BECTHHR

I0RHO-YPAILBCROTO
TOCYIAPCTBEHHOTO
YHHBEPCHTETA

2019
T.8, o2

ISSN 2305-9052

CEPUs

«BBIYUCJIMTEJIBHAS
MATEMATHUKA
N UHOPOPMATUKA»

Pemrenuem BAK BkiroueH B IlepeyeHs Hay4YHbIX H31aHHUH,
B KOTOPBIX J0JI’KHBI ObITH OIy0/JIMKOBAHbI Pe3yJIbTaThI JUCCEPTALMIA
HA COMCKaHUe YYEeHbIX CTeleHell KaHIMaTa U J0KTOpa HAyK

Yupeaurenr — PenepasibHOe TOCYIAPCTBEHHOE aBTOHOMHOE 00pa30BaTeJIbHOE YUpeXKJIeHne
BbICIIero oopa3oBaHus «HO>KHO-Y pasibCKUil ToCy/IapCTBEHHbIT YHUBEPCUTET
(HAMOHAJILHBIN KCCIEI0BATEILCKUNA YHUBEPCUTET)»

TemaTuka >KypHaJa:

Beramcimrenbaas MaTeMaTHKa U IUCJIEHHBIE METO/IBI
MaremaTudeckoe mporpaMMUpPOBAHIIE
PacnioznaBanune o6pason

Berauciinresibable MeTOBI JIMHEHHON aareOpsI
Perrenne 06paTHBIX 1 HEKOPPEKTHO MTOCTABIEHHBIX
3a/1a4

JlokazaTebHble BHIYUCIICHUS

e Ywucnennoe pemrenne auddepeHnnaabHbIX T

MHTETPAJILHBIX yPABHEHUN

e llccnenoBanue oreparuit
e Teopust urp
e Teopus anmpokcuMaIuu

PepgaknuoHHasi KOJLJIernsi

JI.B. CokoauHCKUM, /1.d.-M.H., Tpod., 2a. pedaxmop
B.II. Tanaua, a.d.-M.H., pod., 3am. 24. pedaxmopa
M.JI. IIpim6uiep, K.d.-M.H., JIOIl., OME. CEKPEMAPL
I'". Pagyenko, K..-M.H., J0II.

A.A. KpaeBa, mexn. cexpemapv

PesakinoHHBIN cOBET

C.M. Abaynnaes, j1.I.H., npodeccop

A. Angapesik, PhD, npodeccop (epmanns)

B.U. Bepapiuies, a.¢.-Mm.H., akag. PAH, npedcedamens
B.B. BoeBoaus, x.¢d.-m.H., wi.-kop. PAH

Nudopmaruka

WckyccrBeHHBIN HHTEIVIEKT U MAIIUHHOE 00y IeHue
CucreMHOE IPOrpaMMUPOBaHUE

IlepcuekTBHBIE MHOIOIIPOIIECCOPHBIE APXUTEKTYPbI
O61adHble BBIYUCIICHUS

TexHos0rUs IPOrpaMMUPOBAHUST

Mamunnas rpaduka

WNurepuer-Texnomornmn

CucreMbl 3JIEKTPOHHOIO 00y YeHUs

Texuonorun 06paboTKU 6a3 JAHHBIX U 3HAHUIA
VHTreniekTya bHbIl aHAIN3 TAHHBIX

k. Hourappa, PhD, npodeccop (CIIIA)
C.B. 3bIKuH, /I.T.H., Ipodeccop

. Manamans, PhD, npodeccop (I'epmanns)
A .B. ITanokoB, 1.d.-M.H., npodeccop

P. IIpogan, PhD, npodeccop (ABcrpus)

A .H. TomunuH, a.¢.-M.H., npodeccop

B.E. Tperbsikos, a.d.-M.H., wi.-Kop. PAH
B.U. ¥Yxo060T0B, j1.¢d.-M.H., npodeccop

B.H. Ymakos, a.¢d.-M.H., wi.-kop. PAH
M.IO. Xauaii, a.¢d.-M.H., npodeccop

A. Yepubix, PhD, npodeccop (Mekcuka)

II. Ilymsaukwuii, PhD, npodeccop (Bpasnius)



BULLETIN

OF THE SOUTH URAL 2019
STATE UNIVERSITY yol. 8, no. 2

SERIES

“COMPUTATIONAL
MATHEMATICS AND SOFTWARE
ENGINEERING”

ISSN 2305-9052

Vestnik Yuzhno-Ural’skogo Gosudarstvennogo Universiteta.
Seriya “Vychislitel'naya Matematika i Informatika”

South Ural State University

The scope of the journal:

Numerical analysis and methods
Mathematical optimization

Pattern recognition

Numerical methods of linear algebra
Reverse and ill-posed problems solution
Computer-assisted proofs

Numerical solutions of differential and integral equations
Operations research

Game theory

Approximation theory

Computer science

Artificial intelligence and machine learning
System software

Advanced multiprocessor architectures
Cloud computing

Software engineering

Computer graphics

Internet technologies

E-learning

Database processing

Data mining

Editorial Board

L.B. Sokolinsky, South Ural State University (Chelyabinsk, Russia)
V.P. Tanana, South Ural State University (Chelyabinsk, Russia)
M.L. Zymbler, South Ural State University (Chelyabinsk, Russia)
G.I. Radchenko, South Ural State University (Chelyabinsk, Russia)
Ya.A. Kraeva, South Ural State University (Chelyabinsk, Russia)

Editorial Council

S.M. Abdullaev, South Ural State University (Chelyabinsk, Russia)

A. Andrzejak, Heidelberg University (Germany)

V.I. Berdyshev, Institute of Mathematics and Mechanics, Ural Branch of the RAS (Yekaterinburg, Russia)
J. Dongarra, University of Tennessee (USA)

M.Yu. Khachay, Institute of Mathematics and Mechanics, Ural Branch of the RAS (Yekaterinburg, Russia)
D. Mallmann, Julich Supercomputing Centre (Germany)

A.V. Panyukov, South Ural State University (Chelyabinsk, Russia)

R. Prodan, University of Innsbruck (Innsbruck, Austria)

P. Shumyatsky, University of Brasilia (Brazil)

A. Tchernykh, CICESE Research Center (Mexico)

A.N. Tomilin, Institute for System Programming of the RAS (Moscow, Russia)

V.E. Tretyakov, Ural Federal University (Yekaterinburg, Russia)

V.I. Ukhobotov, Chelyabinsk State University (Chelyabinsk, Russia)

V.N. Ushakov, Institute of Mathematics and Mechanics, Ural Branch of the RAS (Yekaterinburg, Russia)
V.V. Voevodin, Lomonosov Moscow State University (Moscow, Russia)

S.V. Zykin, Sobolev Institute of Mathematics, Siberian Branch of the RAS (Omsk, Russia)



Conepxxanne

THE USE OF LINE-BY-LINE RECURRENT METHOD FOR SOLVING SYSTEMS OF
DIFFERENCE ELLIPTIC EQUATIONS WITH NINE-DIAGONAL MATRICES
AA. Fomin, LN, FOIMINA . . oottt e e e Bl

DEVELOPMENT OF A NUMERICAL METHOD FOR SOLVING THE INVERSE CAUCHY
PROBLEM FOR THE HEAT EQUATION
H.K. AL-Mahdawl .. ..o e e 22

OB30P METOIOB UHTEI'PAITN MHTEJIJIEKTYAJIBHOT'O AHAJIM3A JAHHBIX B
CYB/]
ML LIBIMOIIED - o v e et e e e e e e e e e e e e e e e e e e e e e e 32

[IPUMEHEHUE MHOI'OMEPHOUN KBAHTUJILHO ®YHKIINN B 3AIAYE
NENTUA-BEJIOK JTOKUHTA
C.B. TTomysti, H.M. EDIIOB . . . oottt ettt ettt e e e e e e e et e e e e e [63]

KOOPAMHNPOBAHHOE COXPAHEHUE C 2KYPHAJIMPOBAHUEM ITEPE/TABAEMBIX
JAHHBIX I ACUHXPOHHOE BOCCTAHOBJIEHUE B CJIYVHAE OTKA3A
A.A. Bougapenko, IT.A. JIaxoB, M.B. STKOBOBCKHM . . ... .ottt e et e [76]

OBHOBJIEHUE MHOI'OTABJIMYHEBIX ITPEJCTABJIEHIIT HA OCHOBE
KOMMYTATUBHLIX ITPEOBPABOBAHNI BA3KI JAHHBIX
B.C. Bbikua, MLJL TIBIMOIIED . . . oottt ettt e e e e e e e e e

© WUsnmareasckuii nearp FOYpIL'Y, 2019



Contents

THE USE OF LINE-BY-LINE RECURRENT METHOD FOR SOLVING SYSTEMS OF
DIFFERENCE ELLIPTIC EQUATIONS WITH NINE-DIAGONAL MATRICES

AA. Fomin, L.N. FOomina . .. ... e

DEVELOPMENT OF A NUMERICAL METHOD FOR SOLVING THE INVERSE CAUCHY
PROBLEM FOR THE HEAT EQUATION

H.K. AL-Mahdawi .. ..o e e

OVERVIEW OF METHODS FOR INTEGRATING DATA MINING INTO DBMS

M. L. Zymbler . ..

USING MULTIVARIATE QUANTILE FUNCTION FOR PEPTIDE-PROTEIN DOCKING

S.V. Poluyan, N.M. Ershov .. ... .. e e

COORDINATED CHECKPOINTING WITH SENDER-BASED LOGGING AND
ASYNCHRONOUS RECOVERY FROM FAILURE

A.A. Bondarenko, P.A. Lyakhov, M.V. Yakobovskiy ........... ... ...,

UPDATING OF MULTI-TABLE VIEWS BASED ON COMMUTATIVE DATABASE
TRANSFORMATIONS

V.S. Zykin, M.L. Zymbler . ... ...

OS]

This issue is distributed under the terms of the Creative Commons Attribution-
Non Commercial 3.0 License which permits non-commercial use, reproduction
and distribution of the work without further permission provided the original

work is properly cited.

4 Bectuuk FOYpI'Y. Cepusi «BoraucauresbHasg mareMaTuka u MH(POpMaTUKa»



DOI: 10.14529 /cmsel190201

THE USE OF THE LINE-BY-LINE RECURRENT METHOD
FOR SOLVING SYSTEMS OF DIFFERENCE ELLIPTIC
EQUATIONS WITH NINE-DIAGONAL MATRICES

@© 2020 A.A. Fomin!, L.N. Fomina?®

LT F. Gorbachev Kuzbass State Technical University
(Vesennaya 28, Kemerovo, 650000 Russia),
2 Kemerovo State University
(Krasnaya 6, Kemerovo, 650043 Russia)
E-mail: fomin_aa@mail.ru, lubafomina@mail.ru
Received: 21.11.2018

The applying of the line-by-line recurrent method for solving systems of difference elliptic equations with
nine-diagonal matrices is the subject of the article. Such matrices take place in the case of difference approximation
of 2D differential problems of a higher order of accuracy on a regular grid covering the area under consideration.
The technology of the so-called compensatory transform which allows replacing the initial nine-diagonal matrix of
the system with the five-diagonal one is offered in the article, due to the fact that originally the line-by-line
recurrent method was designed for solving systems of difference equations with a five-diagonal matrix. The
efficiency of this technology is analyzed by comparing the solutions of the test boundary value problem in a unit
square. The solutions are found both with the help of different implementations of the compensatory transform
technology and by other modern highly efficient iterative methods for solving the systems of difference equations.
The problem is solved on the sequence of grids from coarse (501 x 501) to fine (4001 x 4001) nodes. The accuracy
of the solution convergence is determined by the relative norm of the residual, which is equal to 1072 in the
present work. It is shown that the line-by-line recurrent method retains its high efficiency over the entire range
of the grids under consideration despite the use of the intermediate technology of the compensatory transform.

Keywords: grid method, system of difference elliptic equations, iterative method, convergence of solution.
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Introduction

As is well known, many “standard” finite-difference approximation technologies for
two-dimensional differential equations of problems of fluid dynamics and heat transfer on regular
grids are based on five-point stencil. The Patankar scheme can be mentioned here as an
appropriate example of this kind of technologies. This technology yields an algorithm which
strictly provides monotonicity and central-point dominance of the finite-difference five-point
scheme. And as a result, a system of linear algebraic equations (SLAE) with a five-diagonal
matrix of positive type arises . The Patankar scheme has shown itself well in numerous studies.
However, the need for higher-order accuracy schemes arises in a number of cases. For example, the
five-point central-difference scheme provides a smaller error than the Patankar scheme, despite
the fact that these schemes are formally of the same order of approximation. Unfortunately, the
SLAE matrix obtained on the basis of the central-difference scheme can lose its positive type in
certain conditions.

One can use the nine-point stencil (five points along each direction) to avoid this difficulty and
increase the approximation order at the same time. In this connection a variety of higher-order
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numerically stable schemes was developed using the nine-point stencil . As a rule, the
convective flux discretization is the focus of a higher-order difference approximation, as it was
done in the previously cited works. While, the diffusion part of the transport equations is usually
approximated by the standard five-point scheme of the second order accuracy. The works that use
a higher-order difference approximation of diffusion flux are found much less often @ Difference
approximation of differential equations with derivatives of higher order (up to the fourth one) is
another origin of difference linear equations on five points along each independent coordinate .
In this case, it is evident that for 2D problems the difference stencil will consist of nine nodes.

It is remarkable that the absence or cursory mention of an iterative method for solving
arising nine-diagonal SLAE is a common feature of the above works. Probably the researchers
believe that the expansion of existing methods for solving systems with five-diagonal matrices to
methods for solving systems with nine-diagonal ones is not an insuperable barrier. Indeed, the
transition of such well-known methods as block successive over-relaxation (BSOR) or line-by-line
method from five-point to nine-point versions do not cause much difficulty. But on the other
side, there are effective computational technologies for the SLAE solution, which don’t have an
easy expansion up to nine-point stencils (see, for example, )

A deferred correction procedure was developed to overcome this problem. Its idea is that
a nine-diagonal matrix of the system of equations is replaced by a five-diagonal one which is
obtained with the use of a difference approximation of lower order in a special way. After that
one can use any available method for solution of SLAE with a five-diagonal matrix. Interestingly,
the procedure occurs in two variants in the literature. The first variant is used when there is
an independent difference approximation of the convective and diffusive terms of the transport
equation @ So, it operates with convective terms of the equation on the stage of their difference
approximation. The second variant of the procedure is applied to an already formed algebraic
difference equation, regardless of how it was obtained and, therefore, it is more universal .
The article will consider the second version of the deferred correction procedure. It should be
noted that the procedure has a weak point, namely: if there is no difference approximation of
some terms of the equation of lower order on a reduced number of nodes, then it is not applicable.
For example, such situation takes place when there are fourth-order derivatives in a differential
equation that cannot be approximated using less than five nodes. Therefore, in this case one
have to design other procedure to replace a nine-diagonal matrix of SLAE with the five-diagonal
one, which does not have this shortcoming.

Recently, a highly efficient line-by-line recurrent method was developed and successfully
used for solving systems of difference elliptic equations in some problems of computational
fluid dynamics and heat transfer . This method is applicable to systems of equations with
five-diagonal matrices due to its design features in the case of two-dimensional problems .
However, attempts to modify this method for the case of systems of equations with nine-diagonal
matrices faced great difficulties. Therefore, the way out is to use the line-by-line recurrent method
in cooperation with an intermediate technology of matrices transformation like the deferred
correction procedure, for example. In the light of the foregoing, the objective of the work is to
develop a universal technology of matrix transformation and to investigate the effectiveness of the
line-by-line recurrent method in solving systems of difference elliptic equations with nine-diagonal
matrices.

The paper is organized as follows. The mathematical statement of a problem, namely:
definition area, differential transport equation, boundary conditions, closing formulas — are
described in Section 1. In the following Section 2, the details of the numerical technique including
high order numerical discretization, deferred correction procedure, compensatory transform
technology are given. The comparisons of solutions of the test problem obtained by different
methods are presented in Section 3. The conclusions are drawn in the final Section.
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1. Statement of problem

Let Q@ = {(z,y) : 0 <2 <1,0 <y < 1} be a unit square in Cartesian coordinates (Fig. 1) as
the definition area of unknown ®(x,y) which is governed by a differential transport equation.

yA

; r

0 1 x

Fig. 1. Scheme of the problem area

In this case the formulation of a test 2D boundary value problem in € can be used as an
origin for obtaining a system of difference elliptic equations with the sparse matrix with the
help of difference approximation of the initial differential problem. The generalized steady-state
convection-diffusion transport equation written for ®(x,y) can be stated as

0 0d 9 (.0d\ 0 [ 0
Use *Vay = 5a (Fax> 3 (ng) -5, (1)

where U(z,y), V(z,y) — flow velocity components, I'(z,y) — transfer coefficient, S(z,y) —
source. Dirichlet conditions take place on the area boundaries. Let velocity components and
transfer coefficient be as follows:

y3

o5 D@y =ep), =ty

Ulzx,y) = —3y?arctanz, V(zr,y)=

It should be noted that the velocity field is solenoidal one. Lastly, let the solution of the test
problem be the function u(z,y) = exp(—10I2) cos(87?), then the substitution of u,U,V, and T
in equation makes it possible to define the expression for the source S(z,y). It is not difficult

to see that Dirichlet conditions at the area boundaries in the case of the u(x,y) are written as:

0<y<1l: ®(0,y)=exp(—10y°)cos(8my?), ®(1L,y)=exp(—10(1+y?))cos(8m (L +y?));
0<z<1: ®,0)=exp(—102?)cos(87z?), ®(x,1) = exp(—10(1+ 22)) cos(8m(1 + z?)).

So, the test 2D boundary value problem is defined and one can begin to solve it numerically.
2. Numerical technique

2.1. High-resolution numerical discretization

The problem area is covered by a uniform orthogonal mesh which nodes one can separate
into three groups: internal, near-boundary, and boundary nodes. The nine-point stencil with
an internal central node is presented in Fig. . The so-called SMART scheme is used for
higher-order approximation of in internal mesh nodes. Briefly, the technology of the scheme
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obtaining is as follows . Integrating the equation over the control volume (Fig. ) and
using the divergence theorem for a Cartesian coordinate system allows getting the following
discrete equation:

Je_Jw+Jn_Js:Qa (2)

where Je, Jy, Jn, Js represent the total fluxes of unknown ® across faces e, w,n, s of the control
volume, and @ is the volume integral of the source term S. Each of the surface fluxes J contains

convective and diffusive contributions. It is expressed, for example, for the face e, as follows:

dp — Pp
Je = Ueq>e _Fei A ; 3
( ) A g
where
U_UE—i—Up ro— NN o _ Sy + (P — D) f(®p), U.>0,
‘ 2 7 % "Ip+lp ° Spp+ (Pp — Opp) f(Pp), U <O0;
3, 0<®<1/6,
. 3/8+3/4®, 1/6<®<5/6,
f(®@) = ~
1, 5/6 <P <1,
5, ® elsewhere.

The tilde above unknown ® denotes a so-called normalized variable which is defined as
® = (¢ — ®y)/(®p — Py). Here, subscripts U, D mean upflow and downflow nodes relative the
central point, correspondingly. For example, for the face e the central node will be point P in
the case U, > 0 while conversely — point F if U, < 0. So, d = &)p = (Pp—Pw)/(Pg — Pw) for
U, >0, and d=0p= (P — Pgr)/(Pw — Prg) for U, < 0.

The fluxes through the w, n and s faces can be found in a similar manner.

8x OX, dxy . OXe
Yo NN yio. NN
j=2 j=2
T o
-1 oY -1 N
h 4
WS BN LU B
T Y wy” PeEAyESy 18; WY TP € YE|Ay
j+l 35 jtl 3
Ps ?
AXx AXx
jt2 ’L Jjt2
Tss SS
i-2 -1 i i+l 2 n-3 n-2 n-1 n
X X
a) internal mesh node b) near-boundary mesh node

Fig. 2. Finite-difference stencil for higher-order discrete approximation

The eight-point stencil with a near-boundary central node is presented in Fig. . For
example, the right boundary of the problem area {2 is chosen. For this case the general
approximation scheme described above can be applied if U, > 0. In contrary, if U, < 0 (as
in the figure) it is necessary to follow special practices. In this context, it should be kept in mind
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that a lower order approximation takes place as a result of the “windward rule” in any case. In
literature the first order upwind scheme for near-boundary node is used as a rule @ But in the
present work the more complex technology of Patankar scheme is adapted with a view to obtain
a second order upwind difference scheme. For this case it is not difficult to get the approximation
formula for ®,. based on this methodology applying the profile of the fifth degree for unknown
®, namely:

Do = Pp + (Pp — Pp) p(Fe), (4)

where, in the context of the grid uniformity

U(P,) (Tg +Tg)(Up + Ug)

P)=—=—"%“_, P, = 6e; 5
olFe) 2W(P,/2) ‘ ATplp ¢ (5)
~P,, P. < —10,
5 (140,1P.)> - P,, —10< P. <0,
U(P) = (6)
(1-0,1P,)5, 0< P, <10,
0, P. > 10.

Indeed, as is well known, the solution of the problem “convection and diffusion”

d d dd
- )= — (7=
dz (U®) dz < da:)

for a domain 0 < x < L with boundary conditions: & = ®g at x =0, and & = &y at x = L is

exp(Pz/L) —1
=9 & — b)) ——— 7
0+ (2 — Po) exp(P) — 1 (7)
on the assumption with I' and pU are constants . Here P is a Peclet number defined by
P=pUL/T.
The value of ®, in is calculated according to the solution profile , i. e. it is assumed
that ®g = ®p, & = ®p, L = dze, © = dx¢/2, P = P., and & = &, in the formula . So,

2= 0p + (05— on) BT 0r 4 (0p - el b SRS o
e =Pp+ (Pp — @P)N\II((P%, (8)

where ¥(z) = z/(exp(z) — 1). Because an exponential function is very expensive to compute,
U(z) is approximated by Patankar’s power-law scheme (see formulas (5.27) and (5.33) in )
which is represented by the complex formula in the present work. In other words, ¥ ~ U. As
a result, it is easy to see that in this case the formulas and (4) are almost identical taking
into account the formula . What was required to show.

Finally, the trivial “approximation” takes place for the third group of the mesh (i. e. for the
boundary lines of Q) because of Dirichlet boundary conditions in the problem.

2.2. Deferred correction procedure

The deferred correction (DC) method is a simple and proven procedure that enables the use
of high order approximation schemes in codes initially written for low order schemes. Let, in
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general case, there be a difference scheme as a result of approximation of the original differential
equation on the nine-point stencil (Fig. ) of the following kind

ap®Pp = apPrp+aw®w +anPn+asPs+apePre +awwPww +annPny +assPss+b. (9)

In turn, let the difference scheme of lower order approximation for the same equation 1| be
as follows

ab®p = ak®p + af Py + ak Py + akdg +b. (10)

It is easy to see, adding to both sides of equation the combination of a1L3<I> P—>, aﬁb{)nb,
nb

composed of the terms of equation , the DC procedure results in a five-point equation

abdhH = Z ak, @5 4 Z(aﬁb — anp) O, + Z Ay ®Fy + (0% —ap)®h +b,  (11)
nb nb

nnb

where k is number of iteration, nb = {E, W, N, S} nnb = {EE,WW,NN,SS}. It is clear that
the solution of equation tends to the solution of equation @ with the convergence of the
iterative process (i. e., with P+l m ®F). At the same time, one can use any previously
created methods for solving SLAE with five-diagonal matrices to solve modified system on the
base of equation .

Further in the article the DC procedure will be denoted as DSPt5, since the Patankar scheme
with the profile of unknown ® of the fifth degree is used to the lower order approximation.

2.3. Compensatory transform technology

As was mentioned above, the DC method is usable when a lower order approximation
on a truncated five-point stencil takes place. Otherwise, one must apply other more general
technology to transform a nine-diagonal matrix of SLAE to a five-diagonal one. Precisely that
kind of a procedure, the so-called compensatory transform technology, is offered in the work.
The major idea of the compensatory transform technology is to express the iterative increment
of the sought-for solution in the “extreme” nodes of the stencil (in the Fig. they are marked
in cyan) through the increment in the “internal” nodes (white and black nodes of the stencil).
So, the “extreme” nodes of the stencil are excluded and the matrix of the system of equations is

transformed from nine-diagonal to five-diagonal one.

Jj+2 O j+2

ol ol |
JWWC \<;’()£‘§?}EE :> ] __OW_%P_‘)E_
1

J-1 = J-1
7 &

0
Y |
2 el iSS i+ i+ 2 il i i+l 2

Fig. 3. The scheme of the compensatory transform of the nine-point stencil into five-point one
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The transformation formula has the first or second order of accuracy depending on the
number of the “internal” nodes of the difference stencil used in the expression. For example, in

the case of uniform grid the formula of the first order accuracy for node EF is as follows
k+1 k+1 k+1
Aok =0 (2005 - Aak),
and the formula of the second order of accuracy for the same node is as follows
k+1 k+1 k+1 k+1
A0l =0 [3 (Ak — aakt) - Al

Here A®FHL = @kl _ ®* — is increment of the sought-for solution, 6 is a parameter of
compensation, which should be in the range 0 < 0 <1 . It is easy to verify that the application
of the above formulas will lead out to the following expressions for the transformed coefficient in
the nearby point E

ap =ag + 20agg,

agp =ag + 0 (3aEE + aww)
for the first and second order of accuracy respectively. Transformed coefficients for other nearby

points W, N, S are written in a like manner. As a result, the transformed five-point difference
equation is arrived as follows

@pq)];jl = Z c_lan)sz_l + l_), (12)
nb

where for the first order of accuracy

ap=ap+0(app + aww + ann + ass) ,

b= b+ age By — 0 (20% — ©5)] + aww [Blyy — 0 (20}, — 0)] ¢
+awy @y -0 (20% — %)) + ass [0 — 0 (205 — 0%)].

and for the second order of accuracy, respectively

ap = ap —|—39(QEE +aww +annN +GSS)

b=b+app{Ppp —0[3(Ph — Pp) + Py ]} + aww { Py — [3(% Pp) + O]} +
+ann {Phy — 0 [3 (P — Pp) + 5]} +ass {Pgg — 0 [3 (0 — Pp) + 3]}

In the further, the compensatory transform technique of the first order of accuracy will be
denoted as C1 and of the second order — as C2.

3. Computed results and discussion

3.1. Nomenclature of methods and the research strategy

In general, eight different methods are used to solve the problem formulated in the first
section of the article. Nomenclature of methods (abbreviations and their expansions) is presented
in Tab. The solution of the problem is calculated with five uniform grids of different resolution:
501 x 501, 1001 x 1001, 2001 x 2001, 3001 x 3001, 4001 x 4001. Thus, the number of unknowns
in generating SLAE varies from about 25 x 10 (coarse mesh) to 16 x 10 (fine mesh).

The research strategy is a comparative analysis of the characteristics of the convergence of the
methods for solving SLAE (see Tab. for each of the mesh partitions of the problem domain 2.
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Table 1

Iterative methods for SLAE solutions construct

Type of

No. Method Abbreviation expansion

transform

1 DCPth  LR2sK Deferred Correction Procedure with profile of the fifth degree
polynomial + Line-by-Line Recurrent Method of the second

order, accelerated in Krylov subspaces [1_9‘

2 C2 LR2sK  Compensatory Transform Technology of the second order
accuracy + Line-by-Line Recurrent Method of the second order,
accelerated in Krylov subspaces

3 C1 LR1sK  Compensatory Transform Technology of the first order
accuracy + Line-by-Line Recurrent Method of the first order,
accelerated in Krylov subspaces [E]

4 Cl1 LR1 Compensatory Transform Techn(‘)l_os‘gy of the first order

accuracy + Line-by-Line Recurrent Method of the first order

5 C2 LR2 Compensatory Transform Technology of the second order
accuracy + Line-by-Line Recurrent Method of the second order

6 - BCGSt9 B Bi-Conjugate Gradient Stabilized Method [E] for nine-diagonal
matrix of SLAE with preconditioner on the base of explicit Buleev
method [El |1—81

7 DCPt5 BCGSt B Deferred Correction Procedure with profile of the fifth degree
polynomial + Bi-Conjugate Gradient Stabilized Method
for five-diagonal matrix of SLAE on the base of explicit Buleev
method _

8 - BSOR9 Block Successive Over Relaxation Method [E] for nine-diagonal
matrix of SLAE

The maximum effective value of the iteration parameter was selected for each method in each
calculation, since all methods use the iteration parameters. In other words, an upper estimate of
the effectiveness was made for each method. This approach made it possible to correctly identify
the advantages of one methods in relation to others because all methods were placed in the same

conditions.

3.2. Results: coarse and fine meshes

The most interesting for the analysis is the behaviour of the convergence curves which are the
dependencies of the || R¥||,, /|| R,
Here HRk H2 is Euclidean norm of the residual error at the kth iteration. Such convergence curves

value on the iteration number or the CPU time of the problem.

as functions of the iteration number are plotted in Fig.for the coarse and fine meshes. It is not
difficult to see that accuracy of the solution convergence is 107'2. The same value of accuracy is
applied in all other results of the work.

Analysis of the curves in Fig. allows the following conclusions. First, the classical block
SOR method (curve 8) is not usable due to a huge number of iteration to converge the method —
more than one thousand. Naturally, there is not enough place for such curve on the graph. Second,
the combination DCPt5 + LR2sK (curve 1) is most effective both in reducing the initial residual
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Fig. 4. Behavior of the convergence curves depending on the iteration number.
Methods: 1 — DCPt5 + LR2sK, 2 — C2 + LR2sK, 3 — Cl1 + LRIsK, 4 — C1 + LRI,
5 — C2 + LR2, 6 — BCGSt9 B, 7 — DCPt5 + BCGSt B, 8 — BSOR9

error on the first iteration and the total number of iterations for the method convergence. And
finally, third, in whole, the versions with line-by-line algorithm are more powerful with respect
to the variants of the bi-conjugate gradient method. As to calculations with the fine mesh (see
Fig. ), here the results coincide qualitatively with the ones on the coarse grid, but, as a rule,
the number of iterations for solution convergence is several times greater. The absence of the
convergence curve of the BSOR9 method is explained by the lack of convergence of the method
— the relative residual error was more than 5 x 10™® after 3000 iterations.

It is obvious that different methods require different amounts of mathematical operations
and, accordingly, different amounts of a CPU time to perform calculations of one iteration.
Again, a researcher is ultimately interested in the time spent by a computer for working out
a solution. Therefore, a comparison of computation times is also of research interest. Yet it is
clear, that only the relative CPU times have a sense here. In other words, only the times of
calculations performed on the same computer can be compared. Precisely such results in the
form of convergence curves are shown in Fig. for coarse and fine meshes. From now on, CPU
time is presented in seconds.

It is easy to see that the combination of DCPt5 + LR2sK methods (curve 1) has not even
got into the “top three winners”. The reason is quite clear: recalculation of the right part of the
system of linear equations by DC procedure at each iteration is a time-consuming activity. Owing
to similar arguments the CPU time of the DCPt5 + LR2sK combination is almost equal to CPU
time of the C2 + LR2sK one for the 4001 x 4001 mesh (see Fig.|5p). In all other respects, the
relative behaviours of the curves in the graphs of Fig. and Fig. coincide qualitatively.

As is known, the average rate of convergence is one of the most indicative characteristics of
the efficiency of an iterative method which is formulated as follows

P G D 4
@ Wﬂ%( R0 ) (13)
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a) mesh 501x501 b) mesh 4001x4001

Fig. 5. DBehavior of the convergence curves depending on CPU time. Methods:
1 — DCPt5 + LR2sK, 2 — C2 + LR2sK, 3 — C1 + LRIsK, 4 — C1 + LR1, 5 — C2 + LR2,
6 — BCGSt9 B, 7 — DCPt5 + BCGSt B, 8 — BSOR9

2
where HZ kHQ = /> (CI‘Z - uij> — is Euclidean norm of the solution error, u — is analytical
ij

solution of the problem. The curves of the average convergence rate for the performed calculations
with coarse and fine meshes are shown in Fig.@ It goes without saying that the higher the curve
the more efficient the method is. The low-lying curve 8 once again confirms the relative inefficiency
of the classical method BSOR9. The productivities of the other methods are comparable with
each other. And as expected from the previous graphs, the highest curve 1 corresponds to the
most effective method — the combination DCPt5 + LR2sK. The almost direct behavior of the
curves in the logarithmic system of coordinates indicates a power dependence of the average rate
of convergence Q¥ on the iteration number k.

T

1 1 Lol 1 1 Cooa] 1 | 1 ol 1 T

1 10 100 & 1 10 100 k
a) mesh 501x501 b) mesh 4001x4001

Fig. 6. Behavior of the average convergence rate curves depending on iteration number.
Methods: 1 — DCPt5b + LR2sK, 2 — C2 4+ LR2sK, 3 — C1 + LRI1sK, 4 — C1 + LRI,
5 — C2 + LR2, 6 — BCGSt9 B, 7 — DCPt5 + BCGSt B, 8 — BSOR9
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Some quantitative results of solving the problem on the coarse and fine grids with the use of
the methods under consideration are presented in Tab. The data in brackets for BSOR9 method
for grid 4001 x 4001 emphasize the lack of the solution convergence with the required accuracy.
Here HZ kHOO value is an infinity norm of the error at the moment of solution convergence. One

Table 2
The results of solving the problem by various methods with various meshes
Mesh | PN T yothod o Number of | = CPU 12*]]
transform 1terations time, s
- BSOR9 1.9870 1331 73.3 2.85E-05
- BCGSt9 B | 0.99980 63 6.2 2.85E-05
DCPt5 BCGSt B | 0.999922 92 32.0 2.88E-05
501 x 501 DCPt5 LR2sK 0.99999945 8 3.8 2.88E-05
C1 LR1 0.999720 36 3.1 2.85E-05
C2 LR2 0.99999350 92 7.4 2.85E-05
C1 LR1sK 0.99930 13 2.1 2.85E-05
C2 LR2sK 0.9999950 13 2.1 2.85E-05
- BSOR9 1.9980 (3 000) (29 833.2) | (4.13E-03)
- BCGSt9 B | 0.9999979 182 1 655.2 4.46E-07
DCPt5 BCGSt B | 0.99999942 343 8 425.9 4.82E-06
4001 x 4001 | DCPth LR2sK 0.9999999995 7 288.0 4.81E-06
C1 LR1 0.999972 204 14487 | 4.42E-07
C2 LR2 0.999999953 292 2 120.5 4.42E-07
C1 LRI1sK 0.999932 38 463.8 4.46E-07
C2 LR2sK 0.999999920 22 279.2 4.45E-07

can see the norm is reduced by two orders of magnitude with a decrease in the value of the grid
step by only an order of magnitude. It should also be noted that the number of iterations in
this case increases by less than an order of magnitude, while the CPU time is increased by as
much as two orders of magnitude on average. Special attention should be paid to the fact that 8
iterations were required for the method convergence on the 501 x 501 grid, and only 7 iterations
— on the 4001 x 4001 grid, while using the combination DCPt5 + LR2sK. The explanation for
this fact will be presented a little later.

3.3. Influence of the mesh resolution

The influence of the grid resolution on the number of iterations and the CPU time of the
solution convergence is presented in Fig. It is known that an increase in the dimension
of SLAE (a decrease in the magnitude of the grid step), other things being equal, leads to
an increase in the number of iterations . Exactly such regularity takes place in Fig. ,
except for curve 1 (the combination DCPt5 + LR2sK), which demonstrates the decrease in the
number of iterations with increasing the grid dimensionality. The reason is that the original
line-by-line recurrent method has a fundamental individuality: as the grid step decreases,
the number of iterations required for convergence decreases . This feature of the method
has been manifested only in the combination DCPt5 + LR2sK. Yet other combinations with
line-by-line recurrent method (curves 2-5) do not demonstrate the features because the presence
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of the approximate compensatory transform technology in the combinations suppresses this

fundamental individuality.

K T,
10000
100l 1000 F
4
100
10
10} |
1 1 1 1 1 1 1 1 1 1
501 1001 2001 3001 40017 501 1001 2001 3001 40017

a) number of iterations b) time, s

Fig. 7. The number of iterations (K7) and CPU time (77) required for the convergence of the
method, depending on the grid resolution. Methods: 1 — DCPt5 + LR2sK, 2 — C2 + LR2sK,
3 Cl+LRIsK,4  Cl+ LRI, 5 C2 + LR2, 6 — BCGSt9 B, 7 DCPt5 + BCGSt B

In the general case, line-by-line recurrent method of the second order LR2 is more efficient
than the one of the first order LR1, regardless of whether this method was accelerated in
Krylov subspaces or not, and the relationship of the curves 2 and 3 confirms this thesis.
However, the locations of the curves 4 and 5 demonstrate the opposite. The reason is that
additional approximate compensatory transformation technology decreases the method stability.
It is necessary to lower the value of compensation parameter 6 in relation to its optimum value
to maintain stability. As an effect, the more parameter 8 differs from its optimum, the slower the
method carries out. And one has to make 6 lower for LR2 than for LR1 due to lower stability of
LR2, which in turn leads to a greater slowdown LR2 in relation to LR1.

And finally, it is not difficult to see that power dependences of the number of iterations Ky
and CPU time 77 against a mesh resolution take place because graphs are almost direct in the

logarithmic coordinates.

Conclusions

The technology of expanding the use of the line-by-line recurrent method on the case of
SLAE with nine-diagonal matrices arising from the difference approximation of 2D boundary
value problems of higher order was considered in the article. Approximation of the government
differential equation have been carried out using the SMART scheme of the third order of
accuracy. Also, approximation of the second order of accuracy in the near-boundary nodes using
the Patankar scheme instead of classical upwind one of the first order of accuracy was proposed in
the paper. Both the known deferred correction method and the original compensatory transform
technology were used in the work to replace an initial nine-diagonal matrix of SLAE with a
five-diagonal one. The comparative analysis of several modern methods and their combinations
with algorithms for replacement of nine-diagonal matrices with five-diagonal ones to solve SLAE
has been performed to reveal their efficiency in relation to each other.
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Based on the conducted study, one can draw the following conclusions:

. The compensatory transform technology does not require recalculation of the right part of

the system of equations and, at least, is not inferior in efficiency to the deferred correction
method.

. The high efficiency of the line-by-line recurrent method is also conserved in the solving of

systems of linear equations with the nine-diagonal matrix when considering two-dimensional

boundary value problems.

. The number of iterations and, accordingly, the CPU time required for the solution

convergence has a power dependence against the grid resolution for all previously explored

methods.

This paper is distributed under the terms of the Creative Commons Attribution-Non

Commercial 3.0 License which permits non-commercial use, reproduction and distribution of

the work without further permission provided the original work is properly cited.
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B crarbe wucciemyercss npuMeHEHHE HESIBHOIO UTEPAIMOHHOI'O TOJMHEHHOINO PEKYPPEHTHOI'O0 MeTOJia
IJIs PEeNIeHUsl CHCTEeM JIMHEHHBIX PA3HOCTHBIX YPAaBHEHUU C [IE€BATHAMATOHAJIBHBIMU MATPHUIAMH, KOTODBIE
BO3HUKAIOT IIPU PA3HOCTHOMN alIIPOKCUMAINHU JIBYMEPHBIX 331849 OBBIIIIEHHOT'O ITOPSJIKA TOYHOCTU Ha PETyIsIPHOM
CETOYHOM TMOKPBITHH OOJacTu perreHusi. [l0CKOBKY W3HAYAJBHO HESIBHBI WTEPAIMOHHBINA MOJUHEHHBIN
PEKYPPEHTHBIIl MeTOn pa3paboTaH /s PelleHus] CUCTEM YPaBHEHHIl ¢ IATHIMArOHAJbLHONU MaTpuiieil, B pabore
MIPE/IaraeTCsl TEXHOJOTHS TaK HA3bIBAEMON KOMIICHCAIIMOHHOW TpaHC(OPMAINH, TO3BOJISIONAT 3aMEHUTH
HUCXOIHYIO JEeBITHINATOHAJBHYI0 MATPHUILY CHCTEMBI yPABHEHUI Ha MOATHAUATOHANIBHYIO. D(POEKTUBHOCTD
IIOJIOOHOTO TOJX0/a AHAJIM3UPYETCs IIyTEM CPAaBHEHUs I[1apaMEeTPOB CXOIMMOCTH PeNIeHUsl MOJEJIbHON KpaeBOil
3a7a9M B EJUHUYHOM KBaJpaTe KaK pa3IUYHBIMA BapHAHTAMH IPEJIOKEHHOTO METOJa, TaK ¢ JAPYyTUMU
COBPEMEHHBIMHU BBICOKOI(MD(PEKTUBHBIMU UTEPAIMOHHBIMA METOJAMU PEIIEHUsI CUCTEM Pa3HOCTHBIX yPABHEHUI.
3amada pemraercss Ha IOCEI0BATEBHOCTH ceTOK oT rpyboit B 501 X 501 y3moB mo mompobuoit B 4001 X
4001 y3m0B. TOYHOCTH CXOAMMOCTH PEIIEHUS ONPEEsISIETCs 10 OTHOCHUTEJIHLHON HOpMEe HEBA3KH, KOTOpas B
HacTosmeil pabore papmsiercs 10712, TlokazaHo, 9TO HECMOTPST Ha MCIIOIHL30BAHIE MPOMEIKYTOYHON TEXHOJIOTHN
KOMIIEHCAIIMOHHOM TpaHC(HOPMAINK, HESIBHBIN NTEPAIMOHHBIN MOJIMHEWHBIH PEKYPPEHTHBIN METOJI, COXPaHSIET CBOU
BBICOKHE CKOPOCTHBIE U Pa3PeIIaioliie CIIOCOOHOCTH BO BCEM [HAIla30HE CETOYHOr0 pa3bueHus: 00JIACTH PElIeHns
3aa9n.

Karoueswie caosa: memod cemok, cucmema padHoCTHbIE IANUNMULECKUT YPAGHENRUT, UMEPAUUOHHBLT Memo0,
CTOIUMOCTND PEULEHUS.
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In this work, the initial temperature has been investigated in the Cauchy inverse problem for linear heat
conduction equation that it depends on the given temperature at specification time. In this problem, the initial
temperature distribution is unknown, but instead, there is a known temperature at the time, t = T > 0. The heat
conduction problem can be formulated as Fredholm integral first kind equation. It is well known that this problem
is an ill-posed problem and direct solution to this problem is unacceptable. An algorithm has been used to define a
finite-dimensional operator for this problem also used the generalized discrepancy method to reduce the conditional
extremum variation problem to unconditional extremum variation problem for the integral equation. The
discretization of the integral equation has made it possible to reduce this problem to a system of linear algebraic
equations. Then, Tikhonov’s regularization inversion method has been used to find an approximation solution.
Finally, the numerical computation example has been presented to verify the accuracy of the estimated solution.
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Introduction

The Cauchy inverse problem of heat equation is ill-posed in the sense that arbitrarily
“small” change in the data can produce “large” errors in the solution. The problem can be
defined in the sense of Jacques Hadamard, that a problem is well-posed if and only if the
following properties hold [1].

e The solution exists, at least one solution exists (existence).
e  The solution is unique, at most one solution exists (uniqueness).
e  The solution depends continuously on the data (stability).

