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SOFTWARE SYSTEMS BASED ON THE CONCEPT OF A
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V.N. Aleeva, M. P. Sokolov
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454080, Chelyabinsk, Russia
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The paper continues the research based on the concept of the (Q-determinant, which is the author’s
approach to parallelization of numerical algorithms. There are described the following concepts of the
()-determinant concept used in research.

An algorithmic problem has the form § = F(N,B), where N = {ny,... ,ni} is the set of parameters
of the algorithmic problem dimension or N is the empty set, B is the set of input data, § = {y1,...,ym}
is the set of output data. Here n; (i € {1,...,k}) is any positive integer. If N = {ny,... ,ng}, then by
N = {ny,...,nx} we denote a set of k positive integers, where n; is some given value of the parameter
n; for each i € {1,....k}. We denote the set of all possible k-tuples N by {N}. An algorithm for solving
an algorithmic problem is denoted by A4, and the set of operations used by algorithm A is denoted by
Q.

An expression over B and @) is a term in the standard sense of mathematical logic. A chain of
length n is the result of applying some associative operation from @ to n expressions. If N = @, then
any expression w over B and () is an unconditional Q-term. If N # @ and V is the set of all expressions
over B and @), then any mapping w : {N } — VU@ is also called an unconditional Q-term. w(N) = @
means that the value of w(N) is undefined. If N = & and the expression w over B and @ has a value
of logical type under any interpretation of the variables B, then we call the unconditional )-term w
an unconditional logical Q-term. Let N # @ and w be an unconditional @-term. Suppose also that
the expression w(N) for each N € {N } has a value of logical type under any interpretation of the
variables 3. In this case, we call the unconditional @-term w an unconditional logical Q-term. Suppose
that wuy,...,u; are unconditional logical @Q-terms, wq,... w; are unconditional @-terms. Then the set
[ of pairs (u,w) = {(Ui-.'“f'z')}z‘e{l,...,l} is a conditional Q-term of length [. Let (u,w) = {(us,w;)}i=12,...
be a countable set of pairs of unconditional ()-terms. Suppose that {(Uiawi)}ie{l,...,l} is a conditional
Q-term of length [ for any [ < oco. Then we call (4,w) a conditional infinite Q-term. Q-terms can be
calculated.

Suppose that algorithm A consists in finding for each i € {1,...,m} the value y; by computing the
value of the @-term f;. Then the set of @-terms {f; | i € {1,...,m}} we call the Q-determinant of the
algorithm A. Moreover, we call the system of equations {y; = f; | i € {1,...,m}} a representation of

the algorithm A in the form of a ()-determinant.

Previously, the concept of the (J-determinant was applied to improve the efficiency of parallel
computing by exploring and exploiting the parallelism resources of numerical algorithms. To this end,
a software @)-system for studying parallelisin resources of algorithms and a program design method for
the effective implementation of numerical algorithms have been developed. The Q-system and method
can be used for any numerical algorithms, including those solving practically significant problems.

© V.N. Aleeva, M. P. Sokolov, 2026
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The method was applied to algorithms for matrix multiplication, solving systems of linear algebraic
equations, finding the maximum element in an array of numbers, sorting, training neural networks,
Dijkstra’s algorithm, and other algorithms.

The method of designing programs for the efficient implementation of numerical algorithms is very
useful, but its application requires the development of programs by programmers. There is a question
about possibility of creating software system that develops and executes effective programs using a
generally accepted description of algorithms without the use of programmers. To answer this question,
several published papers have demonstrated the possibility of creating a unified software system for the
automated design and execution of programs for the efficient implementation of numerical algorithms.
These papers describe different approaches to designing such systems and outline general principles for
their organization. The application of the developed software systems was demonstrated on problems
with small values of the parameters of the algorithmic problem dimension. It is now important to
explore their application to practically significant problems.

Software systems for the automated design and execution of programs for the efficient
implementation of numerical algorithms use representations of algorithms in the form of Q-
determinants to describe algorithms. These representations are formed using a subsystem of the -
system for analyzing the parallelism resources of algorithms. The same representations of algorithms
in the form of ()-determinants are also used by the subsystem for analyzing the characteristics of the
parallelism resources of the (J-system. In this regard, the formation of representations of algorithms in
the form of ()-determinants is an important task for the use of software systems based on the concept
of (J-determinant.

The parameters of the algorithmic problems dimension can reach large values when solving practical
problems. The number of iterations when implementing iterative algorithms can also be large. As
a result, the @Q-terms that make up the ()-determinants of algorithms can be very long, and the
files containing the algorithm representations in the form of @-determinants can be large. Therefore,
problems can arise when forming and using algorithm representations in the form of (-determinants. In
this case, we will refer to ()-determinants as large, and the resulting problems as of large ()-determinant
problems. Solving of large ()-determinant problems is extremely important for the practical application
of software systems based on the @Q-determinant concept.

In this paper, the problems of large ()-determinants are described and solved. More precisely, the
problems that arise during the formation and use of representations of algorithms in the form of Q-
determinants are formulated and solved. Furthermore, the results of experimental studies confirming
the validity of the proposed solutions are presented. The solutions proposed in the paper enable the
generation of representations of algorithms in the form of @-determinants for large values of the
algorithmic problem dimension parameters and a large number of iterations of iterative algorithms.
Furthermore, these solutions reduce the size of files containing representations of algorithms in the
form of ()-determinants.

The paper consists of three sections and a conclusion. Section 1 introduces the concepts of the
()-determinant concept used in this article. Section 2 describes the generation of representations of
algorithms in the form of @-determinants using algorithm flowcharts. Section 3 presents the problems
of large Q-determinants and proposes solutions to them. The conclusion summarizes the results of the
study and formulates the direction of further research.

