEM TPEIbIAYIEro Ha TpEXMEPHBII citydaid (puc
27a). PacuérHas o0IacTh MPENCTAaBISAET COOOW «IOJBKY» IIapa W3 KOTOPOH
BBIpE3aH IIap MaJloro AUaMeTpa.

Ha mnoBepxHocTH mocieqHed 3ajaH TapMOHMYECKMH 3aKOH KOJEOAHWH BIOJb
BEIOpaHHOW OCH, Ha BHEIIHEH MOBEPXHOCTH — YCJIOBHE CBOOOIHOTO
pacmpoCTpaHeHHsI BOJIHBL. Pe3ynpTaThl CpaBHEHHs HpeAcTaBIeHbl Ha pHUc. 28,
KauecTBeHHAasl KapTHHA pacHpOCTPaHEHWs BOJH JaHa Ha puc. 270. Kak BumHO u3
pPHCYHKa, IPUCYTCTBYeT pacXoxIeHHe 1o (ase MexIy UHCICHHBIM H
AQHATUTUYECKUM pCIICHHEM, KOTOpOe KaKk M B IIEPBOM Cilydae OOBACHACTCS
HaYaJIbHBIMU YCIOBHAMHU H COOTBETCTBYIOLIMM UM HaYalbHBIM BO3MYILCHUSM.
[Napamerpbl pacuéTHO# ceTkH (paspemieHue) ObUIM HOJOOpaHBl Ha OCHOBE
NpebIIyIIero Tecta. Xopoulee COBINAJCHHE C aHAIUTHYCCKUM pPELICHHEM MHpH
3aJaHHH COOTBETCTBYIOLIETO CETOYHOI'O pAa3peIleHus, BBHIOPAHHOIO Ha OCHOBE
BbIBOJOB U3 MNPCAbIAYHICTO pasjciia, MO3BOJISACT TOBOPHUTH O HpI/IHHI/IHI/IaJ'H)HOI71
BO3MOXHOCTU MPOTHO3UPOBAHUA NOTPCUIHOCTH YHUCJICHHOM CXEMbl B 3aBUCHMOCTH
OT 1Iara Mo MpOCTPAaHCTBY U BpeMEHHU. J[aHHOE CBOMCTBO SIBISETCA KPUTUUYECKUM
IIpY UCIIOJIB30BaAHUU YTO B IMPOMBIINIJICHHBIX IMPUIOKCHUAX.

U Mognhude
1.0008-02
£-0.0075

—0.008

- E-0.0025
¥y
0.000e+00

Puc. 27a. Cxema uznyuenus akycmuueckux — Puc. 276. Pacuémuas obnacme u pezynomam
60JIH Ounoem - «opodcaujelly cghepoii 01 MOOEIUPOBAHUsL OUNOISL — Opodicayelt

Fig. 27a.Diagram of acoustic wave emission cpepei.
by dipole («trembling» sphere) Fig. 276.Computational domain and result
for modelling of the trembling sphere
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Frobes pressure

proh'a & {r=@,4) ——
probe 7 {r=6.4) ——
am e {rsf, 4} ——

eq {r=6.4}
a0 \

Preseure, Fa
-
—

H H H i
a 8,61 .62 B,83 o,.84 .85
Tine: =

Puc. 28. Cpasnenue ananumuuecko2o u YUCIEHHO20 PEeUeHUs 8 PA3IUYHbBIX MOYKAX OJis
cyuas oposcaweli cgpepul.

Fig. 28. Comparison of analytical and numerical solutions at different points for the case of
trembling sphere

6.11 UcTeuyeHue CcTpyu rasa U3 CBepx3ByKOBOro conna

OOBEKTOM HCCIIEZOBaHMS B JIAHHOM pAacu€THOM Cllydae SBISETCS IUIOCKOE
JBYMEpHOE CBepx3BykoBoe coruio [17,18], ucredeHue uepe3 KOTOpOE AETAIBHO
WCCIIEIOBAJIOCH KaK IKCIEPUMEHTAIBHBIM, Tak U pacdéTHbIM criocobom B NASA,
puc. 29a u 296. Kosddwurment pacimpenus comia (OTHOIICHHE IUIOMAIN
BBIXOJHOTO CEYEHHS K KPUTHUYECKOMY) cocTaBisieT 1.797, mpoekTHoe OTHOIIEHHE
maBieHust — 8.78. DOKCHEepHUMEHTH IOKa3ajld, YTO TNPH OTHOUICHWH JaBIICHUH
MEHbIIE NIPOEKTHOIO, IIOTOK IEPEPACIIUPEH U MOJBEPKEH HEYCTOWYUBBIM CpPbIBAM
TIOTPAaHUYHOTO CJI0s1, CONTPOBOXKIAEMBIM 00pa30BaHUEM YIAAPHBIX BOJIH.
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Pucynox 29a. Conno NASA Pucynok 296. Cxemamuueckoe uzobpasicenue
Fig. 20a.NASAnozzle nepepacuupennozo conua ¢ Ompuleom

Fig. 29b. Schematic representation of
over-expanded nozzle with separation

Hccrnenyemoii cpemoit siBisieTcst cyxoi Bo3myX mpu Temmeparype T1=294.44K.
O®uznyeckue cpoicTBa ciaeayromue — uucnao Ilpanaras 0.7, auHamuyeckas
Bs3kocTh p=18.27 mxklla-c, ynenbHas uzodapuas termoéMkocts Cp=1005 Jx/kr/K,
MouisipHas Macca 28.96Kr/kmonb, ko3dpduuueHt TemionpoBoaHoctu 2=0.024
Br/m/K.