It is impossible to solve the ill-posedness problem by using classical numerical methods. It
requires special techniques, e.g., regularization strategies. With the development of high-speed
personal computers, it has become more convenient to use numerical techniques to solve heat
transfer inverse problems. Theoretical concepts and computational implementation related to
Cauchy inverse problem of heat equation have been discussed by many authors, and a lot of
methods have been described [3-7].

In some of them, the author has been identified the heat flux at the front surface of a thick
plate based on the measured temperature history at the plate back surface, which is
insulated [3]. In [4] the author has been applied the numerical method involving the Laplace
transform technique and the finite difference method in conjunction with the least-squares
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scheme to an Inverse Heat Conduction Problems. The inversion model that simultaneously
highlights the measurement errors and the inaccurate properties of the forward problem has
been proposed in [5] to improve the inversion accuracy and robustness. With the assistance of
the Tikhonov regularization method, a cost function is constructed to convert the original an
Inverse Heat Conduction Problems into an optimization problem [5]. In other paper, a model
has been developed to solve the inverse heat conduction problems for a triangular wall. The
conjugate gradient method has been used with the finite element method to determine the two-
dimensional variations of the temperatures and heat fluxes on the wall surface with time [6].
In [7] the Cauchy problem for the Laplace equation in a multiply connected region was solved
by replaced the heat conduction problem to the Poisson equation and solve it in a simply
connected region with an unknown source function different from zero in the adjoined region.
The methods described in the [2] are used to solve a number of inverse problems in
mathematical physics. The fundamentals of the optimal methods have been obtained for
solving ill-posed problems, as well as ways to estimate accurate solution and accurate by order
error estimates for these methods.

The main idea in this paper is to reconstruct the source function of the diffusion equation
by using the algorithm which proposed in [8]. The corresponding inverse problem, by Fourier
series expansion, has been represented as Fredholm equation of the first kind. Hence, the
solution does not depend continuously on the data in conventional Banach spaces, so the
solution unstable [1, 2, 8|. Therefore, this is an ill-posed problem. To get a well-posed problem
Tikhonov Regularization will be using. The problem of selecting the best regularization
parameter will be solved in this paper by using the residual principal method which described
in [2].

All these steps will be implemented through the sections in this paper. Section 1 defines
the direct problem for heat conduction problem as a linear partial differential equation and
describes solution as an integral Fredholm equation of the first kind. Section 2 defines the
inverse problem and give a discerption about the known data and operator. Section 3 considers
the integral equation of the first kind and reduces it as a system of linear algebraic equations
by implementing the algorithm in [8]. Then, in Section 4 the example has been presented to
verify the accuracy of our estimated solution. Finally, the explanation of the suggested method
has been summarized in the conclusion Section with suggested future work for solving the
nonlinear backward heat problem.

1. Direct problem

The direct (forward) problem consists of passing heat conduction through a bar with the
determined boundary condition and initial temperature condition. The mathematical
formulation of this problem has been described by the following liner partial differential

equation
ou(x,t) 0%u(x,t)
= > 1
=D ——5—,0<x <1,t 20, (1)
u(0,t) =0,t >0, (2)
u(l,t) =0,t =0, (3)
u(x,0) =uy(x),0<x <1, (4)
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where the u(0,t) and u(1,t) are boundary conditions, uy(x) initial condition it is representing
the initial temperature. The (t) represents the time, (x) spatial variable and (D) denote the
dispersion coefficient.

In the direct problem (1-4), the initial condition has been specified. For solving this type
of problem there are many ways such as finite different method (FMD) and separation of
variables. To formulate this problem as the Fredholm integral equation first kind, the Fourier
series method by separation of variables has been used as follows:

— —(nm)?t o;
u(x,t) = ;ane ; 2t sin( nx), (5)
u(x,0) = uo(ic) - ; a,, sin(nmx), (6)
v a, =2 fo uo(x) sin(nmx) dx, (7)
from (5) and (7) we get )
1 2
u(x, t) = 2 fo ;e—(mﬂ t sin( nmx) sin(nmy) ug () dy. (8)

The formula (8) is rewriting as integral equation first kind for some fixed t = T as following:
1

u(x,t) = f K, y)ug(y)dy ,0<x < 1, (9)
0

or we can write it as following:
1

Au(x) = f K, y) uo(y) dy, (10)
0

where K(x,y) = %Z;’{;l e~ (T sin( nmx) sin( nmy) and uy(y) the initial function.
Where the kernel K(x,y) € C ([0,1] X [0,1]), uo(y) € L,[0,1] and f(x) € L,[0,1]. The
kernel of the operator A is closed.

2. Inverse problem

The inverse problem, described as the initial temperature uy(y) is the unknown function
inside integral. To estimate the unknown initial temperature the measurement temperature
has been given at specific time T over the specified space interval 0 < x <1

u(x, T) = f(x), T > 0. (11)

The measurement temperature includes some noise f5(x), where § > 0 defined as the range
of error, ||f5(x) — fo(x)|l,, < 6. Additionally, the inverse operator A~ is unbounded ||A7Y| =
oo, it means the solution usually poor approximated even small value of §. All this lead to the
inverse heat conduction problem it ill-posed problem because the solution is not stable.

3. Computational scheme

We considered the following integral equation of the first kind. Our target reduces this

problem to a system of linear algebraic equations
1

Au(x) = f K(x,y)uo(y)dy = f(x), T > 0. (12)
0

The kernel K(x,y,T) is an infinite series and we cannot handle infinite sum and when n
goes to oo the value e~(™°’T hecome very small for simplicity, we finite the sum of series to
10 times
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10
K(x,y) =2 Z e~ (T sin(nmx) sin(nmy), T > 0. (13)
n=1
Now introduce the operator C map L, [0, 1] into L, (0,T]
1
cu) = [ Gy uedy, (14)
0

for the numerical solution of the equation (14) replace operator C by the finite-dimensional

operator C,,, where C = C,, and C,,~A.
Next step need to divide interval [0,1] into m equal parts by points x; =M, i

0,1,..,m—1 and yj = j(lr;O), j=0,1,...,m—1, the width for each interval h = Ax = Ay =

(xi+1 — x) and x; = y;.

Now introduce the kernel function

K(x,y,) =K(x;,y;), (15)
where x; < x < Xt Vi S Y <Yj+1,0=01,..,m—-1 and j =0,1,....m—1
1
Cnu(y) =f K(x,y;) u@)dy = f5(x), (16)
0

where u(y) = (uj), j=01,...m—-1u =u(y) and fs5(x) - %, i=01,...m—1, %=
f5(xp).

Now introduces the finite-dimensional subspaces Y,, and X,, of the space L, [0, 1] consisting
all functions on intervals (x;, x;44], i =0,1,...,m =1, (¥}, ¥j+1],j =0,1,...,m — 1.

We denote by B, and Q,, the metric projection operators from L, [0,1] onto ¥, and X,,
subspaces respectively

Crti(y;) = f R (o v;) u(y;)dy = fGeo. (17)

By using the generalized discrepancy method which has been described in [8] for the
approximate solution of equation (16). We will reduce the equation to the conditional

extremum variation problem

inf{[lu@I?: u) € Y, | Cu®) + 5™ Il < 623, (18)
where f5™ (x) = Qp[fs (X)].

The variation problem (18) is reduced to unconditional extremum variation problem

inf{|[Cru) = f5" CONI? — a lu@) > u(y) € Y}, a >0, (19)
which is the version of the Tikhonov regularization method
m-1
Cmuj = h Z K (i, y;)u(yy) = fi (20)
j=0
where
Vj+1
u; = Pylu(y;)] = hf u(y),j=0,1,..,m—1, (21)
Yj
the form of operator Q,, implies that f5™ (x) = {f; : x; < x < x;41,i = 0,1,...,m — 1}, where
Xi+1
fi=On () =h [ f3(0),i=0,1,..,m—1. (22)

Xi
From (19-22) and to give the approximate solution to u(x), we can rewrite the problem
as linear algebraic equations
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Cm(uj) = fi
l[ E(XO'YO) E(x0ry1) K(xo'Ym 1)] u(yo) f5(xo)
pe| KOy KGay) o KGuym) | u(n)\ l foe) | (23)
E(xm.—pyo) E(xm;1'3’1) K(xm—lrym—l) u(ym-1) f5(xm 1)

The problem (23) is ill-posed in the sense that the inverse operator Cp, ! of Cp, exists but
it is not continuous. The problem (23) has a unique solution when solving it directly will not
give the right solution. Indeed, the linear operator C,, is ill-conditioned that any numerical
attempt to directly solve (23) may fail.

In order to find the stable solution from the equation (23) which is described Tikhonov
regularization method. The computation of the approximate solution u,s consists in solving
the Euler equation

us(0) = (CCm + a D7C 7, (24)
where C,, is the operator adjoin to the operator C,, and [/ is identity matrix and «a is
regularization parameter.

To determine the regularization parameter a in solution u;j(a) we based on the residual

principle method as described in [2]. The a should satisfy following equation
S112
”Cmu&(as) - fl ”Lz =62 (25)

4. Numerical example

Considering the problem (1-4) we need to estimate the initial temperature uy(x) from
given function u(x,T) = f(x) with known noise level § where time (T=0.1 and T=0.15),
(m=100) and D=1 for checking the approximation solution we will use the exact initial
temperature uy(x) = sin(x) in example 1 and uy(x) = 4sin(3mx) in example 2. In each example,
we can find f(x) function by using the equation (8) this called forward solution and add some
noise to apply the inverse algorithm to estimate the initial function and check it with the exact

initial temperature.
4.1. Example 1

Let the exact solution for the problems (1-4) be
Up(x) =sin(x),0 <x <1, (26)

we consider two cases under different time (T=0.1 and T=0.15) as shown in Fig. 1.

.........
. .
o ‘s

+ Uy (T)T=0

== u(x,T), T=0,1

B .
o8- o ‘. ==, T), T=0,15 B
B .

Fig. 1. Direct solution initial temperature uy(x) = sin(x)
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We can add noise to each u(x,T) for using them in the problem analysis. By using the
equation (24) we can find estimated solutions with regularization parameters o. We can use
the set of regularization parameters to obtain the best-estimated solution ag = {aq, ay, ..., s},
where a; = 107!, @; = 1072 and ag = 1075 as shown in Fig. 2.

*u(x,T), T=0

+ u(x,T), T=0 7f§(x)

—

—-a=0.1
_as01 --a=001

--a=001 H ol

N
—=a=0.001 | - a=0.0001
3

'Y [~} a N
W -—a=0.0001 2“ A Y - a=0.00001

N
o —— a= 1 Ef . N
va a=0.00001 //// N --a=0.000001
7 - - a=0.000001 7 RN
el /// \ 1
0 2
%
N N
e h
/ \\ \

X

a) T=0.1 and § = 0.057 b) T=0.15 and § = 0.052

Fig. 2. Inverse solution for the initial temperature uy(x) = sin(x)

The best regularization parameter o can be selected by using the residual principle method
equation (25) as shown in Tab. 1.

Table 1
Best a residual principle method
" ICmus () = 67|, . [Cmus (o) = £°l, .
where T=0.1 and §=0.057 | where T=0.15 and §=0.052
1+107" 1.121952241 1.089270388
1%1072 0.183193635 0.269894863
1+1073 0.039406461 0.047722743
1%107* 0.034446107 0.036155186
1%107° 0.034377304 0.036009032
1%10°° 0.034269028 0.036003374

4.2. Example 2

Let the exact solution for the problem (1-4) be
Ug(x) = 4sin(3mx), 0 <x <1, (27)

we consider two cases under different time (T=0.01 and T=0.015) as shown in Fig. 3.

T
.

+ u(x,T), T=0
ki - - - u(x,T), T=0.01

——u(x,T) , T=0.015

Fig. 3. Direct solution initial temperature uy(x) = 4sin(31mx)
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In this example, we increase noise level 6 and used the same set of the regularization
parameters in the previous example. We obtained the best-estimated solutions as shown in
Fig. 4.

—fx)

-—0=0.1

—-—a=001
=-=-a=0.001 ——0=0.001
== a=0.0001 =-=-a=0.0001
—— a=0.00001 —— a=0.00001

—— a=0.000001

—— a=0.000001

05
X

a) T=0.01 and § = 0.114 b) T=0.015 and § = 0.106
Fig. 4. Inverse solution for the initial temperature uy(x) = 4sin(3mx)

The best regularization parameter o can be selected by using the residual principle method
equation (25) as shown in Tab. 2.

Table 2
Best a residual principle method
" [Cmus (o) = 7l . [Cmus (o) = £°], .
where T=0.01 and §=0.114 | where T=0.015 and 6=0.106
11071 4.32936173855166 4.41171841520750
1%1072 0.653083706856141 0.941489551857426
11073 0.0905050094101809 0.119829324858028
1%107* 0.0587797017102758 0.0569163570726761
1%1075 0.0578365971019751 0.0557491308369363
1%107° 0.0578001716547491 0.0550439922968124
Conclusion

This work deals with the algorithm for solving the backward heat problem and some results
have been collected. This problem is Cauchy ill-posed problem and special method need to
solve such as problem. Fourier series method has been used by separation of variables for
backward heat problem to represent the partial differential equation as Fredholm integral
equation of the first kind. The numerical analyzes successfully apply to solve the inverse heat
conducting problem by using discretization method to convert integral equation to a system of
linear equations and using the Tikhonov’s regularization method to estimate initial
temperature and checking the estimated result with exact result. From the examples, we can
note the algorithm was efficient to estimate the initial temperature depending on the given
measurement temperature with the known noise level .
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B sroit pabore nHavasbHas Temmeparypa ObLia HMCCaenoBaHa B o0OpaTHON 3amade Komm jyis smHeRHOrO
YPaBHEHHUd TEIIONPOBOLHOCTH, KOTOpad 3aBHCUT OT 3aJaHHOHU TeMIepaTypbl B 3aJaHHOE BpeMd C HEKOTOPBIMA
IIyMOBBIMH U3MepeHUsAMU. B 9Toil 3a/1aue HaYaJIbHOE PACIIPEIE/IEHIE TEeMIIEPATYPhl HEU3BECTHO, HO BMECTO 3TOTO B
TO Bpemsi m3BecTHa Temmepatypa, t=T > 0. 3agady TemIompoBOIHOCTH MOXKHO CGHOPMYJIUPOBATH TaK, KakK
WHTErpajibHOe ypaBHeHuWe 1mepBoro poga DPpearospbma. XOPOIMIO U3BECTHO, UTO 3Ta MPOOIEMA  SBIISIETCS
HEKOPPEKTHON 3ajiadeif, W MPsAMOe peIleHre 3TOW MpOOIeMbl HEenmpueMmyieMo. AJICOPUTM, WUCIOJIb3yeMbIi i
Ompeie/ieHnss KOHEYHOMEPHOTO OIMepaTropa s 9TOH 3a7add, TakK»Ke WCIOJb30BAJT MeTOZ, O0DOOIEeHHO
HECOOTBETCTBUSA JIJIsi YMEHBINIEHNS YCIOBHOM TTPOOIEMBI BAPUAIIUN SKCTPEMyMa K 6€3yCIOBHON MpOOIeMe M3MEHEHS
9KCTPEMYMA [IJIsi WHTErPAJILHOrO ypaBHeHud. JMCKpeTn3anus WHTErpaJIbHOrO YPABHEHWUS ITO3BOJIMJIA CBECTH Ty
3a/]a9y K CHUCTeMe JMHEHHbIX ajredpamdeckux ypasuenuit. Torga i pemreHus ammpOKCUMAIIMYA HCIOJIH30BAJICS
MeToJ nHBepcun peryasgpusanuu Tuxonosa. Hakonerr, Ob11 peicTaBIeH IPUMEDP YUCIEHHOTO PACIETA JJISt IPOBEPKHI
TOYHOCTHU OIIEHOYHOI'O PelleHnd.

Kmoueswie caosa: nexoppekmuas 3a0aua, pe2ysapudayus, oopammnas 3a0a4a, mMenionposoorocms.
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WureekTyanbHBIN aHAIN3 JAHHBIX HAINPABJIEH Ha W3BJIEUEHUE [OCTYIHBIX JJIsi TOHUMAaHUsl 3HAHUIA,
HEOOXOJUMBIX JIJIsl IIPUHATHS PElIeHUil B Pa3IudHbIX cdepax uesoBedeckoil nesreabaoctr. Pernomen Bosbmmx
JAHHBIX SABJISIETCS XaPaKTEPHBIM MPU3HAKOM COBPEMEHHOrO0 MHGOPMAIMOHHOTO obImecTBa. [Ipomeccsr oumcTrm
U CTPYKTYPUPOBAHUS BOJBIINX MaHHBIX MPUBOIAT K OOpa30BAaHUIO CBEPXOOIBIINX 0a3 M XPAHUININ JAHHBIX.
Hecmorpst Ha mosiByierne Gosbioro kosmmdectsa NoSQL CYB/I, ocHOBHBIM MHCTPYMEHTOM YyIpPaBJIeHUs Oaszamu
JAaHHBIX TO-TIpexkHeMy ocraiorca pesanuonabie CYB/l. OguuM M3 NEepCrHeKTUBHBIX HAIPABJIEHUN DPa3BUTHUS
pensmmonuabix CYB/I siBiasieTcst BHeIpeHWe B HUX CPEJICTB WHTEJJIEKTYAJBHOTO aHa nu3a JMaHHBIX. VHTerparms
[103BOJIsIET KaK n30eKaTh HAKJIAJHBIX PACXOJ/O0B 10 SKCIIOPTY AHAJIM3UPYEMbIX JAHHBIX U3 XPAHUJIUINA U UMIIOPTY
pPe3yJIbTATOB aHajM3a OOPATHO B XPAHWJIMINE, TAK U WCIOJIL30BaTh [PU AHAJIA3E JIAHHBIX CHUCTEMHBIE CEPBHCHI,
3anoxenuble B apxurekrype CYB/[. B crarpe mpenacraBier 0630p METOIOB W IMOIAXOJ0B K PEIIEHUIO 3aa49n
MHTErpal UHTEJIEKTYaJIbHOTO aHan3a daHHbix B CYB/I. [lpusoaurcs: kinaccudukaliys moIxXo0B K PEIIEHUIO
3a/lauM UHTErpalii MHTEJUIEKTyaJbHOro aHajmia gaHHbix B CYBJI. IlpencraBsienbl pacimmpeHus s3bika 6a3
narabix SQL, obecrieumBaromnme CHHTAKCHIECKYIO TOAEPXKKY HHTE/JIEKTYaJIbHOrO aHaym3a JaHHbix B CYB/I.
PaccMmoTpensl mpuMepsl peain3aiiui ajJrOpUTMOB HHTEIEKTYAJIBHOTO aHaIn3a JaHHBIX HAa SQL u cucrem anamsa
naHHbIX B pessinnonubix CYBII.

Knaoueswvie caosa: unmesnexkmyasvholi  anasud  dannwmx, — peaavuonnas CYB/,  wkaaccupurayus,
KAQGCMEPUSAUUA, NOUCK ULGOAOHOE.

OBPASEIIl INTUPOBAHUA

Hpmbep M.JI. O630p MeTONOB WHTErpanuu WHTEIEKTYAJbHOIO aHajn3a JAHHBIX B
CYB/l // Becruuk FOYpI'Y. Cepusi: Boranciaurenbnas maremarnka n uadopmarnka. 2019.
T. 8, Ne 2. C. 32-62. DOI: 10.14529 /cmse190203.

BBenenue

B mnacrosiiiee Bpemsi denomen Boavwuxr danwnvix (Big Data) okasbiBaeT CyIeCTBEHHOE
BJAUSIHIE HA, TEXHOJIOTMH OOpabOTKU TAHHBIX . Ha ceromnss mMmeeTcsl MIUPOKHI CIIEKTP
IPUIOXKeHuit (ColajibHble CeTH, 3JIEKTPOHHBIE OUOJMOTEKH, TeonH(MOPMAIMOHHBIE CHCTEMbI
U Jp.), B KOTOPBIX IPOM3BOJATCS HECTPYKTYPUPOBAHHBIE JAHHbBIE, UMEIOIIUEe CBEPXOOJIbIINIe
06beMbl U BBICOKYIO CKOpocTh tpupocta (or 1 T6 B genn). Mccienosanusi aHaJIMTHIECKON
komranuu IDC mokaseiBatoT, 9T0 MHPOBOil 00bEM JIAHHBIX YABAMBAETCS KaXKJble J[Ba TOJa W
K 2020 r. gocrurner 44 Berradaiir (44 Tpian. I'6) .

B coBpemennom wuHMOpPMAIMOHHOM OOINECTBE, OJHAKO, KPUTUYHBIMHU SIBJIAIOTCH HE
00bEMBI W CKOPOCTH TPUPOCTa JAHHBIX, a Haaudue 3(PMEKTUBHBIX METOIO0B W AJTOPUTMOB
HHTEUIEKTYATBHOTO aHamn3a JaHHbIX. llox umnmeanexmyanvuvim anasuzom darnnwx (Data
Mining) TOHMMAIOT COBOKYITHOCTH AJTOPUTMOB, METOJOB M MPOTPAMMHOTO OOECIEYCHUS ISt
obHApYXKEHWsT B JAHHBIX paHee HEN3BECTHBIX, HETPUBHANDLHBIX, MPAKTUYECKH MOJE3HBIX U
JIOCTYTIHBIX WHTEPIPETAIINN 3HAHUN, HEOOXOIUMBIX [JIsi MPUHSTHS CTPATETMIECKH BAYKHBIX

perrenuit B pa3jimIHbIX cdhepax de/I0BeUIeCcKOil 1eaTeIbHOCTI .
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[Iporiecebl O0YMCTKYA W CTPYKTYPUPOBAHUS DBOJIBIINX JAHHBIX ITPUBOJAT K 0OpPA30BAHUIO
cBepxOoJIbINX 06a3 U XpaHuIuil JaHHbiX. OguH 13 HanboJiee AaBTOPUTETHBIX YUEHBIX B 00JIaCTH
6a3 gannbix M. CroyHOpeiikep yKa3blBaeT , 9TO JJIg  pemnieHusi 1pobsem obpaboTKu
CBEPXOOJIBIINX JAHHBIX HEOOXOIUMO HCIOJIB30BATH TEXHOJIOIMH CHUCTEM YIIpaBJeHus Oa3aMu
nanusix (CYBIL). Heemorpst na mosiierne Gosbimoro kosmdecrsa NoSQL CYB/] , CYB/]
Ha OCHOBE DEJISIITUOHHON MOJIENIH JAHHBIX [IO-TIPEKHEMY OCTAIOTCs OCHOBHBIM HHCTPYMEHTOM
yIpaBjieHus 0a3zaMu JIaHHBIX.

B 2016 r. B Bekmanckom ordere @ BeIyIlre MUPOBBIE CIIEIINAIUCTEI B 00/IaCTH TEXHOJIOT I
00pabOTKMU JAHHBIX KOHCTATHPOBAJIA, YTO II€PEXOi, K YMHOMY OOIIECTBY, VIIPABJISIEMOMY
JIAHHBIMU, TpeOyeT WHTErPUPOBAHHOIO W CKBO3HOTO IIPOIECCa OT IOJIYyYeHUsl JAHHBIX 0
U3BJIEYEHUs] U3 HUX TI0JIE3HBIX 3HAHMUIA.

OsHMM "3 TEepCHeKTUBHBIX HalpaBjieHnit paszsutus pessiuoHHbix CYBJl  sBisiercs
BHEJPEHHE B HHUX CPEJCTB HUHTEJUIEKTYAJIBHOTO aHAJU3a JAHHBIX . Pasmermenue
AHAJIUTUIECKUX  AJITOPUTMOB  «PSIOM» C  AHAJU3UPYEMBIMU  JIAHHBIMU,  UMEIONIAMHU
cBepxOouibIiie  00beMbl, TO3BOJIIET U30€XKATH CYIIECTBEHHBIX HAKJAJIHBIX PACXOMOB IO
9KCIIOPTY AHAJU3UPYEMBIX JAHHBIX U3 XPAHUJIUIIA U UMIOPTY PE3yJIbTATOB aHaJu3a 0OPaTHO B
XPaHUJIAIIIE . Kpome Toro, muresuiekryasibubiii anamms jganabix BayTpu CYB/Il mossossier
6e3 JIONOJIHUTEIbHBIX HAKJIAIHBIX PACXOJI0B UCIOJIH30BATh CHCTEMHBIE CEPBUCHI, 3aJI0KEHHbIE B
apxutekType CYB/Il: 0TKa30yCcTONYINBOCTD, MEJIOCTHOCTD U O€30MACHOCTD JTAHHDBIX, HUCIOJTHEHUE
3aIIPOCOB K JIAHHBIM Ha OCHOBE MHJIEKCUPOBAaHUS JIAHHBIX U yIIPaBJeHus O0ydepHbIM IIyJIOM U JP.

Hacrosimmast  craThbst mpencraBisier coboit 0030p METOIOB M IOAXOA0B K  PEIIeHUo
3aJla9d  WHTErpalul HWHTEJJIEKTYyaJbHOIO aHa/In3a JaHHBIX B pejsamuonable CYB u
OpraHmM30BaHa CJeayrommM obpa3oMm. B pazmese |1| maHbl onpejie/ieHnsi JIBYX OCHOBHBIX 3aJ1a4
HHTEJUIEKTYAJIFHOTO AaHAMN3a JAHHBIX: IIOUCK IMAa0JIOHOB MW KJIACTEpPU3alldsi, — U KPaTKO
[IPEJICTABJIEHBI OCHOBHBIE aJITOPUTMbI UX pelleHusi. B pazjese [2| mpuBoauTcst KjiaccuuKarus
MOJIXOJIOB K PEINIeHUI0 3aJadd WHTEerpaluu HHTe/IEKTyaJbHOro aHasu3a gaHHbix B CYBJI.
B pasnesne PACCMOTPEHBI METOJ[bI peaJim3aliuu  cucTeM aHajm3a npaHHbiX B CYBJl u
[IPEJICTABJIEHBI pACIIUpEeHus s3biKa 0a3 jaHHbIX SQL, obecreumBaroriye CHHTAKCHIECKYTO
MIOJIJIEPYKKY MHTEJUIeKTyabHoro anasiu3a gaHHbix B CYBJL. Pasznern |4| comepxkut npumepb
peajin3ary  aJrOPUTMOB HHTE/IEKTYAJLHOrO aHaju3a JjaHHbiXx Ha SQL. 3Bakmodenue

PE3IOMUPYET Pe3y/IbTaThl, IIOJIyYeHHbIE B UCCJICIOBAHNIN.

1. OcHoBHBIE 3a/Ja91 aHaJIn3a JaHHbIX WM aJITOPUTMbI NX pelleHndg

ITonck 1mabjIOHOB W KJACTEPU3AIUS — ABJISAIOTCS  OJHUMM W3  OCHOBHBIX 3314
MHTEJJICKTYaJIbHOI'0 aHaJN3a JaHHBIX . Huxe mnpusenenbr dopMaIbHbIE ONPEIeICHUST

yKa3aHHbIX saﬂaq u KpaTKO HpeﬂCTaB.HeHbI aﬂFOpI/ITMI)I nux peH_IeHI/Iﬂ.
1.1. Tlomuck uiabsioHOB

[ouck wabaonos (pattern mining) npeanosaraeT HaXOXKIEHHE YaCTO MOBTOPSIONIMXCS
3aBHCHMOCTEl B 3aJaHHOM Habope OOBbEKTOB ¥ MPUMEHSIeTC B MeJulHe (Hampumep,
HAXOXK IeHne M0O60IHBIX 3(MEKTOB JIEKAPCTB), TeHHOI HHzKeHepuH ([MOMCK 9aCTO MOBTOPSIIOIIAXCS
nerouek JTHK) u apyrux mpenmMeTHbIXx 001aCTSX.

O6menpunsToit ¢popMmoil 3ammcn mabaoHa SBISACTCS ACCOUUAMUEHOE NPAsuAo0 (association
rule), xoropoe GOPMATBHO OHPEIEISETCS CIeAyIonM obpa3oM. IlycTh mamo MHOXKeCTBO

obsexmos T = {i1,ia,...,0m}, JIO0OE HEIyCTOE €ro MOJMHOMXKECTBO HA3BIBAIOT HAOOPOM.
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Habop u3 k obowvexroB (1 < k < m) naswBaor k-nabopom. Ilycth mmeeTcss MHOXKECTBO
mpansarxyud (3anuceii 06 onepalusax ¢ 00bEKTaMI B JaHHON 1peaMeTHoit obiactu) D, B KOTOpOM
KaxK/last TPAH3aKIUs IpejicTaBiseT coboit mapy (tid; I), rae tid — yHUKaIbHBIH HIeHTHDUKATOD
tpau3akmyn, I C 7 — nabop. AcconmmaTnBHOE TIPABUIIO MPEJICTABISIET COOON MMILTUKAIIIIO BUIA
A — B, e AAB CZI A # 0,B+# 0, AnB = (). Jlerag 4acTb IpaBuia Ha3bIBACTCH
anmeyedenmom, IpaBast — KoHcekgeHmMoM. B KatecTBe Mep TIOE3HOCTH aCCOTUATUBHBIX TTPABUIT
JUIsl aHAJIMTUKA [IPUMEHSIIOTCsT noddeporcka (support) u docmoseprocms (confidence) npasuia,
OIIpeIeJIsieMbIe CJIEIYIOIUM 00Pa30M:

support(A — B) := P(AU B)

‘ (1)
confidence(A — B) := P(B | A).

Yemotuusoim accoyuamusnvim npasusom (strong rule) Ha3BIBAIOT NPABHUIIO, IOJJIEPKKA U
JIOCTOBEPHOCTH KOTOPOTO HE HUKe Hallepe]] 3a/IaHHBIX MOPOTOBBIX 3HAYEHWH minsup u minconf
coOTBeTCTBEHHO. [lOMCK yCTOWYMBLIX ACCOIMATHUBHBIX TPABMJI MOYXKET OBITH Pas3duUT Ha JIBE
[IOCJ/Ie/IOBATEJIBHO BBITTOJTHSIEMbIE 3a/[aUi: IIOUCK BCEX YACTHIX HAOOPOB U T'€HEpAIlis YCTONIUBBIX
aCCOIMATUBHBIX [IPABUJI HA OCHOBE HANJIEHHBIX YACTHIX HADOPOB .

Habop, nmeroriuii o i/IepKKy HE HI2KE MINsup, HA3BIBAIOT 4acmovim, HHaYTE HADOP HA3BIBAIOT

pedkum. Iloddepoickoti nabopa I C I saBisieTcs 10J1s Tpan3akiuii D, comep:KaluX JaHHbIi Habop:

support(I) = T e D||DI’ S T'I}|. (2)

MHOKeCcTBO BCeX YacThIX k-HabOpoB obo3HadaioT L. PermenueM 3ajadm noucka 4acmoix
Hnabopos OyjeT MHOXKeCTBO L = Ui“;“fﬁk, riae Kmar — MAKCUMAaJILHOE KOJIMYECTBO OOLEKTOB B
JacToM Habope.

Kitaccuaeckum ajiropuTMoM pereHust 33/ia9u MOUCKa, YaCThIX HADOPOB SIBJISIETCS aJrOPUTM
Apriori . Wnes Apriori 3akiiouaercss B UTEPATUBHON reHepalyy MHOXKECTBa kaHoudamos B
JacTble HabOPBI U IOCJEIyIoneM 0TOOpe KaHAMIATOB C IOAXOIAIINM 3HAYEHHEM IIOIJIEPIKKH.
Wreparust ocyImecTBasieTcst 10 k, MOIITHOCTH HabOpOB-KaHAUAATOB, HaunHas ¢ 1. B amropurme
HCIIOJIB3YeTCs  CIIEJIYIONIee CBOWCTBO aHMUMOHOMONKOCU noddepoicku (IPUHIUL @ Priori),
KOTOPOE TIO3BOJISIET OTCEMBATh 3aBEJIOMO PeJIKne HaDOpbI: ecianu k-Habop sIBJISIETCS PEJIKUM, TO
comepxkamuit ero (k + 1)-Habop TakKe SBISIETCS PEAKAM. Y3KHM MecToM Apriori siBiasieTcst
omepalys reHepaluy U TPOBEePKH HaOOPOB-KAHIUIATOB, MTOCKOJIBKY IIPH JIOCTATOYHO OOJIBIITIX
3HAYEHUSIX k U MaJIbIX 3HAYEHUSX MINSUP UMEIOT MeCTO 3HAIUTE/IbHDbIE HAKJIAIHBIE PACXOIbI
Ha TOJJIEPXKKY HADOPOB-KAHIUIATOB W IMOBTOPSIOIINECS OIIEPAIMA CKAHUPOBAHUS MHOYKECTBA
TPaH3aKIWi ¥ TojcYeTa MOJIEPKKHU. Paspaboran psiy yiaydmeHuit ajroputma Apriori,
CBSIBAHHBIX C COKPAIIEHUEM KOJIMIECTBa HADOPOB-KAHIUIATOB, KOJUYIECTBA ITPOCMATPUBAEMBIX
TpaH3aKIU 1 KOJMYIECTBA Olepalnii CKaHUPOBAaHUSA: ajaroputTMmbl AprioriTid , DHP ,
Partition , DIC , Eclat u Jp.

AJTBTEpHATHBOM TOJXOY C HUCIOJIB30BAaHUEM KAHJIMJIATOB JIJIs PEIIeHus] 3aJadu IIOUCKA
JacThIX HaOOPOB sBjseTcs ajroput™m FP-Growth . Ha muepsoit ¢dase FP-Growth 3za
JBE OIEpallii IIOJIHOI'O CKAHUPOBAHUS MHOXKECTBA TPAH3AKIMI BBINOJHAETCA ITOCTPOECHHE
CHIENUATILHOI  CTPYKTYDBI JaHHbIX, FP-depesa (FP tree, frequent pattern tree), woropoe
B KOMIIAKTHOM BHII€ XPAHUT HaOOpbl W UX MOAJAepKkKy. Ha BTopoit daze ¢ MOMOIIBIO
PEKYPCHUBHOTO 00X0JIa ITOCTPOEHHOTO JepeBa OCYINECTBJIAETCS TeHepallisl YacThIX HaOOPOB.

FP-Growth mpenbsasisier 6osbine TpeboBaHust K 00beMy HEOOXOAUMOI OIEePATUBHON MaMsITH.
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ViydireHneM JIAHHOTO TOAXO0/a sIBITIOTes agroputmbl A FOPT , OpportuneProject u
ap. B Hacrosiiee BpeMsi OTCyTCTBYeT aJI'OPUTM HOUCKA YaCThIX HAOOPOB, MPEBOCXOJISAIINI BCe

ocTaJbHBIE JIJIsT BCEX BO3MOXKHBIX BapHallmii MHOXKECTBa TPAH3AKIUN W MMOPOrOBOTO 3HAYEHUS
TO/IJEPKKH MINSUP .

1.2. 3amaua KJjacTepusaiuu

Bagaua kaacmepudayuu (clustering) 3akiarouaercss B pa3sOMEHUN MHOMKECTBA OOBEKTOB
CXOJHOI CTPYKTYpbl Ha 3apaHee HEeM3BECTHble TIPyHIbl (KJACTEPbI) B 3aBUCUMOCTU OT
ITOXOYKECTU CBOICTB 00bekTOB. KitacTepusariust IpuMeHsIeTCsT B IMUPOKOM CIIEKTPE TTPUIOKEHUI:
CErMEHTHUPOBAHUE MEIUNNHCKUX M CIYTHUKOBBIX nM30bparkenuii, ananun3 JIHK-mukpouwmnos u
TEKCTOB U IP.

QopmMaIbHOE OIpeIeeHne 3a1aul KIACTEPU3AlNN BLIJIIAT cieayomuM obpasoM. Ilycrn
3ajlaHbl KOHEYHble MHOXKecTBa: X = {x1,T2,...,T,}, e n > 1 — MHOXKeCTBO OOBEKTOB
d-MepHOrO MEeTPHYECKOrO IIPOCTPAHCTBA, JJIsi KOTOPBIX 3ajaHa (byHKIHUs PaccTosdHus p(zi, &;),
u C = {cy,ca,...,c}, tme k < n — HAOOP YHUKAJIBHBIX HACHTH(MUKATOPOB (HOMEPOB, WMEH,
METOK) KJIACTEPOB.

Anzopumm  (wemxol) waacmepuzayuu oupeensercs kKak byskmua « X — O,
KOTOpast KaykJIOMy OOBEKTY Ha3HadaeT YHUKAJbHBIH WIeHTH(UKATOP KjacTepa. AJropurm
KJIACTepU3allii  BBINOJIHSET pas30dueHre MHOXKecTBa X Ha HEEePECeKAroIMecsl HEeyCThIe
IOJIMHOXKECTBa (KAacmepo,) TakKuM 00pas3oM, 4TOObI KaxKJblil KjacTep COCTOSI M3 OOBLEKTOB,
OJIM3KUX [0 METPHUKE p, a O0bEKThI Pa3HBIX KJIACTEPOB CYIIECTBEHHO OTJIMIAIUCH. Anzopumm
HeYEMKOU KAGCMEPUSAUUL TTO3BOJISIET OJTHOMY U TOMY Ke 00bEeKTY IPUHAJIEXKATH OJTHOBPEMEHHO
BCEM KJIACTepaM, HO C pa3/IUIHON CTENEHBIO TPUHAJIEXKHOCTH.

Anropurm  pazdeaumenvrot  (partitioning) kaacmepudayuu  TpPENIOIAraeT HadATbHOE
pasbueHne UCXOIHOIO MHOXKECTBA 00bEKTOB Ha KJIACTEPHI (BO3MOXKHO, BBIIOIHIEMOE CJIY YAl HBIM
06pa3oM ), Ipu KOTOPOM B KazKJIOM KJIacTepe UMeeTcs, 110 KpaiiHeil Mepe, OJiuH 00beKT, 1 KazKIbIil
O0BEKT IPUHAJJIEXKUT B TOYHOCTU OFHOMY KJjacTepy. Jlajee MTepaTHBHO OCYIIECTBIISETCS
nepeMerrenne 00bLEKTOB MeXK/Iy KJIacTepaMy C [EeJIbI0 YIIydliTh HadaabHOe pasduenue (d4Todbl
00BEKTHI M3 OMHOIO KJjacTepa ObLmm Oojtee «OIU3KMMHU», a W3 Pa3HbIX KJacTepoB — Oojee
«JTAJIEKUMU» JPYT JPYTY).

B amropurme k-Means NP YIydIIeHUN Pa30ueHnst KaxKIblii KJIACTEp IPEICTABISIETCS
[TOCPEJICTBOM CPEJIHEr0 3HAaYeHHs KOOpAWHAT 00BeKTOB B Kiacrepe. Jlyist mpemcrabieHust
KJIaCTEPOB B PA3J€/IMTE/IbHbBIX aJrOPUTMaX MOI'YyT HCIIOJbB30BATLHCA TaKzKe Me/InaHa WA MOIa
KoopauHAT 06beKTOB (ajropurmbl k-Median u k-Mode COOTBETCTBEHHO).

Asropurmbl - k-Medoids w  PAM  (Partitioning Around Medoids) B Kadecrse
MPEJICTABIEHUST KaXKJ0r0 KJAaCcTepa HUCIOJB3YIOT TOT OOBEKT IIOJIBEPIaeMOro KJIaCTEPU3AINH
MHOXKECTBA, KOTOPBII HAXOJIUTCsI OJIMXKe OCTAJBHBIX K IEHTPY KjacTepa. TexHmKa MeI0uI0B
HaIlpaBjieHa Ha IIOBBIIIEHUE YCTOWYMBOCTH AJTOPUTMAa K BBIOpOCAM U IIIyMaM B JAHHBIX
(pobacrHoCcTR).

Hepapruveckas xaacmepu3ayus 3aKII0UAETCI B IOCJIEI0BATEILHOM Pa3OUEeHUN HCXOLHOIO
MHOXKECTBa OOBLEKTOB II0 YPOBHAM HEPApXUH. AezaomepamusHvill Uepapruveckut: as2opumm
HaunHaeT paboTy B IPEANIOJIOXKEHHH, YTO KaXKIblii HCXOAHBLIH O0bLEKT o0pasyer OTAe/bHBI
KJIACTEP, W 3aT€M BBINOJHSET CJAUsSHAE OJU3KUX APyl K JAPYry OOBEKTOB HJIM KJIACTEPOB 10
TexX IOp, [OKa He OyIeT IOJIyYeH eIMHCTBEHHBIA KjacTep WX He OyIeT BBIIOJHEHO YCIOBUE

3aBepIleHns custHus. [[puMepoM aroMepaTuBHOrO moaxoja siBisiercs aaropurm AGNES .
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Hususummnnill uepapruveckud ar20pumm, HAIIPOTUB, CTAPTYET, TPEIIoJIaras, YTo BCE UCXO/IHbIE
O0bEKTHI BXOJSAT B OJIMH KJIACTED, U 3aTEM UTEPATUBHO BBIIOJHSIET ero pa3dbueHue Ha MeHee
MOIIIHBIE KJIACTEPHI JIO TEX 10D, [OKa He OY/yT MOJyYeHbl KJIACTEPbI-CUHIVITOHBI W HE OyJier
BBIIIOJIHEHO YCJIOBUE 3aBepIlieHusi cinsinus. JIMBU3MMHBIN TOJX0/ PEAIn30BaH B aJTOPUTME
DIANA [39].

ILromnocmuan  (density-based) waacmepusayus upeanonaraer jobaBieHne OOBHLEKTOB
(Ha3bIBaeMbIX B KOHTEKCTE IIJIOTHOCTHLIX METOJI0B TOLIKalVH/I) B KJlacTep J0 TeX IIop, IIOKa
IUIOTHOCTH  (KOJIMYECTBO) COCEJHUX TOYEK HE IIPEBBICUT HEKOTOPOrO Halepes 3aJaHHOIO
SHaYCHMNA IIOPOTra KOHIIEHTPAITUM. H.HOTHOCTH&H KJlacTepu3alysd UCIIOJIb3YETCHd /11 HaXOZKJICHU A
AHOMAJIMI ¥ KJIACTEPOB IPOU3BOJIBHON (GopMbI (B OT/IMYKE OT pa3JIeUTEIbHBIX AJTOPUTMOB,
KOTOpbIE T[PUCIOCOOJIEHBI JIJIsi HAXOXKJIEHUsT KJacTepoB cdepudeckoit dopmbl). Tunmaabivm
peJICTABUTEIEM — IJIOTHOCTHON — Kjacrepusaruu — siBjasiercs  ajroputm  DBSCAN ,
OCYIIECTBJISIFOIIUI TTOCTPOEHUE KJIACTEPA KAK MHOYXKECTBA TOUEK OJIM3KOI IJIOTHOCTH, KOTOPOE
UMeeT HAMOOJIBIIYI0 MOIIHOCTb.