Key words: ()-determinant of algorithm, representation of algorithm in form of ()-determinant,
Q-effective implementation of algorithm, parallelism resource of algorithm, @Q-effective program,
computer-aided design of effective programs.
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®OPMUPOBAHUE IPE/ICTABJIEHUN AJITOPUTMOB JJISI
IIPOTPAMMHBIX CUCTEM HA OCHOBE KOHIIEIIITU
Q-TETEPMUHAHTA

B.H. Ancesa, M. II. Cokonos

FOzxu0-¥Y panbekuit rocypapersennsiii yuusepcurer (HUY),
454080, Yensaounck, Poccust

VAK 004.021, 004.032.24, 004.051, 004.272
DOI: 10.24412/2073-0667-2026-1-5-23
EDN: EZZXDL

Konnermus (- nerepMuHAHTA SBISETCS OJHAM U3 TTOAX0I0B K PACIAPALIETHBAHNIO YHCTEHHBIX AJl-
ropuT™Mok. Ha ee ocHOBe MOKHO TOBBICHTE 3(heKTHBHOCTE MAPAJIEILHBIX BEIMHCICHHN ¢ TTOMO-
MIBIO BRISTBAEHUS PECYPCOR MAPAIIETMIMA AJTOPHTMOR ¢ TPAMEHEHUEM TPOTPAMMHON CUCTEMBI, A
3areM M MX UConb3oanusa. Jng aroro Geuna pazpaborTana TEXHOJIOTHS MAPAIETBHOTO TPOrpaM-
muposanng. HMeenegopanusa ¢ mpuMeHeHHEM KOHIETITHH ()-eTePMUHAHTA TOKA3AIN BO3MOKHOCTD
CO3IAHISA IPOrPAMMHBIX CHCTEM aBTOMATH3HPOBAHHOTO NPOCKTHPOBAHHA M HCIIOIHEHHS TPOTPAMM
it 3abpeKTHBHON peann3aul YUCJAeHHBIX AJropuTMoB. [l onucanus aaropuTMOB HPOrpaMM-
HBIE CHCTEMBI JIOJDKHBI HCIO/JIB30BATE TPEICTABJIEHNs AJTOPUTMOB B (hopme (Q-1eTepMUHAHTOR.
Ilpu pemennn npakTnyeckux zagad (hailanl, COAEPIKANTHE NPEJACTARIEHUS AJITOPHTMOE B opMe
(Q-1eTepMHUHAHTOB, B HACTOMAINEE BPEMS MOTYT HUMETh OOJMLIINEe pasMepbl. B cBA3M ¢ 3THM TIpH
GOPMUPOBAHMH W UCHOABL30BAHUH IPEICTABICHIN aJrOPUTMOB B hopme (Q-TeTepMUHAHTOB MOTYT
BO3HUKATHL Mpobaembl. B atom cayuae @Q-eTepMUHAHTB HABBLIBAIOTCA DOJIBITUMH, 4 BO3ZHHKAIONIHE
IPODIeMEL mpobemaMu DombImux (J-merepMuHanTOB. B crarbe ommcambl mpobeMbl D0JIBITHX
QQ-MeTEPMHUHAHTOB U MPEIOMKEHBI WX PEITeHHS.

KaroueBbie cioBa: (Q-IeTepMHHAHT AATOPUTMA, MPEACTABACHHE ANrOpuTMa B dopme Q-
perepmuuanTa, Q-adihexTuRHAS peANM3ANUT AMTOPHTMA, PECYPC NapajuieniMa anaropurva, (-
achdexrnBHAS TpOrpaMMa, ABTOMATHIMPOBAHHOE TPOEKTHPORAHIE 3(pEK THBHBIX TPOrpaMM.

Beegenne. Crarbd nNpogo/zKaeT HCCIeJ0BAHAS HA OCHOBE KOHIeNIHH (Q-/1eTepMuHanTa
ABTOPCKOI'O MOJX0/1A K PACIAPALICIUBAHIIO YHCICHHBIX anroputMos [1]. Panee ¢ ero nomornisio
OBLIO TPEI0KEeHO NOBbIeHne 3(PMEKTHBHOCTH HAPAJLICILHBIX BEIYUCICHHH 3a CYeT UCCIe/10-
BAHUA M HCIOJB30BAHUS PECYPCOB Napa/LIen3Ma YUCAeHHbIX aaroputmos [2|. st storo, B
4ACTHOCTH, paspaboran MeTo/ HPOEKTHPOBAHUs porpaMm st bdexkTuBHoil peain3anuy duc-
JIBHHBIX AJr0PUTMOB, Ha3biBaeMbIX (J-3ddexrusanivu. Meron MoxKeT ObITh MCIOJJIL30BAH 115
JIIOOBIX YHCJIEHHBIX AJATOPUTMOB, B TOM YHCJIE /I8 PELIeHHs HPAKTHYECKH 3HAYMMBIX 3aJ1a4.
0B630p 110 NPUMEHEHUIO JAHHOTO METOJA JJlsl PA3JMYHBIX AJIrOPUTMOB HpuBEJeH B pabore [3].
Ero gonosanser pabora [4] 10 ucronb30sanuio Merosa /i aJropuTMoB COPTUPOBKY U pabora
[5] o menosb3oBanuio Meroga it ANropuTMOB 00yUeHUs HEHPOHHBIX CeTel.