Bbu1M OCTPOEHBI CETKU TPEX TUIIOB:

e  JIByMepHas 4eThIPEXYroibHas ceTka, mopsaka 200 ThICSY DIEMEHTOB.

e J[ByMepHas TpeyrojibHas cetka, nopsiika 800 ThICSY 3J1€MEHTOB.

e  TpéxmepHas TeTpadapanbHas ceTKa, nopsaka 5500 TeICSY 3TEMEHTOB.
PacuérHas obnacTh BKIOYaa B ce0Osi BEpXHIOI YacTh coIjia (paccMaTpuUBalioCh
CHMMETPUYHOE TeueHHe) U 00bEM Ha BeIxoze. CeTouHOe paciIMpeHne BRIONpanoch
paBHOMepHBIM. TypOyJieHTHBIE CBOWCTBA TEYEHUSI BOCIIPOM3BOAMINCH C IOMOIIBIO
k-@-SST [11] Moxenn U npucTeHOYHBIX GYHKIMIA, BeIMYMHA y+ HE MPEBbIIIAa
3. B xauecTBe rpaHUYHBIX YCIIOBHH 3a/laBajICh MOJHOE JaBJICHHE U TEMIIepaTypa
Ha BXOJe B pacu€THyr0 o0JlacTb W TOJHOE JaBlieHWe Ha BbIXoxe. Jlis
MOJIETIMPOBaHMUS BEIOPAH PEKUM C OTHOLIEHUEM JaBieHud 5.02.

Jns yuéra cMeHbl pekMMa Ha BBIXOJHOM TpaHMIE IPHUMEHSUIOCH CMEIIAaHHOE
TPaHUYHOE YCJIOBHE — €CIIM YKMCiIo Maxa B MpHIIeralomux ssueikax OblJIo paBHO WIIH
HpeBbIIaNo 1, TO 3a/1aBajoCh YCIOBHE CBOOOJHOTO BBIXOJld, MHA4YE — IIOJIHOE
JaBIICHUE cpelbl Ha OECKOHEYHOCTH. PacmonoxeHue u 0003HA4YE€HHE T'PaHUYIHBIX
ycnoBHi IoKa3aHo Ha puc. 30, onrcaHue rpaHNYHBIX YCIOBHI TaHO B Ta0MI. 7.
KadecTBeHHass kKapTHHA TEUSHMS MOKa3aHa Ha puc. 31 it OBYX pa3iIMYHBIX THIIOB
ceTkr (YeThIpEXYToNbHAS U TpeyroibHas). CpaBHEHHE pacuéTHBIX NaHHBIX [17] ¢
THOPUIHBIM METOJOM TMOKa3aHO Ha puc. 32, CpaBHEHHE pAacYETHBIX U
SKCIIEPUMEHTaIbHBIX NaHHbIX ([18]) mokazaHo Ha puc. 33.
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ComocraBieHne JKCIEPUMEHTANIbHBIX W PAcUETHBIX JAHHBIX [OKa3bIBACT WX
XOPOIIYI0 COTJIACOBAHHOCTh JUISI CETOK TPEX pa3HBIX THIIOB, YTO MO3BOJSET
TOBOPHTH O HAIMYUH CETOYHON CXOTUMOCTH. [10JI0KHUTENBHBIM aCIEKTOM SBISETCS
«CXO0’KECTh» KapTHH TEUCHUS, NOITYYCHHBIX Ha YETPHIPEXYTONBHON U TPEYroIbHOU
CceTkax C NPUMEPHO OJMHAKOBOM JUIMHON pEOep, TO3BOJSIA HaIesThCs Ha
HE3aBHCUMOCTb I10JIy4aeMOI0 pE3yNbTaTa OT TONOIOTUH.

nozzle-walls

inlet

Puc. 30. Cxema pacnonodicenus cpanudnblx ycaosuil U ux HauMeHo8anus 6 Mooenu
ucmeuenus ceepx3gykogoii cmpyu 6 conne NASA

Fig. 30. Geometry, settings and boundary conditions in the model of flow expansion in a
supersonic jet in a NASA nozzle
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Ta6ﬂuz4a 7. Cnucox ePAHUYHbIX yCJlOGZﬂZ 6 3a0aye ucmeyeHus 2asa u3 CBEpPX38YK0O6020 conia

Table 7. List of boundary conditions for the problem of expansion of gas from a supersonic

nozzle

I'panuma/ | P, Pa Umis |T,K k omega

ITone

inlet Tomnxoe VYcnosue |294.44 Wurencus- | TypOyreH-
JIaBJICHHUE, cBoOOA- HOCTh THasl JUTUHA
101325I1a HOTO TypOyJIeHT- | CMELICHUS

BX0/1a HOCTH
nozzle- VYcnosue Henpo- | Ycnosue | YenoBue | I[pucre- IIpucre-
walls HHUI[AEMOCTH npwin- | aguaba- | HOYHas HOYHAs
MaHWsl  |TUYHOCTH | QYHKIMSA | QYHKIHMS

symmetry- | YciaoBue cuMMeTpuu

plane

vert-outlet | Ycnosue VYcnosue | Yenosue | YcinoBue VYcnosue
CBOOOIHOTO cB0OOI- |cBOOOA- |CBOOOIHO- |CBOOOIHO-
BBIXO/1a HJTH HOTO HOTO ro BBIXOJIa |0 BBIXOJA
MOJIHOE JIABJICHHE | BBIXO/IA | BBIXO/A

horiz-outlet | Ycnosue VYcnosue | Yenoue |Ycnosue | YcioBue
cBOOOTHOTO cB00ON- |cBOOOA- | CBOOOTHO- |CBOOOIHO-
BBIXO/1a HJTH HOTO HOTO ro BBIXOJIa |0 BBIXOJA
MOJIHOE JIABJICHHE | BBIXO/IA | BRIXO/A

left-walls | Ycnosue VYcnorue | Yenosue | I[pucre- Ipucre-
HEMpOHMI[AeMOC- |pWIK- |aauadba- | HodHas HOYHasI
™ maHus | TUYHOCTH | QyHKuus | QyHKIUS
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Mach
-2.400e+00

|
to‘s

0.000e+00

1.2386+00

wiwL | D ) o fecai
Puc. 31a. Menosennoe none yucna Maxa u nunuy moxa, packpauieHHvle no now
naomMHOCMU npu ucmevenuu cmpyu 2asza uz conia NASA, eexcasopanvhasn cemxa