Pewemounasn (grid-based) waacmepusayus upemnosaraer pasbhueHHe  TPOCTPAHCTBA
UCXOJIHBIX JIAHHBIX HA KOHEYHOE YUCJIO siueeK, (DOPMUPYIOMINX PENIeTOYHYIO CTPYKTYPY, HAaJ
KOTOPOH BBITIOTHSAIOTCST OTNepalimy, HeobxoanMble st Kiaactepudanuu. Ajroputm STING
UCIOJIB3YET CTATHUCTUYECKYIO MHMOPMAIINIO, XPAHSIILYIOCH B IPAMOYTOJIBHBIX SYEHKAX PEIIeTKH.
CrarucTuyeckue JaHHble O SYeiKaxX BEPXHUX YPOBHEH BBIUUCISIOTCH HA OCHOBE CTATHCTUIECKHUX
JIAHHBIX O s4YefikaxXx HUKHUX ypoBHeil. [l Kiacrepmsanuu HCHOJIB3YIOTCH  CJEYIONINe
CTaTUCTHUYICCKHUEC JaHHbIC: KOJMYECTBO TOYCK B quﬁKe, MHWHUMaJIbHOE, MaKCUMaJIbHOE, CpeJIHee

3HadeHne arpudyTOB U JIP.

2. Ilomxonapl K MHTerparuu anajm3a gaHHbix B CYB /1

Uccnenopanust B 00/1aCTH HHTEIPAIIMY UHTEJIEKTYAJIBHOTO AHAJIN3a JAHHBIX B PEJISITHOHHBIC
cucTeMbl 6a3 JIAHHBIX HAYATBI B KOHIE XX B., MPAKTUYECKH OJHOBPEMEHHO C 3apOXKJIEHUEM
MHTEJIJIEKTYAJIBHOTO aHAIN3a JAHHBIX KAK CAaMOCTOSITEbHOM HaydIHON JUCIUILINHLL. B paborax
Arpasana (Agrawal) u CapaBamku (Sarawagi) , T7e TPE/IJIOKEH TEPMIH <«CBSI3bIBAHUE»
(coupling) wunTe/tekTyasbHoro amammsa jgamnbix n CYBJl. Xam (Han) npemmoxkmn
pazandaTh CJIeAYIOIINe BUAbI HHTErPAIN HHTEIIEKTYaIbHOro aHatm3a qanabix B CYB/I: ciraboe
CBSI3BIBAHUE, CPE/IHEE CBI3BIBAHNE N CUIBHOE CBI3BbIBAHIE.

IIpu caabom ceaswvearuy (loose coupling) cucrema MHTE/IEKTYaJbLHOTO AHAJN3A JAHHBIX
ornesnena or CYBJl um wmcnombsyer ceppuckl CYBJl 1y1s 9Kcropra WCXOMHBIX JIAHHBIX U3
XPaHUJINIIA U UMIOPTa PE3y/IbTaTOB aHAIN3a 00PATHO B XPAHUJIUIIE JaHHLIX. JlaHHBIH 110/1X01
HCIIOJIB3YyeT 6OJ'[bH_H/IHCTBO COBPEMEHHBIX OTKPBITBIX CHCTEeM JJIsd MHTE/IJIEKTYaJIbHOT'O aHaJIN3a
nanubix: KNIME @, Weka u Jip.

[Ipu  cpednem  cesasweanuu  (semitight — coupling) — cucrema — MHTEIEKTYAJIBHOTO
aHajum3a JaHHBIX Takxke oraeneHa or CYBJl, wo npumensier CYBJl juisi peanuzamnum
HEKOTOPBIX TMPUMUTHUBHBIX OMNEpaIyii, YacTO WCHOJb3yeMbIX TP TOATOTOBKE JIAHHBIX
JJIST  UHTEJUIEKTYAJIbHOTO aHajn3a. B  KadecTBe TaKWX oOlepaiuii MoryT QUrypupoBaThb
UHJEKCUPOBAHNWE,  COEJMHEHME OTHOIIEHUH, MOCTPOEHHE THUCTOIPAMM,  CTATHCTHYECKUE
BBIYUCJICHUs (IIONCK MAKCUMyMa U MUHUMYMA, CTAHJIAPTHOIO OTKJIOHeHUs) u 1p. [lomumo sToro
CYB/I moxer obecrieqnBaTh XpaHEHUE MPEIBAPUTENHHO BBIYUCIEHHBIX U YaCTO UCIOJIb3YEeMbIX

IIPOMEXKYTOIHBIX PE3YJ/JIBTATOB MHTE/IJIEKTYaJIbHOT'O aHAJIN3a.
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[Ipu cusvrom ceasvsanuu (tight coupling) cucrema MHTEIEKTYATBLHOIO aHAJN3a JAHHBIX
paccmaTpuBaercd Kak dyHkunoHagbHas equauia CYBII, koropasi obecrieduBaeT BBIIOJTHEHHE
3aIIpOCOB TIOJIL30BATE ST Ha AHAJN3 JIAHHBIX B 0a3e MAaHHBIX, MOJOOHO TOMY KaK MAIIMHA
6a3 mamHHbIX wucnosiHsier 3ampockl SQL B mpmiaoxkennsx OLTP  (omepartmBrOit 06paboTKM
TpaH3akiwii). B 9ToM ciydae GyHKIMN MHTEICKTYAJIbHOTO AHAIN3a JAHHBIX PEATH3YIOTCI U
ONTUMU3UPYIOTCA HA OCHOBE UCIIOJIb30BAHUS CTPYKTYP JAHHBIX, CXEM WHICKCUPOBAHUS U METOIOB
obpaborku 3amnpocos, BcrpoeHHbIX B CYBJI. CuibHoe CBA3BIBAHME IPEAIOYTUTEILHO ¢ TOUYKHI
3penus ya00CTBA MPUKJIAIHOTO MPOrPAMMUCTA U KOHEIHOI'O II0/Ib30BATE]IsI, HO OJHOBPEMEHHO
ABJIdETCA HaI/I6OJ'[ee TPYAOEMKUM B pe€aJIn3allnn .

B pPaMKax HCCJIeJOBaHNA ITOJXOJ0B K peau3alluil CUJIbHOT'O CBA3bIBAHUA MOXKHO BBIJIC/INTH
CJIEJIYIOINE J[Ba, OCHOBHBIX HAIPABJIEHUsI PabOT: WCCJIEJOBAHUE METOJOB CO3/IAHUSI CHUCTEM
anasu3a gaHabiXx B CYBJl u pazpaboTka MeTOI0B peajim3aiiuu ajropuTMOB HHTE/LIEKTYAJIBHOTO
aHajum3a JaHHbIX Ha SQL.

CucreMa HHTEJIEKTYAJBHOIO aHAJIN3a JAHHBIX MOXKET OBITh peajn30BaHa KaK 6HedperHas
6 CYBJ] nodcucmema, KOTOpast MOAACPKUBAET CHEIUAJBHBIN A3bIK AHAJUTUIECKUX 3aIPOCOB
mwim paciupsier SQL coorBercTByommMu KoHCTpyKimamu. MarmmHa 0a3 JaHHBIX HPH 3TOM
MOIUGUIUPYETCsI, ITOOBI OCYIIECTB/IATH Pa300p, ONTUMHU3AINIO U BBIIOJHEHHE 3aIpoca.

Peamuzamuss cucteMbl HHTEIEKTYAJILHOTO aHAJIM3a JAHHBIX BO3MOXKHA, TaKXKe B
Bujie Mmeduamopa  (nocpednuka) MeXKJy TPHUKIATHBIM TPOrPAMMECTOM 0a3 JIAHHBIX U
CYB/I. IlpuknamgHoMy OpOrpaMMECTy IpelocTaBisiercss rpadudeckuii wuHTepdeiic mim
CHEIUAJU3UPOBAHHBINA  S3BIK  JjI  (POPMUPOBAHUST 3alPOCOB HMHTEJIJIEKTYaJbHOIO aHAJN3a
JaHHBIX. Meaunarop mpeobpasyer 3alpochl HHTEJIEKTYAJbHOIO aHaM3a JIaHHBIX B HabOp
zanpocoB Ha SQL ¥ /mim BBI30BOB XpaHUMBIX IPOIELYD, KoTopbie 3areM ucrosaser CYB/I.

AJTbTEpHATHBOM [IJIs CHCTEMHOI'O IIPOTPAMMUCTa, Peau3yIoIIero BHEJIPEHNEe aHaI3a
nanabix B CYB/L, aBiisiercs pa3paboTka 6ubsuomexu Tpanumss npoyedyp. Xpanuman npoyedypa
(stored procedure) mpejcraBisier cOGON TEKCT MOIIPOrPAMMBI, KOMIIMIUPYEMbIH OJHOKPATHO
U TOCTOSTHHO XPaHUMBI Ha cepBepe 0a3bl JIAHHBIX. XpaHUMasl TPOIEIypa IOX0XKa Ha
HOJITPOTPAMMBI SI3bIKOB BBICOKOT'O YPOBHsI (MMeeT IapaMeTphbl, JOKAJIbHbIE epeMeHHbIE U JIP.),
HO MO2KET BO3BpaIaTh pe3yibrar 3ampoca SQL. Takas mogmporpamMma MoXKeT ObITh Pean30BaHa
ra SQL uitui ero nporie/lypHOM paciiipeHnn, JTu00 Ha si3bIKe BBICOKOTO YPOBHSI (3Ta BOBMOYKHOCTD,
Kak npasuiio, nojiepzubaercss B coBpemennbix CYBII). Ilonkmouast 6ubamoreky K cBOEMY
MPUJIOKEHUIO 0a3bl JaHHBIX, MMPHUKJIAIHON ITPOrPAMMUCT ITOJy9IaeT BO3MOXKHOCTDH BBIIOJIHSITH
MHTEJIIEKTYaJIbHBIN aHaIn3 JaHHbIX, He Beixoad 3a pamMku CYBII.

Peasrusayus na SQL aaropuTMoB MHTEIEKTYaIbHOTO aHAIN3a JAHHBIX IIPEIIOIAaraeT, ITo
UCXOIHBIE U MPOMEXKYTOJYHBIE JAHHBIE AJTOPUTMa, & TaKXKe pPe3ysbTaTbl ero paboTbl OyayT
[pEeJICTABJIeHbl B BHJE PEJISIIUOHHBIX Tabaul. OOpaboTKa yKasaHHBIX TabJIAIl pPeaM3yeTcs
mocpeicTBoM 3arpocoB SQL, uro obecrieunBaeT MOTEHITUAJIBHYIO EPEHOCHMOCTh aJITOPUTMOB
Ha jgpyrue pessitnorabie CYBJI. Onrako, mockoabky SQL siBjsieTcst MeK/JIapaTUBHBIM SI3BIKOM
3aIpocoB, paspaboTka B HEM aJl'OPUTMOB aHAJM3a JAHHBIX COIPSKEHA C OIpeJeeHHBIMI
rpyaHoctsimu. Hampumep, B SQL 3arpymaHena peanmsariust CTPYKTYpP JAHHBIX B OIEPATUBHOI
namsaTu (CHUCOK, OUHApHOE JiepeBo, rpad U JIp.) U arperaiuy JaHHBIX [0 CTOJIOIAM TaOJIUIbI
(mrarabie dyrkiumn SQL COUNT, MIN, MAX, AVG BBIIOJIHSIOT TOJIBKO MOCTPOYHYIO arperaruio).

OnHUM W3 OCHOBHBIX IIyTeil IIPEOJIOJIEHUs TOJMOOHBIX IMPODJIEM SBJSETCH pa3paboTKa
[I0JTb30BATEJILCKIX (DYHKIIHIA, PACIIUPSIONUX mraTHbie Bo3MokuocTu SQL. IToavsosamenvcras

dyrxuyua (user-defined function, UDF) npeacrapiiser coboit XpaHUMYIO Ha cepBepe 6a3 JJaHHBIX
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OIITPOTPaMMY-(DyHKITHIO, BBI30B KOTOPOH MOXKET OBITh BKJ/IIOUEH B KAadeCTBE BBIPAYKEHUs B
ortepatop SQL, a pe3ysbTar BBIYUCISETCH B PAMKAX BBIIOJHEHUS COOTBETCTBYIOIIETO 3aIPOCA.
[TonbzoBaTenbckast PyHKIUS JIOMYCKAET PE3YJIbTaT KaK CKAJISAPHOrO, TaK M TaOJUYHOTO THUIIA.
Peanuzamusa mosb3oBaTenbckoit (yHKIMM MOXKET ObITh BbIMOJHEeHa Ha SQL, mporemypHOM
pacmupennn SQL 6o Ha sI3bIKe BBICOKOIO ypoBHsi. Hampumep, B pabore OIMMCAH ITOIXO/T
K peaJIM3alluy [10/Ib30BATEIbCKIX (DYHKITU, BBIIIOTHSIONINX arperaTHble OlepaIiii M0 CTOJIOIaM
PEASIITNOHHBIX TAOJIHIIL.

[Tomumo pacmupenust ¢ynkimonaabaoctn SQL, mosb3oBarebckue (QYHKIUA MOTYT B
obmem cirydae Oosiee addekTuBHO, Yem mmTarHble cpeictBa CYBJI, peanuszoBarh omepamum
arperamnuu, MaTeMaTUu4YeCKnil BBIYUCJIEeHUS 1 AP. (33, CYeT BOSMOXKHOCTH YMEHBIIIUTH KOJIMIECTBO
omnepanuii CKaHUpPOBAHUS TAOJ/IHUII, IePEeHOCA YACTU BBIUUC/IEHUN B OIEPATUBHYIO MaMSITh U
zp.) . Hampumep, B pabore MPEJIJIOXKEHA PeAIM3aIis MeTOoJ/Ia TJIABHBIX
KOoMIIOHEHT B mapaJuiesibHoli CYBJl Ha oCHOBe MOIB30BATENBLCKUX (DYHKIIUN, HUCHOJIB3YIONINX
6ubsimoTeky napasuieababix nogmnporpamm Intel Math Kernel Library; B pabore [IpEeJIIOYKEH
crioco0b yCKOpEHUs BBIUUC/IeHUs DBaitlecoBCKO# Mojenu [ijisi JIMHEHHON perpeccuu Ha OCHOBE
UCIOJIB30BaHUS TTapaJIeJIbHBIX II0JIb30BaTeIbCKuX dyHKImi. Cregayer Tak»Ke OTMETUTb, 9TO
obpaTHOt CTOPOHO# MOmOOHOrO yBeaudeHns 3(HEPHEKTUBHOCTA IOJb30BATEIbCKUX (DYHKINI

SIBJISIETCsI BO3MOXKHAsI TIOTEPsi IIEPEHOCHMOCTH aJIlOPUTMOB aHasu3a Janubix B apyrue CYBJI.

3. Mertoapl pa3zpadboTkmu cucrteM aHaJm3a daHHBIX B CYDB /1

B mamHOM paszmesne paccMOTpPEHBI 3aMeTHBIE HayIHbIE HCCIEIOBAHUS B 00JaCTH pPaspabOTKI

cucreM u 6ubmorek anaau3a gaHabix B CYB /I, a Tak:ke pacmupenuit si3pika 6a3 qanabix SQL.

3.1. Cucrembl u OUOJJINOTEKN aHAJIN3A JAHHBIX

select
PredictAssociation ([ HealthMiningModel |.[ AssocLines|, INCLUDE STATISTICS, 3)

from [HealthMiningModel]
natural prediction join (
select
60 as [Age],

TRUE as [isSmoker],
"Pneumonia’ as [Disease]) as [AssocLines|

Puc. 1. IIpumep 3ampoca Ha ss3pike DMX

B kopnopamuu Microsoft pazpabdorans crangapt OLE DB for Data Mining u s3b1k 3a1rpocos
DMX (Data Mining Extensions) , ncroas3yeMble B ee mpoaykre MS SQL Server Analysis
Services. Cranmapr crnenudunupyer uarepdeiic nporpammupoBanus nputoxkennit (Application
Programming Interface, API) wunresrexkryanpnoro amammsa gaupbix. f3eik DMX wmwmeer
SQL-1107106Hb1# cuHTaKCHC (OIEPATOPBI OIpE/eJIeHNs] U MAHWIIYJMPOBAHUsS JAHHBIMU U JP.),
OTHaKO €ro0 OolepaHJaMU ABJIAIOTCA HE PEJIAITMOHHBIE OTHOIIECHUA, & MOJAEJIN NHTE/IJIEKTYaJILHOTO
aHaJIn3a JaHHBIX. HO,[[ MOJEJIbIO MHTEJIJIEKTYaJIbHOT'O aHaJn3a JaHHBIX IMOHUMaETCA COYeTaHUe
CaMHUX JIaHHbIX, aJI'OpUTMa HWHTE/JICKTYaJIbHOTO aHaJIu3a JJaHHBIX W KOJIJIEKIUU 3HaYCHUN
mapaMeTpoB u (UJIBTPOB, VIIPABJSIONINX KCIOJb30BaHmeM u obpaboTkoit mamubix. [Ipumep

3anpoca Ha sa3bike DMX nokazan wa puc.
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DBMS_DATA MINING .CREATE_MODEL (

model _name => ’credit _risk_model’,
function => DBMS DATA MINING. classification ,
data_table name => ’credit_card_data’,

case_id_column_name => ’customer_id’,
target column name => ’credit risk’,
settings table name => ’credit risk model settings’);

select customer name

from credit card data

where PREDICTION (credit risk model using %) = LOW’
and customer value = 'HIGH’

Puc. 2. [Ipumep 3arpoca na s3bike Oracle Data Mining

[TomobHubI moaxo pean3oBan Tak:ke B KomMmepueckoir CYB /I Oracle B Buae momyiist Oracle
Data Mining . Ha puc. HpI/IBe,ZLeH IIPUMep CO3JAHUsT MOIETN KJIaCCH(pUKAINMI 1 3ampoca K
Hei.

Baur (Wang) u 1ip. pazpaboTaiii cucreMy HHTeJLUIEKTYaIbHOroO aHam3a ganubix ATLAS ,
KOTOpasl IMOJIEPKUBACT OJHOMMEHHBIN SI3BIK 3allPOCOB, SABJIAIOMMiicA HacTpoiikoil Hajy SQL.
dAspik  ATLAS pobasister B SQL  mOIep:KKy OIB30BATENLCKUX (DYHKIUN u  (DYHKITHIA,
BO3BPAINAIOIIINX B KaYeCTBe 3HAUEHUS pesisannoHHyro Tabiuily. Ha sizbike ATLAS peanmsoBanbr
AJITOPUTM MOUCKA MabjioHoB Apriori, anropurm Kiacrepusanun DBSCAN " KJ1acCuuKaIus

IIOCPEJACTBOM J1€PEBHEB peH.IeHHfI.

— Kaacmepusauyus k cpednux

kmeanspp (
rel source, — uma mabauyp ¢ 8T00HOMU OaAHHOMU
expr_point, — uma K0a0HKU € OaHHOMU
k, — %xoauwecmso uckomor Kaacmepoes
fn_dist, — eud ¢dynrxyuu paccmoanus
agg centroid, — e6ud azpezayuonnol PGynryuu NPU pacvweme Yewmpoudos
max_ num _iterations, — makxcumasvHoe Koauwecmso umepayul
min_frac reassigned , — MuHuMaAbBHOE KOAUWECMBO NMEPEHAZHALAEMMT 003€EKMOE

JJdd OCTaHOBa BBIYM CJI€HUMN

seeding sample ratio) — pasmep comnaa Jannuix 04 UHUYUGAUSAUUL GeHMPOUdoe

select * from madlib.kmeanspp(
’km_sample’, ’points’, 2, ’'madlib.squared dist norm2’,
"madlib.avg’, 20, 0.001);

Puc. 3. [Ipumep dyukuun 6ubaunoreku MADIib

Xesnepmreitn (Hellerstein) u ap. paspaboranu 6ubmuorexy MA Dlib C OTKPBITHIM
UCXOJIHBIM KOJIOM JIJIsl HHTEJIEKTYAJIBHOIO aHa/m3a JaHHbIX B pessiiimonabix CYBJL PostgreSQL
u  Greenplum. MADIib npenocraBisier 6GoraTbiii HabOp aJrOpUTMOB AaHAJIN3a JAHHBIX
(kacrepusarysi, KjiaccuduKalys, perpeccusi u Jp.), aJalTHPOBAHHBIE JJI MCIOJb30BAHUS B
pensimonnoit CYBl u ne Tpebyforue 9KCIOpTa U UMIIOPTA JAHHBIX BHEITHUX AHAJTUTUIECCKUX
nputoxkenuii. B peanuzanun MADIib ucnosnbsyorest moib3oBare/bcKue PYHKINNA, HAIMCAHHbIE
pa3paboTYnKaMu Ha sI3bIK IporpammupoBanus Python, koTopble obecredmBaioT oOpalleHust

K CJI0OBapio 0as3bl JTAHHBIX W (POPMHUPOBAHHE KOPPEKTHON CTPYKTYPhI TAOJINIl C BBIXOIHBIMU
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JIAHHBIMU JIJIsT 38 IAHHBIX TAOJIUI] C BXOJHBIME JaHHbIME. [[pumep natepdeiica u Bbi3oBa PyHKIUN
oubmoreku MADIib npusenen Ha puc.

— O65exmpt
create table Items (

item integer primary key, — Vwuxaavnuwi M/ o06sexma
description wvarchar) — Onucanue ob6sexma
— Tpansaxyuu
create table D (
tid integer, — Vwuxaavnot W/ mpansaxyuu
item integer, — VYwnuxaavouwi M/ obsexma 6 mpan3axuyuu

pimary key (tid ,item),
foreign key item references Items (item))

—— Hab6opw
create table Sets (
sid integer, — Vwuxaavnwt YA nabopa
item integer, — Ywnukxaavnoti W/ obsexma 6 mabope

pimary key (sid,item),
foreign key item references Items (item))

— Tloddemwixa Habopos

create table Support (
sid integer pimary key, — Vwuxasvnuwi W nabopa
supp real) —— Tloddewtxa nabopa

— Accoyuamuenvie npasuaa
create table Rules (

rid integer, — Yuuxaavnwtd W/ npasuia

sida integer, — Ynuxaavnwt W/ nwabopa—anmeyedenma

sidc integer, — Yuuxaavnwuti W/ nabopa—xoncexeenma

sid integer, — Vwuxaavnoti W] nabopa—ob6sedurnenus aumeyedenma U KOHCeK6eHMa
supp, conf real — Iloddemixa u docmoseeprocmv NPasuUAG

foreign key sida references Sets (sid),
foreign key sidc references Sets (sid),
foreign key sid references Sets (sid))

Puc. 4. Baza 1aHHbIX JJisI BUPTYaAJbHBIX IIPEJICTABICHNN TONCKA MTA0TOHOB

B nuxiie pabor Broknnom (Blockeel), Tosrancom (Goethals) n ap. mpemtoxena
cucTeMa UHTEJIEKTyaabHoro anaansa fanubix B CYB/I Ha ocHOBe BUPTYyabHBIX AHATUTHIECKUX
npezcrasiaeHuit. Bupmyaavroe anasumuneckoe npedcmasaerue (virtual mining view) cozmaercs
KaK MMEHOBAHHBIN 3allpoc K Ta0JUIaM 0a3bl JAHHBIX U JPYIHM IIPEJICTABJIEHUSIM, KOTODBIi
obecrieunBaeT Jorndeckoe xpaHenue (B omimune OoT (GU3NUECKOro XpaHeHus Tabsmiy 6asbl
,I[a.HHbIX) PE3YJIbTAaTOB HHTE/JIEKTYAJIbHOTO aHaJIu3a JJTaHHbBIX. HpI/I BBITIOJIHEHUMN 3allpoCa
oJib30BaTe st K TakoMy mpejcrapiernio B CYB/l cpabarbiBaeT CHCTEMHBIN TPUITED, KOTOPIi
3aIlyCKaeT aJiIlOPUTM UHTEJUIEKTYaJbHOTO aHaju3a jaHHbX. Jlamee CYBJl marepuasimsyer
KOPTEXKM, 3alpOIIeHHbIE ToJib3oBaTeeM. CucreMa MOJIEp:KUBAET MOCTPOEHNE BUPTYATBHBIX
AHAJIUTUYIECKUX [IPEJICTABJICHUN JJIsT TIOUCKA 11abJIOHOB U KJIACCHU(DUKAIIUU C TIOMOIIIBIO J€PEBHEB
pertennit. Ha puc. IpUBeieHa CXeMa 0a3bl JIAHHBIX, HUCIOJb3YEeMOl s ITOCTPOEHUsI
BUPTYaJbHBIX AHAJUTHYECKUX IPEJICTABICHUN IOUCKa IabsoHoB. JlaHHOe wucciienoBanme

CKOHIIECHTPUPOBaHO, OJHaKO, Ha YaCTUYHON WM IIOJHOI MaTepuaJJn3allil 3allPpOIICHHBIX
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[I0JTb30BATEJIEM DPE3Y/ILTATOB aHAIN3a M HE 3aTPATUBAET BOIPOC UCIOJTHEHUS AHAJTUTUICCKUX
asiroputmoB BayTpu CYB/I.

B pabore Opmonesom u Jp. mpejiozKeHa obJiadHast CHCTEMa WHTEJIEKTYaJIbHOIO
aHaJM3a JaHHBIX Ha ocHoBe pengamuonnoir CYBI. Ha jokanpHO# MalmHe 3aIycKaeTcs
penamuonnas CYBJI, mogkaodaromasicss K 001aKy. baza JaHHBIX XpaHUTCT 1 00pabaTHIBAETCS
B obnake, a B JokagpHyio CVYDB/l mepemarorcss TOJBKO pe3yJabTaThl aHaaum3a. llomMumo
BOBMOXKHOCTEl 00pabOTKH JAHHBIX TOJBKO HA JIOKAJBHON MallliHe WM TOJBKO B 00JIaKe,
cucTeMa IOJJIeP:KUBAET PEXKUM T'MOPUIHOTO HCIIOJHEHUsI, KOIJIa BBIMOJIHSAETCST PacilpeesieHue
BBITUC/INTELHON HATPY3KN MexK 1y obsiakom u jiokaapHoit CYBIL.

Op/roresoM u Jp. TakxKe pa3paboTaHa CHCTEMa HWHTE/JIEKTYAJBHOINO aHAJM3a JIAHHBIX,
OCHOBAHHBII Ha wucnojab3oBanuu pejsanuonHoin CYBJl u  XpaHMMBIX — IIPOLEAYP .
Texnosornaeckuit MUKJI pabOThI ¢ CUCTEMOI BBITVISIUT CJEIYIOIMM 00pa3oM. AHaJmM3upyemMble
JIAHHBIE, M[APAMETPhl AHAJUTUYICCKUX AaJTOPUTMOB U MPOY. XPAHUTCS B B PEJISIIIAOHHBIX
rabsinniax. Kimmenrckoe npuitoxkenue coenubsiercs ¢ ceppepom CYBJI mo mporokosy ODBC.
C mowmoripio rpadudeckoro mHTEpdeEica KOHEUHBIH IM0/H30BATENb CHEIUMPUIIUPYET 3a0a9y
HHTEJUIEKTYAJILHOIO aHAJIM3a JAHHBIX, €€ [apaMeTpbl U TaOJHUIbl HUCXOJIHBIX JIAHHBIX.
[Ipunoxkenue 3amyckaer XpaHUMYIO MPOIEIYPY, KOTOpasi, B CBOIO OYEpE/lb, BBIIOJHAET
rernepaiuio HeoOxouMbIx SQL 3ampocos. BeraumciaurensHo TpymoeMkue onepanuu (Hampumep,
BBIUNCJICHNS], CBSI3aHHBIE ¢ MATPHUIIAMH) BBITOJHAIOTCS C TIOMOIIBIO TPEABAPUTETBHO CO3TAHHBIX
U OTKOMIIMJIMPOBAHHBIX COOTBETCTBYIOIIMX II0JIb30BaTeNbCKUX dyHKIui. ['paduueckuit
uHTep@eic IMO3BOJISIET BBIMOJIHATH MOHMTOPWHT BBIIOJIHEHUST AHAJTUTHIECKOIO aJIlOPUTMa
(BpeMsi, KOJIM9IeCTBO UTepaluii 1 JIp.) U IIOCJIEIYOILY 0 BU3YAJIU3AIII0 PE3YIbTATOB.

Maxasin (Mahajan) u jap. paspaboranu cucremy anajaumsa DAnA , KOTOpasi BBIIIOJIHAET
aBTOMATHYECKOE ITPeodpa30BaHUe 3alPOCOB HA BBIMOJJHEHUE aHAJIN3a JAHHBIX B MCXOIHBIN KO
JIJIST BBINIOJIHEHUsI Ha, PEKOH(UIYPUPYEMBIX BBIUHCJUTETBHBIX cucTeMax FPGA. Peanuzarnust
JIAHHOTO TMPeoOpa30BaHUsT BBIMOJHSIETCS C IMOMOIIBIO IOJIh30BATENBbCKON dyHKIM Ha SQL,
ucnosib3ytorieit si3bik Python. Cucrema DAnA npennosaraer narerpanuto B CYB/l Ha ocHoBe
CHIEIUATM3NPOBAHHBIX AIIIAPATHBIX YCTPONUCTB, HA3bIBaEMBIX cmpatidepamu (striders). Crpaiiaep
uMmeer mupsmoit muHTepdeiic gocryma Kk Oydepuomy mnyny CYBJ/l u BbIONHSET u3BJIEUYEHUE,
OYNCTKY U 00OpabOTKYy KOPTEXKel JaHHBIX, KOTOpBIE 3aTeM IMepearoTcss Ha yckoputeab FPGA
JIJTST TIApAJIIe THHOTO UCTIOTHEHUST aHAJTUTHYIecKoro anropurMa. Menonnzosanne FPGA nossossier
YCKOPDHUTD BBIUYUCJEHUS IEHOM, OJHAKO, IOTEPH MEPEHOCUMOCTH pa3pabOTAHHOIO DeIIeHus,
ITOCKOJIbKY TpeOyeT BKJIIOUEHUS B COCTAB CUCTEMBI CIIEIUAJIM3UPOBAHHBIX AIIAPATHBIX YCTPONHCTB
(cTpaiiepos).

B pabore PeukajioB ommcaJsr cucreMy IOHCKa MIabJOHOB, peajusoBanHyio B CYB/I
Ha OCHOBE MPeII0KeHHOro s3bika XML-pazmerkn ajropuTMOB IIOMCKa YACTBIX HAOOPOB,
peanmmsyembix Ha SQL. Paspaborana pasmerka ajropurmor ScanOnce u SETM .
Ucrnionb3yst pasMerKy, CUCTeMa BBIIOJHSET aBTOMATHUIECKYIO TeHEePAIlni0 XPAHUMBIX MPOIEILY]P
Ha s3bike SQL B 3aBuCHMOCTH OT CHENUUIMPOBAHHBIX IM0JIB30BATEIEM TabJIAI] UCXOTHBIX
JIAHHBIX U TapaMeTpoB ajropurma. Cpenn mosrydeHuabix SQL peasusaruit cucrema BeIOUpaeT JJist
ucnoiHeHnst Hanbosiee 3(pPEKTUBHBIN, UCIIOIB3YsT UMEIILYIcs B coctaBe coBpeMeHHbIX CYBJ
koman ry EXPLAIN, KOTOpasi M03BOJISIET HOJIyYUTh CTOMMOCTb (OTHOCUTEIHHYIO OIEHKY BPEMEHU

ucnosiHenust) 3anpoca SQL 6e3 ero hakTUIECKOro BBIIOJIHEHUS.
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3.2. HA3pikum 3ampocoB u pacmmpenuss SQL 119 MHTEIIEeKTyaJIbHOTO aHAIN3a

JAaHHDBIX

find association rules as HealthRuleSet
related to Salary, Age, isSmoker, Disease
from HealthDB

where Disease=’Pneumonia’ and Age>60
with support threshold=0.05

with confidence threshold=0.07

Puc. 5. Ilpumep 3amnpoca na a3eike DMQL

OnHUM U3 TEPBBIX S3BIKOB UHTE/UIEKTYAJTHHOTO AHAJIN3a JAHHBIX MOXKHO SIBJISETCS SI3BIK
DMQL , upesyioxkennbiii B 1996 . Xan (Han) u ap. DMQL upegocrasiasier SQL-momobubrii
CHHTAKCHUC JJIsi 3allCHA 3alIPOCOB MHTEJIEKTYaJIbHOrO aHa n3a JaHHbIX. lIpmvurmer DMQL
[IO3BOJISIIOT OIIPEJIEJINTD JIAHHBIE, MO/IJIEXKAIINE AHAIN3Y, PEIIaeMyIO 33/1a9y UHTE/JIEKTYAJIHHOIO
aHasm3a (KaaccuduKalus, MOUCK ACCONMATUBHBIX TPABUI U JIP.), CEMAHTHYECKUE HEPAPXUN
B AHAJM3UPYEMBIX JAHHBIX U I[OPOTOBbIE 3HAYEHWs HAPaMETPOB 3ajadn (MOIJAepXKKa U Jp.).
[Tpumep 3ampoca Ha sizbike DM Q)L npuseieH Ha pHc. Aspik 3ampocos DMQL 6611 peanuzoBan
B paMKax cucreMbl aHaiu3a gaHabix B CYBJI DBMiner .

Aspik DMQL mo3aee mocty»Kuji 0CHOBOI JJisT pa3pabOTKU IEJIOr0 Psijia sI3bIKOB 3aIIPOCOB
HHTEJUIEKTYAJIBHOTO aHAJIN3a JaHHBIX: SI3BIK JIJI aHAJIM3a BPEMEHHBIX JaHHBIX T QML Yena
(X. Chen), 1998 r.; si3biKu Jy1s1 aHaM3a reorpaduaeckux jganabix GMQL Xana (Han), 1997 1.
u SDMQL Mauiep6sr (Malerba), 2004 r.; sI3bIK JjIsi aHAIM3a TPOCTPAHCTBEHHO-BPEMEHHBIX
maupupix ST-DMQL Boropubr (Bogorny), 2009 r.

mine rule HealthRuleSet as
select distinct 1..n Disease as body,
1..1 isSmoker as head
from HealthDB
where body.Disease=’Pneumonia’ and body.Age>60
extracting rules with
support: 0.1
confidence: 0.3

Puc. 6. IIpumep 3amnpoca na s3eike MINE RULE

Meo (Meo) u ap. B 1996 1. upemoxuin SQL-mono6ubiit oneparop MINE RULE ,
KOTOPBIH [IPeIHA3HAYEH JIJIsl PENIEHUS 3a/1a91 TIOUCKA ACCOIUATHBHBIX TpaBui. [Ipumep 3ampoca
¢ ucnosb3oBanueM oneparopa MINE RULFE moka3aH Ha PUC. @

ITozguee B 1999 r. B pabore Unvmmmnckn  (Imielinski) ommcan s3pik MSQL,
[peJICTABJISAIONNI coboii paciuperne SQL g pelneHus 3a/ia9u [MOUCKA ACCOIUATHBHBIX
npasuwi. B ormammume or DMQL, saspik MSQL npeamosaraer He TOJMBKO HAXOXKIEHHE
aCCOIMATUBHBIX IIPABUJI, HO U MIPEJIOCTABJISIET BO3MOXKHOCTD BHIOOPKHU PE3YILTUPYIONTUX ITPABHIL.
CooTBeTCTBYIOMIIE MPUMEPHI 3AITPOCOB TTPUBEICHB HA PUC.

Chemyer OTMETUTh, YTO OIMCAHHBIE BBIIIE PACIIMPEHHs S3bIKa 0a3 JAHHBIX HE ITO3BOJISIOT
JBHO MAHUIIYJIUPOBAThH IIOJIYICHHBIMU Pe3yJIbTaTaMH WHTE/JIEKTYaJbHOTO aHaIn3a JTaHHBIX

(momobHO ToMy, Kak 310 obecreunmBaercst B SQL). B aroMm cmblcie uHTEpecHOl siBisieTcs
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GetRules (HealthDB)
into HealthRuleSet R
where R.Body in {(Disease=x), (Age=x), (Salary=x)}
and R.Body has {(Disease=’Pneumonia’), (Age>60)}
and R.Consequent in {(isSmoker=x)}
and Support >0.1
and Confidence >0.7

SelectRules (HealthRuleSet)
where Body has {(Disease=’Pneumonia’)}
and {(Salary >0) and (Salary <=1000)}
and Support >0.1
and Confidence >0.7

Puc. 7. [Ipumep zamnpoca Ha s3pike MSQL

pabora Kannepca (Calders) u ap., B KOTOPO#i IIPEJIJIOZKEHBI CIEIUAIN3UPOBAHHBIE MOJIEJb

0as3bl JaHHBIX 1 am‘e6pa JJIdd UHTEJIJICKTYaJIbHOI'O aHaJIn3a JaHHBIX.

select ST Area(ST Polygon(House.location))
from House

where House.household income < 30000
cluster by House.location

Puc. 8. Ilpumep 3ampoca ¢ oneparopom CLUSTER BY

Can (Sun) m ap. B pabore MIPEJJIOKIIN  PACIIUPUTh a3blKk  SQL  omeparopom
CLUSTER BY njig KjacTepu3anuu JaHHBIX. JlaHHAsd KOHCTPYKIMS TOIPA3yMEBAECT BBIIOJHEHUE
prHHI/IpOBKI/I CTPOK pe3yHbTaTa 3aIpoca B COOTBETCTBUU CO CHGHI/ICbI/H_H/IpOBaHHBIM AJITOPUTMOM
KJIaCTepU3aluy, B OTJINYME OT cTaHgapTHOro orneparopa GROUP BY, KOTOpBIN OCyIeCTBIISET
IPYIIIMPOBKY II0 TOYHOMY COBIQJICHHIO 3HadeHuii B mosgx 3arwmceit. Ha puc. IIpUBEICH
HpUMEDP UCIIOJIb30BaHUs YKA3aHHOIO OllepaTopa B 3alpoce, KOTOPLIi 3aeiicteyer PostGIS ,
pacmupenue CYBJI PosgreSQL, obecrieunBatoriee Moiaep:kKKy reorpaduaeckux OOBEKTOB.
Cuna (Silva) u xap. B pabore NPEJUIOKIJIA  CXOXKHUU 110 Ha3HAYEHWIO OIepaTop
SIMILAR GROUP BY, peanusoBanubiii aropamu B CYB/I PostgreSQL.

4. Peanmsanus ajgropuTMoB aHaJm3a JaHHBIX Ha SQL

Peanmuzanuss aaropuTMOB HHTEIEKTYAJBHOIO aHAIM3a JAHHLIX B BHIE HaOOpa 3aIpOoCcoB
SQL obecnieunBaer mepeHocuMocTh Mexkay pasamaabiMu CYB/I. Jlamee mnpuBenen o0630p
paboT, ONHUCHLIBAIOIINX MPUMEHEHNe JaHHOIO IOAXOMa JJISI PeIeHns PasJInJIHBIX —3a1ad

NHTEJJIEKTYaJIbHOT'O aHaJIn3a JaHHbIX.

4.1. 3agadya nmomcka niabJIOHOB

Opnnoit w3 nepBbix SQL-peanuzanuii 3a/1a91 MOUCKA YACTBIX HAOOPOB SIBJISIETCS AJTOPUTM
SETM , paspaborannbiii Xyremoii (Houtsma) u ap. B 1995 r. B ocHoBe anropurma JiezKur
UCIOJIb30BaHue 3a1mpocoB SQL, BBITOTHSIONMMUX TOUCK YaCTBHIX HAOOPOB 0€3 HCIIOJb30BAHUS
HPUHIIUAIIA @ PrioTi, TPUBEJEHHBIX HA PUC. @ (37€Ch U J1asiee UCIOJIB3YIOTCs 0OO3HAYCHUST W3
pa3geﬂa orpeiesienne Tabsimibl D npuBesieHo Ha pI/IC.. B 2000 r. Mocuzasa (Yoshizawa) u
Jp. pabore [PEJJIOKMIIN YLy dIlleHUE JIAHHOTO aJrOPUTMA, IIPEJIIOJIATAIOIIee UCIIOIb30BAHNE
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insert into Lj

select di.item, ..., di.item, count(x)
from Lp_1 £, D dy, ..., D di
where d;.tid= ... = di.tid and
d;.item = /.item: and
dip_;.item = /.itemi_; and
dy.item > di_1.item
group by d;.item, ..., di.item
having count (%) >= :minsup

Puc. 9. Sanpocsr SQL s moucka gacteix Habopos B ajropurve SETM

[PEJICTABJICHUI BMECTO HEKOTOPBIX TabJIHIl, U pedPaKTOPUHI 3aIIPOCOB HA OCHOBE HCIIOJIb30BAHUS

IOJI3AIIPOCOB.

insert into Cj
select /;.itemq, ..., {1.itemg_1, f2.itemy_1
from £k71 f1, kal EQ
where /;.item1=f>.1item; and

{1.itemy_o—¥5.itemy_o and
{1.itemp_1<fs.itemg_1

Puc. 10. Sanpocsr SQL jist rerepariun HabOPOB-KAHUIATOB B AJITOPUTMAaX U3 PabOTHI

B 1998 r. Capasajpku (Sarawagi) u ap. . npemaokmin  aaroputmbl K- Way-Join,
Three- Way-Join, Subquery u Two-Group-Bys, KOTOpble OCHOBaHbI Ha KJACCUIECCKOM AJITOPUTME
Apriori Jutst ortepaTuBHON mamsitu. SQL-peanuzanus renepanun HabOOPOB-KAH/IUIATOB B
YKA3aHHBIX aJrOPUTMAaX IPEJCTAB/IEHA Ha PUC.

insert into L
select Cy.itemi, ..., Ck.itemy, count(x)
from Cy, D di, ..., D di
where d;.item;=C}.item; and

dy . itemy=—C} .item; and
d;.tid=d>.tid and

dp_1.tid=dg. tid
group by Cjy.item;, ..., Ci.itemy
having count (%) >= :minsup

Puc. 11. 3ampocsr SQL mist moncka dacteix Habopos B ajiropurme K-Way-Join

AJITOPUTMBI  OTJIMYAIOTCS CIIOCOOOM  BBIYUCJICHUS TOJJIEPXKKH HAOOpOB-KaHIuaToB. Ha
puc. Hpe,HCTaBJIeH crocob BBIMUCIEHUs MoAAepKKu B ajaroputme K-Way-Join. B anropurme
Three-Way-Join (cm. puc. JIUIsT CHUZKEHUS KOJIMYIECTBA 3aTPATHBIX OIEPAINil eCTeCTBEHHOTO
COEJIMHEHUsI UCIIOJIb3YeTCsl cyiefyioniast Mojudukanus. B gomosHenne K mossM (itemg, ...,
itemy) B Tabsuiy Cj mobasisiorcss Tpu HOBBIX mouist: (oid, idj, idy), rme oid — yHUKAJILHBII
uinentudukarop Habopa, a id; u ide — yHuKaJbHBIE WICHTUDUKATOPHI TeX HAOOPOB u3 L 1,

KOTOpPbIe HCIOJIB30BAHBI IPU CO3JAaHWH JAaHHOrO Habopa. Kpome Toro, Ha k-M mpocMorpe
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6a3bl TpaH3aKIMil co3maercs gonoHuTesbHast tabauna Ty ¢ mousmu (tid, oid), koropasi st
Kaxk,J1010 ujieHTudukaropa rpansakiun tid xpanur kax et ujaearudukarop oid Hadbopa u3 Cy,

BXO/ISATIETO B TPAH3AKITHIO.