Meroa npoekTuposanus Hporpamm jiid 3hdek THBHOI peaJu3aiuy YUC/ICHHBIX aJI0PHTMOB
OYeHb I0JIe3eH, OJHAKO ero IpHMeHeHHe Ipejarnojaraer paspadoTKy HPOrpaMM CHeIHaIHCTa-
MU, A MOKHO JIM CO3JaTh LPOIPAMMHYIO CUCTEMY, KOTOpas 6€3 MCI0/Ib30BaHus CIELUAJIHCTOR

© B. H. Aneesa, M.II. Cokonon, 2026
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paspabarbiaer u ucto/iiser ek TuBHbIe HPOrPAMMDI, HCIIOJIL3Ys ODMIEIPUHATOE OIHCAHUE
aaropurmMoB? Yro0bl 0TBETHTL HA YTOT BOLPOC, ObLIA IOKA3AaHA BO3MOKHOCTD CO3MaHUs €QHHO
115l YMCJIEHHBIX AJI0PUTMOB HPOIPAMMHON CHCTEMbl ABTOMATH3UPOBAHHOIO POCKTUPOBAHUS H
ucoenus nporpamm s dbdekTuBnoli peasmsanuu yucieHnbx ajgaroputmos (6 8]. B pabo-
rax [6 7] onucanel pasHbie H0AX0AbI K IPOEKTHPOBAHUIO TAKUX CUCTEM, & B [8] uziozkennl obuue
LHPUHLUILL X opranu3anuu. [lpumenenue pazpaboranibix cucTeM ObLIO HPOJAEMOHCTPUPOBALO
Ha 3a/ia4ax ¢ HeOOJIbIIUME 3HAYCHUAMU APAMETPOB pa3MepuocTu. Telnepb BayKHO HCC/1e/10BATD
ux paborociocobHOCTL HA HPAKTUYECKH 3HAYMMBIX 3a/1a4ax.

[Iporpammubie cucreMbl aBTOMATH3UPOBAHHOIO POCKTUPOBAHKS U UCHOJIHEHU HPOIPAMM
S 9hDEKTUBHON pean3aliun 9uCICHHBIX AJTOPUTMOB HCTIOJIL3YIOT JIUIst OMUCAHHS AJITOPUT-
MOB HPEIACTAB/ICHIS AJIOPUTMOB B hopme (Q-ierepMuHanToB, (hOpMUPYEMBIE ¢ HOMOLLLIO 1101
CUCTEMbI HPOrpaMMHOIl (Q-CHCTEMBI JI/Isl UCCACA0BAHUS PECYPCOB HAPa/LIeJIU3Ma aJlOPUTMOB
[2]. Takue ke npeicrasienus airopurMoB B (opme Q-AeTEPMUHAHTOB UCHOJL3YET U HOACH-
creMa JJisl aHAJIM3a XapaKTepUCTHK PEeCYyPCOB LAPAJLIGIN3MA AJIOPUTMOB LPOrpaMMHOl (-
cucrembl. B ¢Bs3M ¢ 9TUM HOAIOTOBKA IPEJICTaB/JIeHui ajiropurMoB B (hopme (Q-1erepMUHAHTOR
ABILETCH BayKHON 3aja4eil /s MCHOJIL30BAHUS [IPOIPAMMHBIX CHCTEM HA OCHOBE KOHIICIILIHU
(QQ-1eTepMUHAHTA.

[Ipu pemennyn NpakKTUYECKHX 3aJa4 HapaMeTPbl Pa3MEPHOCTH AJITOPHTMUYECKOH mpob.ie-
MbI MOL'YT JIOCTUI'ATh OOJILIIMX 3HAYEHUIT, KOJMUYECTBO UTEpPALUN LIPDU peau3aluu Uiepalu-
OHHBIX AJTOPUTMOB TakzKe Mozker ObiTh OoJibiiuM. B pesyibrare (Q-repMbl, COCTABJIAIONUE
(Q-/1eTepMUHAHTBl AJITOPUTMOB, MOI'YT UMETh OOJIbLIIYIO JIHHY, a dal/ibl, COAEpPKALIHE [IPEI-
cTaB/IeHUs aIropuT™MoB B hopme (Q-aerepmunantos, 6oJiblike pasmMepbl. B ¢Bsa3u ¢ 9TUM 1pu
GdhopMUpOBAHUT U UCIIO/IL30BAHUE LPeJICTABICHU ag1ropuTMoB B hopme (Q-1eTepMHUHAHTOR MO-
VT BO3HUKATL Lpob/embl. B srom ciyuae (Q-jerepmuHantbl OyieM HA3LIBATL OOJILLIMMH, a
BOZHHKAOLIKE HPo0/eMbl — 11podiieMamu 00JibIux ()-a1erepmunanTos, Pemienue 31ux npobdiem
UPE3BBIYANHO BAyKHO JIJIA PAKTUYECKOTO MPUMEHEHUs IPOrPAMMHBIX CHCTEeM Ha OCHOBE KOH-
nentuu (J-J1eTepMUHAHTA.

Llegn gaHHOIO HCCJEI0BAHHS pettenue upodJiem OoJibiiux (Q-aerepmunantos. s 10-
CTHZKEHHS HEeJIH HEODX0AUMO PELIUTh CJIeYIOMHE 3a/1a49H.

1) Ouucanue u pewenue npodseM, BOSHUKAIOWUX IPU (DOPMUPOBAHUM U HCIOJIL30BAHUM
lpejcrapjieHuil aaropurmos B popMe Q-J1eTepMUHAHTOB.

2) Ouucanue KCHEPUMEHTAIBHBIX HCCJICAOBAHUI, 0ATBEPAIAIONIUX IPABUILHOCTD LPE/I-
JIOZKEHHBIX pelleHuii.

Crarbs opranu3oBana ciejayoumm obpaszom. Pasuen 1 coaepzkuT HEKOTOPbIE OCHOBHDIE 110-
HATUs KOHUEHIMKH (Q-jlerepMUHAHTa, UCIOJb3yeMble B jlanHoil pabore. B pasiene 2 ounucano
dopmuposanue npeiacrasienuii ajiropurMos B hopme (Q-AeTepMUHAHTOB ¢ HOMOLIBIO UX OJI0K-
cxem. B pazuene 3 npuseiens npobsiembl 00IbMUX (Q-1eTePMUHAHTOB, HPEIJI0ZKEHb UX Pelile-
HUsl U OMUCAHDBI IIPOBEACHHLIC IKCIEPUMEHTAIbHbIE HCCIeA0BanNd. B 3aK/I0ueHuy MoJaBOAATCS
UTOI'M UCC/IEA0BAHKA U (POPMYIUPYETCs HAIIPABJICHUE JANbHEHLIINX UCC/Ie0BAHMI,

1. Hekoropbie OCHOBHBIE IOHATHH KOHHennuun (J-merepMuHaHTa. Konuenums (-
JETEPMUHAHTA B HACTOAIIEE Bpems naubosiee nosino upeicrasiena s pabore [2]. Kparko onu-
HIeM MOHATHS KOHIENIn (J-J1eTepMIHAHTA, UCIOJIb3YeMble B JIAHHOI pabore.