Fig. 31a. Instantaneous field of Mach number and stream lines colored according to field of
density during jet expansion from a NASA nozzle, hexahedral mesh

Macl

h
2.400e+00

Puc. 316. Menosennoe none yucna Maxa u iunuu moxa, packpauwieruvle no nojio
naomuocmu npu ucmeyenuy cmpyu 2aza uz conia NASA,mempasopanvnasn cemka

Fig. 316. Instantaneous field of Mach number and stream lines colored according to field of
density during jet expansion from a NASA nozzle, tetrahedral mesh
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=la

0.000e+00 0.5

—  omm

0 02 D4 06 DB 1.2 14 16 18 2 22

Puc. 32. Cpasnenue susyanuzayuu yucia Maxa 6 cone, Noary4eHHOU YUCTIEHHBIM MEMOOOM 6
[17] (cresa), u 6 hacmosuwyeii pabome (cnpaea)

Fig. 32. Comparison of visualizations of Mach number in a nozzle, calculated by the
numerical method in [17] (left) and in this paper (right)

P/Pstag

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2

v

Pucynoxk 33. Cpasnenue sxcnepumeHmansHo2o pacnpeoeienus 0asieHus no Cmene cona
(opanoicegvie pomobbl) U pacuémHo20 (CUHAS TUHAS).

Fig 33. Comparison of experimental (orange diamonds) and calculated (blue line)
distribution of pressure on the nozzle wall
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6.12 WUcTeyeHue KBa3sMpPaBHOBECHOW pacLUMpSAIOLWENCA CTpyu
nnasmbl B BaKyyMm

OpmHUM W3 BaXXHBIX NPHIOKEHHUH, B KOTOPHIX THOPHUIHBIN METOI MOYKET OKa3aThCs
3¢ (eKTUBHBIM, SBISIETCS MOAETHPOBAHNE MEXaHUKH IDIa3MBl. DTOT THII TCUCHHN
XapakTepu3yeTcss OONBIINMH TPAAMEHTAMH IUIOTHOCTH, CKOPOCTH, NABIICHHUS H
TEeMIIEpaTyphl Kak B MPOCTPAHCTBE, TaK U BO BpeMeHU (mynbcaun). Bnpodyem, naxe
B Cllyyae CTallMOHAPHBIX 3aJad ATH TEUCHMUS XapaKTEPU3YIOTCA 3KCTPEMabHO
IIUPOKUMU JMana30HaMy U3MEHEHHUS TEPMOJUHAMHUECKUX MapaMeTPOB — B COTHH
Y TBICSYH Pa3, YTO HECOMHEHHO SIBIISIETCS «BBI30BOMY JJIs1 YUCIEHHBIX METOJIOB.
s TecTHpOBaHUS THOPHIHOTO METOJA OBUT B3ATHI PE3YNIBTAThl AKCICPUMCHTA U
COOTBETCTBYIOIIUX pacuy€ToB [19,20], BBIMOIHEHHBIX CPEACTBAMH KOMMEPUYECKOTO
nakera Fluent. JlaHHBII S5KCIEpUMEHT TIPOBOJIMIICS B YHHBEPCUTETE T. DHHIXOBEH U
MO3BOJISIET  OLIGHUTh TMPUMEHUMOCTb TNPHOJMKEHHs CIUIOIIHOM cpenmsl  Juis
YKa3aHHOTO KJIacca 3ajad.

Omnyckast noapoOHOCTH (GOPMHUPOBAHUS BBICOKOTEMIIEPATYPHON IIa3MBbl, pacyéTHast
001acTh mpeAcTaBisieT co00H NMIMHAPUYECKUH KaHaJl MajJoro CeueHHsl, KOTOPBIH
pacmmpsieTcs B IMIHHIPHYCCKUA KaHAT IMUPOKOTO CEUYCHWS, 3aKaHYHBAIOIIIHIACS
IIMHIPHYECKON IIeTbI0, TaK YTO B pa3pe3e CTEHKH IMIMPOKOH dacTh o0pas3yroT
«yctyn» (puc. 34).

B kaman manoro cedeHUs MOCTyHaeT ropsyas miasma Ar mpu M = 1, KoTopas,
Mepexoas B KaHaj OOJIBIIOTO cedeHus, pacmmpsieTcs mo nasieHus 20-100I0a wu,
orudast yCTyI, MPOXOAUT K BEIXOMY. [ cpaBHEHHS C pacy€ToM U3 IKCIIEPHIMEHTA
JIOCTYITHBI JTaHHBIE TI0 PACIIPEACICHUIO0 CKOPOCTEH M TeMIepaTyphl Ha OCH KaHaa.
JuaMeTp mocieqHero yJactka mepel paciIupeHreM COCTaBIIET OMM, €ro JUTHHA -
10 MM, U3 KOTOPBIX TIOCIETHUE 5 MM HPUXOIATCS Ha KOHUIECKUH pacTpyd ¢ yriom
pactBopa 45°, Tak uTO JMAMETp KaHana mepes 00NACTHIO CBOGOJHOTO TCUCHHS -
l6mMm CornacHo mocTaHOBKe 3agaud [19] W3BecTHBI TeMIepaTypa Tras3a IUIa3Mbl
(9283K, wmu 0.83B), uucino Maxa (M=1) u pacxogq — 3 SLM. Hcxoas u3 31ux
MapaMeTPOB BBIUUCIAETCA CKOPOCTh TIOTOKA Ha BXOJI€ U IaBJICHHUE.
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- expanding plasma