— Cosdanue donoanumesvrot mabAUUDL
insert into T
select t;.tid, oid
from Ck7 Tr—1 t1, Trho1 to
where ti.0id=Cy.id; and ts.0id=Cy.id2 and t;.tid=ts. tid

—— Ilodcuem noddewixu ¢ nomouwpro 0oNOAHUMEALHOU MaA6AUYDL
insert into Lj

select Cy.o0id, Ck.itemi, ..., Cy.itemy, cnt

from Ci, (

select oid as cid, count(x) as cnt
from C}
group by oid
having count (%) >= :minsup)
where C}.oid=cid

Puc. 12. 3ampocsr SQL juist oncka 9acTbix Habopor B ajropurme Three-Way-Join

Tomac (Thomas) un Yaxpasapru (Chakravarthy) B 1999 r. upemioKuiu ajropurm
Set-oriented Apriori , B OCHOBE KOTOPOIO JIEXKUT WJesd COKPAIICHUSI BbIYMCJICHUI
IpU  TOJCYeTe TOJIEPKKU HaOOPOB 3a CUYeT I[OCTPOEHHWsI Ha KaXKJOM IIare IoJcuera
JIONIOJTHUTEIbHON ~ TabJIUIBI  JIjIsT  XpaHEeHWsT TPAH3aKIWil, COIEpkKAIUX COOTBETCTBYIOIIEE
KOJIMIECTBO OObEKTOB. DKCIIEPUMEHTBI TTOKA3aJIH, UTO aJiropuTM Set-oriented Apriori mokassiBaer
JIYYIIYIO MPOU3BOJIUTEBHOCTD, YeM aJropuT™ Subquery.

Pannay (Rantzau) B 2004 1. pazpaboras agropurm Quiver - JIJTsT PEIIeHusT 3a1a91 TOMCKA
JacThIX HaOGOPOB, OCHOBAHHBIN HA MPEIIOKEHHOW MM € KOJIJIETAMU PEJISIIIMOHHON omeparun
yHUBepcaJabHOro KBaHTOBaHus (universal quantification) . JaHHasi onepanus sBJISAETCS
AHAJIOTOM OMEepaIiy JIeJICHUsT B PEJIAINOHHON ajrebpe. DKCIEPUMEHTH Ha pa3paboTaHHOM
ABTOpPAMHU UCIIOJTHUTEJE 3aIIPOCOB, KOTOPBIi TOIEPKUBAET HOBYIO OMTEPAIINIO, TOKA3BIBAIOT, UTO
amroput™ Quiver cmocoGeH MOKA3ATH JIYUIIYIO TMPOU3BOIUTEHHOCTD, IeM JIPYTHE aJTOPUTMBI,
peanuzoBanube Ha SQL. B To yKe Bpems mpu BLITIOJHEHUN HA CYIIECTBYIOMNX KOMMEDTIECKIX
CYB/I anropurm Quiver 3aMeTHO IPOUTPBIBAET B IPOU3BOAUTEIBHOCTH JIPYTUM AJTOPUTMAM,
peanmsoBarHbM Ha SQL, mockonbky B nanabix CYBJL orcyrcrByeT a3hdeKTuBHAS peasm3aliust
[PEeJIJIOYKEHHON aBTOPAMU OIIEPAITHH.

B pab6ore Baur (Wang) u ap. ommcamu asgroputrm ScanOnce na s3bike PL/SQL
CYB/I Oracle, ucnonpaytoruit Kypcopbl. Kypcop nipejiicraBisier coboil ykasarejab Ha 00JIacTb
MaMsITA, B KOTOPOW XPAHUTCsSI PE3YJIbTAT BBIIOJHEHUs 3aIlpoca, U IO3BOJISIET OCYIIECTBJISITh
[I0C/IeIOBATEJIbHOE CKAHUPOBAHUE TOIO pe3yJibrara. B JTaHHOM ajirOpUTMe OPTaHU3YeTCs ITHKJI
0 YHUKAJLHBIM HJEHTHMUKATOpAM HabOPOB, Ha KaXKJOM Iare KOTOPOIO CO3/IaeTCs Kypcop,
YKa3bIBAIOMNUN Ha OODBEKTHI, BXOJSIIME B COOTBETCTByMOmuit Habop. llamee ocyrecTnisiercs
MOCJIEIOBATEIFHOE CKAHUPOBAHNE KypPCOopa U MOJCYET TMOJIEPKKA HAbopa.

Anamkyp (Alashqur) B 2010 1 paspaboran amroputm RDB-MINER MTONCKA,
ACCOIMATUBHBIX MPABWJI B PEIANMOHHBIX Tabaurax. AJITOPUTM OCHOBAH Ha KJIACCHIECKOM

ajsiropuT™e Apriori ¥ HCIONIB30BaHUN AUHAMUYIECKH (hOpMUPYEMBIX 3ampocoB SQL.
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Anropur™ Propad , npesyiozkennbtii [[lanrom (Shang) u ap. B 2004 r., npejcrasisier
coboit peasinzanuo Kiaccudeckoro ajropurma FP-Growth Ha SQL. ITogo6H0 KIaccuueckomy
ANTOPUTMY, B JAHHOM AJTOPUTME He BBITOJTHSIETCS 3aTpaTHas Oleparys TeHepaIun
HAbOPOB-KAaHINAATOB. Asroput™m Propad meMOHCTpHpYyeT JYUINy0 MTPOU3BOIUTETHLHOCTD, TeM
amroputm K-Way-Join (mogobuo TOoMy, Kak Kiaaccmaeckuii asroput™m FP-Growth ssisercs
6oJlee IPOU3BOJUTEILHBIM, YeM KJIaCCHYecKMil ajropuTM Apriori ) [Mozauee Cupgo (Sidlo)
u Jlykam (Lukdcs) paspaboramu anropurm FP-TDG , KOTOPBII TaK2Ke IMPeJICTaB/IsIeT CODO
SQL-peanuzamnuio kinaccuyeckoro ajaropurma FP-Growth .

4.2. 3amava KJacTepu3aluun

Opuonesom (Ordonez) B paborax Ha s3pike SQL peasmzoBaH pasiesinTe/bHbII
aJIropuT™ Kiiacrepusanuu k-Means . Nwm ke B cOTpyIHUYIECTBE C KOJUIETaMHU B paboTax
BBINIOJIHEHa peasin3anus Ha SQL  amropurma kiacrepuzanuun EM . B pabore
MuHunaxMeToB U JIp. MPEJCTABUIN PEATU3AIUI0 AJTOPUTMA HEYETKON KJIACTEPU3AIUHU JTAHHBIX
Fuzzy C-Means B CYB/Zl PostgreSQL.

B ykazammbpix paboTax HCIOJIB3YeTCs CJEyIonas TeXHUKA WHJIEKCHOIO IIPEJICTABICHUS
MaTpUYHbIX JaHHbIX. [lycTh Tpebyercss opranm3oBaTh XpaHeHHe MATPHUIlbI KJIACTEPU3YEMbIX
06bekToB X € R™?  EcrecTBeHHBIM CIIOCOGOM XpaHEeHHsI OyneT TaOIMIa C 3aroJOBKOM
(x1,T2,...,2Tq), TAe KaxkJoe I0oJe x; UMeeT BellecTBeHHbI Turn. OHAKO B 9TOM Ciydae
OTCYTCTBYET BO3MOXKHOCTb IIPUMEHeHUsI arperatHbix GyHkuit SQL s BbIYUCIeHWI,
BBIIIOJIHSIEMBIX 110 CTOJIOIAaM Tabuuibl (HAIpUMep, HojacYeT (DYHKIUH p DPACCTOSHUS MEXKIy
06beKTaMm), MMOCKOJIbKY YKa3aHHBbIE (DYHKIMN OCYIIECTBISIOT Arperaiuio TOJIbKO IO CTPOKAM.
[TosTomy Mmarpumia X mpecTaBiisieTcst B Bujie TabIUIbl U3 n-d 3amuceil, KoTopas IMeeT 3ar0JI0BOK
(i,4,val), tae nois i@ u £ UMEIOT LEJIOYUCJCHHBIN Tull, a val — BemecTBeHHbId. B cocraBHOM
HepBUYIHOM KJrtoue (i, £) TabuuIpl oJe § yKa3blBAeT HOMED UCXOJHOr0 00beKTa, moje { — HoMep
KOODJMHATHL 9TOTO 0OBEKTA; T0Jie val TabJIMIbl XPAHUT 3HAYEHUST KOOPJIUHAT OOBEKTOB.

B pabore Jlenmmamoru (Lepinioti) paspaboras aaropuTM uepapxudecKoil KiacTepusaiun
Cobweb/IDX. Peamuzarus seimosaena Ha s3pike PL/SQL qyist CYB/] Oracle. Jlaxubtit anroputm
SIBJISIETCST  MHKPEMEHTAJIBHBIM  ([IOJ/IEPKUBACT KJIACTEPU3AIMIO 110 Mepe IIOsIBJICHHsS] HOBBIX
JTAHHBIX ).

B pabore [Tam n ap. mpeAcTaBUIN MOAXO K KJIACTEPU3AINI BEPIINH rpada ¢ IOMOIIBIO
napasnenbioii CYBJI. CupoekTupoBana pesliioHHas 0a3a JAHHBIX JJI XPAHEHUS HCXOIHBIX
U IIPOMEXKYTOYHBIX JTAHHBIX ajropurMa. ['pad mpeacraBisercs B BUIE PEISIIUMOHHON TaOJIHMITHI
co cuuckoMm pebep. Tabmunpr 6a3bl JAHHBIX ITOABEPralOTCS TOPU3OHTAJBHON (parMeHTaIlnH,
oIy dYeHHble (DPArMEHThI PACIPEAE/ISIOTCS IO y3JaM BBIYUC/IUTEILHOrO Kjacrepa. Kaxkabrit
dparmeHT 00pabaThIBAETCST OTJEJBHO SK3eMILIsspoM mapasuieabaoilt CYBJl s mosydenust
TabJIAIBl BepIH rpada ¢ MeTKamu Kiactepos. OOpaboTKa BBITIOJIHSIETCS ¢ TIOMOIIBIO 3aIIPOCOB
SQL, peanuzyromux ctajuu orpy0/ieHnst 1 BOCCTAHOBJICHUS rpada B COOTBETCTBUH € aJITOPUTMOM

kitacrepusaiuu rpada B oneparuBroil mamstu Kapunuca—Kymapa .

4.3. ,Z[pyI‘I/Ie 3alai1 MHTEJIJIEKTYAJIbHOI'O aHaJIn3a JaHHbIX

IToMmMO paccMOTPEHHBIX BBINIE 3a/a9 ITONCKa IMaDJIOHOB M Kiacrepmusarmn, SQL Takxke
HCIIOJIB3YeTCs JJIsl PellleHnsT 3aJadr Kjaccudukannn. Kiaccudukamust moxoxka Ha 3aady
KJIACTEPHU3AIME B TOM, YTO CTABUT CBOEil IeJbIO paclpejiejieHne 1o IpynaM (Kjaccam)

KOHEYHOI'0 4YHCJIa O6’beKTOB, NMEIIMUNX CXOJHYIO CTPYKTYPY B 3aBUCHUMOCTHU OT IIOXOXKECTU
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ux cBoficTB. OTanume 3aKII0YAETCS B TOM, UTO B 3ajade KIACCHU(PUKAINNA KOJUIECTBO U
CeMaHTHKa KJIACCOB M3BeCTHHI 3apanee. OIHUM W3 OCHOBHBIX TOAXOJOB K KJIACCH(PUKAIIN
SIBJIIETCSL TIOCTPOEHUEe depesa pewenut (decision tree) . JlepeBo permiennii mpecTaBISIET
cobO# OPUEHTMPOBAHHOE JIEPEBO, B KOTOPOM KayKJ0W BHYTPEHHEH BEpIIIHE COOTBETCTBYET
omepalinsi TPOBEPKHU 3HAYEHUS YKA3AHHOTO aTPUOyTa KIACCHMUITIPYEMBIX 00BEKTOB, KaXKIasl
JIyra COOTBETCTBYET MEPEXOMy K JPYToil BepInHEe B COOTBETCTBUH C PE3YJILTATOM IIPOBEPKH, a
KasKJIOMY JILCTY COOTBETCTBYeT OJUH U3 Kjaccor. Kitaccudukaliusi Ha OCHOBE JIEPEBBEB PEIeHMi
peanuzoBaHa B paborax Carriepa u Ip. n Kopasbckoro u ap. , a Takxke MoepruHn
(Moertini) u ap. Jist o6 bekTHO-penstionabix CYB/I.

HecmoTpst  Ha  «HEpEJISIMOHHYKO»  NpUpPOJYy  IpadOBBIX  JIAHHBIX, BHEJIpEeHTE
MHTEJIEKTYaIbHOTO aHaju3a rpados B pessiuonabie CYB /I siBjseTcs OMHUM U3 aKTyaJbHBIX
HanpasyieHnit uccienosanuii. [Tagmanabxan (Padmanabhan) u ap. B paore IPETOXK AT
HOJIXOJ[ K aHAJIN3y CTPYKTYphI rpacdoB Ha ocHoBe ucnosb3oBanus SQL. Cpuxapu (Srihari) u
Jip. B pabote OTMCAJIN TIOJIXOJ| K TIOMCKY IOJIHOTO Mojrpada HEOPUEHTHPOBAHHOTO rpada,
OCHOBaHHBIN Ha npuMeHennn pessanuonnoit CYBJI. AJIropuTMbl MOMCKa YaCTO BCTPEIAIOIIIXCST
nojrpacdoB B rpade, opueHTHPOBaHHBbIE Ha ucnoJb3oBanue SQL, mpemioxkensr Yakpasapru
(Chakravarthy) u ap. u Opgonesom (Ordonez) u ap. B paborax " COOTBETCTBEHHO.
UccnenoBanus, nanpaBieHHble Ha IMOUCK IUKJIOB B rpade ¢ nomoripio pessmuonnoit CYB/I,
ommcanbl Bamagangpanom (Balachandran) u ap. B pabore . MaxkKadpu (McCaffrey)
pazpaboTaj KOMOMHMPOBAHHBIN IOAXOI K pas3bmeHnio rpadoB, HCIOIL3YIOMMI BCTpanBaHUe

sampocoB SQL B peasmsaruio ajaropurMa o0paboTKu Tpada Ha sI3bIKE MPOrpaMMUPOBaHUS

BBICOKOI'O ypOBHH .
SaKJ/II0ueHue

B nacrostinee Bpemst pessitinonabie CY B siBJIsSIFOTCSE OCHOBHBIM HHCTPYMEHTOM YIIPABJICHUS
bazaMu JIAHHBIX, HECMOTps Ha mosiBieHue OGosibinoro kosimdectBa NoSQL CYBI. Oxnum u3
[EPCIEKTUBHBIX HalpaBJieHnil pasputusi pessiuonabix CYBJl sBisiercs BHeJpeHHE B HUX
CPEJICTB MHTEJUIEKTYAJIBHOTO aHAIN3a JaHHBIX. VHTe/UIeKTyaIbHbIil aHAJIN3 JAHHBIX HAIPABJICH
Ha W3BJIEYEHHE JOCTYIHBIX JJIs ITOHUMAHUS 3HAHUI, HEOOXOIUMBIX JIJIs NPUHATHS PEIIeHUi
B pa3m4HbIX cdepax dYesoBedeckoil mesrTesabHocTu. Wmrerpamnus mosBosisieT Kak u30€KaTh
HaKJIQ/IHBIX PACXOMOB 110 3KCIOPTY AHAJM3UPYEMBIX JIAHHBIX U3 XPAHUJIHUINA U HUMIOPTY
pPe3yJIbTaTOB aHaju3a OOpATHO B XPAHWJIMUIIE, TaK U KCIOIL30BATH IPU AHAJIU3E JJAHHBIX
CHUCTEMHBIE CEPBUCHI, 3aJ0KeHHbIe B apxuTrekType CYB/I.

B crarbe mpejcraBier 0030p METOJOB U TOJXOJ0B K PEIIEHUI0 3aJ[a9M WHTErpalun
HHTEJUIEKTYAJIBHOIO aHaju3a JaHHbiX B pessiuonabie CYBJl. Haubosee mpeanodruTebHBIM
C TOYKH 3peHusi yjo0CTBa MPUKJIAIHOTO MPOIPAMMUCTA U KOHEUHOTO ITOJIb30BATEISI SIBJISIETCS
IIOJIXOJT, TIPeIoaralmuii cuibHoe ces3biBanne CYBJl u TexHosOTMT MHTENIEKTYaIbHOTO
aHaJm3a JIAHHBIX. B 9TOM cjlydae CHCT€Ma HHTEJJIEKTYyaJbHOTO AaHAJIW3a  JIAHHBIX
paccMmaTpuBaeTcs Kak (yHkiumonaabHas equauiia CYBJl, koropas obecrieamBaeT po3padHoe
BBINOJIHEHNE 3aIIPOCOB I0JIb30BaTe sl Ha aHAJIU3 JIAHHBIX, XPAHUMBIX B 6a3e JaHHBIX (110J06HO
TOMY KakK MalimHa 0a3 JaHHBIX WCIOJHSeT 3ampockl SQL B UPUIIOXKEHUSX OINEPATUBHOI
obpaborkn Tpansakiuit). DYHKIUE MHTE/UIEKTYaJbHOIO AHAIN3a JAHHBIX DPEATU3YIOTCS U
ONITUMUBUPYIOTCS Ha OCHOBE HCIOJb30BAHUS CTPYKTYD JAHHBIX, CXEM WHJIEKCHPDOBAHUS WU

MeT0/10B 00paboTKM 3ampocoB, BcTpoeHHbIX B CYB/I.

2019, T. 8, Ne 2 47



O0630p METOA0B MHTErpannuy NHTEJJIEKTYaJbHOTo aHajau3a JaHubix B CYB /]

PaccMoTpenbl  cucTeMbl MHTEJIEKTYaJbHOTO AaHAJNN3a JAHHBIX, KOTOPBIE PEAJIN3yIOTCs
kak BHejpsiemble B CYDBJl mogcucrembl, TOIEPKUBAIOIIAE CIIEIUAIBHBIN S3bIK 3aIPOCOB
aHajn3a JaHHbIXx win pacimpsomue SQL  coorBercTByomuMu KoHcTpykiusaimu. Mammna
ba3 manabrx Takoit CYBI mommudunupyercss, 9To0bI OCYIIECTBAATH pa3b0p, ONTUMHU3AINNAIO U
BBITIOJTHEHIE 3alIPOCOB aHAIN3a JAHHBIX. [IpecTaBiensl pacimmpenns g3biKa 6a3 manubsx SQL,
obecreunBaoIIie CHHTAKCHIECKYIO TOIIEPXKKY UHTE/JIEKTYaJIbHOrO aHaan3a JaHHbX B CYB/I.

HpeﬂCTaBﬂeHbI CUCTEMBI NHTEJJIEKTYaJIbHOT'O AHaJIN3a JaHHBIX, peasm3yemMbie B
BUjle Meauaropa  (IIOCPEJHUKA) MexKJy [PHUKJIQJHBIM [POIPAMMECTOM 6a3 JAHHBIX U
CYB/I. IlpukiajHoMy MOpPOrpaMMECTy IpeJocTaBiisiercss rpadudeckuii wuHTEpdeiic wim
CIIENUAU3UPOBAHHDBIN  A3bIK It (POPMUPOBAHMS 3aIlpPOCOB aHaanW3a JaHHBIX. MeauaTop
npeobpasyer 3anpochl aHa/u3a JaHHBIX B HabOp 3amnpocoB Ha SQL u/win BHI30BOB XpaHUMBIX
nporeyp, kKoropbie 3areM ucrnosusier CYB/I.

[IpuBenennr npumepbl BHenpeHusi anaju3za JaHabix B CYBJl Ha ocHOoBe pazpaboTku
OuOJIMOTEKN XPAHUMBIX MPOIEAYyp. XpaHUMasl OpOIeaypa IIpejcTaBiser coboil  TeKcT
[OJITPOTPAMMBI, KOMITMJIUPYEMbIl OJHOKPATHO U IIOCTOSIHHO XPAaHUMBIA Ha cepBepe 0a3bl
JIAHHBIX. XpaHUMas [IPOIIE/LyPa MOX0XKa Ha, [OIITPOTIPAMMBI i3bIKOB BBICOKOI'O YPOBHSI, HO MOXKET
Bo3BpamaTh pesysibrar 3amnpoca SQL. Ilogkiouas Oubimoreky K CBOEMY HPUJIOKEHHUIO Oa3b
JIAHHBIX, TPHUKJIAIHON IIPOrPAMMUCT IIOJyYAeT BO3MOXKHOCTD BBIINOJIHATDL UHTEJIEKTYa bHbIN
aHaJIN3 JTAaHHDLIX, He BbIXOsd 3a pamku CYB/I.

Jlan kparTkuii 0030p OCHOBHBIX OCHOBHBIX 3aJ[@4 WHTEJUIEKTYaJbHOTO aHAJIN3a JAHHLIX U

AJITOPUTMOB X PEIIEeHUsI, PACCMOTPEHBI IPUMEDDI PEAJIN3AINY YKA3aHHBIX aJIropuT™MoB Ha SQL.

Paboma evinoanena npu gurarncosoti noddeporcke Poccutickozo dornda PyrndamenmansvHvix
uccaedosarnutl  (epawm N 17-07-00463),  IIpasumeavcmea P®P 6 coomeemcmsuu ¢
Hocmarosaeruem Ne 211 om 16.03.2013 (coeaawenue Ne 02.A03.21.0011) v Murnucmepcemea
obpasosarus u nayku PP (2ocydapcmeennoe sadarue 2.7905.2017/8.9).
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Data Mining is aimed to discovering understandable knowledge from data, which can be used for
decision-making in various fields of human activity. The Big Data phenomenon is a characteristic feature of the
modern information society. The processes of cleaning and structuring Big data lead to the formation of very large
databases and data warehouses. Despite the emergence of a large number of NoSQL DBMSs, the main database
management tool is still relational DBMS. Integration of Data Mining into relational DBMS is one of the promising
directions of development of relational databases. Integration allows both to avoid the overhead of exporting the
analyzed data from the repository and importing the analysis results back to the repository, as well as using system
services embedded in the DBMS architecture for data analysis. The paper provides an overview of methods and
approaches to solving the problem of integrating data mining in a DBMS. A classification of approaches to solving
the problem of integrating data mining in a DBMS is given. The SQL database language extensions to provide
syntactic support for data mining in a DBMS are introduced. Examples of the implementation of data mining
algorithms for SQL and data analysis systems in relational databases are considered.
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Hacrositast pabora mocBsillieHa UCCIEIOBAHUIO MPUMEHEHMsI CTOXACTUIECKUX IBOJIIONMOHHBIX aJTOPUTMOB
ONTHMHU3AIMK K 33Jlade IEeNTHI-0eJI0OK JJOKHHIa. B crarbe IPOIEMOHCTPUPOBAHBI OCHOBHBIE IIOJIOXKEHUS,
CBOJISANME JOKUAHT K 3ajlade HENPEepBIBHON TobaabHON onTuMwu3sarnuu. llpencraBienbl OCHOBHBIE OCOOEHHOCTH
paccMaTpuBaeMOil 3a/1add W BO3HHUKAIONINE TPYJHOCTY HNPUMEHEHUS SBOJIIONMOHHBIX AJITOPUTMOB ONTHUMU3AITIU.
IIpemyoxken croco® TPUMEHEHUsI SBOJIIOIMOHHBIX aJTOPUTMOB, BKJIIOYAIOMINAI HUCIOJb30BAHUE SMITHPUIECKOMN
KBaHTUJIbHON dyukimu. llpuBeseHo KpaTkoe «pPeKypCHBHOE» OIpeJesieHne CTPYKTYPbl MHOIOMEPHOM
KBaHTUJIHHOU (DYHKITUHU C UCIIOJb30BAaHNEM OJITHOMEPHOTO KBAHTUILHOTO TpeobpasoBanusi. [IpencraBien ceTounbrit
MO/XOJ], TIPUMEHEHNsI KBaHTHU/IBHON (DYHKIMH M yKa3aHbl €ro HeNOCTATKU. lIpejiokeH IeTepMUHMPOBAHHBIN
aJITOPUTM IIOCTPOEHUSI BBLIOODKH, IPUBEJEHA CXEMa €ro paclapaUIeJIMBaHUsS U IoJIydaeMoe yckopenwe. s
KBaHTUJIBHOW (DYHKITUU OMMCAHA CXEMa MCIIOJb30BAHUS MAPAJICTbHBIX BBIYUCICHUN, BKIIOYAIONIAsT BBIUUCICHUS
Ha rpaduIecKux ycKopuTessiX. I1peyiozkeHo HECKOIBKO CIIOCOO0B apasIIeTU3aINHI C UCIIOJIb30BaHNEM BHIOOPKHU B
aBHOM BuJie. [IpomeMoHCTprpOBaHA X IPOU3BOAUTEIBHOCT B 3aBUCUMOCTH OT pa3Mepa BeiOOpKH. lIpencraBienst
pPe3yNbTATHI JOKHWHTA C WCIOJb30BAHMEM 3SBOJIIONMOHHOIO AJTOPUTMA M €ro MOAUMUKAINN C ITPUMEHEHUEM
KBAHTUJIBHOW (DYHKIMU. BBITOJHEHO CpaBHEHME C aKTyaJbHBIM METOJOM JOKHHTAa B PaMKaX OJHOTO CHJIOBOTO
nosist. IIpoBesien aHa M3 pe3ysIbTaTOB BBIYMCIUTEBHBIX SKCIIEPUMEHTOB.

Karouesvie crosa: 2400a4bHaA ONMUMUIAUUA, IEONMOUUOHHDIE AAOPUMMDL, IMNUPUMECKAA KEAHMUALHAA

Ppymnryua, doxune.

OBPASBEIl INTUPOBAHUA
[Monysau C.B., Epmos H.M. Ilpumenenne mMHOroMepHOil KBaHTUJILHON (DYHKIIMUA B 3ajatde

nenrna-6esok  jokuira // Becrnuk IOYpI'Y. Cepusi:  Beramcsimrenbmas MareMaTHka oI

nadopmarnka. 2019. T. 8, Ne 2. C. 63-75. DOI: 10.14529/cmse190204.

BBenenue

B 3amade menTup-0e0K JOKHMHTE HEOOXOMMMO HAWTU OINTUMAJILHOE MECTO CBA3LIBAHUS
Oenka W IENTUJa IPH B3aUMOJEHCTBUM IPYyr € JAPYIOM, a TaKXKe COOTBETCTBYIOIIYIO
9TOI CBs3U KOHMOPMAIUI KOMILIEKCA. T PaIulinOHHBIMEU IKCIEPUMEHTAJBHBIMU  METOIAMUI
OIIPEJIEJIEHUST MECTA CBA3BIBAHUS M COOTBETCTBYIOMNX KOHMOPMAIHil Oe/TKa U TeNTHIA SBJISIOTCS
Kpucrajuiorpadus, siIepHbIi MATHUTHBI PE30HAHC, & TaKXKe JIPyrue TeXHUKU . Hecmotpsa
HA UX TOYHOCTb U 3P(PEKTUBHOCTH, OHU TPEOYIOT 3HAYUTEIbHBIX JADOPATOPHBIX PECYyPCOB
U MaTepuabHbIX 3arpaTr. Bojiee Toro, mnenTua-0€J0K KOMILJIEKC CJIOXKHEE KPUCTAJIN30BaTh,
YeM OTJesbHBIA Oesiok. B TO BpeMsi Kak JOKMHI MeHee 3aTPaTHBI (DUHAHCOBO, 3TO JIUIIb
KOMIIBIOTEPHBII METOJI, IPEJCKA3aHUs CTPYKTYPhI KOMILIEKCA. B CBA3M € 9TUM BBIYUCIATETbHBIE

METOJIbI MPHUOOPETAIOT BCE OOJIBIIYIO MOMYJISIPHOCTH. DBOJIBIMUHCTBO W3 HUX Ha PA3JTHIHBIX

*CraThsi pEKOMeHJI0BaHa K IyOJMKAIMA IPOTPAMMHBIM  KOMHUTETOM MexKiyHapoaHol  KoHpepeHIwn

«CymnepkommnbiorepHble guu B Poccun — 2018».
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IIpuMeHeHEe MHOTOMEPHOU KBAaHTHUJILHOUN (DYHKIIMM B 3aJaYe NEeNTHI-0eJIOK JJOKUHTa

Iranax paboThl BKIIOYAET B cebsl pa3sHOOOpa3HbIe METObI CTOXACTUIECKON ONTUMU3AIINN .
OfHUM M3 OCHOBHBIX IIPEUMYIIECTB MCIIOJB30BAHUS CTOXACTHIECKUX METO/OB OINTHMU3AIINI
SIBJISIETCST BOBMOXKHOCTD HAIIPSIMYIO HCIIOJIHL30BATD PA3JINIHYI0 CTATHCTHIECKYIO MHMOPMAIIHIO.
Kpowme Toro, ucmosib3oBanne METOIOB ONTHMUBAIUN 00JIee MPUBIEKATEIHHO B BHIYUCIUTETHHOM
OTHOIIICHUHU, 9Y€M, HallpUMep, IIPUMEHEHNEe METO/I0B MOJICKYJIAPHON TUHAMUKU.

B ocuoBe OosbImiMHCTBA TOAXOIOB K JIOKUHTY JIEKUT TEPMOJUHAMUYIECKAsT THUIIOTE3a
AnduHceHa, OCHOBHOE yTBEPIKIEHIE KOTOPOI CJIEAYIONIee: ONTUMAIBLHOE COCTOSTHIE KOMILIEKCa
VHUKAJbHO W HAXOJIUTCHA B IVIOOAJLHOM MUHUMYyMe cBOOomHON sHepruu. Ilosromy 3aada
menTuA-0eJI0K JOKWHTa MOXKeT OBITh PAacCMOTpeHa KaK 3ajada TyI00aJbHON ONTHMU3AIliu, B
KOTOPOIT HEOOXOIMMO HANTH KOHMOPMAINIO KOMILIEKCA ¢ MUHUMAJIBLHON sHeprueii.

CraTbsi OpraHm3oBaHa cleayomuM obpasoMm. B pasmerne HPUBOJIUTCH IIOCTAHOBKA
3a/l1a41 U pacCMaTpPUBAIOTCA BO3HUKAIOIINE TPYIHOCTA IPUMEHEHUA SBOJIOIUOHHBIX AJI'OPUTMOB
ontuMmu3anuu. Pazmen [IOCBAIIEH SMINPUYECKOR KBaHTHIbLHON dyHkiunn. IIpemioxken
CETOYHBINA IOAXOJ, IPUMEHEHHs] KBaHTHJIbHOW (DYHKIIUM, IPEICTABIEH CII0COD IIOCTPOECHHS
BBIOODKH 1 OIMCaHa MapajlejibHas peaju3annd. B pasmeire HpeJICTaBIIEHbl PE3YJbTaThl

YUCJIEHHBIX 3IKCIepUMeHTOB. B pazjese |3akroduenne| IpUBOJASATCS PE3YJIbTATHI BBIIIOJHEHHOM
pabOThI U YKa3bIBAIOTCs] HAIIPABJIECHUS JIAJIbHENIINX UCCIIEIOBAHUN.

1. IlocranoBka 3ajgaun

B obmem ciaydae 3aadn menTtu-6e€/I0K JOKWHTA, PENIalOTCss KOMOMHUPOBAHHBIMU METO/IaMU,
BKJIFOUAIONUMA B Ce0s HECKOJBbKO PA3JUYHBIX 110 CTPYKTYpPe ITAIIOB U yUIUTHIBAIOIIIX
Pa3HOOOPA3HYI0 CTATUCTUYIECKYIO HH(MOpMAIN. Takoro pojga KOMOMHUPOBAHHBIE TTPEICKA3aHUS
BBIXOJISIT 38 PAMKH TEKYIIEero WCCIeoBaHusi. B OOJIBIIMHCTBE CJIyYAeB 3aK/IIOUUTETbHBIM
9TAIOM SIBJISIETCS MOWCK B IIOJHOATOMHOM PA3PENIEHUU ONTUMAJBHON CTPYKTYPBI KOMILIEKCA
B OKPECTHOCTH MECTa CBSI3BIBAHUS, TaK HA3LIBAEMBIH MpsAMON JTOKMHT. VIMEHHO Ha 9TOM sTare
UCIOTB3YIOTCS CTOXACTUIECKUE METOJbI ONTUMUBAINKA B COYETAHUU C METOIAMHU JIOKAJBHOI
onTuMu3anuu. BaskHO OTMETHTD, YTO IPUMEHsIEMbIE Ha JIAHHOM STAIE METO/IbI OIITUMU3AINH (KAK
[106aJIbHOM, TaK U JIOKAIBHOI) 00JIaIAI0T BBICOKOI CTEIEHbIO YHUBEPCAJIBHOCTH OTHOCHTEIBHO
pemraeMol 3a/avun, T.e. CTPYKTypa ¥ TAPAMETPHI aJTOPUTMOB, KAaK TPABUIO, HE3ABUCHUMBI
OT CJIOXKHOCTH TIeJeBON (DYHKIMU ¥ COOTBETCTBYIONIETO 9HHEPTEeTHIECKOro JraHamadTa.
[IpumepoM, TOTIEPKUBAIOMINM YKA3AHHYIO YHUBEPCAJIBHOCTb, MOYKET CJIYXKUTh MTPOTOKOJ
noxkuara Rosetta FlexPepDock , CTPYKTYpa U IMPUMEHsIEMbIE aJTOPUTMBI KOTOPOTO HE 3aBUCAT
oT PyHIAMEHTAIBHO MEHSIOIIEroCsl COCTaBa CTAHAAPTHON CKOPUHI-(PYHKIMK CUJIOBOTO ITOJIS.

HeobxomuMo oTMETHTb, 9TO HA 3aKJIIOUUTETBHOM 3Talle MMOUCK ONTUMAJBHOW CTPYKTYPBI
KOMILJIEKCA BEJEeTCs, KaK MPABUIO, ¢ YIETOM CTPYKTYPHBIX OCOOEHHOCTEMH PENOIAraeMOTO
MeCTa CBSI3BIBAHUs. 3J1€Ch HEOOXOJNMO TMOIIEPKHYTH CIENU(UKY pPacCMaTPUBAEMON 3aJ1avm.
B cuiny crpyKTyphIX 0COOEHHOCTEH MenTHIbl 00JIAJa0T BBICOKOH TubKocThIO. TopcroHHBIE
YIJIBL TJIABHOM TIEMH KaXKJ0r0 AMUHOKHUCJIOTHOI'O OCTATKA MENTHJa SBJISIIOTCS poTaMepamu. B
CBSIBU C TUM JIOKUHI' JaXKe MPOCTEHINNX MEeNTUIOB JJINHON 2-5 aMUHOKHUCIOTHBIX OCTATKA B
[IOJTHOATOMHOM Pa3peIeHnuN MPeJICTaB/IsieT COOON CJIOKHYIO0 (MHOTJA HEBBIIOJTHUMYIO) 3aJady
Jlayke JIJisi CIIENUAIbHO pa3pabOTAHHBIX TAKETOB .

[Torck B OKpPECTHOCTH MeCTa CBSA3BIBAHUS JOBOJBHO MPOCTO OPTAHU30BATH C TOMOIIBHIO
MeTO/I0B caMmIunpoBanus. OJIHAKO, MIpe/iaraeMble B HACTOSINEE BPEMS SBPUCTUIECKHE TIOJIXO/IbI
K T100aTbHON ONMTHMU3AINHN, B YACTHOCTH, IBOJIOIMOHHBIE aJTOPUTMBI, TPEOYIOT HEMTPEPHIBHOTO

MIPOCTPAHCTBa IOWCKa 0€3 OrpaHWvYeHuil, KpPoOMe T'PAHWI] IOWCKA I KayKJO0ro Iapamerpa.
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Bosumkaer Bompoc, KakuM 00pa3oM HE JIONYyCTUTH 3HAYUTE]ILHONO CMEIIEHUsI IENTHIa B
OKPECTHOCTH 00JIACTH ITOMCKA U COXPAHUTHb HEIPEPBIBHOCTH MPOCTpaHcTBa moucka?! Ilpum srom
n36exkarh Ipyboro moaIxo/a ¢ UCIOJAb30BaHNEM IMITPAMHBIX (DYHKIMH M COXPAHUTDL YCIOBHUS IS
MIPSIMOTO TIPUMEHEHUsT SBOJIIOIMOHHBIX aJITOPUTMOB onTuMusaun. OTBETOM MOXKET MOCTIYKUTH
[pUMeHeHe MHOIOMEPHOI'0 KBAHTHJILHOIO IIPE0OPAa30BAHNIS.

Hacrosimast pabora HOCBSAIIEHA HCCAEIOBAHUIO MPUMEHEHUs] 3BOJIOINUOHHBIX aJlOPUTMOB
ONTUMM3AIMK K 3ajlade IMenTUA-0eJ0K HOKHHIa C  HUCIOJb30BaHHEM  KBAHTHIBHOTO
npeobpazopanusi. [Ipu 3TOM cTaBuUTCS 3a7ava yAep:KaHUsT MENTHIa B HEKOTOPOH JIOKAJIBHOIM
OKPECTHOCTHU 00JIACTHU TTOMCKA.

Basaua onruMuzan GOpMyIHPYeTcs Kak 3ajada MUHUMU3AIUNA SHeprun cBsi3biBanust (1),
KOTOpas BbIMUCJIACTCA KaK Ppa3HHIla Me)Kﬂy SHepFI/Ieﬁ KOMIIJIEKCa B CBA3aHHOM COCTOAHUUN
U SHeprueir B CBOOOJHOM COCTOSTHMHU, T.€. KOT/a OeJ0OK W TeNTuj JApyr ¢ JApyroM He

B3aUMOJICHCTBYIOT.
Ebinding energy — LYcomplex — (Eprotein + Epeptide)- (1)

BzaumoeticrBre Mexk Iy MENTHIOM U OEJIKOM MOXKET OBITH OIMCAHO IejieBoi (yHkimeit. B
YUCJIEHHBIX 9KCIIEPUMEHTAX HUCIIOJIb30BaJIOCh cuoBoe mojie Rosetta 3.8 . Bribop cumoBoro mosis
00yCJIOBJIEH ITUPOKOI PaCIIPOCTPAHEHHOCTHIO U OPHEHTHPOBAHHOCTBIO K ITpobJieMe MenTH, I-0eJI0K
JIOKuHTra. /leTaspHoe onmcaHue IMOCTAHOBKM 3a/1a9M IIENTH I-0eJIOK JOKMHTa, OIMCAHNE CTelleHei
cBODOJIBI TeNTHIa U OejKa MPEICTABICHO B |§] B macrosieit pabore SKCIIEPUMEHTEHI
uposouiuchk ¢ kKommaekcom 1JWG (kox PDB) ¢ smueiinbiM naTepdeiicom cBs3bIBaHmSs .

Kowmriekc npeacTaBJIEH Ha pI/IC.

2

X

22 = 2 E( -

X .
a) Cerka, JIBa UCXOJHBIX y3JIa, BHIOOPKa 6) CraproBast IIO3UIUS W TPAHUIIBI CMEIIEHMsT
1 2-10% pacrpesesieHHBIX TOYEK nentua komiiekca 1JWG (kox PDB)

Puc. 1. [TokpbiTue HEIPEPBIBHON 00JIACTH ITOUCKA U PACCMATPUBACTMBIIH ITETITH/I-0€I0K KOMILIEKC

2. MmuoromepHasi sMIupudeckasi KBaHTUJIbHasE PyHKIIUS

Oupe/jiesieHre MHOTOMEPHON SMIMPUYECKON KBAHTUIIbHON (DYHKIMU (MM SMIIMPHIECKOTO
KBAHTUJILHOIO NPeO0OpPA30BaHMsI) €CTECTBEHHO BBIBOIUTCS W3 ONPEJEeJICHHs] SMIUPUIECKON
dyHKIMKU pacupejiesieHusi. BriepBble MOHSTHE MHOTOMEPHONW KBAHTH/IBHOW (DYHKIIMH BBEJIEHO
B , OJIHAKO, HamboJiee pacIPOCTPAHEHOE OIIPE/IEJIEHUE TTPUBEJIEHO B EI 3iech OyieT MpUBEJICHO
KpaTKOe «PEKYPCHUBHOE» OIMUCAHUE CTPYKTYPbl KBAHTUIBHON (DYHKIIUH.

Ilycts mano BepOSITHOCTHOE IIPOCTPAHCTBO M HA HEM OIpe/leSIeHa CiaydaiiHas BeamdnHa X .

Dyukipeil pacnpeesenns ciydaiinoil Besmanabl X HaszoBem dyskmuio Fy : R —  [0,1],
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sagaBaemoit dopmysoit Fx(x) = P(X < z). Hua sagassoit (yHKIUN KBaHTUIHHOE

npeobpaszosanue F'y 1:10,1] —» R onpegensiercs cremyromeii bopmyoii:
Fil(p) =inf{z e R: P(X < z) > p}. (2)

OnpeeinM SMIUPAIECKYIO (DYHKIMIO paCIIpelesIeHNsT CIeIyIOMUM 00pa3oM:
n

Pxu) = = 3" 1x < u), Q
i=1
rre 1 — unauKaTopHas PyHKIINA.

Baxno orMeruTh, UTO 31eCh U Jajiee PACCMATPUBAIOTCS CJIyYailHble BEJIUYUHDI,
pacupejiejieHHbIe Ha CeTKe. IJTO CBsa3aHO ¢ JAByMs daxrtopamu. Bo mepsbix, B mporecce
JIAJIBHERTIIETO IPUMEHEHNST TIOCTPOEHHOI0 TPE0Opa30BaHUs BayKHA TOJIBKO JOCTYITHOCTD TOH MJIn
UHON 06JIACTH TOUCKA, TO3TOMY JIOCTATOYHO PABHOMEPHOTO pacrpejiesienusi. Bo BTOPHIX, €Cn
3HaYCHUs OYIIyT PACIIPEJIeIeHbI IIPOCTO PABHOMEDHO, a He 10 CeTKe, TO B (hopMmyie (3) KOJIUIeCTBO
HAWIEHHBIX JIEMEHTOB MOYKET CTATH PABHO HYJIIO.