Astropurmudeckyto npobaemy onuniem B Bugie §j = F(N,B), e N = {nq,...,ng} — muo-
JKECTBO MApaMeTpoB pasMepHocTn 1mpodbiemsl win N - 1ycToe MHOXKECTBO, B MHOXKECTBO
BXOJAHBIX JAHHBIX, § = {Y1,...,Ym} ~ MHOKECTBO BbIXOJIHBIX [AHHBIX, IIPU ITOM LEI0€ YUC/IO 1M
sapisgercd Jubo KoncranToit, aubo 3navenueM BbMUCAUMON dyukiuy napamerpos N Hpu yeio-
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Bum, uro N # @. 3ueco n; (i € {1,...,k}) paBuo J060MY NOIOKUTEIBHOMY LEJIOMY UYHCILY.
Eciu N = {nq,...,ng}, ro uepes N = {fiy, ... Ay} obo3nauum nabop u3 k H0JI0KUTEIbHBIX [E-
JIBIX 9HCEJI, TAE Tl; — HEKOTOPOE 3aJaHHOe 3HAUEHUE HapaMeTpa n; s Kaxaoro i € {1,. ..k}

Yepes { N} oboznauum MHOMKECTBO BeeX Bo3MOzKHBIX k-nabopos N. Ilyers A ajropurs s
peleHrs aAropuTMUIecKkoii upodsemer, () HaboOp ouepanuil, HCHOJIL3YEMbIX aIropurMom A.

Onpedeaerue 1. [loa Boipaxkenuem vaj B u () Oy1eM HOHUMATH TEPM B CTAHIAPTHOM CMbICJIE
maremarTuueckoi Joruku [9)].

Onpedeaerue 2. Mbl Ha3bIBaeM BblPazKeHUe HEIMOYKOH JJIHHBL 1, €CJIM OHO SABJISIETCS Pe3Y.Jib-
TATOM LPUMEHEHHs HEKOTOPOH accouuaruBHoil onepanuu u3 () K 7 BbIPAzKEHUIM.

Onpedenenue 3. Eciu N = @, To moboe Beipaxkenue w waji B u () Mbl Ha3biBaeMm 0e3yciios-
HbiM Q-tepmom. Ilyers N # @ u V' MHOXKecTBO Beex Bbipazkenuit naa B u (. Toraa Jodoe
oTobpakeHue w : {N } — V U @ Takzke naspiBaercsd 0€3ycJI0BHBIM (J-T€pPMOM.

Onpedeaerue 4. [lycre N = @ uw — 6esyciosubiii (Q-tepM. [IpeainoiokumM, 410 BeiparKeHue
w Hay B u ) umeer 3HadeHue JOIHYECKOrO TULIA HPHU J000H MHTEpIPeTaluy nepeMeHubix B,
Toraa GesyciioBublit Q-repM w Ha3bIBAETCst HE3yCIOBHLIM Jornyeckum Q-repmom. [yers N # @
uw  Gesyciaosubiil Q-repm. Eciu soipazkenue w(N) s kazkiaoro N € { N} umeer snauenue
JIOPHYECKOI'0 THIla [pH Ji000il uHTepHperanun nepeMmenunix B, 1o Oe3ycioshbiit (Q-tepm w
HA3LIBAETCH OE3YCIOBHBIM JIOTUYECKUM (J-TepMOM.

Onpedeaerue d. Ilyers wy,...,u; — Oe3yciaoBHbIE JlOrudecKue (Q-Tepmbl, wy,...,w;  0Oe3-
yeiaosubie ()-repmbt. Torga muoxkecrso [ uap

(U, W) = {(uwsws) bieqr,...1y

HA3LIBACTCH VCAOBHBIM (J-T€pMOM AIUHBL [.

Onpedeaernue 6. Lycrs (0,0) = {(u;,w;) biz12...  cu€THOE MHOZKECTBO HAP GE3YCIOBHBIX (-
repmos. [peanoaoxum, aro { (U::,?Uz‘)}ie{l,...,l} yeJ0BHbBIH (Q-Tepm s joboro [ < oo, Toraa
Mbl HA3bIBAEM (U,W) yCIOBHLIM DECKOHEUHBIM (J-T€PMOM.

OnuiemM HAXOXKIEHHE 3HAUeHIS 6e3yCI0BHOTO (Q-TepMa w NP HHTEPIPETAIIMH MePeMEeHHbIX
B. Ecin N = @, To HAXOXK/IeHHEe 3HAYCHUS BLIPAKEHU W 03HAUYACT HAX0XKIEHUE 3HadeHus Oes-

yeaoBHOro (Q-repma w npu ioboii unrepuperamn nepemenusix B. Eciu N # @ u w(N) # &,
10 w(N) siBisiercs Boipazkenuem Hag B u Q. Moxkno naiitu 3nauenne spipazkenus w( N) upn
J060it unTepuperanuu nepemennsix B, Koneuno, mbl onyckaenm snauenne w( N) = @. Cuienosa-
Te/IbHO, Mbl HAXOJAUM 3Ha4YeHue DesycsiosHoro (J-repma w Hpu J11000i unTeprperanuy nepemMeH-
ubix B. Teneps onunem HaxoxKieHne 3Ha9€HUs YCJIOBHOTO (Q-repMma (1,1) 1pH HHTepIpeTaun
nepemenubix B. [lycte N = @. Haxojum 3uavenus Boipaxkenuit ug,w; jad i € {i = 1,....,0}.
[Ipu naxoxkjieHun 3HAYEHUIl MBI MOYKEM HaflTH HAPY U;,,W;, TAKYIO, 4TO U;, UMEET 3HAYCHHE
true. CiejioBarebHo, MBI MOXKeM HaifTu 3uauenue w,,. Torga cauraem, uro (u,W) umeer 3Ha-
qeHue w;,. B uporuBHOM ciyudae cuuraeM, 4ro 3uadenue (U,0) UPU UHTEPUPETALUYN LEPEMeH-
ubix B ue onpejeseno. lyers N # @ u N € {N}. Haxoaum seipakenus wu;(N),w;(N) ais
i€{i=1,...,[}. llpu naxoxaenuu 3na4enuit Mbl MoxKem HaiiTu napy u,(N),w;,(N) raxyio,