Puc. 34. Cxemamuueckoe onucanue YCmMAaHo6KU ons cenepayuu nia3mol.
Fig. 34. Schematic representation of the plasma generation device

KauecTtBeHHass kapTtuHa TedeHMs npuBeneHa Ha puc. 35. CpaBHeHue
SKCHEPUMEHTANBHBIX W PACYETHBIX KApTUH TEUEHHs IOKA3aHO HA PHCYHKe 36.
JlanHas 3ajada pemanach B CTalMOHAPHOM IIOCTAHOBKE, 4YTO MO3BOJMIIO
CIKOHOMMUTH BpeMsI BBIUYMCICHUH B HECKOJIBKO pa3 Jake ISl TAKOTO OTHOCUTEIHHO
CIIO)KHOTO ciy4ass C H3MEHEHHeM TemmepaTypsl W nasieHus B 10 u 100 pas.
Pe3ynpTaThl pacuéToB NMOKAa3bIBAIOT B IEPBYIO OUYEpelb XOpOIIee COBHAJICHHE C
MaTeMaTHUeCKOH MOJIENbI0, 3AJI0KEHHOHN B kKomMepueckuit makeT Fluent. TIpu aTom
pPacxoXAeHHe C HKCIEPUMEHTAIbHBIMUA JTAHHBIMH MOXXHO OOBSICHUTH HE TOJIBKO
HEKOPPEKTHOCTBIO BHIOOpA MPEATIONOKEHWS O CIUIOMIHOCTH Cpelbl, HO H
TPaHUYHBIMU YCIIOBHUSMH, HEONPEAEIEHHOCTh KOTOPBIX CBSI3aHA C MOIPEIIHOCTBIO
SKCHEPUMEHTANBHBIX JaHHBIX. llocnenusas sxe cocraBiser mopsaka 10% mo
3asIBJICHUIO CAMUX aBTOPOB 3KCIIEPUMEHTA.
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Puc. 35. Ilone nnomnocmu (8 nocapugpmuueckom macumabe) niazmol Ar npu
cmayuonaprom pacuupenuu ¢ sakyym 2011a

Fig. 35. Field of density (in log scale) of Ar plasma during stationary expansion into 20Pa
vacuum
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Pabovan obnacTb

CKOpoCTb, M/C

0.001

. ponnant
0.01 0.1
PaccTosiHne oT BXxoga B conjio, M

Puc. 36a. Pacnpedenenue ocegoii ckopocmu nIa3mul, ROIYYEHHOE PACHEMHBIM CHOCOOOM C
nomougbio eubpuornozo memooa. Ilocmpoenosnozapupmuueckommacuimade.

Fig. 36a. Distribution of axial speed of plasma, computed using hybrid method. Plotted in log

scale.
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Puc. 366. Pacnpedenenue ocesoti ckopocmu niasmbi, NOIYYEHHOE IKCHEPUMEHMATbHBIM
cnocobom 6 pabome [19]. [locmpoenosnocapugpmuueckommacwmade.

Fig. 366. Distribution of axial speed of plasma, measured in experiment in [19]. Plotted in

log scale.
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Paboqasn obnacTb

CKOpOCTb, M/C
3
o
7

0.1 0.2
PaccTtodHne oT BXoda B cornno, M

YT. aer. 18 13:59:57 2016

Puc. 366. Pacnpedenenue ocesoti ckopocmu niazmvl, NOIYYEHHOE PACHEMHBIM CROCOOOM C
nomowvio 2ubpudHo2o memooa. Ilocmpoenosnuneiinommacumade.

Fig. 366. Distribution of axial speed of plasma, computed using hybrid method. Plotted in
linear scale.
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Puc. 362. Cpasnenue pacnpedenenuii 0cegoti Ckopocmu niazmul, NOLY4EeHHBIX
IKCNePUMEHMATbHLIM CROcoboM 6 pabome [19] u pacuémno-meopemuueckumu cpeocmeamu
6 pabome [20]. [locmpoenosnunerinommacumatbe

Fig. 362. Comparison of axial plasma velocity between experiment [19] and numerical
simulation [20]. Plottedinlinearscale.
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6.13 MoagenupoBaHue TeyeHus B BbICOKOCKOPOCTHOM
KomMmmnpeccope

I'ubpuanelii Meronm ObUT Takke nopabOTaH A MOZICTHPOBAHUS YCTPOICTB C
MOABIDKHBIMUA ~ YacTAMH. Vcmonp3oBaHme craHmaptHoro amroputMa PISO
MO3BOJIMJIO BBIMOJHUTE NPOILEAYPY HHTEIPHUPOBAHUS YPABHCHUIA HA IOJBHKHOMN
cetke aHanormuyHo umerommmcs B OpenFOAM wmopensim[21]. PeanuzoBaHHBIIM
merton ObuT Banuauposad Ha crangapTHoM Tecte ERCOFTAC, cm. [22, 23]. Ha puc.
37, mpeCcTaBIeHbI PE3yIbTaThl CPaBHCHHS pa3pabOTaHHOTO METOJa, CTaHIAPTHON
momenmu OpenFOAM wu skcmepuMmeHTa i 00€3pa3MEPEHHOTO JIABJICHUS B
panuansHOM 3a30pe Kommpeccopa (puc. 370).
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Puc. 37a. Cxema xomnpeccopa ERCOFTAC
Fig. 37a. Diagram of an ERCOFTAC compressor

aperimental —a—

turbDyiMPoam (Peiit-Hilsgon) -«

. YT=0o piseCentralFoar —
- v I S

Puc. 376. Cpasnenue npoguaeii dasnenus 6 sazope komnpeccopa ERCOFTAC, nonyuennvix
PacuémubLM U IKCNEPUMEHMATIbHBIM CROCOOOM