[Iponemypa  WCMONB30BAHWST  OJHOMEPHOTO  KBAHTHJILHOTO — MPEOOpPA3OBAHUS  JIJIst
HelpepbiBHOrO uncsia u3 orpeska [0, 1] BeIvisiauT coemyionmM obpa3oMm (cM. puc. . st
3aJaHHON BBIOOPKU sample Ha ceTKe ¢rid W BCeX 3HAYEHUN B y3J1aX CETKHU BBITOJIHSIETCS
POTeypa JBOUYHOTO TIONCKA HEOOXOINMOTO Y3JOBOTO 3HATMEHWS CeTKW. BHadase BbIOMpaeTcs
SHaYCHHNE CepeJInHbI CeTKH, ITPOU3BOJUTCA IIOJACYET KOJIMYeCTBa IJICMEHTOB B BbI60pKe MEHBIIIE
JMAHHOTO 3HAYMCHWS CEPEJMHBI, KOTOPOE 3aTeM MeIUTCA Ha O0Iee KOJIUYeCTBO SJIEMEHTOB
B BBIOOpKe. AHaJOrUYHBbIE JIEWCTBUSI POU3BOJSITCS JIJISI COCEIHErO y3J1a CETKH. 3aTeM
IIPOU3BOAUTCS IIIAT, aHaJIOTUYHBII JABONTIHOMY IIOUCKY: €CJIM HEIIPEPbIBHOE 3HAYCHUEC MEHDbIIIE
IIOJIyY€eHHOI'O YHCJla, TO MEHACTCA BEPXHAA I'DaHHUIla ITOHMCKa II0O CETKeE. B IIPOTUBHOM CJiy4ae
AHAJIOTMYHO MEHSIeTCAd HIKHsIA rpannna. OJIHAKO, €Cau HeNpephbIBHOE 3HavdeHue OoJIbIne
Y3JI0BOIO 3HAYEHUS U MEHbIIe COCETHEr0 3HAUEHUs, TO MPOIEAypa IMOUCKA HYXKHOIO 3HAYEHUS
CEeTKHM 3aKAHYUBAETCsI. 3aTeM I TOJJIePKaHUS HENPEPLIBHOCTH WCIIOJIB3YeTCsT JIMHENHAsT
UHTEPTIOJISIITNS.

Ucrionwbays oripejiesieHne MHOTOMEPHON IMITMPUIECKO (DYHKIMHT —
n

. 1
Fx, X x, (U1, ug, .. ug) = - Z (x50 < U1, X[ S U2, -5 X[ g < Ud), (4)
i=1
rjie d — pasMepHOCTb, N — pa3Mep BBIOOPKHU, MOXKHO ONpEJeUThH MHOTOMEPHYIO KBAHTUIBHYIO
dbynkumo [0,1]% — R4, Iycrs F — d-mepuas dbynxmnus pacupesenenus u X1, . .., X, — BHIGOPKa.
Ucnosnb3yst ojHoMepHOE KBaHTHILHOE IpeobpasoBanue (2) u Bboibpas BekTop z € [0, 1] MoxKHO

OIIpeJIe/INTh PEKyPCUBHO KBaHTUILHYIO DyHKIMIO Y = 71 1(2):
Yi = F (=), (5)

Yi=Foi poa (Vi Vi), 2<k<d (6)

2.1. IlocTpoeHme BBIOOPKU

ITocTpoenne BBIOOPKY It KBAHTUABHON (DYHKITUN BBITVISIIUT CJAEYIONUM obpaszoM. Ilemru
[IOMEIIAeTCsI B IPOM3BOJIbHYIO 00JIACTH IIOMCKa B OKPECTHOCTH MeCTa CBsi3biBaHUs. [loCKOIBKY
CTpyKTypa uHTepdeiica CBA3LIBAHMSA H3BECTHA, IEINTHJ PACIOJJaraercs B IPUOIU3UTETHHO
JIMHEWHOM cTpyKType. Kak yKasbIBajaoch BhIIIE, PACCMATPUBAECTCS TOJIBKO 3aKJIIOUATEILHBIN 3TAIl
ONTUMU3AIMHN, U, B OOIIEM Cjydae, CTPYKTypa MOXKeT ObITh IpPOM3BOJILHOI. B KoopmmHaTax
aToMa @-yIJlepojia TEPBOTO W TIOCJIETHETO0 aMWHOKHCJIOTHOTO OCTAaTKa TEeNTHJa CO3Jal0TCs

obJtacTr TOMCKa, KOTOPBbIE OyIyT OIpenessTh T'PAHUIIBI CTEIeHW CBOOOIBI IS IOJIOYKEHUS
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float getval(std::vector<float> &sample, std::vector<float> &grid, float valO1l)
{
size_t count = grid.size() - 1, step, cl =0, c2 = 0;
float f1, f2, n = sample.size();
std::vector<float>::iterator first = grid.begin(), it;
while(count > 0)
{
it = first; step = count / 2; std::advance(it, step);
cl = std::count_if (sample.begin(), sample.end(),
[&it] (const float &v){ return v < *it;});
c2 = std::count_if (sample.begin(), sample.end(),
[&it] (const float &v){ return v < *(it + 1);});
f1 = c1/n; £2 = c2/n;
if(valOl > f1 && valOl < £2)
break;
if(f1 < valO1l)
{
first = ++it;
count -= step + 1;
}
else
count = step;
}
// 06paboTka HCKINYUTEILHOrO CiydYas paBeHCcTBa cl m c2
// mocTymeHa B OoTKphTOM pemosumropuu [13] cepBuca GitHub
return *it + (valOl - f1) * (x(it + 1) - *it) / (£f2 - f1);
3

Puc. 2. OpHoMepHOE KBaHTUIbHOE IIPpeoOpa30BaHKe 110 CETKE C JIMHEHHONH UHTEPIIOIsIueit

BBIODAHHBIX ATOMOB, KOTOPbBIE 3aBUCST OT ONTUMHU3UPYEMBIX TapaMeTpoB. IIockobKy mosoxenue
MEPBOTO (-YTJIEPOJIa OMPEJIEIsieT CMeIeH e MeNTHIa OTHOCUTEILHO OeJIKa JIJIsT OTOOparKeHUs B
cepy HCIoNb3yeTcst TPEXMEPHOe KBAHTHILHOE MPeoOpA30BaHUE, MOCTPOEHHOE TO ILIOTHOCTH
pacrpesiesieHnsi, KOTOPOoe yKe WCIOJIb30BAJIOCH B . [Tonoxkenme menTuaa B OMpeaeTeHHON
chepaMu  00JIACTH TIOMCKA 3aBUCUT OT TAPAMETPOB CMEIIEHUS TENTHa, yIJIa W BEKTOpa
MOBOPOTA, a TaKXkKe TOPCHOHHBIX YIJIOB TJIABHOW Tenu mentuma. /Jlyst Kaxkmoro mapamerpa
co3J1aeTCst COOCTBEHHAsI ceTKa. BaXKHO OTMETHTD, ITO IPAHUITEI KAXKJI0r0 ITapaMeTpa IepeBeIeHbl
B juanaszon [0,1]. ITapameTpbl, onpejessione CMeIeHre eNThIa U YacTh yIVIOB IJIABHOM
neny IenTHia, yxke Haxoiarcs B juanasoHe [0,1]. OcrasbHBIX apaMeTpbl [EpeBOJSATCI B
9TOT JMANA30H U IPeodpPas3yTCs B UCKOMBIE C TOMOIIBIO JIMHEHHOW WHTepIosanun. B urore
MIPOCTPAHCTBO MOUCKA CBEJEHO B €JIMHUIHBIN TUIIEPKYD.

Jlns KakJIoro mapamMerpa, IIPUHAJIEXKAIEro TUMepKyDy, MTPOU3BOJUTCS pas3bueHue Ha
HE3ABUCUMOE 33J]aAHHOE YHCJIO PABHBIX YacTell, KOTopoe OYJeT OonpeiessTh ya3Jbl ceTku. Jls
KakJIOTO MapaMeTpa olpeJiesisercs OJmKaiiiee 3HaYeHne B MOJIydeHHON ceTke. Eciu obsractb
[OVMCKA B OJIMKAMIINX y3J1aX CETKHU He HaliJileHa, TO MIPOUCXOAUT IIOUCK B N-MEPHOI OKPECTHOCTH
don Heitmana nin Mypa.

Temepb MOYXKHO MPUCTYIHUTDH K MPOIEAYPE TMOCTPOEHUST BBIGOpKU. [T 9TOTO MCIOMB3yeTCst

n-MepHBIt aHaJIor ajaropurMma saanBku Flood-fill C MCIIOJIL30BAHIEM N-MEPHOII OKPECTHOCTH
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don Heitmana. Anropurm Flood-fill 8 mporecce cBoeit paboThl MOXKET MOCETUTH OJHO M TOXKE
3HaYeHHe y3Jla B CeTKe HECKOJIbKO pa3. B c¢BaA3m ¢ TeM, 4TO cMelleHne HeNTHIa U IIPUCBOEHNE
eMy HapaMeTpoB TpebyeT BBIYHC/IUTEIbHBIX PECypPCOB, IMOCEIIEHHbIE U BLIYMCJICHHBIE 3HATEHUS
CeTKH JI00aBJISIOTCA B IpedukcHoe mepeBo. [lonck un mpoBepKa TpeOYIOT 3HAINTEIHHO MEHBIITNX
pecypcoB.

BaxxHO oTMeTHTB, UTO caM IIPOIECC ITOCTPOEHUSI BHIOOPKHU SIBJISIETCS 0OXOmOM Tpada co
CTPYKTYpPOil «pemreTka», HO 0e3 ompemenennusi camoro rpada. Bouibop anropurma o0yc/ioBieH
MIPOCTOTON peain3aIud U WCC/ICIOBAHUSIMEA B , a Takke COOCTBEHHLIMH SKCIEPUMEHTAMH.
Tak:ke HEOOXOINMO OTMETHUTH, UTO IMPHU 00XOE CETKN HEBO3MOYKHO MCIIOJIB30BATH OKPECTHOCTH
Mypa it Bcex IapamMeTpoB B CHJIYy BBICOKOTO KOJIMYECTBA COCEIHUX y3J0oB. Hampuwmep, B
paccMaTpuBaeMoil 3ajiatde KOJUIEeCTBO IapaMeTpoB B ruiepkybe n = 15, Jyis KaxKJoil TOYKH
okpecTHOCTh (pboH Heiimana 2n y3/108, okpectHocTh Mypa 3" y3io0B. Opnako, ajiropurm Flood-fill
MIO3BOJISIET UCIIOJIB30BATh OKPECTHOCTh Mypa Jiist YacT napaMeTpoB.

Ha puc. PEJICTABJIEH PE3yJIbTAT IIOCTPOEHUsI BBIOOPKU 110 JABYyMepHOil ceTke (5X6)
¢ MOMOINBI0 peaju3oBanHoro ajroputva Flood-fill misi mpousBosibHO#l obsractu. Takke Ha
puc. BBbIpaxkasiCb B TEPMUHAX KOMIILIOTEPHON I'padUKM, OTMEYEH <«3aTPaBOYHBIA» y3el U
Pe3y/ILTAT KBAHTUJILHOTO HPeoOpPA30BaHUs PABHOMEPHO pacIpeje/eHHbIX BekTopos 2-103. Ha
puc. |3| mokaszaH pe3y/abTaT MOKPBLITHS IIapaMeTpoB paBHOMepHO cerkoil. Camu mapamMeTrpbl
Koupytorcs B orpeske [0, 1], Ha puc. HOKaBaHbI IoJIyJaeMble B pe3ysIbTare Ipeodpa3soBaHUsd

Y3JIOB CETKH 3HAICHUA.

T L 2 2 N 2 4 * T L 2 2 N 2 4
IR IR IR
* o0 * o o0
* o0 * L 2 2 2 4 L R 4
.o x x .o
L K R 2 * * o0 *
¥ L 2 2 2 4 ¥ L 2 2 R 4 *
* 6 00 * * 6 00 *
* L R 4 *
. . .o
* * *
LA 2 4 * L 2 2 R 4
- -
- 0 T - 0 m
a) Jleirun 6) Tucruaun

Puc. 3. [lokpeiTue pacupenenennii yryios riasaoii mernu mentuga DLLHI komrekca 1JWG

HeobxoanMo oTMeTHTD, 9TO B IPUBEAEHHBIX IIPUMEPax siBHO YKa3aHbl OCHOBHBIE HEIOCTATKH
IIOCTPOEHUsT BBIOOPKM IO CeTKe U KBaHTHJILHOIO mpeobpas3oBanHmsa. Bo mepBBIX, aropuT™M
MTOJIXOIUT TOJIBKO JIJIsT OIpEJIe/IeHUsI CBsI3aHHOI obsacTu. B ciiydae HecBsi3aHHOCTH 00J1aCTH U3
JApyTHUX obJracTeil JJIst aJITOPUTMA TaKKe Hy»KeH UCXOIHbBIH y3es1. Bo BTOpbIX, 3HAYNTEIbHAT YACTh
00JTacTH TMONCKa MOYKET OKa3aThCA HEJOCTYITHONW M3-3a OOJIBIIOrO IMara CeTKU W HCIOJIb30BAHUS
okpectHocTH PoH Heitmana. B Tperbux, TacTs 06/1aCTH TOKMCKA, PSIIOM C TPAHUIEH HEIPEPBIBHOM
obJracTu, HeJIOCTYIIHA. B 4eTBepTHIX, IPAHUIA ITONCKA MOYKET BBINTH 3a IPAHUILI HEITPEPBIBHOM
obaactu. OHAKO, ITOCJIEIHNAN HEJOCTATOK HE CTOJIb BayKeH, TaK KaK HE3HATMTEIbHBINA BBIXOJ, 3a
I'paHUIBI TOUCKa HECYIIIECTBECHEH.

B macrositieit pabore mpomsBejieHa MapaJiesibHAsl PEAU3aIs aJrOpUTMa MOCTPOEHUSI
BBIOOpKU ¢ mpuMeHerueM TexHosiorun OpenMP. IIpousBesieHo cpaBHEeHUE C IOC/IEOBATETBHOM
Bepcueit anropurma. Ha puc. IpEJICTABJICHA CXE€Ma PACHAPAJUICIUBAHUS W II0JIyYIaeMOe

yckopernue. KaxKplif y3es CeTKu, KOTOPBIi HEOOXOJUMO MPOBEPUTH HA IMPUHAJJIEXKHOCTH K
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o0JlacTH TOUCKa, M00aBJsieTCs B oYepeab. Kcianm Tekymmit y3ea MNPUHAJJIEKUT ODJacTH, B
ovepe/ib JT0DaBIISIETCS er0 OKPECTHOCTD, 38 UCK/II0UEHIEM y2Ke TTOCEIeHHbIX y3J10B. B oTmaune or
[IOCJIEIOBATEIbHOM BEPCUH, TJie TPOBepKa U JI00ABJICHUE B JIEPEBO C BBIYUCJIEHHBIMUA 3HAYCHUS MU
IIPOUCXOIUT Ha KayKJOM Ilare, B IapaJlleJIbHON peau3allid HEKOTOPbIe y3JIbl BBIYUC/ISIOTCS

HECKOJILKO pa3.

1 4 T T T T T
[TapannenbHas yacTb. °
OrnpeneneHue naname{Hocm K 00J1aCTH MOMCKA. 12 - 7

! 10 | |

QOuepenb

Yckopenue

[TocnenoBarenpHast 4acTh. | | |
Jlo6aBieHne OKPECTHOCTH IUIST KaXKI0i HOBOM TOUKH. 1 6 12 18 24

KonuuecTBo MoToKoB

a) Jlobasienne B ouepejib OKPECTHOCTH Kakjioli  6) [IpousBoguTe IbHOCTD MPU UCIIOIL30BAHIN
HpUHAJIeXKAIEel 00/1aCTH TOUCKA TOIKHI texnonorun OpenMP

Puc. 4. Ucnonb3yemasi cxema paclapaJiie/IMBaHUs U ee ITPOU3BOIUTETbHOCTh

2.2. llapannenbHas peajmn3anusi

[Tpu wmcnosb3oBaHUU MHOrOMEpPHOI KBaHTHIIbHOH dyHkun (5-6) yisi npeobpasoBaHust
onHoro Bekropa z € [0, l]d HeoOxomuMo d pa3 TpONTH MO BCeil BBIOOPKE pa3Mepa N 1
Ka)KI[bH';'I pa3 oTMe4YaTb YAOBJIETBOPAIONINE BCEM NPEABLIAYIIIUM YCJIOBUAM 3HAYCHUA, KOTOPbIC
3aTeM Oy/IyT MCIIOJIB30BATLCS B OIHOMEPHOM KBAHTUILHOM IpeobpazoBanuu. Karkiblit 3/1eMeHT
BBIOODKU — d-MEpHBIf BeKTOp. TakuM 00pa3soM MIPOU3BOJUTCS IIOKOODJIMHATHOE CpaBHEHUE
BEKTOPa U3 BBIOOPKHU C JIByMsl H3BECTHBIMU BEKTOpaMu (BepxHel u HuxKHeil rpanureit). B ciydae
HEBBITIOJTHEHUST XOTsI OBl OJTHOT'O YCJIOBUSI IIPU CPABHEHUH, T.€. HEITONAIaHUST KOOPIUHATHI BEKTOPA
B [IMaNa30H 3HAYEHUN MEXKJy IPDAHUIIAMU, BEKTOD U3 BHIOOPKU HE PACCMATPUBAETCS.

Ha nannOM 3Tame M0BOJIBHO MPOCTO NMPUMEHHUTDH apaJiiejibHble BbIUuCaeHUs. [IoCKOIBKY
3apaHee HEU3BECTHO KOJUYIECTBO VJIOBJIETBOPSIONINX BCEM YCJIOBHUSIM BEKTOPOB B TeKyIeit
peasin3aIu OJJHOMEPHOE KBAHTUJILHOE TPe0Opa30BaHUE BBIIIOJHIETCS HA XOCTE.

B pesynbrare BbIIOSHEHHON PAbOTHI peaU30BaHbl TPU Pa3JUIHBIX CII0COOa BBIOOpA
HeoOX0/IMMBIX 3HavdeHuil ¢ ucnosb3zoBanneMm rtexuosorun OpenCL. Bo Bcex Tpex ciyuasx Bcs
BBIOOpKa pacroJiaraercsd Ha rpadudeckoM yckopurtese. IIpu 9ToM ucnosb3yercs TUI JTaHHBIX
float.

B nepBom ciydae mcmoJib3yercst mpocreiimas cxema pacnapasuiesuanusi. fapo OpenCL
3aIyCKaeTcsd C MaKCHMaJbHBIM BO3MOXKHBIM pa3MepoM pabodueit rpynmnbl. Vcmonb3ys
€IMHCTBEHHBIN TJIOOAJIBHBI HOMEp MOTOKA B SIApe IMPOUCXOAUT ITOKOOPJIUHATHOE CpPaABHEHHUE C
HCIIOJIB30BaHUEM IHUKJIa U YCJIOBHOrO omeparopa if. B ciaydae HeBBITOJHEHNST XOTsI OBl OHOTO
YCJIOBHUsA TPOUCXOAUT BBIXO/ U3 sA/Ipa. EC.HI/I BCe yCJIOBHUs BBITIOJIHEHBI, ITOCJ/IE/ITHEE 3HaYCHUe, JJId
OJTHOMEPHOTO TIPe0OPa30BaHNsI, 3aIIUCHIBAETCS B BO3BPAIIAEMBI ¢ YCKOPHUTEJISI HA XOCT BEKTOP
jymael 1. [Ipu aTOM B apaMeTpsl sijipa IepeiaeTcss TOJIBKO JBa HEOOXOIUMBIX IIjisi CPaBHEHUsI
BekTOpa. Jlannas peanmmsanus obo3HaAYUEHa HA PUC. @KaK GPU 1.

Bo BropoMm ciiyuae HUCIHOJIB3YeTCsS JIOMOJHUTEIbHBIE MACCUB THIA char aHAJOTUIHBII

BI)I60pK€. B JaAHHOM MaCCHUBE€ COXPaHAIOTCA 3HaKH I[TOKOOPDJAMHATHOI'O CpaBHEHHA, KOTOPOE
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npousBoguTcss 1o dopmyne (x; — min;)-(max; — x;). Ilpu 3amycke siapa B mapamerpax
HCIOJIb3YIoTCs  pabounme rpymmbl  16x16. IlockosibKy paccMaTpuBaeMasl 3ajlada  HMeeT
pa3MepHOCTh 15, MacCuB pacIInpeH 10 pasmepa pabodeil rpymmbsl. Crreryromniee sapo BBIIOIHAET
[POIEAYPY IOKOOPAMHATHOIO CJIOYKEHMSI KayKJIOH CTPOKU JOIOJHUTEJBHONO MAacCHBa, TakK
naszpiBaeMblii SumReduction. Ilpn sToM umcmosab3yercs JIOKAJIbHBI MacCHB U 00ECIIEINBACTCS
KOPEPEHTHOCTD 3aI1pocoB. IloydeHHble 3HAUEHNST CYMMBI 3allCBIBAIOTCS B BEKTOP IJIMHBL 1 U
KOIUPYIOTCST ¢ YCKOPUTEJIsT Ha XOCT. VICKOMBII BEKTOD HallJieH, ecyii cyMMa, OUTOB paBHA TeKyIeil
pasMmepHoCcTH 3aa4un. JaHHas peam3alius 0003HaAUEHa Ha PUC. @K&K GPU 2. Tak:xke Ha puc.

[IPEJICTABJIEHA CXEMa PACIIAPAJIICTNBAHSI.

57, _gobalb [T-TC]
d=15
¢ N _globalub [ [ [T 1] __local sums

v = in[gRow*TS + gCol];

t =(s - Ib[gCol])*(ub[gCol] - s);

0[0

s = Isignbit(t); oo H
__global in __global b __global out

Puc. 5. Ucnonbs3yemast cxema pacrnapasuiesmBanuss GPU 2 ¢ monoHuTe/ IbHBIM MaCCHBOM

B Tperbem ciyuae uckiiovuaeTcs paboTa C JIOMOJHUTEIHLHBIM MACCHBOM. ZI7IPO BBIMIOJIHSIET
[POIIeIy Py HOKOOPAMHATHOIO cpapHerust aHagorudHo GPU 2 u cpa3y ke BBIIOIHSIET IPOIELy Py
CJIOZKEHUS TIOJTYIE€HHBIX 3HAKOBBIX OMTOB. IIpm 3TOM Tak»ke HMCIOJB3yeTCH JIOKAJIbHBIM MACCHUB
u 0becnevunBaeTCss KOI€PEeHTHOCTh 3anpocoB. [loydeHHble 3HaYEHUS CyMMbBI 3aIUCHIBAIOTCS B
BEKTOD UIMHBI N U KOIUPYIOTCS C yCKOpUTesad Ha xocT. /lannass peanuzarus obo3HavUeHa Ha

puc. @KaK GPU 3.

45 T T T T T T 100 E T T T T T T
40 . '
33 1 2
= 30 . 210 b E
> > E ]
g 25 1 g
L 2
= 20 I %
3 15 1 5 1F
(=7 o,
@ 10 - m
5 .
0 . = 0.1 I I I I I I
1 5 16 47 65 75 1 5 16 47 65 75
Bri6bopka (MIJITHOHBI) Bribopka (MIITHOHBI)
a) JIuneiinerit Macrrad 6) Jlorapudmmaecknit macirrab

Puc. 6. lIpon3BoanTe IbHOCTh TPUMEHSIEMBIX CXeM MapaslIeIbHBIX BBITNCIEHNIT

PezynbTaThl Ipe/I02KEHHBIX CXEM IIPUBEJIEHBI HA PHUC. @ Jluist KaxK 1ol BIOOPKU BBITIOJIHEHO
10 zamyckos. Ilpencrasieno cpegdee apudMeTHYECKOe BpeMsi pabOThI OJHOrO KBaHTHIHLHOIO
peobpa30BaHusi U CPegHEKBaJIpaTUIecKoe OTKJIOHeHHe. HecMoTpst Ha J1eTepMUHMPOBAHHOCTH
[IOJIy9aeMbIX BBIOODOK, IIPEJACKa3aTh HX pa3Mep JOBOJBHO TPYJAHO. IDTHUM OOYCIOBJIEHBI
[IpeICTaBIeHHbIE OKPYIVIEHHBIE pasMepbl. B IpeIcTaB/IeHHBIX PEe3yIbTaTaX YIUThIBAETCS BpeMsi

[IOJTHOT'O KBAHTUJILHOT'O IIPE0Opa30BaHus, T.€. IIPU KaXKJIOM 3aIlyCKe [IPOU30IILIO 15 IIPOXOI0B M0
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BBIOOPKE U CTOJIBLKO YK€ Pa3 ¢ YCKOPHUTEJIS HA XOCT CKOITMPOBAH PE3YJIbTUPYIONINi BeKTop. Takxke
YUUTBIBAETCS MIPOU3BEJIeHHOE 15 pa3 oJIHOMEPHOe KBAHTUJIbHOE ITpeobpasoBaHue.

HecvoTpst Ha moJiydeHHOE BO BCEX CJIydasdX YCKODEHHE, OHO OCTAeTCsl NPUOIU3UTETHHO
IIOCTOSIHHBIM  JIJI  KaXKJ0# BbIOOPKU. MaKCHMAaJIbHO MOJIYYEHHOE YCKOPEHUE JaeT IepBasd,
pOoCTetTasi, peaan3aliis, CO CPeIHNM ycKoperueM B 3, 14 pasa. Xyamuit pe3yabTaT co CPeTHUM
yckopeHneM B 2, 18 pa3a jgaeT Bepcus ¢ JOTOJTHUTETHHBIM MaCCHBOM.

[Ipuunbbl  1I0XOH MPOW3BOAUTEILHOCTH — CJeayiomue. Bo HepBbIX, IIpH  KaXKJOM
npeobpazoBanuu 15 pa3 C yCKOpUTEJIs Ha XOCT KOIUPYEeTCd MACCUB, PABHBLIA pa3Mepy
BeIOOpPKHU. B0 BTOPBIX, BBICOKAs CKOPOCTH BBIMIOJIHEHUs OIEPAIlUU CpaBHeHUs. B Tperbux,
DOJIBITIOE KOJIUYECTBO OOpAIlleHnil K TVIO0AJILHON TaMsTh yCKOpuUTess. B mepBoii, mpocreiiiieit
peasiu3aiuu, MEHbIE BCEro TAKOro pPoja OOpallleHuil, TOCKOJIbKY MPU HEBBLIIOJHEHUU XOTs Obl
OJTHOTO yCJIOBUSI TIPOUCXOJUT BBIXO, U3 (PYHKIUUA. DTUM 0OYCIOBIEHO MAKCUMAJIBHO IOy I9€HHOE
YCKOPEHUE 9TON peau3aliii.

Bce Boruncienus BoironHersl Ha Kiacrepe OMAN HybrilLIT C UCIIOJIb30BAaHUEM OJITHOI'O
yekopuresst NVIDIA Tesla K40s. Heo6xoumMo oTMETHTD, ITO HCITONB3YEMBIH BHITHCIUTETBHDBIN
y3ea uMmeeT TpU TpadudecKux yckopuress. Vcrnomab3ys MONOJHUTEIbHBIE PECYPChl MOXKHO

HECKOJIBKO YBEJUYUTH YCKOPEHUe, pa30uB BLIOOPKY HA PABHBIE YACTH.

3. PGBy.IIbTa,TbI YNCJIEHHDbIX 3KCIIEPpMMEHTOB

B macrosmux skcrnepumenTax BbinosHsiics jgokuar nenruga DLLHI B 6esmok 1JWG:B
(cM. puc. . Pasmeprocts 3amaunm coctaBmiia 54 mnapamerpa. KBaHTHIbHOE peobpas3oBaHme
NPUMEHSJIOCH K 15-Tu mapaMeTpaM, KOTOPbIe OTBEUAIOT 32 IIOJIOXKEHUE MENTUIA B OIPeIeICHHO
BBIIIIE OKPECTHOCTH. Pajinyc cep paBeH YeTbIpeM aHTCTpeMaM.

Cpaprenne ajantuBHOM guddepenimanibaoit sposonun JADE [POU3BOJIUIOCH C
nporokosioM Rosetta FlexPepDock . YcaoBueM TpPUMEHEHUS JTaHHOTO IMPOTOKOJA SBJIAETCH
IPUCYTCTBUE MHENTHIA B PaJUyCe IsSITH aHICTPEM OT MeCTa CBa3bIBaHHA. PaboTa IIpOTOKOJIA
BKJIIOYaeT B Ce0s HECKOJIbKO Pa3/IMYHBIX 3TAIlOB, 3aKJIOYUTE/JIbHAs CTaausd KOTOPOro —
anroput™ MonTte-Kapiio ¢ mokanbHoit ontumuzarueii. Beibop ssosonmontoro ajroputma JADE
00yC/IOBJIEH TTPOBEIEHHBIMU B @ WCCJIEIOBAHUSIMU.

Ha puc. Hpe,ILCTaBJIeHI:I pe3yIbTaThl UCIIOIb30BaHus aaropurma JADE, ero moandukammm
¢ ucnosib3oBanneM KpantuiabHoil dynkiun qJADE u nporokoma Rosetta FlexPepDock (FPD).
VkazaHo CpeaHeKBIPATUIHOE OTKJOHEHHE aTOMOB TIJIABHON IENM MENTHIa OTHOCUTEIHLHO
HATUBHOHN CTPYKTYpPBI, KOTOpas IIPOIILIa MPOIEAYPY JIOKAJHHON ONTUMHUIAIMA CTAHIAPTHBHIMEI
cpencrBamu nakera Rosetta. Hatusaoe cocrosiiine KoMILiekca nMeeT 3Ha9eHIe CKOPUHT-(DYHKITITT
npubausureabao —280.

HawanpHast mo3uiust IenTuia st SBOJTOINOHHBIX ajropuTmoB u FPD npejcrapisiia coboit
nepeBepHyTHIH Ha 180 rpalycOB OTHOCUTEILHO HATUBHOTO COCTOSIHUS BJIOJIb MECTA CBI3bIBAHUS
mentu. [IpuemaeMbIiM pe3ysibTaToM JOKUHTA SIBJISIETCS CyOaHICTPEeMHOe 3HAYEHNEe OTKJIOHEHUSI.

PesysbraThl MpOBENEHHBIX YHUCJIEHHBIX SKCIIEPHMEHTOB ITOKA3bIBAIOT, YTO C IIOCTABJIEHHOM
3ajadeil  JOKWHIa CIpaBWcs ToJbko mporokos FPD. IlpumenenneM KBaHTHJIHLHOI'O
peobpa30BaHUsl yIaJ0Ch COKPATUTH MMPOCTPAHCTBO IMOUCKA U JOOUTHCA JIyUIIUX PEe3yJIbTATOB
qtst sBostonmorHoro anropurma JADE. Tlox cokparerreM mpocTpaHCTBa TOUCKA WMEETCsT B
BHUJy HE COKpAaIlleHNe Pa3sMEePHOCTH, & y/ep:KAaHUe IMENTH/Ia B OKPECTHOCTUH MECTA CBA3BIBAHUS.
Ha »10 yKasbpiBaeT MeHbIIee CpeIHEKBAIPATUIHOE OTKJIOHEHNE aTOMOB mentujga. s xymmero

HalJIEHHOIO 3HAYEeHUs] Pe3yJIbTaT M3MEHUJICS MPpUOJM3UTELHO B ABa pasa. OIHAKO B CpeIHEM
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Puc. 7. Pesyibrars! jgecstu HesapucuMbix 3anyckos JADE, qJADE u 103 3amyckos FlexPepDock

JIST JIyUITUX HAWJeHHBIX 3HAYEHW 9SHEPrUsl CBS3bIBAHUsI MPAKTHIECKH AHAJOTMYHA. IDTO
yKa3blBaeT ¥ HECHOCOOHOCTH UCIOJb3YEMOIO SBOJIOIUOHHOIO —AJITOPUTMa  ONTUMU3AIIT
[IPEOJIOJIETh CJIOYKHBIN SHEPreTUIeCKU JIaHIIADT.

B mamHOM Ccilydae HMCIOIB30BaIaCh BBIOOPKA Pa3MEpPOM MPUOIU3UTETBHO 75 MUJLJILOHOB.
[TocTpoerne Takoii BBIOOPKW JIIsi TPUBEIEHHOTO MENTHIA HA OJHOM  y3Je  3aHsIO
IPUOJU3UTEIBHO 5 YacoB. 3a/1aBA€MOe KOJUIECTBO BLI30BOB IMEJIEBON (DYHKIINUA BHIOMPAJIOCH U3

pacdeTa COIIOCTaBUMOCTU BpEeMEHU BBIUNCJIEHNN.

3akJro4yeHmne

B pesynbrare BhIONHEHHON pabOTHI MPOBEICHA PeAU3AINS MHOTOMEPHON SMIIMPUIECKOM
KBaHTUIBHON dyHKImn. [IpemioskeH CeTOYHBIN IMOAX0 K ITOCTPOEHUIO JeTePMUHUPOBAHHBIN
BBIOODKHU, IPOU3BE/ICHA TapaJUIeJibHAS Ppeasu3alius ¥ IOJyUeHO IIPUEMJIEMOe YCKOPEHHE.
[Ipoussenena mapaJeabHasl peajn3alnys KBAHTUILHON (DyHKIH.

Ha ocHOBaHUM TIPOBEJEHHBIX WCCJIEIOBAHUN MOYXKHO 3aK/JII0YUTh, YTO C ITOMOIIBIO
KBaHTWJIHHON (YHKIMH BO3MOXKHO CBECTH 3aJady IenTHI-Oe0K JOKHHIA B HEIpPepbIBHBII
eIMHNIHBIN Tunepky6. Ilpm 9TOM ydYHTBIBalOTCS OCTaJbHBIE ITAapaMeTpPhbl, KOTOPBIE TaKiKe
MIPOXOISIT TPOIEAYPY IMPeodpa3oBaHuUsT . Takast TocTaHOBKA 3aJlaud ITO3BOJISET CO3/aTh
w1ardopMy it 0ObEKTUBHOTO CPABHEHMS PA3JIMIHBIX AJITOPUTMOB IIOOAIBHON ONTHMUBAIINHT,
TaKUX KaK 3BOJIOIAOHHBIC, POEBbIC, AJTOPUTMBI OICHKUA paCIpeNeJIeHUul, aJrOPUTMBI CO
MHOKECTBEHHOI OIeHKOI 1 0e3 OIeHKN KOHCTaHTHI Jlummura.

HemocrarkoM ucmosb3oBaHus KBAHTUJILHOW —(DYHKIIMM — SBJISIETCS  SKCIOHEHIUAJIbHBIIM
poct BeIOOpKHU. IlpoBeneHHbIE HCCIETOBAHUS MMOKA3BIBAIOT, YUTO HCIOJb3yeMas Pa3MEPHOCTH
15 mapamMeTpoB dABJIsI€TCs BepxHel fomycTuMoit rpanutieii. Heo6xoamMo oTMeTuTh, YTO BO MHOTHX
aKTyaJIbHBIX 3aJladaxX MenTuI-0e/I0K JOKUHTa HEeOOXOIWMO pacCMaTPpUBATL MENTUIbI JIJTUHOM
10-15 aMHHOKHCJIOTHBIX OCTATKOB. TakmM o0pa3oM, PasMepHOCTb CTeleHeil cBoOOIbI Oesika
BO3pacTaeT B 2—3 pasa, YTO MPUBOIUT K HEBO3MOXKHOCTHU UCIIOJIb30BAHUST KBAHTUILHON (DYHKITUN
B TeKyIIeit MOCTaHOBKE.

[lenbio pmaspHeiIeil  pabOTbI  sSIBJSIETCST  PACIIUPEHHE BO3MOXKHOCTEW  ITPUMEHEHUS
KBaHTWIHHON QYHKIMU B 3ajiade nenTu-0e0K gokuara. CMmelneHne IenTHIa OIIpeesser
MO3UITUIO IIEPBOr0O (-yIjepoja. B HacTosIImeil paboTe MCII0Ib30BAJIOCh TPe0dbpa30BaHue TOSUIITI

HENTH/IA TOJBKO B OJIHY U3 JIBYyX orpannanBaomux cdep. OHaKO, TOBOJIBHO IPOCTO IIOCTPOUTH
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oTobpazkeHue B aBe. TakuM 0O6pa30M, MOKHO PACCMATPUBATE OJJHOBPEMEHHO JIB& TOTEHIINABHBIX
[IOJIOXKEHUS! IEeNTHIa B JIMHEHAHOM HHTepdeice CBA3bIBaHUS.

BazkHo OTMETHUTH, UTO HPEIJIOKEHHBIA IOAXOM € IPUMEHEHHEM KBAHTHJIBHONW (OYyHKIII
MOXKET OBITH IPUMEHEH [JIsI IIMPOKOrO CIEKTPa 3a1a49 CO CXOxKel popMyInpoBKoii. Peasmzarus
amaJiora ajroputma 3aauBku Flood-fill m peanuzarusa sMnupu<deckoit KBaHTHUIBHONW (hyHKIIH

JOCTYITHBI B OTKPBITOM PENO3UTOPUN cepsuca GitHub.
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The paper presents an exploration of using evolutionary optimization algorithms in protein-peptide docking.
The main assumptions that reduce docking to the continuous global optimization problem are described. Some
special features of the given problem and the difficulties of using evolutionary algorithms are discussed. The
paper provides a way of using evolutionary optimization algorithms based on using empirical quantile function.
The multivariate quantile function structure is defined recursively using univariate quantile transform. The
grid-based approach of using quantile function is presented. The disadvantages of this approach are indicated. The
deterministic sampling algorithm is proposed. The used scheme of parallel sampling and the resulting speed-up
are described. The GPU-accelerated approach for quantile function evaluation is presented. This paper provides
multiple GPU-based ways which use a sample in explicit form. Their speed-up depending on sample size is
shown. The paper presents the results of docking using an evolutionary algorithm and its quantile-function-based
modification. The comparison with the relevant docking method within a particular force-field is made. The results
of the experiments are analyzed.

Keywords: global optimization, evolutionary algorithms, empirical quantile function, docking.
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VBemuuBaiomuiicss POCT YUC/Ia KOMIIOHEHT CyIePKOMIBIOTEPOB MPUBOAUT crenuaauctoB B obsactu HPC k
HEOJIArOIPUSITHBIM OLEHKAM JiJisd Oy IyIUX CyNEePKOMIIBIOTEPOB: JUANA30H CPEJIHEr0 BPEMEHH MEXKly OTKazamu Oy-
JieT cocraBiaaTh or 1 aca 1o 9 wacos. JlanHas OlEHKa CTABUT 0] BOIIPOC BO3MOXKHOCTH IIPOBEIEHUS JJIUTETHLHBIX
pPacYeToB Ha CyIEePKOMIIbIOTEpax. B pabore mpeijiaraeTcsd MeToJ BOCCTAHOBJIEHWS IOCIE OTKA30B, He Tpebytommuit
BO3BpaTa OOJILIUHCTBA IIPOLECCOB K MOCJIEIHENH KOHTPOILHON TOUKE, YTO MOXKET IO3BOJIUTH COKPATUTD HAKJIAIHBIE
PACXOJIbl JIJIsi HEKOTOPBIX BBIYUCIUTEIHLHBIX aJropuTMoB. CTaHIapTHBIA MeTo 0becredennsi 0TKa30yCTORNIUBOCTI
3aKJII0YAETCH B KOODJMHUPOBAHHOM COXPAHEHWHU, & B CJIy4Yae OTKA3a OCYIIECTBJISETCS BO3BPAT BCEX IPOIECCOB K
nocJieiHelt KOHTposbHOi Touke. [Ipesyiaraemas crparerus 3akJ09aeTcsd B KOOPINHUPOBAHHOM COXPAHEHUH U ¥KYPD-
HAJIMPOBAHUY IIE€PEJIABAEMbIX JIAHHBIX, a B CIydYae OTKa3a IIPOMCXOJUT aCUHXPOHHOE BoccraHoBienue. IIpu acun-
XPOHHOM BOCCTQHOBJIEHUH HECKOJIBKO 3allaCHBIX IIPOIECCOB IIPOBOJIAT IIEPECYET JAHHBIX IOTEPIHHBIX [OCJIe OTKA3a,
a OCTaJIbHBIE TPOIECCHl HAXOATC B OXKUJIAHUYM OKOHYIAHWS IPOIE/LyPbl BOCCTAHOBIJIEHUS TOTEPSIHHBIX JIAHHBIX. Pa3-
paboTaHbI MapaJlJIeIbHbIE IIPOIPAMMABI, DEIIAIONIHe 3a1aYy O PACIIPOCTPAHEHNUH TeIlIa B TOHKON macrure. B mannbix
porpaMmax OTKasbl IPOMCXOAAT Hocsie BbizoBa GyHkiumu raise (SIGKILL), a KoopAMHUPOBaHHOE WM ACHHXPOHHOE
BOCCTAHOBJIEHWE OCYIIECTBJISAETCsT ¢ moMombio ¢yukmumonagsa ULFM. [lis mosydeHuss TeOpeTHIECKUX OIEHOK
HAKJIATHBIX PACXOOB MPE/TOKEH MMUTAIIMOHHBIM METOJ, MOJETUPYIONIi NCITOTHEHNE TTPOTPAMMBI ¢ OTKas3aMmu. B
JIAHHOM METOJIe OTKAa3 MOYKET MPOM30UTH BO BpEMsl PACUETOB, a8 TAKyKe BO BPEMs COXPAHEHUsI KOHTPOJBHBIX TOUYEK
WIn B XOJie BOCCTaHOBJeHusi. [IpoBeeHO cpaBHEHME METOIO0B BOCCTAHOBJIEHUS TPY PA3HBIX 3HAUEHUSIX TaCTOTHI
OTKA30B JJId 33/Ia91 PACIPOCTPAHEHUS TEIIa B TOHKOM IJIACTUHE, B KOTOPOil 00beM JIAHHDBIX JIJIsl 2KYPHAJIUPOBAHUS
uesnaunresed. CpaBHeHUE MOKA3AJI0, YTO NPUMEHEHUE ACHMHXPOHHOTO BOCCTAHOBJICHUS MPUBOIUT K COKPAIIECHUIO
HaKJIagHBIX pacxonos oT 22 % mo 40 % mpu TeopeTmuaeckoii omenke u oT 13 % mo 53 % B BLEIMHCIUTEILHOM IKCIe-
pUMeHTe.

Karouesvie caosa: MPI, pacuwupenue ULEM, xonmpoavroie mouku, K00pouHUPOBAHHOE COLPAHEHUE, ACUHTPOH-
HOE B0CCMAHOBAEHUE, OMKAOYCTNOTUYUBOCTND.
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y3JI0B. Pe3ynbrarsl nccaeaoBannsd MOKa3aJd, 9TO 38 T'OJ B CPeIHEM B IepecdeTe Ha OIUH IIPO-
neccop npuxogurcst or 0,1 no 0,25 orkaza B cucreme [1]|. Habuomenusi 3a ucnosb3oBaHueM
BBIYMCJIMTEILHBIX cucTeM TepadJIoncHOro ypoBHsS IIOKa3aJM, 9YTO BpEMsI MEXKIy OTKa-
3aMU /TIPEPBIBAHUSIMU U3MEPSIETCs JIECATKAMU YacOB; HAIPUMED, JJisi HEKOTOPBIX MAIIWH 3Ta
BesimanHa Oblta Mexay 6,5 u 40 gacamu [2]. Pabora ¢ Blue Waters — ojaum u3 cynepkomiib-
torepos Ileradioncuoro yposus [3] — mokasasia, 94T0 B cpejneM Kaxkjble 4,2 daca IIPOUCXO-
muan ¢6or, KOTOpble TpeboBaJIM JIOKAJIbHOTO UCIIPAaBIEHNs, a KaxKable 160 9acoB Mpoucxoamin
cbou, TpedyroIe KOPPEKTUPOBAaHUS PabOThl BCero KoMmmnbioTepa B 1ejoM. CoBpeMeHHbIE Cy-
MIEPKOMITBIOTEPDHI CJ0XKHO YCTPOEHBI M BKJIIOYAIOT B €0 COTHU TBHICAY, 8 HEKOTOPBIE HarKe
MWJIJTUOHBI SITIEP, AECATKU THICSY ITPOIECCOPOB U THICSYM y3JI0B U, KaK IIPABUJIO, PA3/IAIHBIE
yckopuTesn. [1o3TOMy TPOTHO3BI CHENUAINCTOB it OyAyIINX CYHEePKOMIIBIOTEPOB HE YTEIln-
TEJbHBI, JIaKe €C/IU yIacTCd YBEJIMYUBATHL BpeMs OecriepeboitHoit paboThl i COCTABJIIAIONIUX
KOMIIOHEHTOB, B IIeJIOM JIJI CYIIEPKOMITLIOTEPOB CPeIHee BpeMs MeXK Iy OTKa3aMu Oy IeT MexK Iy
1 u 9 gacamu [4].