a10 Ui, (N) umeer 3nauenue true. Ciegosarennbno, Mbl MozkeM nafitu 3nauenune w;, (N). Toraa
Mbl cuuraem, o (U,i) umeer snauenue w;,(N). B uporusHoM ciydae cuuraem, 4To 3HaUEHUE
(@,) aii N u upu raxoil uoTepuperanuy nepeMeHnbix B He onpejieseno. AHaI0rHYHO MOAKHO
OLIPEAE/IUTH 3HAYCHUE YCJIOBHOIO Deckoneunoro (Q-repma.

Onpedenenue 7. llyere M = {1,... ,m}. lpeanonoxum, aro amropurm A cocrout B Ha-

XOXKJACHUHU 11 Kazkjaoro ¢ € M 3nadenus y; nyrem Bbluucjienus 3unadenns (J-repma f;. Toraa
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uabop Q-repmos { f; | i € M} naswiBaerca @Q-gerepmunantom asropurma A. Cucrema ypasue-
auii {y; = f; | 1 € M} naspiBaerca upeacrasiennem auaropurma A B hopme Q-nerepmunanta.

Onpedeaenue 8. Ilpouece Borumciaenus @Q-repmos {f; | i € M} amropurma A nasvisaer-
cd peajsuzaunmeii ajaropurma A. Peanuzanus ajropurma A naspiBaercs napaJuiejbHoH, ec/iu
CYLIECTBYIOT OlEepPAali, KOTOPbIE BLIIOJIHIIOTCH OJHOBPEMEHHO.

s panbHeiinero u3J/0zkeHus 0y/1eM HCII0JIb30BaATh HEKOTOpoe pasduenue Muoxkecrsa M.
[peanosnoxum, uro U, C' u I obpasyior pasbuenue muoxecrsa M = {1,...,m} ¢ nycroimu
qirenamu, 10 ectb: UUCUI = M; UNC =UNI =CNI = J; KpoMe TOro, OJHO HIU
aga noamuozkectsa U, C' u I moryT ObiTh 1ycTbiMu. [Tpeainoiokum rakzke, 410 HOAMHOMKECTBA
U, C u [ MOXKHO CBH3aTh € IOAMHOMXKeCTBAMH MHOXKecTBa (Q-repmos {f; | i € M} rakum
obpazom: 1) aus kaxiaoro ¢ € U cywecrsyer Q-repm f;, KOTOPbIA sB/isiercst HE3yC/I0BHBIM,
u f; = w; 2) ana kamgoro i € C cyumecrsyer Q-tepM f;, KOTODbBI AB/IeTCH YCIOBHBIM, H
5= {(uj',’l‘ﬂj)}je{l,...,l(i)}; vae I(i) — smbo koncranta, jiubo 3HaveHue BolUMCIUMON DyHKIMM OT
N, eciu N # &; 3) aus kaxgoro i € 1 cymwecrsyer Q-repM f;, KOTOPbIil SBJISI€TCS yCIOBHBIM
DeCKOHEYHBIM, U f; = {(u},wé)}je{l,g,___}.

Onpedeaenue 9. Onuiiem peajuzanuio aaropurma A, nasoiaemyio Q-3 dexkrusnoi. [Tycrs
N = @, 3ajajiuM UHTEPHPETAIUIO [epeMentbiXx B, Byjiem BbIYUC/IATh BbIparKeHUs

W = {w?GU)u Tl'(ZGC,jE{l ()})u HJ(EEIJE{IQ })}

OJHOBPEMEHHO, IapaJuie/ibio. Mbl rOBOPHM, 4T0 OLEpaliis IOTOBA K BLIIOJIHEHHIO, €C/IH BhIYUC-
JIEHBI 3HAYEHHUSI BCeX ee onepana0B. [Ipu Boruuciennyn Kazka0ro u3 soipazkenuii VW Mbl BbilOJI-
HsIeM OLEPALUU, KAK TOJIbKO OHU I'OTOBLI K BbilO/HeHUIO, Eciin Hecko Ko onepaiuii nenouku
IOTOBbl K BBIIIOJHEHUIO, TO OHM BBIIOJHAIOTCA 110 cXeMe ciasauBanud. Hanpumep, Borumciie-
HUE LEIHOYKH a1 + g + a3 + a4 110 CXeMe CJIBAUBAHUS BBILIOJIHAETCH TAK: CHAYAJA BbIUYUC/IHLEM
b = a1 + as u by = as + ay4 oaHoBpemMeHnHo, 3areM ¢ = by + by, Ecomm g 1 € CUT n
jef{l2,...} u; umeer 3uadenue false, 10 BoluHC/I€HHE COOTBETCTBYIOUIEIO w;} LPEKPaLACTCs.
Ecau jimn t € CUI uj € {1,2, ...} Boluuc/ieHue uapol (uj._w;) LHPUBOAKUT K TOMY, YTO 3HAYCHHE
OJHOI'0 BbIPazKeHUs HE OLPEIE/ICHO, TO BblYUC/JICHHE BIOPOIO BblparKeHus npekpamaercd. Eciu
as i € C'U T sbluuciienue HeKOTOPoli uapbl (fui wi ) LHPUBOAKUT K OPEAC/JICHHI0 UX 3HAYCHUIT
U 3HaYeHue Uy, true, TO BLIMMC/ICHUE BbIPAZKEHUil u ?,U" LpeKpaLaercs /i Jodoro j # jo.