Fig. 37b. Comparison of computed and experimental pressure profile in an ERCOFTAC
compressor opening
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Hanee ¢ ncronb3oBanreM rudpuaHoro Merona u anropurma POD Opun mosrydeHs!
M HUCCIIEOBaHBl XapaKTepHbIE MOJBI M YacTOThl TIOTOKA B THIIHYHOM
BBICOKOCKOPOCTHOM MHUKpOKoMIIpeccope [24], KOHCTPYKIHs KOTOPOTO ITOKa3aHa Ha
puc. 38. B HacTosmiee BpeMs CTaTHCTHYECKHE METOABI aHamu3a, cxoxue ¢ POD,
SIBIITIOTCSI @HAJIOTaMU MOJIAIHBIX METOJIOB aHAJM3a KOHCTPYKIUH, MPUMEHSICMBIX
JUIS  BBIIBICHUS COOCTBEHHBIX (OPM UM YaCTOT KOJICOAHUH KOHCTPYKITHIL.
CoOBMeCTHOE HCIIOJB30BaHUE TAaKHUX CTAaTHCTHYECKHX METOJOB aHauu3a s
KOHCTPYKUMH ¥ TIPOTOYHBIX YAaCTeH IO3BOJUT H30€kKaTh BO3HUKHOBEHUS
PE30HAHCHBIX SBJICHUN W CBA3aHHBIX C HUMU Pa3pyIICHUH.

C npyroil CTOpPOHBI, 3TH METOJBl MOTYT HCIIOJNB30BaThCS I TECTHPOBAHUS
YUCIICHHBIX CXEM — €CIIU JUIS 3aJaHHOTO TCUCHHS 3apaHee HM3BECTHBI MOJBI H
COOTBETCTBYIOIIIE KM  4YacTOTB, TO WX OTCYTCTBUC MOXET  BIIOJIHE
CUTHAJIM3UPOBATH O HEJJOCTATOYHOM Ka4eCTBE YHUCICHHOH CXEMEI.

Hanpuwmep, aHanu3 MO TEYCHHS B MOJACIM KOMIIpEcCcOpa IIOKa3ajl HaJIA4Ke
XapaKTCpHI:IX qacToT, COOTBCTCTByIOHH/IX JIOIIATOYHBIM 4aCTOTaM pOTopa u CTaTOpa
— mozasl Ne0, No5 u Ne7 mmm oGopoTHBIM wactoTam, Moabl Nel m Ne3 (pmce. 39).
Buszyanuzauus coOOTBETCTBYIOIIMX MOJ mMoka3aHa Ha puc. 40 mist mox NeO m Ne3.
CraTHCTHYECKUH aHANHM3 IMMOKAa3bIBAaeT, YTO JaXkKe Ha OTHOCHUTEIBHO TpyOo#l ceTke
OCHOBHBIC YaCTOTHI, XapaKTepHBIC I NAaHHOTO THIIA MAIINH, — OOOpOTHAsd,
JIOTIATOYHAS WMIIeIIepa W JIomaTovHas TUQQy3opa MOTYT OBITH pa3pemieHbl C
HCTIOJIh30BaHNEM THOPHIHOTO METO/IA.

Puc. 38. Cxemamuueckoe uzobpasicenue npomouHol 4acmu paccmampusaemozo
Komnpeccopa (cneea) u nOCmpoeHHol 6104HO-CMPYKMYPUPOBAHHOLU cemKu (cnpasa,).

Fig. 38. Schematic presentation of flow channel in the considered compressor (left) and
consequent block-structured mesh (right)
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Puc. 39. Xapaxmepnvie moOvl meuenus 6 mukpoxkomnpeccope. CUHUMU 8ePMUKATLHIMU
JUHUAMU OMMEUEHbL YACMONbL OMHOCAUUEC K POMOPY, 3€NEHBIMU — OMHOCAWUECS K
cmamopy. Yacmomaspawenust 10800006/ mun

Fig. 39. Characteristic modes of flow in a microcompressor. Frequencies related to rotor are
marked with blue vertical lines, frequencies related to stator with green vertical lines.
Rotation frequency is 108000rpm.

Puc. 40a. Menosennoe (cnesa) none oasnenus 6 komnpeccope u ezo 0-1 mooa (cnpasa) 8
obnacmu umnennepa

Fig. 40a. Instantaneous field of pressure in the compressor (left) and its zeroth mode (right)
in the impeller area

Puc. 406. Menosennoe (caesa) none oaenenus 6 komnpeccope u e2o 3-s mooa (cnpasa) 6
obnacmu ouggyzopa

Fig. 40b. Instantaneous field of pressure in the compressor (left) and its third mode (right) in
the diffusor area
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Tectuposanue moaenu Ha 3agaue ERCOFTAC mo3BossieT TOBOPUTh O KAYECTBEHHO
yIIOBJICTBOPHUTEILHOM COBIIAJICHHUH PE3YJIbTaTOB Pacdy€TOB U dKcHepuMeHra. [lpu
9TOM HaOJIOAAOIINECS PA3IMYHsl MOTYT OBITh CBSI3aHBI C PSJOM MPUYUH, KOTOPbIC
TpeOYIOT PacCMOTPEHUSI B OTICIHHOM HCCICAOBAHUH - «TPEXMEPHOCTDY TEUCHHS,
BIIMSIHUC «MOJICIIBHOTOY» 4ncia Maxa Ha pacdér, BEIOOp MOJCTU TYpOYJICHTHOCTH U
mp.