IlosTomy mj1st IpoBeAeHNsT BHICOKOIIPOU3BOANTE/ILHBIX BBIYUCICHAN IIPEICTABIACTCS BaXK-
HBIM DEIIeHNe CJIeAYIONIeil 3a/1auu: pa3paboTaTh TPUHITAIIBI COXPAHEHUS KOHTPOJIBHBIX TOYEK
3a BpeMs, MEHbIIIee XapaKTePHOH MPOIOI2KUTEILHOCTH 6€30TKA3HON PabOThI CUCTEMBI, U AJII0-
pUTMBI, 00ECIIeYnBAIONINAE, B CIyYae OTKa3a YacTu 000PYI0BaHUs, OBICTPOE ABTOMATHYIECKOE
BO300OHOBJIEHIE pacyeTa Ha pabOTOCIIOCOOHON YacTH BHIYUCINTEILHOTO 0. B mamHoi pabore
paccMaTpuBaeTcsi MOIM(PUKAINsT MHOTOYPOBHEBOIO METO 18, 00eCIeYeHnsi OTKA30yCTONINBOCTH,
KOTOpas 3aKJII0IAETCH B KOOPIMHUPOBAHHOM COXPAHEHUU U KYPHAJTUPOBAHUU IIE€PEIABAEMBIX
JIAHHBIX, & B CJIydae OTKa3a IIPOUCXOIUT aCHHXPOHHOE BOcCcTaHOBJieHme. lIperaraemast crpa-
Terusl MO3BOJISIET COKPATUTD HAKJIAIHBIE PACXO/IbI HA ODecliedeHne OTKA30yCTONINBOCTH pacyie-
TOB JIJII HEKOTOPBIX BBIYUCIUTEHHBIX aJTOPUTMOB.

B nepBom pasmesie n3si0keH MHOTOYPOBHEBBIM METO I 00ecIiedeHnsl OTKA30yCTONINBOCTY 1
npejraraeTcs MOAUUKAIMS METOJ[a BOCCTAHOBJEHUsS. BO BTOpOM pazjesie MpUBOJIATCS: OCO-
OEeHHOCTH Peau3aluy MapaJLIeIbHON TPOrPAMMbBI, KOTOPas PelIaeT 3a/1a9y O PaClIpeneseHIn
Telsia B TOHKOW IJIACTUHE; UMUTAIIMOHHBIN METOI, MOIEJIUPYIOIIU NCIIOJTHEHIE ITPOrPAMMBI C
OTKa3aMU, KOTOprI';I MIO3BOJIAECT IIOJYYIUTH TEOPETUYIECKUE OIICHKUN HaKJIaJHBIX PaCXO/I0B. B 3a-
KJTIIOYATETHHOM Pa3/Iesie MPUBOIATCS Pe3yIbTATHI BBITUCIUTEIbHBIX IKCIIEPUMEHTOB, & UMEHHO

OIIEHKHN HaKJIa/JIHBIX PaCXOJA0B JJid Pa3HBbIX CTpaTeI‘I/Iﬁ BOCCTAHOBJICHU .

1. CrpaTerum coxXxpaHeHUs U BOCCTAHOBJIEHUS IIOCJIE OTKA30B
JIsI MHOTOYPOBHEBOT'O MeTO/Ja OobecIrieYeHnst

OTKAa30yCTOMYNBOCTU

ITepBblit pas/esr MOCBSIIEH METOIaM O0eCledeHus] OTKA30yCTOHIMBbIX Bhlaucenuii. [Ipu-
MeHEHNE CYIIEeCTBYIOIUX CPEACTB COXPaHCHUA KOHTPOJBbHBIX TOYEK Ha CUCTEMHOM YPOBHE, OC-
noBanubix Ha BLCR [5], mokasasio orpaHn4eHHOCTD JAHHOTO TI0JIX0/1a /I 6oIbiux cucreM [6].
Haubosiee mepCHeKTUBHBIM CUUTAETCS IMIOJIXOJI, 3aKJIIOYAOMMICS B Hepeiade I0JIb30BATEIII0
dyukmuit mo obpaboTKe 0TKa3a, TAK KaK M0Jb30BATEIb CMOXKET CYIIECTBEHHO COKPATUTH 00beM
KOHTPOJIbHBIX TOo4YeK. OJJHUM U3 TAKUX METOJOB sIBJISIETCSl MHOIOYPOBHEBBIH METOJI, KOTODbIi
TAK’Ke [03BOJISET NPUMEHSTH Pa3Hble CTPATErHH OTKA30yCTONYNBOCTH B 3aBHCHMOCTH OT WH-

dopmarun 06 OTKa3ax B CHCTEME.
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1.1. MHoroypOoBHEBBIII MeTO/] 00ecIie4YeHusI OTKAa30yCTOMYNBOCTH

MHOroypoBHEBBIi MeTO/I II03BOJIIET 00bEINHUTD PasHble aJroputmsl |4, 6-10] obecrieuennst
OTKAa30yCTONYINBOCTH, B 9aCTHOCTHU, PA3HOOOPA3HbIE METO/Ibl COXPAHEHUS] KOHTPOJIbHBIX TOYEK,
9TO MO3BOJIET aJaNTUPOBATHCS IIOJI PA3IUYHBIE TUIIBI OTKA30B. Kak mpaBumiio, KaxKIblil ypo-
BEHb COOTBETCTBYeT KOHKDETHOMY THIIYy OTKa3a W CBI3aH CO CTpaTermeil XpaHeHWsI, KOTOPas
IIO3BOJISIET IIPOBECTU BOCCTAHOBJIEHUE IIOCJIE 3TOI'0 TUIIA OTKA3a.

ITpu onmcanum MHOrOypoBHEBOro MeToa 11| npuHUMArOTCS Clleyomnme A0y IeHusI:

— B CHCTE€ME MOTYT IPOUCXOIUTH OTKa3 OT 1 10 k ypoBHEil;
—  HACTYIJIEHHWE OTKAa30B PA3HBIX yPOBHEH — HE3aBUCHUMBbIE CIydailHble BEJMYINHBI;
—  0OTKa3 j-TO YPOBHS MMEET CBOIO YACTOTY OTKAa3a /j, CBOM HAKJIAJHbIE PACXOJIbI HA COXPaHe-

HIe KOHTPOJILHOM TouKu Cj M HA BOCCTAHOBJIEHUE TOCTE 0TKa3a Rj;

—  OTKa3 }-I'0 YPOBHS YHUUTOXKAET BCE KOHTPOJIbHBbIE TOUYKU HA HUKHUX yPOBHAX OT 1 j10 5-1

Y IPUBOJIAT K HEOOXOIMMOCTU BOCCTAHOBJIEHUS C YPOBHS j UJIU BBIIIIE;

—  BOCCTAHOBJIEHHE TIOCJI€ OTKa3a j-IT'O YPOBHS JOJIZKHO BOCCTAHOBUTBH JAHHbIE KOHTPOJIBHBIX

TOYEK BCeX HUKHUX yPOBHEH;

—  YacToTa OTKa30B yObIBaeT, a HAKJAJHBIE PACXOJIbl Ha COXPAHEHWE W BOCCTAHOBJICHUE BO3-
pacTtaloT ¢ POCTOM ypoBHsi, TO ectb M >Mh>.2>2k C<CGL...ZC un

Ry <Ry <...< Ry

3ameuanue 1. Hmke OymeT mCIob30BaThCA CAEAYIONINE BBIPAYKEHUS: KOTKA3 j-TO YPOBHI»,
«COXPAHEHNUE j-TO YPOBHS» , KBOCCTAHOBJICHNE j-TO yPOBHs». 1101 TaHHBIMU BBIDAXKEHUSIMA CJTe-
JIyeT MOHUMAaTh, YTO B MHOIOYPOBHEBOM METOJe BhIOpaH HAOOP OTKA30B JJis KaXK/I0I'0 YPOBHS,
a TakKe OBLIN ONPEJIeSICHbl CTPATETNH COXPAHEHUS W BOCCTAHOBJIEHUS JJIsT COOTBETCTBYIOIIETO

OTKa3a, KOTOPbIE yAOBJECTBOPAIOT AOIIYIIECHUAM OIIMCAHHBIM BBIIIEC.

3ameuanue 2. Baknoii 3amadeil mpuMeHEHUsT MHOT'OYPOBHEBBIX METOJOB ABJIAETCS 331a9a
OIIpeIeJIeHUsT ONITUMAJIBHBIX IIEPUOJIOB COXPAHEHUsT KOHTPOJIbHBIX TOYEK JJId KaKIOI'0 YPOBHS.
OuH M3 MOJIXOJOB K PEIIeHUIO JAHHON IPOOJIeMbl 3aK/II0YaeTCA B COCTABJIEHUN CIIEIUAILHBIX
mabJIOHOB COXpPaHEHMS KOHTPOJIBHBIX TOYEK BCEX yPOBHEH Ha 3alaHHOM yYaCTKe BPEMEHH U
[OCJIeIyIOIee TUPAXKUPOBAHME JAHHOIO mabjioHa. B maHHO#N paboTe BOIPOCHI ONTUMHU3AIIAN
IIEPHOIOB COXPAHEHMsI M COCTABJIEHN IabJIOHA He paccMaTpuBatoTcs. bosee momgpobHO ¢ gaH-

HBIME BOIIPOCAME MOXKHO O3HAKOMUTBLCs B paborax [12, 13].

OpHrM W3 TPUMEPOB MHOTOYPOBHEBBIX METOJOB ODECIeUeHMsT OTKA30yCTONIUBOCTU CJIY-
JKUT TPEXYPOBHEBBIN METOJ, B KOTOPOM aBTOPBI paboTh! [12] BEIOpasu cieryomue ypoBHE OT-
Ka30B:

—  OTKAa3 IEePBOr0 yPOBHsI — BPEMEHHBIE OIUOKU B TAMSITH;
—  OTKa3 BTOPOI'O ypPOBHs — cOOU B y3J1aX, KOTOPBIE JI€JIAIOT HEJOCTYIHBIMU JIAHHBIE U3 OIle-

PaTUBHON NaM4ATH;

—  OTKa3 TPEeThero ypoBHs — cOOM, IPUBO/IAIINE K HEJOCTYTHOCTU JAHHBIX U3 ONEPATUBHON

MaMdATH U JaHHbIE U3 PE3EPBHBIX KOIUI COCETHUX Y3JIOB.

CoxpameHne KJIIOYEBBIX JAHHBIX JJIS IEPBOTO YPOBHS Oy €T OCYIIECTBISATHCS B OTIEPATHB-
HYIO TIAMSATb, IJIsi BTOPOTO YPOBHS OCYIIECTBJISIETCs JIyOJUPOBAHUE JAHHBIX HEKOTOPBIM COCE-
JIIM, JIJIl TPETHETO YPOBHA COXPAHEHME OCYIIECTBJISETCH B PACIIPEJIEJIEHHYI0 (DailjloByIO Cu-

cTeMY.
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1.2. KoopamHupoBaHHOE COXpaHEHWE U BOCCTAHOBJIEHUE

[JisI MHOTOYPOBHEBOTO METOJIa

KoopauaupoBaHHOe cOXpaHEHHE IMOJpa3yMeBaeT CHavaja OCTAHOBKY PACUYETOB M CBS3aH-
HBIX C HUMU KOMMYHUKAIUMOHHBIX (DYHKIINIA, ¥ TOCJIeLyIolIee KOMMPOBAHIE KOHTPOJIbHBIX TOYEK
Ha BBIOpAHHBIE yCTPOUCTBa XpaHeHns. KaxK bt MHOTOYPOBHEBBIM METOI TpebyeT BHIOOPa CBO-
ero Habopa crpaTeruii COXpaHeHus JAHHBIX MCXO/s U3 IapaMeTpPOB: HAJUYNE B BHIYUCIATE/b-
HOI1 crcTeMe JIOKAJbHBIX (oneparnBHas namsaTb, SSD, HDD) u riobanbHbIX CpeicTB XpaHEeHUs;
CKOPOCTHU YTEHWs /3aIMCH JAHHBIX; 00beMa KOHTPOJIBHBIX TOUYEK; WH(MOPMAIUE O YACTOTE OT-
ka30B. [losToMy BBIOOD IIaOJI0OHA COXpaHEeHUs Oy IeT 3aBUCETh OT IPUMEHSIEMOTO BbITUCTUTEI b
HOT'O aJITOPUTMAa U XapaKTEPUCTUK BBHIYUCIATEILHON CHCTEMBL.

Ha puc. 1 npemcrasiien mabJioH coOXpaHeHUsT KOHTPOJIbHBIX TOYEK IS TPEX YPOBHEH, e
10 OCH a0CITNCC BPEMs MCIOJTHEHUS TPOTPAMMBI, 10 OCH OPAUHAT YPOBHU COXPAHEHUsT, YePHBIMEI
KBaJIpaTaMi OTMEYICHBI MOMEHTDHI COXPAHEHUS KOHTPOJIBHBIX TOYUEK j-TO YPOBHHA, Pj — TMepHoIbl
COXPaHEHUsI JIJIsT COOTBETCTBYIOIIETO YPOBHs. JljIs yIpoIenns mpeIcTaB/IeHns Ha PUC. 1 BpeMs
COXpaHEHUsI KOHTPOJIbHBIX TOYEK PABHO HYJIIO.

: Bpema Ha nepecyeT CoxpaHeHWe KOHTPONBHON
OTra3s ypoBRHA [ ]
@ s ! nocne oTkasa u TOMKW YPOBHA |

<« » >
P1 P2 P3

YpoeeHs 3

YpoBeHs 2

YpoeeHb 1 L] ]

) \y) \2)

| ]

Y

Bpema
BLIMUCNEHHA

Puc. 1. TpexypoBHeBbIil M1abI0H COXPAHEHNS KOHTPOJbHBIX TOYEK

B cnyuae obnapy:kenusi oTkaza B CUCTEME HEOOXOIUMO OCYIIECTBUTDL 3aIIyCK ITPOIEIYPbI
BOCCTAHOBJIEHUsI, KOTOpas omnucana Ha puc. 2. [lepsbrit mar mozsosser BoccranoButh MPI
Cpejly i TPOJIOJI2KEHUsI BbI30Ba KOMMYHUKAIMOHHBIX (MyHKIWH. Eciun MOXKHO mpoBecTu Jie-
KOMITO3UITUIO BCEX JAHHBIX U3 TOCJIE/IHENH KOHTPOJbHONW TOYKM HA MHOXKECTBO ITPOIECCOB u30e-
JKaBIIX OTKAa3a, TO BBIIOJHSATH BTOPOH 1mar He Hamo. OnHaKO B JaHHON paboTe IIpejoiara-
€TCs, YTO TaKas JEKOMIIO3UIINA HE IIPOBOJIUTCS U OTKA3ABIINE IIPOIECCH] 3aMEIAIOTCS ITPOIEC-
CaMu, KOTOpbIE He TIPUHUMAJIM yIACTHE B pACUYETe C CAMOr0 HAYAJA, TO €CTh OBbLIU 3AIIACHBIMU.
ITocsie BTOpOrO I1Mara 4acTh IIPOIECCOB, IPUHUMABIIAS yYacTHe B pacdyere u u3bexKaBiias OT-
Kaza, OyJIeT MOMHUTH COCTOsiHKME (pACUYeTHbIe JIAHHbIE) B MOMEHT OTKa3a, HO HOBBI IIpoIrece,
BHOBb BBEJIEHHBIN BMECTO OTKA3aBIIEro IIPoIecca, Oy1eT UMeTh COCTOsiHMe (pacueTHbIe JaHHbIe )
U3 TOCJIeTHe KOHTPOJIbHOM Touku. [l TpoiosiKeHns pacyera He0OX0IMMO OCYIIECTBUTh CUH-
XPOHUBAIMIO COCTOsIHUM. JIMOO COCTOSIHMS PACUETHBIX ITPOIECCOB M30EXKABIIUX OTKA3a BEPHYThH
K COCTOSIHUSIM U3 TOCJIe/IHEe!l KOHTPOJIbHONU TOYKH, JIMOO COCTOSTHUE HOBOT'O IPOIECCA JIOBECTH
JIO COCTOSIHUSI PACYETHBIX IMPOIECCOB M30eKABIMNX OTKa3a. [loy KOOpIMHUPOBAHHBIM BOCCTAa-
HOBJIEHUEM ITOHUMAIOT, BO3BPAT BCEX IPOIECCOB K COCTOSHUSIM U3 IOCJEIHEH KOHTPOJIbHOM
TOYKH, B 9TOM W COCTOUT TPETHUi IIar, OMUCAHHDLIA Ha puc. 2. YeTBepThIil mar CBA3aH C OKOH-
YaHUEM WPOIEIYPhl BOCCTAHOBJIEHUS M BO3BPATOM K HOPMAJIBHOMY XOJy BBIUYUCJIHUTEIBHOTO

mporiecca.

2019, T. 8, Ne 2 79



KOOp,I[I/IHI/IpOBaHHOQ COXpaHeHHue C 2KypHaJIMpOBaHUEM IiepeJaBa€MbIX JJaHHbIX WH...

Tar 1. Ilepenactpoiika MPI cpenpt jutss HOpMAJIbHON PaAbOTHI KOMMYHUKAITMOHHBIX
dyHKIIM.

[Tar 2. B3amen 0TKa3aBIIUM TPOITECCAM JIJIsI ITPOBEJIEHNUS PACIETOB BBOMISATC PE3EPB-
HblE TIPOIECCHI (UM HOBBIE IIPOIECCHI, €CJIM BO3MOYKHA TeHePaIusl IIPOIECCOB), TaKUM
00pa30M, 9TO HOBBIE TTPOIECCHI UMEIOT HOMEpa, OTKA3ABIIUX ITPOIIECCOB.

Tar 3. Temneps aj1a Bo306HOBIEHNS PAOOTHI BCE MIPOIECCHI JOJIKHBI OCYIIIECTBUTD UTE-

HUE JAaHHBIX U3 IOCJEJHEd KOHTPOJbHON TOYKU.

HTar 4. OcyrmecTBiisieTcst 3aIyCK MIPOJIOJIKEHUsT PACIETOB.

Puc. 2. Aaroput™ KOOPAUHUPOBAHHOTO BOCCTAHOBJIEHUS MOCJIE OTKA3a,

Ha puc. 1 mpuBeneHbl BO3MOXKHBIC OTKa3bl PA3HBIX YPOBHEH, JIT KOTOPBIX CTPEJIKA yKa-
3BIBAIOT Ha KOHTPOJIBHBIE TOYKM, U3 KOTOPBIX HEODXOIMMO OY/IeT IPOU3BOJAUTH KOOPIUHUPO-
BaHHOE BoccTaHoBjeHue. CepbIiM IBETOM Ha puc. 1 yKa3aHO BpeMs MOTEPSIHHBIX BBIUYUCJICHUH,
TO €CThb BpPeMs C IOCJeJHENl KOHTPOJbHON TOYKM BOCCTAHOBJIEHUs IO MOMEHTa OTKasza. llpwu
KOOP/IMHUPOBAHHOM BOCCTAHOBJIEHUH, IIOCJIE BO3BpATa K KOHTPOJIBbHOI TOYKE, TPOUCXOIUT IIO-
BTOPHBI IIepecdeT BpEeMEHHU yKa3aHHOI'O CEPbIM IIBETOM.

1.3. KoopijuHUpOBaHHOE COXPaHEHUE C YKYPHAJIMPOBAHUEM U ACUHXPOHHOE

BOCCTaHOBJIeHHE 1JIsdd MHOT'OYPOBHEBOI'O MEeTOJa

OcHoBHAa T1€Tb TAHHON pabOTHI 3AKII0YACTCA B YMEHBITICHIN HAKJIATHBIX PACXO/IOB pacte-
TOB, KOTOPbIE ITPOXOJAT Ha BBIYUC/IUTENBHON cHCTeMe ¢ YacThiMu OoTKazamu. [Ipemcrasiser
nuTepec Bompoc: «Kak BauseT cHHXpPOHM3AINST COCTOSHUI MPOIIECCOB B MPOIIEIyPE BOCCTAHOB-
JIeHUsT Ha oOIInii 06 beM HAKJIAIHBIX pacxomaoB?» BBLIO pelneHo McciiegoBaTh Iepexo/l Ha achuH-
XPOHHOE BOCCTAHOBJIEHNE, KOT I8 CHHXPOHU3AIIS OCYIIECTBIAETCS 38 CIET TOTO, ITO COCTOSTHUE
HOBOT'O IIPOIECCa, JOBOMAT JO COCTOSTHHUS PACUYETHBIX ITPOIECCOB M30€XKaBIUX OTKa3a. Jljrs
9TOTO MPEJIATaeTCS UCIOIb30BATH HECKOIHKO 3AMACHBIX MPOIECCOB, KOTOPDIE TOXKHBI OCYTIIe-
CTBUTH II€peCcYer OTEePsIHHOIO BpeMeHn («cepasi 001acTby Ha puc. 1).

OrMeruM, 9TO C MOMEHTa COXPAHEHUS IOCJeIHENl KOHTPOJbHOU TOYKH JO HACTYILJIEHHS
0TKa3a, MPOIECCHI B 001eM cirydae Oy 1yT oOMeHuBaTbcs uHpopMmarueit. YTobbl 3amacHbie po-
IEeCChbl MOI'JIM BBIIIOJTHUTH II€peCcYeT IMOTEePAHHBIX JAaHHbIX UM 6y,ZLyT HY2>KHa I/IH(bOpMaL[I/IH O TOM
KKOTJIaY, KaKOH TPOIecc», «KakKue JaHHBbIe», TMpeaaBajl OTKA3aBIIEMY IPOIECCY B TEPHOJT
MeXK/Ty TIOCJIETHIM COXPaHEHUEM JI0 HACTyIieHust oTkaza. CoxpaHeHue 3To#l naopmauu 060-
3HaYMM Kak KypHasuposanue (logging) mepemaBaembix manubix. 2KypHasupoBanue TpedyeT
OT KaykJIOTO IPOIECCa COXPAHEHWS: MOMEHTa Iepeadu, MepeaBaeMbIX IAHHBIX M aJIpecaTa
mepeTavn.

B pamkax maHHOU pabOThI paccMaTpPUBAETCS ACHHXPOHHOE BOCCTAHOBJIEHUE TOJIBKO JIJIsI
0TKa3a MEPBOI'0 YPOBHS, YTO MMO3BOJISET OTPAHUYUTD ODJIACTH XPAHEHUS >KYPHAJIbHBIX JAHHBIX
0 TIEpUOJia COXPAHEHUS KOHTPOJBHBIX TOYEK Ha IEePBOM ypoBHe. TakmMm 00pasoM, TOJIZKHO
OCYIIECTBIATHCS KOODJIMHUPOBAHHOE COXPAHEHNE KOHTPOJBHBIX TOYEK COIJIACHO BHIOPAHHOMY
mabJIOHy, MPU 3TOM KaXKJIbIil ITPOIECC 00sS3aH »KYPHAJUPOBATH IepelaBaeMble UM JIAHHBIE B
teuennn Pi1. Ha cremyromem mepmome, *KypHAJbHBIE JaHHBIE C MPEIBIIYIIErO MEPUOIA He
HYKHBI U OHU MOT'YT OBITh yIAJIEHBI WU TIEPE3ATUCAHBI.

st peanu3anyuu aCMHXPOHHOCTH B IIPOIEyPe BOCCTAHOBJIEHUsT (pUC. 2) HEOOXOIAUMO 3a-
MeHUTb Tperuii mar (puc. 3).
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HTar 3. Ilporeccer, n3bexKkapiire 0TKa3a, JCJAATCH HA TPU TPYIIIIHL.

e IlepBag rpymima — IpoIecchl, KOTOPbIe C MOMEHTA IIOCJIEIHETO COXPAHEHN S KOHTPOJIHHOM
TOYKHU OCYIIECTBJISIN Tepefady MAHHBIX OTKA3aBIIEMY IIPOIECCY .

e Bropas rpynmna — pesepBHbIE IIPOIECCHI, KOTOPBIE OyyT OCYIIECTBIIATH MEPECUYET JIaH-
HBIX, IOTEPSIHHBIX B PE3yJIbTaTe OTKAa3a.

e Tperbd rpymmna — ocTajbHbIE IIPOIECCH], KOTOPbIE OyJAyT OXKHJIATh OKOHYAHUE IPOIie-
JyPBbI BOCCTAHOBJIEHUS.

IIporiecch mepBoit TPYNIIBI OCYIIECTBIISIOT MEPEeIady KYPHAJIBHBIX JAHHBIX ITPOIECCAM U3

BTOpOIT Tpymibl. [Iporecchl BTOpoil TPyIITbl OCYIIECTBISIOT EPECUET MOTEPAHHBIX Pacye-

TOB C TOCJEIHEN KOHTPOJbHOW TOYKHU JI0 MOMEHTA OTKa3a U IPUHUMAIOT HEODXOIUMbIE

2KYpPHaJIbHbIC JTaHHBbIC.

Puc. 3. IIlar 3 ajnropurMa aCHHXPOHHOT'O BOCCTAHOBJIEHUS TIOCJIE OTKAa3a

OrMeruM, 9TO Ha IEPEcUYeT BbIIESIOTCS PE3EPBHBIE IIPOIECCHl B KPATHOM pasMepe, UTOObI
YCKOPHUTD IIPOIIECC BOCCTAHOBJIEHUS 110 CDABHEHUIO C BOCCTAHOBJIEHUEM 34 CUET OJITHOBPEMEHHOT'O

BO3BpAaTa BCEX IPOIECCOB K MOCJEIHENN KOHTPOJBHON TOYKE.

3ameuanue 3. [Iyctb Viuyp — 00beM mepenaBacMbIX JAHHBIX OJHUM IIPOIECCOM 3a BBIYUCIIU-
TEeJIbHYIO UTepaInio, L. — KOJMYECTBO BBIUUCJWTENbHBIX UTepanuii B TeueHun Pi, TO ecTb
MEXK/Ty COXPAHEHWSMHU KOHTPOJILHBIX TOYEK Ha mepBoM yposHe. Ecsim npoussenenue Vuyp L
JIOCTATOYHO MaJjIio, YTOOBI MOMECTUTHCSI B ONEPATUBHYIO IMAMATH BMECTE C APYTUMU JTAHHBIMHI
JIJIsI PAcIeToB, TO MOYKHO OCYIIECTBJISATH KYPHAJUPOBAHUE IEJMKOM B OIEPATUBHYIO IMAMSTh
BBIYUC/IUTE/IBHBIX y3J10B. TakuMm 00pa3oM, BpeMsl Ha »KypHAJIUPOBAHUE HECYIIIECTBEHHO W €ro
MOYKHO CYUTATh paBHBIM HyJI0. OmHak0 ecim Viuyp Lo mMeeT cyrmecTBeHHBIN 00beM, TO TOTpe-
Oyercs pa3buth L Ha yacTu JJid MEePUOINYIECKON 3aIUCU YKYPHAJIOB ePeIaBacMblX JTaHHBIX Ha
JIoKaJIbHbIe ycTpoiicTBa xpanenusi (SSD/HDD), uro npuseger K HEOOXOMMOCTH OIEHUBATH
COOTBETCTBYIOIIME HAKJIAIHbIE pacxoabl. B paMkax JaHHOI paboThl BpeMsl Ha XKy pPHAJIUPOBAHIE
CUNTAETCH PABHBIM HYJIIO, & OIEHKA HAKJIAHBIX PACXOI0B HA KYPHAJUPOBAHUE JId PAIUU-

HBIX BBIYMCJIMTEILHBIX AJICOPUTMOB OCTAETCA 3aJadeil g Oy IyIux paboT.

2. OneHKa HaAKJIAJHBIX PAacXoJI0B

st cpaBHEHUMS METOJIOB ODECIIeUeHUsl OTKA30yCTOMYMBOCTHU, OIMUCAHHBIX B IIEPBOM pa3-
JieJie, peaTM30BaHbl IIapaJsljieJIbHbIE IPOrPAMMBI, PEIIaloIie TECTOBYIO 3a/a4y. B mporpammax
OTKa3 ABJACTCA CIIy4YailHOIl BeJIWYMHON, NpUHAJJICKAINUN IKCIIOHEHIIMAJIBLHOMY pacIpeerie-
HUIO, KOTOPBI peasusyrorcs BoizoBoM dyukiuu raise (SIGKILL). O6paborka orkasa (puc. 2)
npoucxoauT ¢ moMotbio ¢gyukimonaga ULFM. Onrako Takoit moaxo 1 He TTO3BOJISET Oy IUTh
OOJIBINTYI0 BRIOOPKY HAKJIAJIHBIX PACXOJO0B, IIOITOMY B paboTe IpEeIaraeTCsd UMHUTAIIMOHHBIN
METO/I, MOJICJINPYIOIINI UCIIOJIHEHUE TPOTrPAMMBI, JIjIst OIEHKN HAKJAJIHBIX pacxonoB. Ocoben-
HOCTb Me€TO/a COCTOHUT B TOM, 9YTO OTKa3 MO2KeT HpOI/ISOﬁTI/I BO BpeMsd pacCdeTOoB, a TaKzKe BO
BpeMs COXPaHeHUsl KOHTPOJIBHBIX TOUYEK WJIM B XOJIe BOCCTAHOBJEHUdA. JLaHHBI MeTOH MO3BO-
JideT MOJe/JIMPOBaTh MHOI'OKPATHOE MCIIOJTHEHUE HpHKﬂaﬂHOﬁ IIporpaMmbl CO C.Hy‘{alebIMI/I oT-

Ka3aMMH.
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2.1. IIporpammHasi peaju3anus pelieHus KPaeBoil 3aJa4Yu pacrnpeesieHus

TenJjia B TOHKOU IIPAMOYTOJIbHOW MJIACTUHE C OTKAa3aMU IIPOIECCOB

B mamnOi1 paboTre st BEIYUCINTEIHHOTO SKCIEPUMEHTa BhIOpaHa KpaeBasl 3a1a19a pacipe-
JeJIeHNs TEeIIa B TOHKOU IPSIMOYTOJbHON ItactuHe. It mpoBeaeHns BbIYUCIEHUI TpUMEHI-
eTCsl siBHAsl PA3HOCTHAsI CXeMa U NeOMETPUYUECKUM MeTOJ sl IapaJslIe/IbHON peau3alin, TaK
9TOOBI KazKIbli IIPOIECC MOJIyYa OAMHAKOBOE KOJUYIECTBO y3JI0B HadaJbHOU ceTku. OOimii
00beM CeTKU cocTaBiigeT 256 MUJIMOHOB y3/10B. M TepamoHHblil MPOIECcC BHIMUCIEHUS COITPO-
BOXKJIAETCS U3MEPEHUAMY BPEMEHU, KOTOPOE UTPAET KJII0UYEBYIO POJIb M1 OIIPeaeIeHI HACTYII-
JIEHWSI COOBITHSI: COXPAHEHUsI KOHTPOJIbHON TOYKHU B OIIEPATHUBHYIO AMSITh WJIA B PACIIPE/IEJIEH-
HyI0 PailIoByI0 cuCTeMy, a TakyKe HACTYILJIeHWE OTKa3a. BBIYMC/IeHusT TPOJ0IKAETCA 0 TEX
1op, 1OKa He Oy/leT BBIIOJIHEH 3apaHee 3allJlaHnPOBaHHbI 00beM pacueTos (T5). O6uwmii auro-
puUTM IporpaMm mpeacrasiaeH Ha puc. 4. Hamumune oTkaza B cucremMe He MemraeT aBTOHOMHOM
paboTe KazK0ro u3 IpOoIeCcCoB, a JeTEKINsA 0TKa3a IPOUCXOIUT TOJILKO IPU BBIIOJHEHUNA KOM-
MYHHUKAIIMOHHBIX (DYHKIWI, MO3TOMY B JaHHON paboTe 3amyCcK HPOIEaypPbl BOCCTAHOBJICHUS
OCYIIECTBJISIETCST TOJIBKO HA TPETbEM, IISITOM U CEIbMOM IIMarax.

Broibpans! ciremyronime OTKa3bl: OTKA3 IIEPBOTO YPOBHS — HE3HAYUTEIbHBIE COOU B CHCTEME,
JUId KOTOPBIX JIOCTATOYHO JAHHBIX, XPAHAIIUXCA B OIIEPATUBHON IMaMATU COCEIHErO IIpOoIlecca,
OTKAa3 BTOPOr0 ypoBHA — 00Jiee CI0KHBIE cOOM, JIjIsi BOCCTAHOBJIEHUS ITOCE€ KOTOPBIX HEOOXO

JIMMO XPAHUTDH JIAHHBIE B pacipejiesieHHoi daitonoit cucreme. CoxpaHeHre KOHTPOJIbHBIX TO-

Tar 1. Kaxaprit mporecc mpoBOIUT CBOW BBIYHCICHUS.

[ITar 2. TIposepsieTcs ycaoBHe HACTYILIEHUsI OTKa3a. B cilydae MOJIOXKUTEIHHOIO OTBETA,
OJIMH 13 IporeccoB BbimoHgeT Gynkimio raise(SIGKILL).

[Iar 3. IIpomecchl Tpou3BOAAT OOMEH HAHHBIMHU. KCIu IpU BBIIOIHEHUN KOMMYHUKAIIUOH-
HBIX (DYHKIMI OOHApy»KeH OTKa3, TO He OTKA3aBIIHE IPOIECCHI BBIMTOJHSIOT IPOLELYPY
BOCCTAHOBJICHUS.

[Tar 4. TlpoBepsiercsa ycjaoBue HACTYILIEHWHA OTKa3a. B ciydae MOJI0KUTEILHOTO OTBETA,
OJIMH W3 IporeccoB BoimosHseT Gynkmuio raise(SIGKILL).

[MTar 5. [IporcxomuT coxpaHeHre KOHTPOJBbHBIX TOYEK IPU BHIIIOJTHEHUN COOTBETCTBYOIINX
yeaopuil. Ecim B KOMMYHHUKAIIMOHHLIX (DYHKINAX OOHAPY?KEH OTKa3, TO HEe OTKA3aBIINE
IIPOIIECCHI BBITIOJHAIOT IPOIELYPY BOCCTAHOBJIEHUSI.

IIar 6. IlpoBepsiercs yciioBre HACTYIUIEHUS OTKa3a. B cilydyae IIOJI0XKUTEJILHOTO OTBETA,
OJIMH 13 1poreccoB BoimoHgeT Gyrkimio raise(SIGKILL).

IIar 7. IIpoBepsieTcsa TpOOJIKEHHIE PACUETOB U IIPOUCXOINUT Iepexol Ha mar 1. Eciau npu

BBIIIOJTHEHUY KOMMYHUKAIMOHHBIX (DYHKIMH OOHAPY2KEH OTKa3, TO HE OTKA3ABIIUE ITPO-

ECCBhI BBIITOJIHAIOT IIPOIEAYPY BOCCTAHOBJICHUA.

Puc. 4. AnropuT™M OCHOBHOI 9aCTH TTPOTPAMMBI ¢ OTKA3AMHI

Y€K JIJIsi IEPBOI'O yPOBHS OCYIIECTBJISETCS B OMEPATUBHYIO TAMSATh COCEIIHErO IIPOIECCa, a JIiJIs
BTOPOTO YPOBHSI — B PACIPeIeJIEHHYIO (DAMIOBYIO CUCTEMY .

Paspaborambl 1Be mporpaMMbl ¢ Pa3HBIMH CTPATErUsIMHU 00eCIIedeHnsl OTKA30yCTONIUBO-
cru. IlepBasi mporpaMmma peasiu3yerT KOOPIUHUPOBAHHOE COXPAHEHHWE IO IMabJIOHY IJisd JIBYX
VPOBHEl, a B C/Iydae OTKa3a BOCCTAHOBJEHUE MPOUCXOIUT 38 CIET KOOPAWHUPOBAHHOTO BO3-

BpaTa BCEX IPOIECCOB K ITOCJEIHEl KOHTPOJILHON TOYKE COOTBETCTBYIOIIErO YpOBHsS. BTopas
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IporpaMma peau3yeT KOOPAUHUPOBAHHOE COXPAHEHUE TI0 IIAabJIOHY U YKYPHAJIMPOBAHUE TIEpe-
JTaBaeMbIX JTAHHBIX. B ciydae OTKa3a MepBOr0 YPOBHSI OCYIIECTBJIAETCS ACHHXPOHHOE BOCCTa-
HOBJIEHVE C JIByMd WJIU MATHIO PEe3ePBHBIMU IPOIECCAMU JJIsl IepecdeTa, & B CIydae OTKa3a
BTOPOI'O YPOBHS BOCCTAHOBJIEHUE TPOUCXOIUT 33 CUET KOOPIMHUPOBAHHOTO BO3BPATa BCEX MPO-
IIECCOB K MOCJIeHEel KOHTPOJIbHOU TOYKeE.

g peanusanuu MHOTOYPOBHEBOTO MeTOHa HEOOXOIMMO OIPEIE/IUThH KJIIOYeBble Tapa-
MeTpPBI MeTOJia. BribupaioTcs 0TKa3bl U COOTBETCTBYIONINE AJTOPUTMbI COXPAHEHUS U BOCCTa-
HoBJieHust. [TycTb mu3BecTHO cpeiee Bpems mexiay orkasamu (MTBF). [na Beibpanuoii BbI-
YUCJIUTEIbHON 33/1a91 HAJO OIPEJIEJINTh HADOD KJIIOYEBBIX JIAHHBIX, HEOOXO/IMMbBIX JJIS OCY-
IIIECTBJICHUSI BOCCTAHOBJICHUS B Caydae OTKa3a. llocje aToro ompenensaioTcs XapaKTePUCTUKI
3AIMMMCH KOHTPOJIBHBIX TOYEK JIJIsT KayKI0TO ypoBHs (5, a TaKKe 3HAYEHUs] BPEMEHW BOCCTAHOB-
JICHUsI CUCTEMbI U YTEHUS ITUX JIAHHBIX C COOTBETCTBYyIOIIEro nocurend R; Jlamee HeoOxomuMo
OTIPEJESUTh TapaMeTPhI I1ab/IoHa COXPAHEHUS ITUX JAHHBIX, & UMEHHO JIJIMHY 11abJIoHa U KO-
JIMYECTBO COXPAHEHUN KOHTPOJIBHBIX TOYEK PA3HBIX YPOBHEN (Wﬁnm,f%mmﬁ.f%ﬂueﬂme 3TON 3a-

Jadn ommcano B padore [12] (puc. 5).

void opt par (double *lam, double *N°°%, double *C, int count, double &W°P*) {
double s bot(0), S top(0);
for (int i=0;i<count;i++) {
Nert [1] = sqrt(C(count-1)*lam(i)/lam(count-1)/C(i));
S top = S _top + N°Pt (i)*C(i);
S bot = S bot + lam(i)/N°Pt(1i);
}
WePt = sqrt (2*S_top/S_bot);

Puc. 5. [Iporenypa onpenesenns ONTUMAIBHBIX ITAPAMETPOB I1a0JI0HA, COXPAHEHUST

OTKa3pl pacCMaTPUBAIOTCS KaK CIyJaiiHble BEJIMUUHBI, ONMMCHIBAEMbIE SKCIIOHEHITUATbHBIM
pacupemeneruem. s peanuzanuu HaOOpa OTKA30B B pacydeTe UCIOJIb3yeTCsi MACCUB BPEMEH,
3aII0JIHEHHBI 110 aaropuTmy (puc. 6), KOTODbIi OCYIIECTBISIET MEHEPAIUIO CJIyYaflHbIX BeJIV-
YUH, CJIEAYIOMUX JPYT 3a APYrOM U HOJYUHAIONIAXCS IKCIOHEHIIMAJBLHOMY PAacCIIpe/IeIeHUIO.
Korpga BpeMs paboThl mporpaMMbl IPEBLINIAET BPeMsI CJISIYIONIEero 0TKa3a, TO B cucreMe (huk-

CUPyeTCs OTKa3 U OCYIIECTBJIAETCH 3allyCK IIPOIE/yPbl BOCCTAHOBJIEHUS.

voild generate failures(float *Failures,int count, float lambda) {
double p(0),q(0);
for (Iint i=0;i<count;i++) {
g= (double) rand () / (double) RAND MAX;
p=p-log(q) /lambda;
Failures[i]=p;

}

Puc. 6. IIponenypa rerepaiuu MacCUBa CJIYIAUHBIX TUCETI, CJCIYIONUX APYT 33 IPYTOM

Y IO TIUHSIONIUXCA SKCIIOHEHITNAJTBHOMY PaCIIPeIeIEHUIO

Crangnapraas Bepcust MPI (MPI 3.1) #e comepzkut cpenctB 06pabOTKM OTKA30B IIPU KOM-
MYHUKAIIMOHHBIX omeparusax. [l oOHapyKeHus: 0TKa3a B CUCTEME, PACIPOCTpaHeHusd nH(POP-
Maruu 00 omubKe W MocjeayomeM BoccTtanoBjerHuu cpeiibi MPI ucnonbssytorces dyukimm
ULFM [14]: MPIX Comm agree(), MPIX Comm revoke(), MPIX Comm shrink(). IIpu-

Mepbl peasimzaruu mporpamMm ¢ ULFM u onmcanuem ero dyHKInoHa a MoXKHO Haditu B [14, 15].
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2.2. IMmuTanumoHHBIl METOJ, MOJAEJIMPYOMINIl NCIIOJTHEHNE TTapaJljeJbHOMN

nporpamMmbl ITOJIBEP>KEHHOU OTKa3zaM

NMuTannoHHBI MeTO, OMUCHIBAIOIIUI HMCIIOJHEHNE TapaJsjIieJIbHON IPOrpaMMbl IOIBEP-
JKEHHOU OTKa3aM, YUUTBIBAET BO3MOXKHOCTH HACTYIJICHUsI CJIyYaillHbIX OTKA30B BO BPEMsl CO-
XpaHeHUs] KOHTPOJbHBIX TOYEK W BO BPEMs BOCCTAHOBJIEHHWS PACUETOB, & TAKXKe IT03BOJIAET
CPaBHHUBATH PAa3JMYHbIe TEXHUKH ODOeCIIedeHusi OTKa3oycroiduBocTu. Mero 3akaiodaercd B
pas3iesIeHu BPEMEHU UCIIOJTHEHUS TIPOrPaMMbl Ha, HEDOJIbINNE YaCTh Beaudunoi At u mocsieno-
BaTeJIbHOM HTEPUPOBAHUU BPEMEHHU HCIIOJHEHHs IporpaMmMbl ¢ maroM At. Takue coObITHS Kak
«COXpaHEeHWEe KOHTPOJIBHON TOYKUY» WU KHACTYILJIEHHE OTKa3a» MPOUCXOISIT, KOTJAa BpeMs pa-
60TBHI TIPOrPaMMBI HE MEHBIIE BPEMEHN HACTYILJICHUSA COOTBETCTBYIOIIETO COOBITHS.