Teneps uycrb N # @. 3agajgum HlIl‘CpIIpCla.LLI/IIO uepeMeunmx Bu N € {N}. Iloayqyaem
MHOZKECTBO BblpazKeHui

W(N) = {w*(N)(G € U); u} ( _),wj(N)(?ﬁ € C,j € {1, .urilli)} );
-uj(N)fw( Jiel,je{12,...D}.

Buipazkenus W (N) BuUACAAI0TCA N0 aHAJOTHH ¢ BhIpaykenuamu W.

Samevanue. Oupenenenne (Q-3bdexkTuBHON peau3aiiy 10KA3LIBAET, YTO OHA IIOJHOCTHIO
UCIIOJIL3YET PEecype Hapa/lie/Iu3Ma aJrOPUTMA.

Pecypc napauienusma anropurMa XapakTepU3VIOT €ro BbICOTA U IIHPHHA. DTH MHOHITHS
pacemarpusaiores B paborax [2, 10 12]. B [2, 10, 12] ouucana nporpamvuas Q-cucrema, pas-
paboraHHas /sl ABTOMATU3MPOBAHHOIO UCC/IEA0BaHUS PeCcypca Napa/Lien3Ma ajJlropuTMoB, a
TAKXKE CPaBHEHUs PECYPCOB LApa/LIeIn3Ma aJrOPHTMOB, PEIIAIONIMX OJHY W Ty K€ aJIrOpHT-
MHYECKYIO 11pob/iemy.

Onpedenenue 10. Peanuzanua anropurma A HasbiBaeTCs BBIIOTHUMON, €C/IH OJIHOBPEMEHHO
JOJIZKHO BBUIOJHATHCH KOHEUHOE (HEmycToe) MHOKECTBO OllepaLluii.
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Samevarue. CyniecTByioT aaropurmbl, (J-3ddexruBnas peain3amus KOTOPLIX HEBBIIO/IHH-
ma. [Ipumep rakoro agropurma npusegen s padore [10].

2. Hcnoab3oBanue OJI0K-CXeM aJAropuTMOB Ojd (POpPMUPOBAHHA UX MNPEICTAB-
genuii B dpopme (-aerepmubanToB. Ouumem merod GOPMUPOBAHUS [PEACTABICHUN aJi-
ropuTMoB B Qopme (Q-1eTepMHHAHTOB, PEAJIHM30BAHHbIN B HOJACHCTEME s reHepanuu (-
JETEPMUHAHTOB YHC/ICHHBIX AJATOPUTMOB HPOrpaMmMuoii Q-cucremsr [12].

[Ipeacrasienus aaropurMoB B hopme (Q-jieTePMUHAHTOB MOXKHO (POPMUPOBATH, UCIIOJIL3YS
ux 0J10K-cxeMbl. BJIOK-cxeMbl airopuTMOB XOPOIO U3BECTHBI H YACTO UCIIOJIb3YIOTCH. Onuiiem
OrpaHUYeHUs U JAJUM HOACHEHHS JiJis OJIOK-CXeM, IIPUMEHSAEMbIX B HCCJE0BAHUAX HA OCHOBE
KoHmennuu (Q-jgerepMutanra. Biok-cxema uMeer JiBa TepMUHAILHBIX OJI0KA, OJIMH U3 KOTOPBIX
«Hauaji0» o3nadaer nada/io ajaropurma, a gApyroit «Kouew» — konen ajiropurma. biok «Ha-
Ya/I0» UMEET OJHY HCXOMSALLYI0 JIMHHUIO II0TOKA W HE HMEeT BXOISIICH JIMHUM [10TOKA. BJlok
«Koner» umeer ojiHy BXOAANIYIO JIMHHIO IIOTOKA M HE UMEET MCXO/SIIel JuHuK 1noToka. buiok
«Perenue» umMeer JBe HCXOLAIIUE IOTOKOBBIE JIMHUM, OJHA U3 KOTOPbIX COOTBETCTBYET [epe/ia-
de yIpaB/IeHus, ecu VeI0Bue 6/I0Ka UMeeT 3HadeHue true, a jpyras, ecjiu ero 3nadenue false.
YesoBue 6J10Ka UCHO/IB3YET OJHY OllePalio cpaBHeHus. Ero onepan/ibl He cojlepzKaT oneparuii.
Baok «IIpomeces» cojpepxxut ojiHO npucBoenue 3nadenus nepemenunoil. Crpasa or 3HAKa HPU-
CBAMBAHUS HAXOUTCS He Dosiee 0/1HOi onepanuu. s rpyiin onepanuii uCrnoab3yIoTes MenouYKn
0.10k0B. Biioku «danubies jpensgrca na 610k «Bxomubie gannbie» n «BoIXoaHbie JaHHbIE».

st bopmupoBanus npeicrasjienud ajiroparya B hopme (-aerepmunanta 6/10K-cxemMa aji-
rOpUTMa AHAJIM3UPYeTCd HPH (PUKCHPOBAHHBIX 3HAYEHUX [IAPAMETPOB PA3MEPHOCTH AJITOPHT-
muueckoil npobiembl N = {7y, ...}, ecin N # @. [lpu 3roM mccienyiores ocobeHHoCTH
AJITOPUTMOB, (J-J1eTepPMUHAHTHI KOTOPBIX COJEPZKAT PA3IUYHbIC THIIL (J-TepMOB.