Taxke HArIsiIHO TMPOAEMOHCTPUPOBAHA BO3MOXKHOCTH HCIOJIB30BAHUSI METOJIOB
YUCIICHHOTO MOJICIIMPOBAHMS Ta30JMHAMHKH BBICOKOCKOPOCTHBIX IIOTOKOB U
Metoauku POD s oOpaboTky OONBIIMX JaHHBIX, YTO IIO3BOJIICT T'OBOPUTH O
BO3MOKHOCTH BHEIPEHUS MOCIICAHEH KaK HHCTPYMEHTA JIJIsl MOIaJIbHOTO aHaju3a B
BBIYUCITUTEIIFHON MEXaHUKE YKHUKOCTEH.

6.14 Mogenb rmapoaMHaMUKM BOAOKOSbLEBOro Hacoca

Emé oaHuM BaXHBIM HampaBlIEeHHEM, 3acly>KHBAIOIIMM HHTEpeca, sBJAeTCA
BO3MOXKHOCTb NPHUMEHEHUs] THOPUIHOTO METO/a JUIs MOJEIUPOBAaHUs JABYX(a3HbIX
TE€4YEHUIl B TOMOTEHHOM C)KHMaeMoM NpHOMKeHUH. Taxkue MoJeNu MOTyT OBITh
MOJIE3HBIMH JJIs1 IEPBUYHON OIEHKH MHTETPAIbHBIX XapaKTEPUCTHK YCTPOICTB cO
CMEIIEHHEM MOTOKOB Cpex ¢ OOJBIIMM OTHOLIEHHEM IUIOTHOCTEH (Hampumep, Boaa
U BO3ayX). Kpome Ttoro, crkmmaemple MOJIENH IO3BOJISIOT OLECHUTH ITyJIbCAIHH
JABJICHUS U CIIEOBaTEeIbHO, YPOBEHb IIyMa, YTO TAaKXKE SBIAETCA aKTyalbHOU
WH)KEHEpHOW 3a7adeil B HacTosllee BpeMsa. B cioydae TedyeHUs TOMOTEHHOM
IByx(}a3HOH cMecH cHCTeMa ypaBHEHHMH OamaHca MaccChl, UMITyJIbca M JHEPTHH
CMECH JOIOIHAETCS YpaBHEHHEM MepeHOCca MAaCChl OHON M3 KOMIIOHEHT, HallpuMep

BoJibI (Liq), BhIpa@)KEeHHOH B MacCOBOM J10JIM 3TOMH (ha3bl YLiq:
apYL —
q
— + V- (U,OYLE‘Q) =0
ot
anredpanvyeckuM ypaBHEHHEM COXPaHEHHsI MaCCOBBIX JloJiell Bcex (as:

YLt’q + YGas =1
u anre6pa1/1quI<I/IM BBIPpAXKCHUEM UL INIOTHOCTU CMECH:
—1
YLiq YGas
4+ =22
PLig PGas
a TaKKe BBIPAXKEHUEM JUIsl M303HTPOIUITHON CKOPOCTH 3BYKa Cpe/bl (CMECH):
—1

)0:

dp Y YLiq apLiq n YGas 9pGas

a = f— = —
2 2 : 2
dp P>\ PLiq O PGas OP
IIpuBenéunas ¢GyHKUMA SBISETCA HEMWHEHHOM OTHOCHTENBHO aBICHHUS, YTO
CO37a€T JOIOJHUTENIbHbIE TPYAHOCTH, IIOCKOJBKY JaXe IIPU OTHOCUTEIBLHO

HEOOJIBIINX CKOPOCTIX ( nopsaaka IOM/C) TCUCHHUEC MOXKCT CTAHOBHUTBLCSA «OKOJIO-»
WJIN OaXXe «CBECPX3BYKOBBIM», IPUBOJAA K ITOSABJICHUIO CKAYKOB INIOTHOCTH.
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BaxHbIM NPUJIOKEHHEM TaKMX TOMOTEHHBIX MOJENeH MOMXET SBIAThCS
MOJICIUPOBAaHUE BOJOKOJBIEBBIX HAcOCOB [26], KOTOpbIE HWCHOJB3YIOTCA B
JHEPreTUKe [T CO3AaHUsI Pa3PEIKEHUS BHICOKOM CTETICHH.

IIpuanun padoter Hacoca (puc. 41) OTHOCHUTEIBHO MPOCT W Oa3WpyeTcsl Ha IBYX
3aKOHaX — 3aKOHE COXPAaHEHHs MacChl M 3aKOHE COXpaHEHHs HMIylibca. Porop
MAaIIMHBl Pa3MeIIEH C SKCICHTPUCUTETOM OTHOCHTENBHO CTAaTOPHOI wyacT,
uMeroIed e Apudeckyto Gopmy. Ilpu BpameHun poTopa KHIKOCTh B paboueit
yacTH 3a CYET LEHTPOOEKHBIX CHJI «pa3OpachiBaeTcs» K mepudepur, odpasys
MEXAy BJIOM pOTOpa M Mex(a3HOW MOBEPXHOCTHIO JKHJIKUI KOJbLIEBOW KaHAI
MepeMEHHOro cedeHus. [Ipu mNpoTanKUBaHWUM TpOKauuBaeMoW cpenbl (Tasa)
JIONACTSIMUA POTOpa 4epe3 PacIIUPSIONIYIOCS YacTh JKHJIKOTO KOJBLEBOTO KaHala,
MPOUCXOJUT PACIIMPEHUE CPEAbl U KaK CIEJCTBHE — CO3MaéTcsi pa3pekeHHe Ha
Bcace. 3aTeM KOJBIEBON KaHAl CyXaeTcs M NPOTAIKUBAHHE Taza depe3 Hero
MPUBOAKT K POCTY JABJICHUS HA BBIXOJIC U3 HACOCA.