B ocHoBe mpearaemMoit UMUTAIMOHHON MOJEJIU JIEXKAT CJIEIYIONINE TTOJIOKEHUS.

— IIporpamma MomeupoBaHus MOJIKHA ONEPUPOBATH C JIBYMS II€PEMEHHBIMU, OIUCHIBAIO-
muMu BpeMsi: T,y — BPeMsi BBIYUCJIEHUI OCHOBHOM YacTh KO/a, 063 ydera HaKJIaTHbIX
pacxomoB Ha obecliedeHne OTKA30yCTORIMBOCTH, Trex — TEKYIee BpeMsi PabOThI IIPO-
rpaMMBbl, BKJIIOYAIOIIEe HAKJIATHbIE PACXOIbI Ha ODeciedeHne OTKa30yCTORINBOCTH.

—  MogenupoBanue UCIOJHEHUS TPOIPAMMBI C OTKa3aMU IIPOJIOJIZKAETCs 1T0Ka He OyJIeT Bbl-
[TOJTHEH BECh 3apaHee 3allJIAHMPOBAHHBIN pacuer Ts.

—  Ilo tekymemy Bpemenu paboThbl Trex OMPEIEIAETCS HACTYIJIEHWE OTKa3a B CUCTEME W CO-
XpaHeHuEe KOHTPOJIbHBIX TOYEK.

—  XoJ BBIIOJIHEHHSI IPOIPAMMBI OCYIIIECTBJISETCSI ¢ HEKOTOPBIM IIaroM 1o Bpemenu At
Ha puc. 7 npeacrasiieH ajJropuT™M UMATAIIMOHHOTO METOJIA OIUCAHUS UCIIOJHEHUS TapaJi-

JIEJIbHOI IpOrpamMMBbl 110/1BepkeHHoi oTkazam. Pyukuus get time for saves() onpemesnser, npo-

UCXOJIUT JIM HA JAHHOU WTEPAIMU 3AIUCh KOHTPOJBHOW TOYKM Ha KAKOM-Iu0O YpPOBHE, W B

COOTBETCTBUAU C THM Bo3Bpamaer TFS — BpeMs Ha COXpaHeHHe KOHTPOJbHBIX TOYEK JIJIs

rekyreit urepanuu. Oyukius get failure info () onpenensier FI — ypoBeHb u BpeMsi OTKa3a Ha

manHoM wmreparuu. V3menenwe mepeMeHHBIX 1ppu, 1rex MPOUCXOIAT C IIOMOINBIO (DYHKITU
get comp difference(), get cur difference().

while T..<T, do

TFS = get time for saves (Tew,At,C;)

FI = get failure info (Trex,At,TFS)

Ty = Tewwtget comp difference (Tews,At, FI)

Trex = Trextget cur difference (Tewu, Trex,At, TFS,FI,R;)
end while
return Tiex

Puc. 7. AiropurM MMHTAIMOHHOIO MOJEJIUPOBAHUS IIPOIPAMMBI C OTKA3aMHU

[Tpusenem 3nauenus dyuknmii get comp difference(), get cur difference() npu xKoopuHu-
POBAHHOM BOCCTAHOBJIEHUU TOC/IE OTKa3a. IlycTh mar o Hoil urepamnuu 1o BpeMenu Oy 1eT paBeH
[IEPHOJLy COXPAHEHUsI KOHTPOJIbHBIX TOYEK Ha 1epBoM yposHe (At = Pp). B tabu. 1 nupuseienst
3HAYEeHUs] ITUX (DYHKIMIA JJId CUTyalluil ¢ OTKa3aMU PA3HbIX YPOBHEH NpEeJICTaBJIEHHBIX HA
puc. 8.

IIpu orcyrcTBMM OTKa3a Ha JAHHOW WTeparyuu, BpeMsi OCHOBHBIX BblaucseHUi (Topw)
JIOJIZKHO yBEJIMYUTHCH Ha 3HadeHue mara At = Pi, a jjs Texymero spemenu paborbl (Trex)
HEOOXOIUMO JIOTIOJTHUTEIBHO YIECTh HAKJIQ IHbIE PACXO/bl HA COXPAHEHKE, TO €CTh

get comp difference() = At, get cur difference() = At + TFS.
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B ciyuae orkasza Ha JAHHOI MTEpaIu, BpeMsi OCHOBHBIX BBIYUCIICHUH ( Tyuw) JTOJKHO BEp-
HYTBCsl K 3HAYEHHUIO TIOCJIE/IHENl KOHTPOJIBHOM TOUKM, TO €CTh YMEHBINIUThCS Ha 3HaueHue 1-At,
rje T — YUCI0 noTepsiHHbIX urepaiuit. Tekyiee Bpemst paBoThl (Trex) JOMKHO YBEIUIUTHCS
Ha BPeMsl BOCCTAHOBJIEHUE CHCTEMBI TI0CJI€ OTKA3a U HA BPEMsl BHIYUCJEHUH CJIEJTAHHBIX B DAM-
Kax 9Toil urepanun Y («cepoe BpeMs» Ha PHC. §), TO €CTh

get comp difference() = -z At, get cur difference() = R; + Y.

Tabauna 1

Suadenns GYHKIUN TPU KOOPIUHUPOBAHHOM BOCCTAHOBJICHUHT

OTka3 BTO-

Her orkasa

Orkas mep-
BOI'O YPOBHS

pOro ypOBHSI

OTKa3 TpeThb-

€r0 ypOBHH

get comp difference()

At

0

-At

-4At

get cur difference()

At + TFS,

R +Y

R, +Y

R, +Y

Jlia mosydeHns MpEeABAPUTEIBLHON OIEHKN «MaKCHUMAJBHOTO 3hdeKTay 0T aCHHXPOHHOCTH
BOCCTAHOBJIEHUsI B UMUTAIIMOHHOM METOJIe MOJIEJIMPOBAHUS MIPEIIIOIaraeTcs, ITO TPUMEHEHNE
k mporieccoB g mepecdeTa MO3BOJIUT COKPATUTL BpeMs camoro nepecdera B k pa3s. lammoe
JIOTIYIIIEHUE TTO3BOJISIET TTOJYIUTh BEPXHIOIO OIEHKY COKPAIIEHUsT HAKJIAIHBIX PACX0OIOB 0Dectie-

YeHUA OTK&SOyCTOﬁ‘IHBOCTH OT IPUMECHEHUA aCMHXPOHHOI'O BOCCTAHOBJICHUA.

3ameuanue 4. B obmem ciiydae yCKOpeHme Iepecdera MOTEPAHHBIX JIaHHBIX IIOC/TIE OTKa3a
OyIeT 3aBHCETb OT MHOIUX (PaKTOPOB, & JJIT HEKOTOPBHIX BBIYHUCIATEIbHBIX AJITOPUTMOB IPE-
CTaBJISATH OTIEJBHYIO 33Ja9y W3-33 CJIOKHOCTU CAMOT'O aJITOPUTMa, WJIU CJIOXKHOCTH JTEKOMIIO-

BUNUU JAHHBIX, C KOTOPBIMU PabOTasl OTKA3ABIINIA IIPOIIECC.

B asropurme MMUTAIMOHHOIO MeTOJa IPU ACHMHXPOHHOM BOCCTAHOBJIEHHN H3MEHSTCS
TOJIbKO 3Hadenus dyukuuit get comp difference(), get cur difference(). Coorsercryiomue mpu-
MepBbI il CUTyaluii u3 puc. 8 upenacrasiensl B Tabur. 2. Illar oguHolt nTepanuu paBeH HepHOLy

COXpaHeHHsI KOHTPOJIbHBIX TOYEK Ha 1epBoM yposHe (At = Pi).

3

a) OTKa3 MepBOro YPOBHsI 6) oTKa3 BTOPOro YpPOBHsI B) OTKa3 TPETHETrO YPOBHsI

Puc. 8. IIpumepsr 0TKa30B pa3HbIX yPOBHEH

ITpu orcyTcTBUmM OTKa3a Ha JAHHOW UTEDAIMH, PACUETHOE BPEMs JIOJZKHO YBEJUYUTHCS HA
suadenue mara At = P, a B TeKyIee BpeMsi pabOoThI JOTOJHUTEIBHO HAJIO YIECTh HAKJIATHBIE
pPacxo/Ipl Ha COXPAHEHHE, TO €CTh

get comp difference() = At, get cur difference() = At + TFS.

B ciaygae oTkasa Ha KOHKDETHOI nTepanuy HeoOXOIMMO 3aBEPIINTh BOCCTAHOBJICHHE, HO-
9TOMY BpeMsi OCHOBHBIX BBIYMCJICHWI Ha JAHHOM WTepanuu He OyJerT yBeJInmduBaThCs. A Jyis
TEKYIIEro BpeMeHN pabOThl JIOJZKHBI ObITH YYTEHbI HAKJIAIHBIE PACXOJbI HA BOCCTAHOBJICHUE
nociie orkasa (R;) 1 BpeMst Ha CHHXPOHHU3AIMIO cocTosinmii mporeccoB (x-At/k+Y /k), rak kak
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[IOTEPSIHHBIM OyJIeT BpeMsi OT MOC/IeTHel KOHTPOJIBHON TOYKHU 0 MOMEHTA HACTYILICHUS OTKA3a

(x*At+Y), a npu nepecdere GyayT yuacTBOBATH k IPOIECCOB.
get comp difference() = At, get cur difference() = Ri +(xAt+Y)/k.

SHaueHnsT PYHKIUI IPU aCHHXPOHHOM BOCCTAHOBJIEHUH

Tabauma 2

OTkas nep- Orkas Broporo | OTka3 TpeTbero
Her oTkaza
BOT'O yPOBHSI YPOBHSI YPOBHsI
get comp difference() At 0 0 0
get cur difference() At + TFS, Ri +Y/k Ri+ (At+Y)/k | Ri+ (4At+Y)/k

B pamkax maHHON pabOThI ObLIM PEAJIM30BaHbl AJTOPUTMbI UMUTAIMOHHOIO MOJIEIUPOBa-
HUS PabOTHI MPOrPAMMBI ¢ KOODIMHUPOBAHHBIM BOCCTAHOBJIEHUEM W ACUHXPOHHBIM BOCCTAHOB-
senueM ¢ aByms (k= 2) u mareio (kK = 5) mpoueccaMy IPUHUMAIOIIIMA y9IacTue B IIepecyere.
B sTux mporpammvax mar wrepaimuu At He 3aBUCUT OT IEPUOJOB COXPAHEHUS W MPUHUMAET

snadenue 0,5 CeKyHJIbI.

3. BbruucaurTesbHBIA 3KCIEPUMEHT

B pamkax BBIYHC/IATEIBHOTO IKCIEPUMEHTa OBIIN BBIOPAHBI CJAEAYIONINE MAPhl BEJUIUH
cpennero Bpemenu Mexiy orkasamu (MTBF) s orkasa mepBoro m BTOPOro ypPOBHSI
[75/2 10- T3, |T5/4 T, [T5/10 T3/2], | T5/15 Ts/3|, [1/20 Ts/4], rne T — Bpems 3apaHee 3a-
mwianupoBanuoro caera 715 = 3600 c. [Ijis BIOpaHHON CeTKU BPeMsl COXPAHEHUST KOHTPOJIbHBIX
ToueK cocTasiiger 1 ¢ u 6 ¢ /Ui IepBOTO U BTOPOI'O YPOBHS COOTBETCTBEHHO, BPEMS BOCCTAHOB-
JIEHWS TIOCJIe OTKA30B MEPBOI0 M BTOPOro ypoBHel pasubl 0,5 ¢ 1 4 c.

Jutst mapaJssiesIbHbIX TPOrpaMM, PEAJTU3YIOMIUX BBIUUCIUTEIbHBIN AJITOPUTM pacdeTa pac-
npeeieHns Telja, ObLIo mpoBeeHo 10 BBIYUCIUTEIBHBIX SKCIEPUMEHTOB I KayKJ0ro
Habopa mapameTpoB, a i MPOrPAMM, PEAJTUIYIONINX UMUTAIMOHHBIA METOJ, MOJETUPOBAHMS,
6n110 rpoBesiero 10000 sKcrepuMeHnTOB.

B Tabs. 3 npuBeeHb! mapamMeTpbl, OMUCHIBAIOININE IOy YeHHbIE 3HAYEHUsT HAKJIAIHBIX Pac-
XOJI0B: T — cpejJiHee BpeMs HAKJIAIHbIX PACXO0JIOB, TO €CTh CpeHee BpeMs PaboThl ITPOrPaMMbI
€ OTKa3aMi MUHYC BpeMs 3arutanupoBanHoro cdera (3600 c); ¢ — cpejiHee KBaJpaTHIecKoe
OTKJIOHEHUE HAKJIAHBIX PACXOJIOB; 111, , — CpeJHUe 3HAYEHUS] INC/Ia OTKA30B IIEPBOIO U BTO-
poro yposaeit; AT — pa3HOCTH CPETHUX BPEMEH HAKJIATHBIX PACXOJIOB IS TIPOTPAMM C KOOD-
JAUHUPOBAHHBIM BOCCTaHOBJICHUEM M C aCHMHXPOHHBIM BOCCTAHOBJIEHUEM; % — OTHOIIIEHuEe AT
K CPE€JIHEMY 3HAYEHUIO HAKJIAHBIX PACXOJOB IPU KOOPIUHUPOBAHHOM BOCCTAHOBJICHUU BbIPa-
2KEHHOE B IIPOIEHTaX; kK — YHCJI0 PE3ePBHBIX ITPOIECCOB, IPUHUMAIOIINX YIACTHAE B II€pecUeTe
MMOTEPSIHHBIX JAHHBIX U3-33 OTKA3a.

Teoperuueckue ONEHKU CPEHUX 3HAYEHUN HAKJIAJHBIX PACXOJIOB, IOJYIE€HHbIE UMUTAIU-
OHHBIM METOJIOM, TIOKa3bIBAIOT, YTO IPUMEHEHNE ACUHXPOHHOI'O METO/[A BOCCTAHOBJIEHUS IPU-
BOJIUT K COKPAINEHUIO He MeHee ueM Ha 22 % mpu JAByX Iporeccax JJis mepecdera, a Mpu AT
mporeccax s mepecuera He MeHee deM Ha 37 %.

OrneHKY CpeHUX 3HAYEHUN HAKJIAIHBIX PACXOJIOB, MOJIyUEeHHbIE B pe3yJibTare paboTh Ia-
PaJIIESIbHBIX IIPOrPAMM C OTKa3aMU, TOKA3bIBAIOT, YTO IPUMEHEHHE ACUHXPOHHOTO Me-TOJ[a BOC
CTAHOBJIEHUsI TIPUBOJIUT K cokparienuio ot 13 % 10 47 % npu aByx nporeccax Jijis mepe-cuera,
a Ipu [sTH mporeccax st nepecdera or 23 % mo 53 %. 3HavyeHus cpeHUX BPEMEH MEKILy

OTKAa3aMU ObLII BbI6paHbI B JOCTATOYHO HIMPOKOM Jualla30H€, OT PEAKUX OTKa30B MTBF =
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Tabauma 3
OHGHK& HaKJIaJHBbIX PaCXOJA0B IJid Pa3HbIX METOJ0B BOCCTAHOBJIEHUA
Koopauauposantoe Acuuxponnoe, k = 2 Acuuxponnoe, k = 5
_ t=142;0 = 72 t=113; 0 = 30
— | t =187, 0 = 130 ' ’
= § ﬁ—21’-0ﬁ " fi, = 2,17, = 0,1 fy =2,1; 7, = 0,1
§§ toen 2 AT = 45 (24 %) AT = 74 (40 %)
an= _ f=119 = 106
¢ t =225
= & = om od fiy = 23: 71, = 0 fiy = 1,4: i, — 0,1
oo AT =106 (47 %) AT =119 (53 %)
_ f=331;0 = 86 fF=271;0 = 44
s =432, 0 = 154 _755'_0711 _754._0711
S = =567, =11 tomemiz =0Tz =
= 2 te s AT =101 (23 %) AT =161 (37 %)
H _ t =328 t =302
= 5| = t =438 N, =49 71, = 0.8 n, =6,3;n, =09
= . — 6.3: 1, — 1.6 n =491 =4, ny =091 =4,
oo e AT =110 (25 %) AT =136 (31 %)
- t =488; 0 = 97 t = 400; 0 = 53
> f— 638 0 — 164 ) 7 _ i
I g ~ o= 11 8 A — 9 4 ny = 1174, n, — 2,3 ng — 11,1, n, — 2,2
e 1 S Mz = 4, AT = 150 (24 %) AT = 238 (37T %)
=H R _ t = 545 t = 487
=3 g £ = 630 iy — 12,7 i, — 2.8 i, = 11,2, 71, — 2.4
= . — 12.3: 71, — 2.8 n, = 5 Mg = 4, n, = 4y Mg = 4,
! e AT =85 (13 %) AT = 143 (23 %)
_ t = 626; 0 = 107 t =513; 0 = 60
> F— 812 0 — 175 . 7 . 7
I g ~ A — 185 fi, — 3.7 ny = 17,6, n, = 3,5 n, — 17,1, n, — 3,4
= % 1 2 AT = 186 (23 %) AT =299 (37 %)
i _ t = 664 t =603
= 3| = £ =794 o o
[:‘ 7—1 - 18 5 T_l o 3 5 n1 — 16,4, nz — 276 n1 — 18,3, nz — 3,4
vooome AT =130 (16 %) AT =191 (24 %)
_ t =744; 0 = 116 t = 604; o = 65
s £ = 955; 0 — 184 i} 7~ _ 7
= | A 953 7 — 51 n, =242, n, =49 n, = 23,3, n, = 4,7
=S oo AT = 211 (22 %) AT = 351 (37 %)
= 2 _ t = 762 £ =715
S = o £ =938 o o
[:: ﬁ . 26 7'_1 4 6 n1 — 2377, nz — 3,8 n1 — 22,77 nz — 4,3
o e AT =176 (19 %) AT =223 (24 %)
[T5/2 10-T|, no gacreix orkazoB MTBF = [T5/20 T,/4]. B BblMuCInTEIbHBIX 9KCIIEPIMEHTAX

YHCJIO0 OTKA30B B cpejHeM joxoaumo j10 30 u 60jee 0TKA30B 3a BpeMs padoThl nporpaMmbl. C
YBeJIMYEHUEM YaCTOThl OTKA30B SBHO PAacTET 00beM HAKJAIHBIX PACXOJOB U B CIy4ae CaMbIX
YaCThIX OTKA30B CPEJIHUE 3HAUEHUS HAKJIATHLIX PACXOJIOB JIJII CTPATErnd KOOPIMHUPOBAHHOTO
BOCCTAHOBJIEHUSI B CPEJHEM COCTaBJIsIn OKOJIO 26 % OT BpeMeHM 3apaHee 3allJIAHUPOBAHHOIO
obbema pacderoB. OJIHAKO $BHO HE WPOCIEKUBAECTCA 3aBUCHMOCTL O0bEMA COKPAIIEHUN
HaKJIaJIHBIX PAaCXOJ0B OT 9aCTOTBI OTKa30B IIPU IIepexoJe OT KOOPANHUPOBAHHOT'O K aCUHXPOH-

HOMY BOCCTaHOBJICHHUIO.

1
M — pe3ysibTaThl 1Oy YeHHbIE UMUATAIMOHHBIM METOJIOM.

2 . .
IIIT — pe3yabTarTh! MOJIyYEHHbIE TAPAJIIEHHONR ITPOrPAMMOIL.
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3aKJ/II0UYeHUue

B nannoit pabore paccMaTpUBAIOTCH BA METO/JIA O0ECIIEYeHN s OTKA30y CTONYNBOCTH pacye-
TOB IIPH OTKAa3aX B BBIYUCIUTENbHON cucTeme. [lepBblit MeTo ] (CTaHIAPTHBIN) 3aKII0YACTCI B
KOOPAUHUPOBAHHOM COXPAHEHUU KOHTPOJIbHBIX TOYEK, & B CJIydae OTKa3a OCYILIECTBIIACTCA KO-
OPJAMHUPOBAHHBIN BO3BPAT BCEX IPOIECCOB K IOCJIEIHENH KOHTPOJIbHON Toduke. Bropoit MeTosn
OCHOBaH Ha KOOPAWHUPOBAHHOM COXPAHEHUM U KYPHAJUPOBAHUU Ilepe/laBacMbIX JAHHDBIX, & B
CJIydae OTKa3a IPOUCXOJIUT ACUHXPOHHOE BoccTaHoBjeHue. [Ipu acMHXPOHHOM BOCCTAHOBJIEHUH
HECKOJIbKO 3allaCHBbIX IIPOIECCOB IIPOBOJAT IlepecdeT IaHHBbIX, IIOTEPAHHBIX IIOCIe OTKa3a, a
OCTAJIbHBIE IIPOIECCHI HAXOMATCA B OXKHUJAHUN OKOHYAHUA IIPONEAYPbl BOCCTAHOBJICHUA IOTE-
PAHHBIX JAHHBIX.

B pabotre npesiioxken MMUTAIIMOHHBIN METO/I, MOJIEJIUPYIONINAI UCIIOJIHEHNE TapaJIeTbHO
IpOrpaMMBbI TTOJBEPYKEHHOM OTKa3aM. JIaHHBII METOJI ONMUCHIBAET WCIIOJHEHUE MapaJjIebHOMN
IIPOrPAMMBbI, YIUTBIBadA BO3MOXKHOCTb HACTYILJICHUS CJIyYalHbIX OTKa30B BO BPEMs BbIIIOJTHEHUA
OCHOBHOT'O aJIFOPUTMa, COXPAHCHUA KOHTPOJIbHBIX TOYEK U BOCCTAHOBJICHUA PACUCTOB, & TaKXKe
ITO3BOJIIET CPABHUBATH PA3JIMYHbIE METO/IbI O0ECIIeYeHN OTKA30yCTONYNBOCTH.

JLJ1st 9KCIIepUMEHTAJIBLHOM OIEHKN HAKJIATHBIX PACXO0B ObLIN PEaN30BAHbI TaPAJIIeIbHBIE
IIPOrPAMMBbI, BBIYUACIAIONINE PACIPEECICHIE TEIJIa B TOHKON IIJTACTUHE ¢ KOOPJUHUPOBAHHBIM
U ACHHXPOHHBIM BOCCTAHOBJIEHHEM. J[JIT TEOpEeTWYeCKOl OIEHKM HAKJIAJIHBIX PACXOJIOB ITUX
METOJ0B 6I:>I.H HCIIOJIB30BaH I/IMI/ITaJ_LI/IOHHbHU/I METO/I. PeBy.HbTaTbI CpaBHEHHA OIICHOK HaKJIa/JIHbIX
PACXOJIOB MTO3BOJISIOT TOBOPUTH O IEJ1€CO00PA3HOCTH ITPUMEHEHNS ACHHXPOHHOM CTPATEIUU BOC-
CTaHOBJICHUA [AJIsd BBIYUCJIUTE/IBHBIX aJI'OPUTMOB C HE3HAYUTCJIbHBIM O6’beMOM JaHHDbIX JIJIg
2KypHAJUPOBaHUs, OJHAKO BO3MOXKHOCTH €€ IMPUMEHEHUS i JIPYTUX AJTrOPUTMOB Tpedyer

JaJbHENINX UCCJIEeIOBAHUN.

Paboma evinoanerna npu gunancosoti noddeporcke Poccutickozo ponda pyrndamenmanvrvix
UCCAEA08aAHUL 8 pamMKar HayuHoz20 npoexma Ne 17-07-01604 a.
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The increasing growth in the number of components of supercomputers leads HPC specialists to unfavorable
estimates for future supercomputers: “the range of the mean time between failures will be from 1 hour to 9 hours.”
This estimate leads to the problem of long calculations on supercomputers. In this paper, we propose a recovery
method from failure which does not require rollback for all processes. This method can reduce overhead costs for
some computational algorithms. The standard fault tolerance method consists of two phases: coordinated check-
pointing and rollback of all processes to the last checkpoint in the case of a failure. The proposed method includes
coordinated checkpointing with sender-based logging and asynchronous recovery when most processes wait and
several processes recalculate the lost data. We developed parallel programs to solve the problem of heat transfer in
the thin plate. In these programs, failures occur by calling the function raise(SIGKILL), and coordinated or asyn-
chronous recovery is performed by ULFM functions. In order to obtain theoretical estimates of overhead costs, we
propose a simulation model of program execution with failures. This model assumes that failures strike during
computations, checkpointing and recovery. We made a comparison of recovery methods with different failure rates
for the problem with a small amount of data for logging. The comparison showed that the use of asynchronous
recovery results in a reduction of overhead costs by theoretical estimates from 22 % to 40 %, and by computational
experiments from 13 % to 53 %.
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B COBpEeMEHHBIX TEXHOJOTHAX PEJANUOHHBIX 0a3 MAHHBIX MEXaHW3M NpeACTaBiaeHuil (view) peammsyer
BHemHuil ypoBenb apxurekTypbl ANSI-SPARC, ckpbiBasi meray KOHIENTYaJbHOW CTPYKTYPHI 0a3bl JAHHBIX
OT KOHEYHBIX HOJib30oBareseil. OJHAKO MCIIOJIHL30BAHME JIAHHOI'O MEXaHU3Ma COIPSI?)KEHO C HEOOXOIMMOCTHIO
pellleHnst 3aJ1a41 KOPPEKTHOro obHoBieHus npeiacrasienuit: CYBI noikua 06ecrnednuTb KOPPEKTHOE BBIIOJHEHUE
omeparyil BCTaBKHU, yJaJICHUsI WX OOHOBJIEHHSI KOPTEXKa B IIPEJCTABJICHUN HAJ[ COOTBETCTBYIONUMU Oa30BBIME
OTHOIIEHUSIMY JAHHOTO IIpeJicTaBienns. st perenus: ykasaHHoi 3agadu B crannapre SQL BBomuTcs KecTkoe
OrpaHUYeHne: MOIAUMUIUPYEMOMY KOPTEXKY IIPEJICTABICHUS MOYKET COOTBETCTBOBATL TOJIBLKO OJMH KOPTEXK B
6a30BoM oOTHOIIEHHH. TpHUrrepnl, peanu3dyomue OOHOBJIEHHE NPEICTABICHAN, 00JIAZAIOT PSIIOM HEIOCTATKOB:
HEOOXOJMMOCTh CO3JIaHMsI TPUITEpa JUIsl KarKJI0r'o IIPEJICTaBIeHusl 0a3bl JIaHHBIX, HEIPEJICKa3yeMbIH IOPsI0K
3allyCKa TPUITEPOB, OTHOCAIIUXCA K OJHOMY IIPEJICTABICHUIO U Jp. B crarbe paccMaTpuUBaercs: IOIXOI K
PEIIeHNIO JAHHOM 3a/1a91 Ha OCHOBE MPUMEHEHHs] KOMMYTATUBHBIX ITPeobpa3oBannii 6a3bl JaHHbIX. [Ipu aToM He
HaKJIaIbIBAETCS OrPAHUYEHIE eJMHCTBEHHOCTH KOPTEXKa 6a30BOr0 OTHOIIIEHUSI, COOTBETCTBYIOIIETO OOHOBIISIEMOMY
koprexy B npescrasierann. Onucan Cornponeccop CYB/I, koropslil pazmMeriaercss Ha KJIUEHTCKOM KOMIIbIOTEDE
u obecrieynBaeT KOMMYTATUBHBIE I[PeOOPA30BaHUsl B OTHOINEHWAX 0a3bl JIAHHBIX, XPAHUMbBIX Ha CEpBEpE.
Cormporeccop BBITONIHAET (GPOPMUPOBAHNE TEKCTa TPAH3AKIMH, Peaanu3yonieil KOMMyTaTUBHBIE TpeoOpa30BaHusl,
U OCYIIeCTBJIIET 3allyCK STON TpaH3akuuu Ha cepBepe. llpejcraBiieHa peajm3alusl COIPOIECCOPA LIS
cBobonuoit CYB/I PostgreSQL. IIpoBeieHb! BBIYUCUTEILHBIE SKCIIEPUMEHTHI, TIOATBEPK AA0IIHe 3D DEKTUBHOCTD
IIPEIJIOKEHHOr0 MOAX0aa B npuiokennsax knaccob OLAP n OLTP.

Karoweswvie  caosa:  KommymamuseHoe npeobpa3osanue, — PEAAUUOHHAA — anzebpa,  MHO20MaAbAUNHOE
npedcmasaerue, obrosaernue npedcmasaenutl, peasyuonnas CYBJ], mpuezeep.

OBPAS3EII INTUPOBAHNA

Seikua B.C., Hpivbaep M.JI. OGHOBIEHHE MHOTOTAOJUYHBIX IIPEJICTABJIEHAN Ha OCHOBE
KOMMYTATUBHBIX 1peobpasoBanuii 6a3el qanubix // Becrauk FOYVpI'Y. Cepusi: Borancimrenbaast
maremaTuka u undopmaruka. 2019. T. 8, Ne 2. C. 92-106. DOI: 10.14529 /cmse190206.

BBenenue

CoBpeMmeHHBIE CHCTEMBbI 0a3 JIAHHBIX CTPOSITCS B COOTBETCTBUU C TPEXYPOBHEBOI
apxutekTypoit ANSI—SPARC . Buyrpennmii  (dusuueckuii) ypoBeHb OTBEYAET 32
dbusngecknit crocob opraHmsanuyu JaHHBIX. [IpoMeKyTOUYHBIN (KOHIENTYATbHBI) ypPOBEHb
MHKAICYJIUPYET DEIANMOHHYI0 CXeMy 0a3bl JaHHBIX. BHemmHnit (moap30BaTe/IbCKA) yPOBEHDb
MOKA3BIBAET, KAaK BBIMISAUT 0a3a JaHHBIX C TOYKH 3PEHUs KOHETHOTO TMOJJb30BATENS U
peanu3yercsi ¢ HOMOIIbIO HpejcTaBienuii. I[Ipedcmasaenue (view) — 9T0 BUPTyaJbHOE
(HOFI/ILIQCKOG) OTHOIIIEHUE 6&3])1 JAHHDBIX, KOTOpOe ABJIdETCA CUHOHUMOM 3a1poca K
XPpaHUMbIM OTHOIICHUAM 6&3bl JJaHHBbIX. MeXaHI/I3M HperILCTaBJIeHI/II;I IIO3BOJIZET CKPbIBATH

JeTaJin KOHL[GHTyaJIbHOﬁ CTPYKTYPhbI 0a3bl JaHHBIX OT KOHEYHBLIX IOJIb30BaTEJIEN. O,ZLH&KO
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UCIOJIB30BAHUE JIAHHOTO MEXAaHW3Ma COIPSXKEHO C HEOOXOJMMOCTBIO DEIIeHUs] 3aJiadu
KOPPEKTHOTO 00H08AeHUA Npedcmasieruli, KOTOpas 3akKjovaercs B cieayiomeM. [lockosbky
[IPEJICTABJIEHUE BOCIPUHUMAETCS KOHEYHBIM IIOJIb30BATEEM KaK XPaHUMOE OTHOIIEHUE
6a3bl JAHHBIX, TO BO3MOXKHBI OIEPAIMUA BCTABKH, yJAJEHUS WM OOHOBJIEHHS KOPTEXKa B
npeacrapiaennu. CYBJl momkna obecrnednTb KOPPEKTHOE BBIMOJHEHUE YKA3aHHBIX OIMePAInit
HaJl, COOTBETCTBYIOIMUME OA30BHIMU OTHOIIEHUSAMHU JIAHHOT'O HPEJICTABICHMSI.

B crammgaprax si3pika 06a3 maHHbix SQL, HadmHasi ¢ mepBoil Bepcuu , pelienue JTaHHOU
3aJ1a9d OCHOBAHO Ha BBEIEHWM OIDaHWYEeHMII Ha CTPYKTYPY IpeJcTaBjieHusi. B coorBeTcTBUI
C 9TUMU OrPAHUYEHUSAMHU I KAXKJIOrO0 KOPTEXKa MPECTABICHUST HEOOXOAUMO HAJIMINE
COOTBETCTBYIOIIEIO KOPTEXkKa B 0A30BOM OTHOIIEHUU, A JJI KAXKJIOTO ODHOBJISIEMOrO aTpudyTa
IIpeICTaBIeHNs] HeOOXOIUMO HAJIMYNE COOTBETCTBYIONIEIO eMy arpudyTa B 6A30BOM OTHOIIICHUN.
B crammapre SQL:1999 BBomuMTCS KOHIENIUS TPUITEpa, CYIMIECTBEHHO PACHIUPSONIAST
dyuknnonaibabie Bo3MokHoCcTH CYB /] . Tpueeep mpencrtasiser coboil MOAIPOrpaMMy Ha
rporieypaoM pacinupernu SQL, ocTosTHHO XpaHUMYO B BUJI€ UCXOJHOTO TEKCTa B 0a3e JaHHBIX,
U ACCONMMPOBAHHYIO CO CHENMUMUIIMPOBAHHBIM COOBITHEM B 0a3e JaHHBIX. [Ipu HacTymieHUH
ykazanaoro cobbirust CYB /] aBromarnyeckn UCHOJIHSAET TeJIO Tpurrepa. T purrepbl MOryT ObITh
UCIIOJTb30BAHDBI JJIsi OOHOBJIEHUSI IIPEJICTABJIEHUN: C COOBITHEM OOHOBJIEHUS IIPEJICTABJICHUS
HEeO0XO0/INMO aCCOIMUPOBATH TEJIO TPUITEPA, BBIIOJHAIONEE HaJIexKallee 0OHOBJIeHEe 0a30BOTO
OTHOIIIEHUS.

OmHako MO CAEAYIOMUM TPUIAHAM TPUTTEPHI HE SBASIOTCA WACATBLHBIM  PEIeHIEM
paccMaTpuBaemMoil 3ajaqu. Tpurrepsl, peaju3yioliue OOHOBJIEHUE IIPE/ICTaBIeHUl, Tpedyercs
paspabaTbiBaTh JJIsI KayKJI0# OTHeJbHON 0a3bl JAaHHBIX. TPHUITEpBl SIBJISIOTCS HCTOIHUKOM
HaKJIaTHBIX pacxo1oB CYB /I, mockoabKy TpedytoT OJI0OKUPOBKU Pa3IMIHBIX PECYPCOB, IIPOBEPKH
HACTYIJIEHUsI COOBITUSI TPHUITEPa, MOJJEPKKNA BPEMEHHbIX Tabsul, (Hampumep, TabJIUIbI
INSERTED u DELETED B CYBJI MS SQL Server ucronb3yioTcst Jjisi IPOBEPKHU PE3YJILTATOB
U3MEHEHU JIAHHBIX U YCTAHOBKHU YCJIOBHIl cpabaThIBAHUsI TPUITEPOB ) u jap. Kpome Ttoro,
IpU HAJIMYUK HECKOJIbKUX TPUITEPOB, OTHOCAIIUXCS K OJHOMY OTHOIIEHUIO (IIPEJCTABJICHUIO) U
ACCOIMUPOBAHHBIX C OJHUM COOBITHEM, ITOCJIEIOBATEILHOCTD UX 3aIlyCKa He JIe€TEPMUHUPOBAHA.

Hayunbie ucciieioBanusi, MOCBSIEHHBIE 3a/1a9€¢ KOPPEKTHOI'O OOHOBJICHUS PEJICTABJICHUI,
HAYATBI C MOMEHTA CTAHOBJICHUS TEOPUU DEIAINUOHHBIX 0a3 JAHHBIX M HPOJOJIKAIOTCS B
Hacrosiiee BpeMsi. OIHAKO, KaK MOKa3bIBaeT 0030p HAYyUIHBIX IIyOJUKAINil 110 JAHHOM TeMaTuKe,
YHUBEPCAJILHOE PElleHne oKa He HalJIeHO.

B nmammoit pabore mpemiaraercss IMOAXOA K OOHOBJIEHHIO IIPEICTABIEHMI, OCHOBAHHBIN
Ha almapare KOMMYTATHBHBIX IIpeoOpa3oBaHuii JaHHbIX. KoOMMyTaTWBHOCTH —olepariuii
peodpa30BaAHUS IIPEICTABICHUS U TPeoOpPa30BAHMS OTHOIIEHUI TOHIMAETCS KAaK COOTBETCTBUE
HAYAJIBHOTO U KOHETHOI'O COCTOSTHUU 0a3bl JAHHBIX MEXKIy Pas3JIMIHBIMEU [IPEOOPA30BAHUSIMI.
OO0HOBJIEHNE TIPEJICTABJIEHUsT OCYIIECTBJISIETCS C IOMOIIBIO COIPOIECCOpa KOMMYTATHBHBIX
npeobpa3oBaHUil,  KOTOPBLI  CO3MAaeT  TPAH3AKIIUIO,  BLIMOJHMAONIYIO KOMMYTATHBHBIC
peobpa3oBaHUsi OTHOIIEHUT Oa3bI JIAHHBIX.

Cratbst opranmsoBaHa cjeayomnmM obpaszoMm. B pasmesne |1| npuBoaurcst 0630p padboT 1m0
TeMme wuccaeoBaHus. Pazmen KpaTKO OIIMCHIBAET AIMAPAT KOMMYTATHBHBIX MIPeOOpa30BaHUI.
[Ipusoasitcss HOpMysIbI  PENSIUOHHON ajreOpbl st Olepanuii  yuajeHus, M00aBJI€HUS WU
OOHOBJICHUSI KOpTeXKa B IpeicraBieHuu. B pasmese |3| onucana apXuTeKTypa U IIPUHITAITHI

peasim3aI  COMPOIeccopa KOMMYTATHUBHBIX IIpeobpaszoBanuil. B pazmesne IIpeJICTaBJIEHbI
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O6HOBJICHIE MHOT'OTAOJIMIHBIX HpeﬂCTaBJ’IeHI/Iﬁ Ha OCHOB€ KOMMYTAaTHUBHbIX...

peE3yJIbTaThbl BBIYUC/IUTEJIbHBIX 9KCIIEPUMEHTOB, NCCJICAYIOITUX 3(1)(1)6KTI/IBHOCTI) IPpeJIOZKEHHOI'O

moaxosaa. B zakimrouenun PE3IOMUPYIOTCA UTOI' BBIIIOJIHEHHOI'O MCCJIETOBAHUA.

1. O630p paboT

Hay4ubie uccienoBanus, MOCBAIIEHHBIE 3a/ade KOPPEKTHOTO OOHOBJIEHUS ITPEICTABJICHUI,
Ha4d9aTbl € MOMEHTa CTaHOBJICHUA TEOPpUUN PEeJIAIMOHHBIX 6&3 JaHHBIX W IIPOJOJIZKAIOTCA B
HACTOSIIIEEe BPEMSI.

Pa6ory 1981 . , B KOTOPOU WPEJJIO?KEHO IOHSITHE KOMMYTATUBHBIX IIpeobpa3oBaHuUil
1 chOpMyJIUPOBAHBI YCJIOBUST KOMMYTATUBHOCTH ODHOBJIEHWS IIPEJICTABJICHUI, MOXKHO HAa3BaTb
[IMOHEPCKOl B paccMaTpUBaeMoOil 00JACTU KCCJIEIOBaHMUi. ABTOpPBI, OJHAKO, HE IIPEIIaraioT
AJITOPUTMOB OOHOBJIEHHSI ITPEICTABICHMUIA.

B crarpe 1982 r. Jlasn ucciaeayer 3aady COOTBETCTBUsT MOAMMDUKAIIN II0JIB30BATEIbCKIX
[IPEICTABIEHUI JAHHBIX C COOTBETCTBYIONINME IIPE0OPa30BaHUsIMI B MCXOIHON Oase JaHHBIX @
B mepmyio odepenp B gaHHORl paboTe ObLIa PacCMOTPEHA KOPPEKTHOCTh MOIN(DUKAIIMIA,
WX CBOHCTBa W yCJOBHsS cyimecTBoBanus. OHaKO, MPaKTHIECKONW pean3anuun OOHOBJIEHUS
[IPE/ICTABJICHUIl HE TTPUBOIUTCSI.

B 1984 1. Masynara B pabore MPEJJIOXKUJI  BEPOSITHOCTHBIN — MOJXOJT K
GOpPMHUPOBAHUIO TPABMJI IPEOOPA3OBAHUS JIAHHBIX. BEpPOSITHOCTHBIN XapakTep pe3y/bTara
peobpa30BaHmii  SIBJISIETCS  CJIEJICTBHEM WCIIOJIb30BAHUST CEeMAHTHIECKOro moaxojia. llpwm
BO3HUKHOBEHNUN HEIITATHBIX CI/ITyaLLI/IfI IIOJIB30BATEJ/IIO IIPEJOCTABIIACTCA BO3MOXKHOCTD BPYYIHYIO
OTKOPPEKTUPOBATEL omepamyu Moaudukammn. O4eBuHO, 4TO B 0OIIEM CIydae TaKOil IMOIX0 He
rapaHTUPYeT KOPPEKTHOCTH PE3yJIbTaTa OOHOBJIEHUSI.

B 1985 r. Kemtep B pabore MIPEJUIOKMI TIOJXOJT K PEIIeHUI0 33/1a4d KOPPEKTHOT'O
OOHOBJIEHHSI MHOTOTAOJMYHBIX I[IPEICTABICHNN, KOTOPLI Tpedyer HaJd4duMs B IPEICTABJICHIH
aTpuOyTOB MEPBUYHBLIX KJjio4deil. MexXay TeM B COBPEMEHHOW IPAKTHUKE IIPOEKTHPOBAHUS
PEJISIIIUOHHBIX a3 JTAHHBIX MCIOJIb3YIOTCS CYPPOraTHBIE IEPBUYHbBIE KJIIOUN OTHOIICHWI (BMECTO
OJIHOrO U3 aTpubyTOB, BHIOMPAEMOrO U3 MHOYKECTBA IOTEHIMAJIBHBIX KJIIOYEH), pealnyeMble B
CYB/I ¢ moMoIpo aBTOMHKPEMEHTHOTO THIa JaHHBIX. CypporaTHble KJIOYH, TaKUM 00pa3oM,
HE UMEIOT OIPeIeIeHHON CEMaHTUKN U JIUIIEHBI BO3MOXKHOCTH M3MEHEHHS.

B 1987 r. 6buta paspaborana mnepsas Bepcust crangapra ISO/IEC 9075 , OTIMCHIBAIOIIETO
sa3bIK 6a3 gaHHbIX SQL. B maHHOM craHzapTe NPHCYTCTBYIOT OIpaHUYEHHs] Ha OOHOBJIEHUSI
HpeﬂCTaBﬂeHHf}I, COIJIaCHO KOTOPBLIM OJIMH KOPTEXK B HIPEJACTAaBJICHUU JOJI2KH COOTBETCTBOBATH
OJTHOMY KOPTEXKY B 6a30BOM OTHOIIIEHUH.