Eciu Q-perepmunant ajnropurma umeer 6e3yc/ioBHbIe (J-T€PMbI, TO HPOX0JL 110 OJIOK-CXeMe
JIOJIZKEH OCYLIECTB/IATHCH IIOCAEI0BATE/NLHO B COOTBETCTBHH C BBIIOJHEHHEM aJjropurva. s
kax10r0 § € U Boipaxenns w, ecmu N = @, u wi(N ), eciiu N # @, 110J1y4al0TCH, KaK 3HA-
denus Oesyciopuoro (-repma f;. Oun hopMUPYIOTCS ¢ UCIOIB30BAHUEM COEPKUMOTO OJIOKOB
«[Ipouecey, yyacTBYIOLIMX B BhlYUC/IeHUH [; jlid Kax o010 ¢ € U,

[Tpeanosiokum, 9ro (-1eTepMUHAHT COACPAKUT VeaoBHbIe ()-Tepmbl. [Ipoxos o 6uioky «Pe-
LIEeHHEe» C YCJIOBHEM, COJEPIKAILIUM BXOIHBIE JIAHHBIE, HOPOXKIAET BETBJICHHE. 3aTEM KazKasi
BerBb obpabarbiBaercs oT/ie/bHo. B pesyibrare 06paboTku 04HO BeTBH //1d Kaxx 1010 ¢ € C' u
coorsercrpyioutero sersu j € {1,...,1(i)} nomyuaem naper spipaenuii (uf,w?), eciu N = &

3

u (u;(ﬁ),w;(i\_f)), eciin N # . Boipaenus uj, ecmw N = & u u;(N), eciu N # & dop-
MUPYIOTCsl U3 yC10BUIL Os0koB «Pewenue», copepzkamux sxoubie jauubie. Boipaxenus w?,
eciu N =@ n ?U;UV), eciit N # @ GopMUPYIOTCH ¢ HCHOJIBL30BAHUEM COLEPAKUMOIO OJI0KOB
«[Ipoueces. Kak Toabko nepsas sersb obpaborana, 00paboTuuK OJIOK-CXEMbl BO3BPAILACTCH K
HuinzKkadimemy 610Ky, I'/Je HPOU30LLIO BETBICHHE, U POA0JIZKAeT 00pabOTKY ¢ IPOTHBOLOIOMK-
piM yesaosuem. Cledyiomias Bersb OyIAer HoJjydeHa nyreM Bo3spara K Ojuzkaiiiemy 0JI0KY,
[JI6 BETBJICHUE BBIIOAHAIOCH OjuH pa3. Eciu rakux 6/10KOB He 0CTAI0Ch, TO 1epebop Bersei
sakanuusaercs. [locie obpaborku seex serseil jig seex ¢ € C'u j € {1,...,l(i)} nonyuaem

11apbl BbIpazKeHU (u;,w;)j ecoiu N = @ n (ufi(N ),?U;(KT)), eciu N # @ Jyid BCeX YCJIOBHBIX
Q-tepmoB f;.

Yeaosubie Geckonednbie (J-TepMbl cojiep:Karcd B (J-JIeTEDMUHAHTAX HTEPAITMOHHBIX YHC-
JIEHHBIX  ajiropuTMoB. OrpaHuduBasg KOJHYECTBO WTEpanuii, MOXKHO CBecTH ciayudait (-
JIeTePMUHAHTA C YCJA0BHBIMU OecKOHedHbIMY (J-TepMaMu K ciiy4dalo (Q-j1erepMUHaHTa ¢ VCJIOBHbI-
Mu (J-repmamu. Bysiem ucnosib3osars napaverp L juis KojudecTsa urepanuii. ToT napaMmerp
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MOZKET HPHHHUMATh JIIOObIE [eJIble [0/I0KuTe bHble 3Hadenusd. (J0o3Ha4YuM 3HaUYeHHUE HapaMeTpa
L uepes L. 3uauenne L oupejenser jumny Q-repmos f; i Kaxioro i € I.

Ouumem dopmar dailios, couepzKalux UpejicraBieiud aaropurMoB B dopme (-
JI€TEPMHHAHTOB, (POPMHUPYEMBIX € LOMOIILI) HOACUCTEMbI /s I'eHepanuu (Q-AeTepMUuHaHTOR
YHCJICHHBIX AJAI0PUTMOB HporpaMMuoil QQ-cucrembl. Ilpeacrasienus aaropurmos B gopme (-
JIETEPMHUHAHTOB UMEIOT (PUKCHPOBAHHLIE 3HAYEHHS TapaMeTpoB pa3mepuoctd N U orpaHuveH-
HOE 4uc/I0 urepauuii L.

Mg kazxporo i € C' yenosubiii Q-repm f; oupeaenser [(i) erpok daiina, rue (i) mpauna
Q-repma. Kazxkaas u3 3THX CTPOK COAEPKUT HACHTHMHKATOD BLIXOAHOH HepeMeHHOMH, BblYUCIs-
eMOll ¢ HCIO/IB30BAHUEM JIAHHOTO (J-TepMa, 3HAK PABEHCTBA W OJIHY Napy BbIpaKeHuit (uj,-,w;),
ecin N = @ wm (uz(N)w;(N)), ecmn N # & qns nexoroporo j € {1,...,0(i)}. 3uecs s
kaxjoro j € {1,....,0(i)} @Q-repmbl TaKOBBI, YTO uj ABjidercd 0e3yC/I0BHbIM JIOIHYECKUM Q-
TEPMOM, a, w} be3ycsoBabiM Q-TepmoM. Boipazkenus (u:‘%,w;), ecin N = @, wiun (uj,}(N ),wj-(j\?))j
ecsiu N # @, ounuceiBaiorca B ¢opmare JSON u pasiensiorcs roukoil ¢ 3angroii. Onuca-
HUE YCJIOBHOIO HECKOHEYHOrO (Q-TepMa aHaJIOIHYHO ONUCAHUIO YCJIOBHOIO (Q-TepMa, HOCKO/IbKY
JUIMHA YCJIOBHOIO DECKOHEYHOro (J-TepMa orpaHuveHa 3Hadenuem mnapamerpa L.

s kaxioro i € U 6esycioshbiit Q-repm f; oupejeiser ogany crpoky daitia. Besyciosubie
Q-repMbl Takzke onucbiBatores B popmare JSON. B arom ciydae Her joruueckoro (-repma,
[I09TOMY BMECTO HEI'0 MCHOJIL3Yercs Hpobe.

st onmcanus Beipazkenuit B popmare JSON npumensiiorcs ciepyoiine 0003Ha4eHust: Op

yHapHas ujin dunapuas ouepaius, od — onepami yuapuoit onepanuu, fO  nepsbrit onepam/i
Gunapuoil ouepauuu, sO  Bropoii onepau Gunapuoii ouepauun, ckobku { u } onpeneadior
LHOPSIOK BBIIOJIHEHHS OLepaluii.