Puc. 41. Cxema pabomul u ycmpovicmea pabouei 4yacmu 8000Kkoabyeo2o Hacoca. Cunum
Y6emoMm NOKA3AHA JHCUOKOCHb CO30AIOUASL CYACAIOWUTCA-PACUUPSIOWULICS KAHAT, DellbIM
Y8emom — NPOCMPAHCME0 OJisk RPOXOJICOCHUS. NPOKAUUBACMO20 2a3d, 3eLEHBIMU MOYKAMU —
6X005UULL NOMOK CPeObl, KPACHLIMU MOYKAMU — YX0O0AWuUil NOMokK cpedvt. 1 — nonacmu
POmMopa, npusoosiuUe 8 OBUIICEHUE JHCUOKOCHD 2, CO30AIOWYIO KAHAL NePEMEHHO20 Ce4eHUs!
MeHcOY NOBEPXHOCMBIO POMOPA U MeAchazHou epanuyei. 3 — cmamopHasyacmvHacoca.

Fig. 41. Diagram of operation and flow structure in a liquid ring pump. Liquid forming the
converging-diverging channel is shown with blue, passage for pumped gas with white,
incoming flow of gas with green points, outgoing flow of gas with red points. 1 — rotor

blades which move the liquid 2, which forms variable cross-section channel between the
rotor surface and phase boundary. 3 — stator part of the pump.
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B paboTte B kauecTBe MOJIEH IJIs TECTHPOBAHUS KOAa ObUIa BRIOpaHa KOHCTPYKIIHS
Oim3kas K peanbHOW, mepenmanHas Dr.-Ing. Jorn Beilke [25]. [ns coeawHeHus
TMOABIKHBIX ¥ HEMOJBIDKHBIX YacTe MOIENH WCIOIb30BAINCH MOBEPXHOCTH
WHTEPIOISIINN  TaHHBIX. J[I9 3TOro MeXAy COOTBETCTBYIOIIMMH YacTSIMH
co3JaBajics 3a30p, KOTOPBIM BbIOMpancss MO0 HUCXOAS M3 KOHCTPYKTOPCKOW
JOKYMEHTAIUH, JTM00 M3 COOOpakeHUH CHM)KEHHS BPEMEHH pacuéra (4eM TOHbIIE
cioif, TeM Oonblie BpeMs cyéra). B HayanbHBIE MOMEHT BpEeMEHM pacdETHas
obyiacTh ObUIa «3aJHTa» KUAKOCTHIO COTJIACHO €€ MpeNrnosaraeéMoMy IMOJI0KEHHIO
npu  paboTe Ha HOMHUHaJIbHOW MomHOcTH. CKOpPOCTh BpallleHHs Baja
yBeNm4HuBaiack crymneHuatoil ¢ysknmeit ot 0 mo 200 pan/c, maBieHHe Ha Bcace
camkaock ¢ 100xIla mo 60xI[la. B pesymprare pacuéra OBUIM TIOTyYESHBI
pacripenierieHus moJieii JaBieHUs, CKOPOCTH M OOBEMHOM W MAacCOBBIX IOJNEH B
BOJIOKOJIbIIEBOM Hacoce (puc. 41). CrenaHa orieHKa 1mo1auu mpu ckopocTtH Basa 200
pan/c, nepemane masnernit 40 klla — 5 M/ CpaBHUBas JaHHYIO OLIEHKY C
SKCIIEPUMEHTANILHON BenuuuHOM U1 nepenaaa 40 klla — 16M%/a P CKOPOCTH
BpamieHus Bana 298 pan/c (cm [25]), MOXHO caenaTh BBIBOJ O KadeCTBEHHO
MPaBUIBHOM BOCIIPOU3BEICHUH SBICHHUIH C IOMOIIBIO JAHHON MOJEIH, TOCKOJIBKY:

e Tmepexoi ¢ JacToTel BparieHus 298pax/c mo 200panm/c mpu coxpaHCHHH
nepenaja T0JDKeH CHU3UTh 0Jady Mo KpaiHei mepe Ha 1/3;

e  BeIMYMHA 3a3opa MEXIY BPALIAIOIAMCS poTopom u
MOJBOAIIMMI/OTBOISAIIMME  TTATPYOKAMH 3HAYUTEIBHO MEHBILE YeM
3a/laHHas B MOJieNH (B HECKOJBKO pa3), UTO OUYEBUIHO CKa3bIBaeTCA Ha
YBEJIMYCHUN MOAECJIbHBIX IPOTCUCK.

KauecTBeHHbI# aHanu3 TedeHus (puc. 42) MoKas3bIBaeT CKATHE-PACIIUPEHUE CPEJIbI
B BOJIOKOJIBLIEBOM 3a30pe, HaJM4YHe TPAaHC3BYKOBBIX 30H B 00JacTsAX ¢ 00BEMHOMN
Joneit Bo3ayxa okosio 50%.