B 1988 r. T'orTm06 1 7p. B padbore @ ITPEJIJIOXKUIN TIOHSTHE COTJIACOBAHHOTO IIPEJICTABJICHUST
(consistent view), KOTOpoe 00JIa/IaeT CJIeJIyIONMM CBOWCTBOM: €CJIM BO3MOXKHBI OIepaIlin
OOHOBJIEHUSI TIPEJICTABJIEHUsI, TOTa UMEETCS OIHO3HAUYHBIN HaDOpP omepaluii 0OHOBJIEHUsT Oa3bl
JIAHHBIX, JAMOIINI TOT ke pe3yiabrar. PaccMoTpeHa 3aliada TPAHC/ISAIINA HabOpa oleparuit
OOHOBJIEHUSI TIPEJICTABICHUI B HaAOOp omepanuii oOHOBJeHWst 0a3bl jmaHHBIX. (OJHAKO, B
JaHHOH pabore MjIsI KOPTEXKa COIVIACOBAHHOIO IIPEICTAaBJICHHUS JIOIIYCKAETCS TOJIBKO OIUH
COOTBETCTBYIOIIUI KOPTEXK B 6a30BOM OTHOIIEHUM.

B 1990 r Jlanrepak MPEJIOXKMJI  TOHATHE PEPE3eHTATHBHOTO  IK3EMILISIPa
[IPEJ/ICTABJIEHUsI, KOTOPBI (POPMUPYETCsT M3 MHOXKECTBa aTpHOyTOB BCEX OTHOIIEHUH O6a3bl
naHabiX. IlpencraBienusi, TakuM 00pa30M, ABJSIOTCA IPOEKIINENH  Pelpe3eHTATHBHOIO

IK3eMILIsIpa. B mannoit paboTe, 0IHAKO, pACCMOTPEH TOJIBKO JaCTHBIN CIydail cxeMbl 6a3 TaHHbBIX,
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KOTJ1a, KasK/I0€ OTHOIIIEHNE ABJISIETCs ITOAMHOXKECTBOM ITPOEKITNI PEIIPE3EHTATUBHOIO 9K3EMILISIPa
o aTpubyTaM KazKJ0r0 OTHOIIEHUS.

B 2003 r. Jleureubéprep B crarbe MIPEJICTABUIT TTOJIXOJT «TIOCTOSHHOTO JIOTIOJTHEHUST >
(constant complement approach), passuBatonmii wugen pabOTHI . JaHHBIT  TOAXOMT
MIPE/IOCTAB/ISIET  TOJIL30BATENI0  BO3MOXKHOCTH ~ OTMEHHTb  IIPOM3BEJIEHHBIE  OOHOBJICHUS
[IPEJICTABJIEHU, CIOJIb3Ys Pe3yIbTaThl MOCIeIyIOmuX o0HoBIeHul. [IpakTideckast pean3arus
LPEJJIOKEHHOIO IIOJAX0/Ia, OJHAKO, HE OIUCAHA.

B coBpemennoit pabote Beproccu n Canumu paccMaTpuBarT 3aJ1a9y OOHOBJIEHUST
HpeﬂCTaBﬂeHHf/i IIPUMEHUTEJIbHO K IIOJIOTOBKE JTaHHbIX JIJIsI MAIIIMHHOI'O O6yquI/IH. yﬂaﬂeHI/Ie
KOpTEeXKell 13 IIPeJICTaBJEeHUs PACCMAaTPUBAETCs KAaK MCKJIIOUYEHUE 3allyMJIEHHBbIX JIAHHBIX W3
oby4atoreit Beioopku. Takum 06pa3oM, aBTOPBI OTPAHUINBAIOTCSA PACCMOTPEHNEM TOJIBKO OJTHOMN
olepalyy YAAJIEHUSI KOPTEXKa U3 IIPEJICTaBICHUSI.

Paccmorpennble  paboThl  ITOAPA3yMEBAIOT HaJU4Yde OrPAaHMYEHHs], KOTOpoe Tpedyer
COOTBETCTBHSI OJIHOIO KOPTEXKa IPEJICTABJICHHUSI OJHOMY KOPTEXKY B 0a30BOM OTHOIIEHUM, H
pPacCMaTPUBAIOT YACTHBIE CIydayd oOpabOTKM MHOTIOTAaOJIMYHBIX IIpeicTaBieHnii. B ciemxytommux
pasienax MJaHHOW CTATbW Mbl PACCMOTPUM IIOJXOJ, IIO3BOJISIIONINN IIPEOIOJIETh YKA3aHHOE
orpaHMYeHrne B OOIIEM CcJydae Ha OCHOBE HCIOJIb30BAHUs —alllapara KOMMYTATHBHBIX

peobpa30BaHUIA.

2. KommyTaTuBHBIE TpeoOpa3oBaHUS PEJAANNOHHBIX OTHOINEHUM

B nammom paznesie KpaTKO IIPEJCTaBJICH alllapaT KOMMYTATHUBHBIX IIpeoOpa3oBaHUil ,
KOTODBI SIBJISIETCSI OCHOBOM IIPEJJIaraeMoro IOaXo/da K PeIeHnio mpobsieMbl KOPPEKTHOIO

OOHOBJICHHUST MHOIOTAOIMIHBIX HpeﬂCTaBHEHI/Iﬁ.

2.1. Ba3zosble 0003HaYeHUs U OIIpeIe/IeHUS

Jlajiee MCITOIB3YIOTCSI CJIEIYIONIME CTAHIAPTHBIE ODO3HAYEHUST PEJISIIIUOHHBIX OMEePAITHit :
mx(R) — onepayus npoexyuu otHOmeHns R 1mo MHOXKecTBY arpudyrtoB X, op(R) — onepauus
evib0pa HaT oTHOMTeHneM R, F' — jjormdeckoe BhIparKeHue Ha 3HAYeHUsSX aTpudyToB, R X Ry —
olepalys eCmecmeerHo20 coedurerus OTHOIIeHn Ry u Ro.

B coorBercrBumM co craTbeit BBeZeM O0O3HAUEHNEe MOIEJN WH(MOPMAIMOHHONR CHCTEMBI:
Q:=(M,D,O,P), rne M — onncanue cxeMbl JJAHHBIX, [) — MHOXKECTBO JIOILYCTUMBIX COCTOSTHUI
6as3pl jaHHbIX, O — MHOXKECTBO olepaluii MoaudUKalIuu IpejcTaBjieHuii, P — MHOXeCTBO
OrpaHnYeHui (IIPEINKATOB) HA COCTOSIHUSI [IPEJICTABJICHUsI JTAHHDIX.

BBenem kpaTkyro 3aluch JJIs MTOCIEI0BATEIFHOCTH OIE€pAINil eCTeCTBEHHOTO COEIMHEHMS

HECKOJILKUX OTHOIIeHU# Ry, ..., Rpy:
Ry XM Ry X ... X Ry := X", R, (1)
Ompenenium  mHozomabauvroe npedcmasierue OdaHHur () Kak pe3yJabTraT 3ampoca Ha
BBIOODKY JAHHBIX U3 OTHOIIEHUH Ry, ..., Ry:
Q i=mx, (or (W2 mx, (R)). 2

rie Xg — MHOXKECTBa aTpubyTOB, KOTOpbIe OyiyT (OPMUPOBATEH 3ar0JIOBOK PE3yJILTUPYIOIIErO
oTHoIeHus. X; — IHOJMHOXKECTBO aTpubyTOB OTHOIIeHUs R;, KOTOpoe Oy/IeT HCIIOIb30BAThHCS
JIJISE TIOCTPOEHUST MHOTOTAOJIMIHOTO TpejcTaBienns. MHOXKeCTBO arpulyTOB, 3a/efiCTBOBAHHBIX

B 00bekTe O, Oynem obosnadars Kak (O).
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JaJiee ompenesinM, IO KaKUM aTpudyTaM OyIeT HPOM3BOAUTLCS OIEPallds IMPOEKIMH Hal
oraomenusmu. Ilycrs arpubyr A € (R;), Torma Vi (1 < i < m) : A € X;, eciiu BbIIOIHSETCS
XOTs1 ObI OHO U3 CJIELYIONINX yCJIOBUIA:

1) A€ Xo;
2) dRy: A€ <R4>, l 7& 1
3) Ae (F).

Jlj1sT KOpPEKTHOIrO BBIMOJHEHUsT OIepaluii KOMMYTATHBHBIX IPEO0Pa30BaHUil Ha CXEMY
Gas3bl mgaHHBIX M HakjaubiBaeTcss TpeboBaHMe ee alnKJIMIHOCTH. COBOKYIHOCTH OTHOIIEHUI
baspl gaHHbIX Ri, Ra,..., Rj <ABIsgeTCd alUKIUIHON, €CJU OTCYTCTBYIOT YIIOPsIOUEHHDbIE
TPaH3UTUBHBIE CBSI3W I10 BHEITHUM KJIFOUAM MeXK/y OTHomeHusiMu R n Rs, mexnay Re n Rs,

., Mexxy Ri_1 n R, a TakKe CBsI3b MeXK/ly OTHomeHusiMu R u R .

[Tycrs mogens € Gyger ucrodnot, a Q' = (M',D',0', P") — wueaesoti. Mexmonenbubie
npeobpazoBaHs HOApasyMeBaloT IIoCTpoeHne ortobpaxkenns ) < /. B mammoii pabore
HOKa3bIBAaeTCA, KaKuM o0paszoM oTobpazkenue () = ) MoxKeT OBITb CBEIEHO K BBLIIOJHEHHIO
TpPaH3aKIMK B 0a3e JTaHHLIX.

COBOKYIIHOCTB BCEX 3HAYEHMI TaHHBLIX B 0a3e JAHHBIX, HEM3MEHHBIX B T€UYeHHe HEKOTOPOI'O
MPOMEXKYTKa BpeMeHU, OylIeM Ha3bIBaTh cocmosHuem 6a3v. danwnvr. Ilycrs mpm pabore ¢
MozieTbio (2’ MOJTh30BATe b BHINOMHAET KOMaHIy OOHOBJIEHHs TNpeJCTABICHHs f,, KoTopas
nepeBoauT Mogens §) u3 cocrosnus d; € D' B cocrositue d; € D’'. Torna HeoOXOIUMO BBIIOJTHUTE
peobpa30BaHms, COOTBETCTBYIOIINE Iepexomy Momenu {2 u3 cocrostHus d; € [ B COCTOsIHEE
dj eD.

[IpeobpaszoBanue mpeIcTaBlIeHus JAaHHBIX, COOTBETCTBYIOIUE oTobpazkenuio () < | Gynem

CYUTATH KOPPEKMMHHIM, €CJIA BBIITOJTHEHBI CJIEIYIOIINE YCAOBUA KOMMYMAEMUSHOCTIU:

d; % d L,

Alg.
SN AN

(3)
d,

di 7
rie () — MHororabsm4HbIi 3anpoc; Alg, — ajropuTM Ipeodpa30BaHUs UCXOAHON Oa3bl JAHHBIX,
COIIOCTaBJIEHHBI KOMaH/e O6HOBJI€HI/IH fp.

Taxkum obOpa3oM, Iepexoi B COCTOSTHUE d;- BO3MOXKEH JIBYMSI CHOCOOAME, HO PE3yJIbTaT
JOJIZKEH OBITH OJMH U TOT 2Ke. B pabore |3| mocTpoeHbl BhIpayKeHns PEJIAIUOHHON aaredpbl I
anropuT™MoB Algy,, peaJusyomux onepanyui 0OHOBICHNS MHOTOTAOIMYHBIX MIPE/ICTaBICHHI.

Otnomernns Ry, ..., R, IOMKHBI UMETb YIOPSAOYEHHE [0 BHEITHUM KJIIOYaM: TJIaBHBIE
(CCBI.H&IOHII/IQCH) OTHOIIEHUSI B 3STOU IIOCJIEJOBATEJABHOCTH CTOAT paHbIIe, IIOAYNHCHHDbIC
(ccpuraemple) — nosxke. Takum 06pazoM, CylIecTByeT YaCTUIHbIH MOPsIIOK, IPU KOTOPOM UMEeETCst
TOJBKO OJHO OTHOIIEeHWE R,,, He MMeIollee MOMAYNHEHHBIX OTHoIIeHuit. ajee 3TO oTHOIEHME
OyaeM HasbIBaTh yeaesvim. Orepamun 0OHOBJIEHNST JAHHBIX JIOJI?KHBI OBITH PeaIn30BaHbl TOJBKO
B IeJIeBOM OTHOIEHuu IR,,. OcrajbHBIE OTHOIIEHUSI, WCIOJb3yeMble JIsi (POPMUPOBAHUS

IIpejcTaBJICHUA Q, Ha30BEeM OMHOUWEHUAMU-CNPABOHYHUKAMU.

2.2. Omnepamnumn MoudpUKAIIMA MHOTOTAOJIMIHOTO IIPEACTABJIECHUS

B nmammoMm pasgene mpuBeleHa peAJH3ANNd  PEJISIUOHHLIX — Olepanuii OOHOBJIEHUS
MHOIOTa0JIMIHOIO IPEJICTABIEHUsI Ha OCHOBE KOMMYTATHBHBIX MIPEOOPA30BaHUNl JAHHBIX.
Oneparnnsi OOHOBJIEHWS TOApa3yMEBaeT OIHO W3 CJEAYIONMX JeHCTBUM, CBSI3aHHBIX C

OOHOBJIEHHEM II€JIEBOTO OTHOIIEHUs: yJaJleHne KopTexka u3 (), BCTaBKa KopTexka B () u
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0OHOBJICHHE KOpTE>Ka B Q KOMMYTaTI/IBHOCTb onepam/H?I YAaJi€eHnd U BCTaBKU KOPTE2Ka JIOKa3aHa

B pabote (3|, cymepHo3uIins yKa3aHHbIX ONEPAIldii peaJn3yeT OIMepaIinio OOHOBIEHNSI KOPTEKA.
)

Vdanenue xopmeorca

JomycTuM, 9TO KOPTEX U YAAIAETCS U3 MPEJCTABICHUS, COOTBETCTBYIOMIEro 3ampocy ()
(rastee 3aIpoC U COOTBETCTBYIOIIEE eMy OTHOIIeHHe Mbl 0003HadaeM Kak (). Pesynbrar nanHoii
orepanuu MOXKHO BbipasutTh dyukuueit Q) := DELETE(Q,u), rje B KauecTBe HapaMeTpoB
GUrypupyor yaaasieMblii KOPTeXK % U MHOTOTAOJUYIHOE INpejcTaBieHne (), a BO3BPAIAEMbIM

SHaAYCHUEM sBJIACTCA IIPEeJICTaB/JICHUE QI:
DELETE(Q, u) = Rm N 7T<Rm> (TD), (4)

e T'p — MHOXKECTBO KOPTeXKeil B IeJIeBOM OTHOIIEHUU R, COBIAIAIONIUX C KOPTEXKEM U Ha

arpubyrax Xo. MuoxkecrBo Tp OnpeessieTcst CJIeIy oMM 00pa3soM:

TD =TX, <UCdel (Mznll X, (RZ)))7
Cgel :=F A (XO = ’U,),

()

re 3ammch Xg = U O3HAYaeT PABEHCTBO 3HaYeHUil aTpuOyTOB KOPTEXKa, VIAJIIEMOTO u3
[IPEJ/ICTABJIEHUsI, U COOTBETCTBYIONINX AaTPUOyTOB B OTHOIIEHUSAX 0a3bl JaHHBIX. Bo Bpems
BBITIOJIHEHUSI OTIEPAIINY YIAJICHUsT KOPTEXKeil B COOTBETCTBUH C CEMaHTHUKOMN IIpeIMeTHON 00/1aCTH
dopmupyercst Tp — MHOXKECTBO KOPTEKeHt I[eJIEBOI0 OTHOIIEHUSI, COOTBETCTBYIONINX YIAJIIEMOMY

KOpTexXKYy B IIpeJCTaB/JICHUN.

Bemaska ropmeastca

[TycTh BBITONTHSIETCST BCTABKA KOPTEXKa U B IpejicTasienne Q. [IpegcraBum pe3yabTar JaHHON
onepanuu B Buge dynximu Q' := INSERT(Q,u), rue () — MHOroTabJIMIHOE IIPEJICTABJICHNE,
u — HOBBIN KOpTexk, Q) — BO3BpaImaeMoe MHOTOTAOJMIHOE HMPEJCTABJIEHUE CO BCTABIEHHBIM
koprexkeM. llpu Bbinosinenun 3Toit GyHKIUU B 1eseBoe ornolrenue R, HeoOXOIMMO BCTABUTDH

MHOXKEeCTBO KopTexkeit T7.

INSERT(Q,u) := Ry UTr, (6)
rJe MHOXKECTBO KopTekeil T /Il BCTABKH B II€J€BOE OTHOINEHUE OIPEJIENSIeTCs CIIe Ty oMM
obpazoM:

Ty := nx,, (or(T; X u)),
T} ==y (UCM (N?i_ll ﬂ'Xi(Ri))),
Z = XonUt X, (7)
Y = ((Rm> U (F)U XO) nu™t X,
Cins = F' N (Z = u[Z]).

Baecy F' npencrabisier coboii HaOOp yCJIOBHil, OCHOBaHHBII Ha MHOXKecTBe F, m He

BKJIIOYAIOIMA B cebs yCJIOBHsl, HaK/aJblBaeMble Ha Ienaesoe orHomenue: (F') = (F) N

Ut X; [19].
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B mporecce dbopmuposanust muoxkecrBa Koprexeit Ty, dopmupyercs npexacrasienue 17.
BarosioBok mpejcrasienust 1] cocronT u3 arpubyToB BCEX OTHOLIEHUIl, 3a HCKIIOYEHHEM
nesiesoro. IIpencrasienue T] MOXKHO HHTEPIPETUPOBATH KAK MHOXKECTBO BCEX KOpTeKeil 6a3bl
JAHHBIX, KOTOPbIE MOTYT OBITh CBSI3aHBI C KOPTEXKeM, MA00aBJIsieMbIM B IIpeicTaBiieHne ()
(«MHOXKECTBO yHEBepCyM» ). [lamee st dopmupoBanus upesactaBienus 17 BBIIOIHSIOTCS
caepyrouye Jgeficrsus. MuoxkecrBo T} ¢ IHOMOIIBIO ONEPAIME  €CTECTBEHHOIO COCANHCHUS
CBSI3BIBAETCS C KOPTEXKEM U, 3aTE€M IIPUMEHSIIOTCS CJIEIYIOIIIE OIePAI: BBIOOD 10 ycaoBuaM F'

n 1IpoexKnusd 110 anI/I6yTa.1VI 11eJIeBOI'0 OTHOIIICHUM .

Obnosaenue Kopmestca

ITycts B npencrabieHun () KOpTeXK u 3aMeHsieTcs Ha KopTex u', Torja oGHOBJIeHUe
npejcTaBienus Boipaxkaercs byukuueir Q: Q' = UPDATE(Q,u,u'). Hauuyo dyHKIMIO
MOYKHO TPEJCTABUTH B BUJE CyNEepIO3UNUN (QYHKIWA JJIsT OTNepaluii yaaJeHusl TeKYIIEro

KOpTe}Ka n ,HO6&BJI€HI/IH HOBOT'O KOpTe}Ka:
UPDATE(Q,u,) := INSERT (DELETE(Q,u),u’). (8)

3. Comnporieccop KOMMYTAaTUBHBIX ITPeoOpa30BaHMil

B mammom pasmene omucan Comporeccop CYBI, KoTophiii obecriednBaeT KOMMYTATHBHBIE

npeobpa3oBaHnsa B 6a3e JAHHBIX IIPU OOHOBJIEHNN MHOTOTAOJMIHOIO IPEICTABICHMUS.

3.1. ApxuTeKTypa m MeTOAbl peain3arumn

Conpoueccop kommymamushux npeobpazosanuti (CKoll) — 510 mporpaMMmHasi CUCTEMA,
KOTOpas 0becIriednBaeT KOPPEKTHOE BHIITOJIHEHNE OIePALil yaaaeHus, 100aBJIeHIS 1 OOHOBJICHUST
KOpTexKeil B MHOIOTaOJIMYHBIX IPEJCTABICHUSIX 0a3bl JaHHBIX Ha OCHOBE WCIIOJIb30BAHUS
omepalyii, BHIpaXKEeHHBIX (POPMYIaAMU f. Apxurekrypa CKoll (cm. puc. 1) npeanonaraer
caeayromue mogcucreMbl: Kommyrarop, Ilapcep u JlokaibHbIi ciioBaph 6a3bl JaHHBIX.

Ilapcep — 310 MojICHCTEMA, KOTOpAasi 00ECIIEINBAET MOy YeHNE METaIaHHBIX 00 OTHOIMEHNAX,
MIPsIMO ¥ KOCBEHHO BOBJIEUEHHBIX B 3allpOC Ha OODHOBJIEHUE MPEICTAB/ICHUSA, U3 CJIOBApsl Oa3bl
JIAHHBIX, U UX coxpaHenue B JlokaabHOM ciioBape.

Jloxasvhoili croeaps obecriednBaeT XpaHEHUE CJIEIYIONINX OCHOBHBIX METAJAHHBIX: WMEHA
OTHOIITEHUI U ATPUOYTOB KAXKJIOI'O OTHOIIEHHsI, JIOTHIECKUE BBIPAXKeHUs, HAKJIabIBAEMble Ha
3HaveHust aTpuOyToB u ap. llpu mHunmanusanun kiamnentTckoro npuioxkenusi CKoll sarpyzxaer
naHnubie JIOKaJILHOTO CJIOBapsl B OIEPATUBHYIO MaMdAThb. 1locje oOHOBJIEHUST MHOTOTAOIUTHOIO
npejcTaBieHns B 0Oa3e JJaHHBIX OOHOBJSIETCST COOTBETCTBYIOIMAs WHAOPMAIUS B JOKAJTbHOM
cJIoBape.

Kommymamop — mnopcucreMa, KOTOpas NOJyYaeT 3aIlpoc IO0JIL30BATEIsI Ha OOHOBJIEHHE
[peAcTaBIeHns], GPOPMHUPYET TEKCT TPAH3aKIIMK, BHIIOJIHSIONIEH 0OHOBIeHHE HabOpa KopTexKei
B IIeJIEBOM OTHOINEHUN 0a3bl JMaHHBIX, U 3aTE€M 3allyCKaeT CpOPMUPOBAHHBIN TEKCT TPAH3AKIIH
Ha cepepe. KomMmyTarop Bo3BpalaeT KJINEHTCKOMY MPUJIOYKEHUIO OTKJIUK cepBepa (pesyJibrar
BBINOJIHEH NS Ollepaliuy OOHOBJIeHHsT iin Ko ommbku). Jlist hopMupoBanusi TeKcTa TpaH3aKIUN
KommyTaTop mcrnosib3yer mganabie n3 JIOKaJIbHOTO caoBaps. TpaH3aKIUs Peain3yeT OIePaIlin

PeJIAIMOHHON airedphl, BhIpakeHHbIe (hOPMYyIaMu 7.
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SQL-ceprep CKoll
| | Mapcep
CYBI 11

JlokanbHbIH
CII0Baph [ 1000
l 1‘ Kiuenrckoe
~— | | MPUJI0KCHHEC

Bl Kommyrarop

Puc. 1. Cucrema 6a3 jganubix ¢ ConporneccopoM KOMMYTATHBHBIX ITPeobpa30BaHuil

3.2. Comnporieccop 6a3 mauubix Jisa PostgreSQL

IIpennoxkennass apxurekrypa CKoll 6buta  peanusoBana mjast  cBobommoit CYB/I
PostgreSQL , coorsercrBytonmii Conporeccop nosyunn nassanune pgCOPCT (PostgreSQL
COProcessor Commutative Transformations). Compormeccop paspaboTan Ha [POrpaMMHOIL
wiatrdopme .NET Framework na sa3pike mporpammupoBanusi C# u upejcrabisier coboii
npuitoxkenue OC Windows. Peasmzarus CKoll guist ppyroit pessitmonnoit CYB/I morpebyer
XOTsI U 3HAYUTETBHBIX, HO OTHOCUTE/]bHO MEXaHWYEeCKUX MOIMMUKAINI HCXOJHBIX TEKCTOB B
coorBercTBUM ¢ mHTEpdeiicamu HoBoit CYB/I.

Pa6ora compomeccopa pgCOPCT moxkeT OBITH KpaTKO OMKCAHA CJASAYIONIUM O00pa3soM
(cm. puc. . Baza gannabix mox yupasiaenueM CYBJI PostgreSQL pacmnostaraercst Ha cepsepe.
Ha xnmenTckKOM KoMIibioTepe ycraHasiauBaercs comporieccop pgCOPCT u gpaiiBep Npgsql
ans noakiodenuss K CYBJl. B Tedyenue ceanca paboThl Ha CTOPOHE KJIMEHTa B JIOKaJabHOM
CJIOBape COXPAHSIIOTCST TOJIBKO JIaHHBIE, HEOOXOAUMBbIE JiJIsi OOHOBJIEHUSI IIPEICTABJICHMUIA.
pgCOPCT cocrour u3 cienyromux KommonenToB. Kitacc FormBuilder mpemgcrasisier coboit
KOHCTPYKTOP 3ampocoB u obecriednBaer (OPMUPOBAHME MHOTOTAOJUIHOTO [PEJICTABICHUS.
Kmnacc DBConnector obecrieunBaer 3anosinenue JIokajpHOro cjioBapst 0a3bl  JIAHHBIX.
Kinacc FormResult mpemocrasiisier OKOHHBIN uHTEpdEHC peIaKTUPOBAHUS MHOTOTAOIUIHBIX

upeacrasienuii. Kitace DBEditor Beimostasier 3amyck chopMUPOBAHHON TPAH3AKIINYA HA CEPBEPE.

Cepsep Knuent
PostgreSQL »  Npgsql
pgCOPCT
|DBConnector| | DBEditor |
B
[FormBuilder | - [ FormResult |
— Fﬁq
JlokanbHblit
. CcloBapp __J

Puc. 2. [Inarpamma passeprbiBanust comporeccopa pgCOPCT
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4. SKCHepI/IMeHTaJII)HOe ncciiegoBaHme
4.1. Ilenu m BbIYMCIAUTENbHAs CpeJa SKCIIEPUMEHTOB

B  nmamHOM  pasjese  onmcaHbl  BBIYUC/IUTE/NbHBIE  9SKCIIEPUMEHTBI,  HCCJIEILYIONINE
3P HEKTUBHOCTE  TPEJJIOKEHHOIO  MOAX0Ja. IPdexmuenocmsy MOHUMAETCST KaK — BpeMs
BBITIOJTHEHUST OTIepaIlinii OOHOBJIEHUsT MHOTOTAOIMIHOTO TIPEJICTABIEHHST C IIOMOIIBIO COIIPOIIECCOPaA
KOMMYTaTUBHBIX I1peobpasoBanuit B cpapaernu ¢ coBpemenabiMu CYBJI PostgreSQL, Oracle u
MS SQL Server, KoTopbie JJisi T€X Ke MeJIeil UCIOIb3YIT TPUTTEPHI.

IMpumenenne CKoll uccnemoBamoch st nByx Kjiacco npuioxkenuit: OLAP u OLTP.
[Mpunoxenuss OLAP (Online Analitical Processing, onepamushulil anaiu3 0aHHbIT) CB3aHBI
C BBIMIOJIHEHUEM CJIO’KHBIX 3aIllPOCOB Ha BBIOODKY JAHHBIX U3 HECKOJIBKUX TaOJIUIl XPAHUJIUIIA
JIAHHBIX ¥ WCIIOJIB30BAHUEM ArperaluoHHbIX (GYHKINA. B CBI3u ¢ 3TUM i TPUIIOXKEHU
OLAP mpumenenne CKoll orpannumpaercss ciydaeM OOHOBJIEHUSI XPaHWIAIIA JTAHHBIX,
KOTOPOMY COOTBETCTBYET BBIIIOJTHEHHUE OIIEPAINil BCTABKU HOBBIX KOPTEXKeW B MHOTrOTaOJMYHOE
upezcrasiaenne. [Ipunoorcerua OLTP (Online Transaction Processing, onepamushas o6pabomka
mpan3aKkyul) ToIpa3yMeBaloT 06paboOTKy KOPOTKUX TPAH3AKIHil, KOTOPBIE BBIIOTHIIOT BCTABKY,
y/ajeHne u oOHOBJIEHIE KOpTexKeil B 6a3e JaHHBIX B peaibHOM BpeMeHU. B COOTBETCTBUU C ITUM
s npuioxkenuii OLTP uccienopamack adpdekrusnocts CKoll mpu BeIoHEHHN Omeparinii
BCTaBKU, yJAJIEHUs U OOHOBJIEHUsI KOPTEXKeil B MHOIOTaOJIMIHOM IIPEJICTaBJICHUN.

DKCIIEPUMEHTHI ITPOBOUIUCEH C UCIOJb30BAHIMEM CHHTETHIECKUX 0a3 JTaHHBIX, CO3AHHBIX
B COOTBETCTBHM CO ClenudUKanusMi CTaHiapTHbX TectoB KoHcoprmyma TPC (Transaction
Processing Council): TPC-H st npuitoxkennit kjaacca OLAP u TPC-E hiatci
npustoxkenuii kiracca OLTP. Ilpu srom pactpesiesierne Koprexkeil B 6a3e JaHHBIX OCYIIECTBIISIIOCH
o npaBmwity 3urda «80-20» : 80 % koprexkeii B nesesom orHomenun coorsercreyer 20 %
KOPTEXKell B OTHOIIEHUU-CIIPABOTHUKE.

AnmaparHast 1aT(OpMa IKCIEPUMEHTOB PE3IOMUPOBAHA, HIUXKE B TaOJIHIIE.

Tabauma
Anmnaparnas miardopma SKCIEPHIMEHTOB
XapaKTepucTukKa 3uagyeHnue
[Ipormeccop Intel Core 2 Duo P7450 (2 simpa mo 2,13 I'T'ny)
Oneparusras namsars | 4 I'6 (DDR3-533)
JuckoBas naMATb 256 I'6 (TBepmorenbubiii HakomuTenab OCZ)

4.2. DddekruBHocts CKoll B npunoxkenusax kiaacca OLAP

B crangapraom Tecte TPC-H CYB/I umutupyer 06paboTKy 3aKa30B, UCIOJIb3ys Oa3y
JIAHHBIX, CXeMa KOTOPOH MpejicTaBieHa Ha puc. |3| Ba3oBbIMu OTHOIIEHUSIMA MHOTOTABIUIHOTO
npencraBiaennst Buiopanbl orHormenuss CUSTOMER, ORDERS, LINEITEM u PARTSUPP.
B kadectBe meneBoro otHomenusi BblOpana otHomrerus LINEITEM. Muororabanganoe
mpesicTaBIeHne 3aIefiCTBYeT Bee aTpuOyTHI MEJEBOTO OTHOIIEHUSI, HE SIBJISIIOIIAECS ATPUOyTaMu
BHEITHEro KJjo4a, a Takxke arpudy ol otHomeHnss CUSTOMER.Name, ORDERS.OrderPriority,
PARTSUPP.Comment, Kk kKoTopbiM nmpuMeHeHo orpanndenne mo arpudbyry CUSTOMER.Address

(or6op KIMeHTOB U3 creludUIIPOBAHHOIO ropoia). BapbupyeMbiM napaMeTpoM 9KCIEPHUMEHTOB
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LINEITEM ORDERS
(IETAJIA 3AKA3A) (3AKA3bI)
PARTSUPP CUSTOMER
(TIOCTABKA) ORDERKEY ORDERKEY (KJIMEHTBI)
PARTKEY PARTKEY CUSTKEY ~-—| cusTKEY
SUPPKEY SUPPKEY ORDERSTATUS NAME
AVAILQTY LINENUMBER TOTALPRICE ADDRESS
SUPPLYCOST QUANTITY ORDERDATE NATIONKEY
COMMENT EXTENDEDPRICE ORDER- PHONE
PRIORITY
DISCOUNT ACCTBAL
CLERK
TAX TS MKTSEGMENT
RETURNFLAG PRIORITY COMMENT
LINESTATUS COMMENT
SHIPDATE
COMMITDATE
RECEIPTDATE
SHIPINSTRUCT
SHIPMODE
COMMENT

Puc. 3. Cxema 6asnl ganubix Tecta TPC-H

SIBJISIETCST  KOJIMYECTBO KOPTEXKEW B IIEJIEBOM OTHOIIEHUU, COOTBETCTBYIOIMIUX W3MEHIEMOMY
KOPTEXKY B IIPEJCTABJICHUH.

PezynbpraThl 9KCIEpUMEHTOB MpeJ/ICTaBIEHL HA PIC. Moxuo Bujgerb, uro CYBJl MS
SQL Server, PostgreSQL u Oracle BBIIOJHSIOT Ollepaiui BCTABKH JAHHBIX B MHOTIOTaOJMYHOE

npejcrasienne ¢ nmomonipio CKoll 6eicTpee, yeM ¢ momornbio Tpurrepos, Ha 10-35 %.

270 270 270
=PostgreSQL <=MS SQL Server <~ORACLE

220 (Tpurrepsri) 220 (Tpurrepsr) 220 (Tpurrepsr)
=0-CKoll PostgreSQL =0-CKoll MS SQL Server ->-CKoll ORACLE

1 2x10° 4x10° 6x10° 8x10° 10 x 10° 1 2x10° 4x10° 6x10° 8x10° 10 x10° 1 2x10° 4x10° 6x10° 8x10° 10 x 10°

KonuyecTBo cBA3aHHBIX 3anuceit Konmu4aecTBo CBA3aHHBIX 3amuceit KonmuecTBo CBA3aHHLIX 3aMKCei

a) PostgreSQL 6) MS SQL Server 8) ORACLE

Puc. 4. 9ddexrunocts CKoll B npumokenusix kiaacca OLAP

4.3. DddekrnBHoctb CKoll B npunoxkenusx kiacca OLTP

B crammapraom Tecte TPC-E CYB]l umurtupyer TOprowiio Ha (HOHIOBOI Oupke
U BKJIIOYAaeT B cels cjedyolue TPHU CIEHAPUS BBIINOJHEHUs TPAH3aKIWil:  OOHOBJICHUE
nadopmaryn o caenke (Trade-Update), ouncrka undopmarmn 06 cnenuduupoBaHHON CEIKe

(Trade-Cleanup) u Market-Feed (mporokosmpoBanme Tekyieil pPbIHOYHONW AKTUBHOCTH), —
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B KaXJIOM M3 KOTOPBIX BBIMOJHSAETCA MOAUMUKAIUS OT YEThIPEX JI0 IMECTU OTHOIICHUIA.
OKCIIEPUMEHTBI  [IPOBOJIMJINCH C  HUCIOJIB30BAHUEM PACCMOTDPEHHOI'O BBIIIE — COIMPOIECCOPa
pgCOPCT.

s kaxkioro u3 ykazanHbix crienapues Tecta TPC-E 6b110 cchopMupoBaHO MHOTOTAOITUIHOE
[peJicTaBjieHne, OOHOBJIEHHE KOTOPOI'O BBIJIMBAETCs B BBIIOJHEHHE TPAH3AKIUU, KOTOPas
BBINOJIHSIET OOHOBJIEHHE OTHOIIEHU 0a3bl JAHHBIX B COOTBETCTBHUH CO ClieHapueM. Buirosinenune
Kakaoro crenapus ¢ wucnosab3oBanneM CKoll ocymecTsasiioch B peXuMax XOJIOIHOTO M
ropsiaero 3armycka. Xosomgaomy 3amnycky CKoll coorBercTByer curyamus, Korma Ilapcep caagasia
dopmupyet JlokaabHbI c1oBaph 6a3bl JAHHBIX, & 3aTeM KOMMyTaTOp BBITOIHSIET HEOOXOIMMbIE
neiicrBusi. Topstamii 3amyck CKoll oznadaer, uro HeoOXx0auMocTh popMupoBanus JIOKaaIbHOTO
cyioBaps 6a3bl JAHHBIX OTCYTCTBYeT, 1 KoMMyTaToOp Cpas3y BbINOJIHAET HEOOXOIUMBIE JIEHCTBUSI.

PesynbraThl 9KCIIEPpUMEHTOB TPEICTABJICHBI Ha PHUC. |5| MOXKHO BUIETH, YTO I KaXKJIOrO
U3 PACCMOTPEHHBIX CIleHapueB B pexkume ropsiaero 3amycka pgCOPCT peimosiHsieT 0OHOBJICHEE
MHOTOTabIUIHOrO TpejicTaBieHus Obicrpee, deM CYBJl PostgreSQL ¢ momorisio Tpurrepos.
O/ 1HaKO WCIOJIb30BAHNE TPUITEPOB BBITOJHEE B PEXKUME XOJIOJHOTO 3amycka. Takmm obpazom,
HAKJIAJIHBIE PACXO/IbI HA MTOJIEPXKKY JIOKaIbHOTO cioBapst 0a3bl JAHHBIX SBJISIIOTCS HEOOXOIUMOIA

wiatoit 3a apdexrunocts CKoll.

B Topsauuit 3amyck CKoll

& Xononnsriii 3amyck CKoll |
O PostgreSQL (Tpurrepsr) [

Bpewms, ¢

AHHIITISGL

DO

= =%

Trade-Update Market-Feed Trade-Cleanup

Puc. 5. 9ddekrunocts CKoll B npunoxkenusix kinacca OLTP

SaKJ/II0YeHue

B crarpbe mpeacraBieH TOAXOM, K - PEIIEHHIO 337249l KOPPEKTHOIO  ODHOBJIEHUSA
MHOTOTAOJMYHBIX —[PEJCTaBIeHUil (views) B pPeJSIUOHHBIX 0a3ax JIAHHBIX Ha OCHOBE
HCITOJIb30BAHNS AllllapaTa KOMMYTATUBHBIX ITPE0OPa30BAHUIA.

Ommcan Comnporeccop CYB/I, koropblit pa3zmeriaercs Ha KJIUEHTCKOM KOMIIbIOTEpE U
obecrreInBaeT KOMMYTATHUBHBIE IPeoOpa30BaHMs B OTHOIIEHUSX 0a3bl JAHHBIX, XPAHUMBIX Ha
cepsepe. Cormporeccop cocrouT u3 Tpex moacucreM: Ilapcep, JlokaabHBI cioBapb 6Oa3bl
manabix 1 Kommytartop. Ilapcep obecrieamBaeT uTeHme MeTaIaHHBIX CJI0Baps 0a3 JAHHBIX U
ux coxpanenne B JlokajmbHOM cjoBape. Kommyrarop, wucrnosb3yst MerajgaHHble JIOKaJIBHOTO
ciaoBapsi, (bopMHUpyeT TEKCT TPAH3aKIUMH, Peau3yIoIleil KOMMyTATHBHBIE MPeoOpa3sOBaHUsI, W
OCYIIIECTBJIsIET 3AIyCK TOH TpaH3akiuu Ha cepBepe. lIpescraBieHa peamsaliusi COMPOIECCOPa
st cBobonaoit CYB /I PostgreSQL.

[TpoBeernbr BBIUHC/IATETHHBIE SKCIIEPUMEHTHI, UCCTIE Y FOTIHE 3 HEKTUBHOCTH

HCIIOJIb30BaHMUS IIPEJJIOKEHHOTO 1oaxoaa B upuitoxkenuax kiaccos OLAP u OLTP ¢
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UCIOJIB30BAHUEM CHHTETHYECKUX 0a3 JAaHHBIX, CHEIMU(MUIIMPOBAHHBIX B CTAHJIAPTHBIX TeECTax
TPC-H u TPC-E coorercrBenno. Ilpu oOHOBIEHHH MHOrOTAOJIMYHBIX —ITPEJACTABICHUI

Cormporieccop KOMMYTATHUBHBIX ITPEOOPA30BAHUN [MOKA3BIBAET JIydlliee OBICTPOJIEHCTBHE, YeM

Tpurrepsr CYB/I.

Paboma evinoanena npu durarcosott noddeporcke Munucmepemea HayKu U 6bLCULE20
obpasosarus PP (20cydapcmeennoe sadanue 2.7905.2017/8.9).
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In modern relational database technologies, views implement the external layer of the ANSI-SPARC
architecture, which encapsulates details of the database conceptual structure from end-users. However, when
using views, we need to solve the problem of correct view updating: DBMS must execute insertion, deletion, and
updating tuples of the view while providing correct modifications of corresponding target relation(s) of this view.
To solve this problem, the SQL standard introduces a strict restriction: only one tuple in the target relation can
correspond to the modified tuple in the view. Also, triggers are not a satisfactory solution of this problem because
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of necessity of such a trigger for each view of the database, and unpredictable sequence in execution of triggers
that belong to the same view, etc. The paper presents an approach to solve the problem of correct view updating
based on the commutative database transformations. This does not limit the tuple uniqueness in the target relation
that corresponds to the updated tuple in the view. We describe the DBMS Coprocessor, which is deployed on
the client computer and provides commutative transformations in the database relations stored on the server
side. The coprocessor generates a transaction’s script that implements commutative transformations and runs the
transaction on the server. We present implementation of the Coprocessor for the PostgreSQL open-source DBMS.
Experimental evaluation confirms the effectiveness of the proposed approach in OLAP and OLTP applications.

Keywords: commutative transformation, relational algebra, multi-table view, view updating, relational DBMS,
trigger.
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CNEUUAADHOCTNAM U COOMBEMCMBYOWUM UM ompacaam wayku: 05.13.11 — Mamemamuueckoe
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Adpec pedaxyuu, uzdamens: 454080, 2. Yeasbunck, npocnexm Jlenuna, 76, Hzdameavcruti
uenmp FOYpl'Y, xab. 32.

ITPABMJIA OJId ABTOPOB

1. IIpaBuia MoATrOTOBKU PYKOMMCEH U MpuMep OPOPMIIEHNs] CTaTell MOYKHO 3arpy3UTh ¢ caiiTa
cepun http://vestnikvmi.susu.ru. Crarbu, odopmiieHHbIEe 6e3 cOOJIIOZIEHNA ITpa-
BHJI, K PACCMOTPEHUIO He MPUHUMAFOTCS.

2. Ajpec peJaknMoOHHON Kojiiernu HaydIHOro Kypaaja «Becrauk FOYpl'Y», cepust «Boramc-
JINTEThHAS MATEMATUKA U UH(MOOPMATAKAY :
Poccus 454080, r. Yensiounck, np. nm. B.M. Jlenuna, 76, FOYpI'Y, rkademapa CII,
oTBeTcTBeHHOMY cekperapio Lpmmbepy M.JI.
3. Ajpec 3JIEKTPOHHOM IMOYTHI peJfaKkiyu: vestnikvmi@susu.ru

4. IlnaTta c aBTOPOB 3a IIyOJINKAIINIO PyKONNCell He B3UMAETCsl, U TOHOPaphbl aBTOPaM

He BbIIIJIAYMBAIOTCHA.



	
	A.A. Fomin, L.N. Fomina
	H.K. Al-Mahdawi
	М.Л. Цымблер
	С.В. Полуян, Н.М. Ершов
	А.A. Бондаренко, П.А. Ляхов, М.В. Якобовский
	В.С. Зыкин, М.Л. Цымблер