Hcxons U3 MpeaBapUTeIIbHOTO aHAIHM3a PE3YJIbTATOB Pacuy€TOB MOYKHO YTBEPKIATh
NPUMEHUMOCTB MOJIEITH JUIsl PELLICHUs 3a/1a4 [0JOOHOTO KIacca.
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Puc. 42. Kauecmeennas xapmuna meueHus: 6 6000KoIbYe8oM Hacoce. Beepxy cieea: none
cmamuueckoeo dasnenus. Beepxy cnpaea: none o0vémuoul donu scuokocmu. Buuzycnesa:
apgpexmusnoe uucio Maxa. Buusycnpasa:nonemooynsackopocmu.

Fig. 42. Qualitative analysis of flow in a liquid ring pump. Top left: field of static pressure.
Top right: field of volumetric fraction of liquid. Bottom left: effective Mach number. Bottom
right: magnitude of speed.
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7.

3aknro4yeHue

1. CdopmupoBaH CHHCOK 3agad Uil OICHKH aJeKBATHOCTH THOPHIHOTO
METO/la MOJICTUPOBAHHS C)KUMAaeMbIX TeueHnit. CIUCOK BKIIIOYAET B ceOs
3a[a4M C AaHATNTHIECKUM PELICHUEM HITH SKCTIEPUMEHTAIbHBIMU JaHHBIMH
U OTHOCSIIUECS K CICAYIOIINM MPUKIIAIHBIM HANPABICHUAM: CXKUMAEMbIE
TpaHC- U CBEPX3BYKOBBIC TEUCHHs, PACIIPOCTPAHEHUE aKyCTUYECKUX BOIIH,
HEC)KMMaeMbIe TEYEHMS, TEUEHHU I'a3a U IJIa3Mbl ¢ BBICOKMM OTHOILEHHEM
naByieHus (5), CTpyiHBIC TECYCHHUS, MHOTOKOMITIOHCHTHBIC W JBYyX(a3HbIC
TeYeHUs.

2. TecrupoBaHMe Ha 3a7adyaX C M3BECTHBIM AaHAIUTUYECKUM pEILICHHEM
MOKa3aJlo, 4TO MO KpaifHell Mepe B 00JacTIX CBEPX3BYKOBOIO HWIIH
OKOJIO3BYKOBOTO ~ T€UEHHMs CBOWCTBa THMOpPHUIHOrO MeToja  cinabo
ornuuaroTcs oT Merofga KypranoBa-Tagmopa, B3sTOro 3a OcCHOBY. B
obyiacTh HEC)KMMAaeMBIX TEUCHHWH IIOBEJICHWE THOPHIHOTO MeTona
TIOJTHOCTBIO COOTBETCTBYET CTaHAAPTHEIM cxeMaM tuma PISO/SIMPLE.

3. Meron mo3BOIAET pemiaTh 3ahadd C PACIPOCTPAHCHHUEM aKyCTHUECKHE
Kose0aHnH, paspearb CKHMaEMBIE nByx(dazHsie WU
MHOIOKOMIIOHEHTHBIE ~ TE€YEHHs, MCCIEJOBAaTh JABIKCHHE  ILIA3MBL.
IIponemoHCcTprpOoBaHa  BO3MOXHOCTH  HCHOJB30BAHUS METOAA  JUIA
pemieHus 3a7ad C TOABIDKHOW pacuéTHOM ceTkoil (B HEMHepLHaIbHOU
CUCTEME OTCUETa).
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Study of capabilities of hybrid scheme for advection terms
approximation in mathematical models of compressible
flows

M.V. Kraposhin <m.kraposhin@ispras.ru>
Institute for System Programming of Russian Academy of Sciences, Russia,
Moscow, Solzhenitsyna str., 25

Annotation. The hybrid method for approximation of advective terms is proposed in order to
resolve flows in the wide Mach numbers region. This hybrid method is based on the
Kurganov-Tadmor (KT) scheme and projection method PISO (Pressure Implicit with
Splitting Operators). To construct this method Kurganov-Tadmor scheme for convective
fluxes was formulated in implicit manner together with introduced blending function which
switches between compressible regime (KT) and incompressible regime (PISO) depending on
local characteristics of the flow. Such hybrid scheme gives next benefits: a) implicit treatment
of diffusive terms allows to remove time step restrictions imposed by this kind of processes
when approximated with explicit scheme; b) implicit formulation of convective terms
together with mixing between PISO and KT produces better stability relied only on the flow
Courant number, removing acoustic Courant number restrictions at low Mach number flows;
c) however, acoustic flows can can also be reproduced — in this case, local acoustic Courant
number must be decreased to values less the 1 in the whole computational domain; d)
utilization of KT scheme as the basis for approximation of convection terms allows to
achieve non-oscillating solution for both acoustic and compressible cases (Mach number
larger then 0.3). In order to study hybrid method properties a set of cases with analytical
solution or experimental data for different classes of flows was considered: a) compressible
flows — propagation of the wave in straight channel (Sod's Problem), supersonic flow over
flat wedge, supersonic flow over backward step, flow over forward step with supersonic
velocities, flow in supersonic converging-diverging nozzle with shock wave; b)
incompressible flows — subsonic flow of laminar viscous fluid in the channel with circle
cross section, flow around cylinder in laminar and turbulent regimes, mixing of two gases in
2D flat channel; c¢) industrial and academic verification tests — superisonic flow of air in
NASA nozzle for pressure ratio 5, expansion of stationary equilibrium hot plasma in vacuum;
d) qualitative assessment of the hybrid method adequacy for industrial cases — numerical
simulation of flows in high speed micro-compressor, simulation of two-phase flow in liquid
ring pump. All materials are available for public access through GitHub project
https://github.com/unicfdlab.

Keywords: mathematical models, numerical simulation, numerical schemes, compressible
flows, acoustics, computational fluid dynamics, open source software.
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