I[Ipumep. Ilyers marpuna A pasmepa 2x 2 umeer HenyJiesoit oupejesureis. Ipeainonoxum,
aro X = (X(1),X(2))T u B = (A(1,3),A(2,3))T — Bexropbi-croabusl, rae A = [A(2,5)]2x3
pacliupeHHas MaTPULA CHCTEMbI AX = B. Ha puc. 1 nokazano cogepxumoe dailia ¢ upej-
crapjenueM B ¢dopme Q-AeTepMUHAHTA ANTOPUTMA PEIIeHUS CHCTeMbl JIMHEHHbIX ypaBHeHui
BTOpOro nopsjaka merogom laycca 2AKopaana.

3. IIpob6aemsbl GoabmINX (J-1€TEPMUHAHTOB M UX PENIEHUS.

3.1 Qopmuposanue npedemasienuil aizopummos 6 dopme Q-0emepmunaHmos ¢ uenoib-
306aHUEM NEPCOHAALHO20 Komnblomepa. [logcucrema st reHepanun (Q-J1eTePMUHAHTOB YHC-
JIEHHBIX AJIFOPUTMOB CHAMAJIA HCIOJb30BAIACH HA MEPCOHAILHOM KOMIbioTepe. B pesyibrare
ObLI10 C(HOPMHPOBAHO MHOYKECTBO MPEJICTABICHHI alropuTMoB B (hopMe (Q-1eTepMUHAHTOB 115
AJTOPUTMOB ¢ PA3IMYHBIMU CTPYKTYpPaMu (Q-JeTepMUHAHTOB, ¢ PA3IHIHBIME 3HAYCHUSME T1a-
pPaMeTpoOB PA3MEPHOCTH, & LI UTePAIMOHHBIX AJITOPATMOB ¢ PA3JINYHBIME 3HAYCHHAMI KOJIH-
4ecTBA UTEPAlnii. DTO MHOXKECTBO MPEJICTABICHNTI aJropuTMOB B (hopme (Q-/1eTepMUHAHTOB Obl-
JIO HCTIOJB30BAHO Ui Pa3paboTKH U TECTHPOBAHUS TOJACHCTEMBI (Q-CHCTEMBI JIJIs BBIYUC/ICHUS
PECYPCOB NMApPAJLIEIN3MA YHCJICHHBIX AJITOPUTMOB, & TAKKe JUIsd pazpabOTKH U TeCTHPOBAHUS
[POrPAMMHBIX CHCTEM aBTOMATH3UPOBAHHOIO HPOEKTUPOBAHUS U MCIOJHEHHH IIPOrPAMM J1d
ahhekTuBHOI peann3an YUCIeHHBIX AJITOPUTMOB.

DKCIIyaTanus MOJACHCTEMBI JIJIs TeHepanun (Q-/IeTepPMHHAHTOB YUCJICHHBIX AJITOPUTMOB BbI-
sABUIA, 9T0 Hpd HOPMUPOBAHUKM (Q-T€PMOB HEKOTOPLIX AJOPHUTMOB BO3HHKAET HCKJ/IIOYCHUE
OutOfMemoryException, 4o JiejiaeT HEBO3MOZKHBIM B 3TOM c/y4dae (popMUpPOBAHUE [IPEJICTAB-
Jienuii asiropurmos B hopme Q-serepmunantos. Haupumep, nekiodenue Bo3Hukaio upu Gop-
MUPOBAHUK TIpeJicTaBienus B hopme Q-J1eTepMUHAHTA AJTOPHTMA JIJIsl PEIICHUs CUCTeMbI JIH-
Heifueix ypasuenuit merogom [aycca-3eiijesis npu 3aiaHui KOJHYIECTBA JTHHEHHBIX YPABHEHUH
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X(1)={"op™:"!=","f0":"A(1,1)","s0":"0"};
{Top™i =", RO Top™ T, T 0TI TALL, 3) 7,
"s0™i"A(1,1)"},
"0 o Top” T O op™ ", 0T  ap T - T A2, 3)
"0 op™ R, RO P ™ T 0 A, 3) T,
"s0":"A(1,1)"},
"s0":"A(2,1)"},
"sOT s opT TS TR (2, 2)
. T e (o e e e ) T 5 g
- R % o S
"s0":"A(2,1)"}}},
- i o 1l b [ )
"s0":"A(1,1)"}}}
X(2)={"op™:"!=","f0":"A(1,1)","s0":"0"};
{7op™: /7 70T o Top” i T=T, TROT 1 TA(2,3) 7,
750" "op™ ™" O™ o Top™ T, RO T AL, 3)7,
"s0™:"A(1,1)"},
"s0":"A(2,1)"}},
"sO™ i {Mop™i =" 0N AL 20"
S0 {Top™ TR THO N 1 Top T LT HOT L TAL 2) T,
"s07 7 A(1,1)"},
"s0":"A(2,1)"}}}
X(1)={"op™:"==","f0":"A(1,1)","s0":"0"};
1ot s T e op s M- O TAC 2, 30" ;
SO opT R, THO s Top T F0T AL 3)
"s0":"A(1,2)"},
"s0":"A(2,2)"}},
meOT e Mop™ e RO A2, 1),
"0 op™ TN 0" H Top™ LT T HOT LA 1)
“s0™ :"A(1;2)°);
"s0":"A(2,2)" 11}
X(2)={"op™:"==","f0":"A(1,1)","s0":"0"};
fopr et T Mo T 7 O TA(L,3)7,
50" "A(1;2)"},
"e0™ o Top™ im0 s  opT ¢ T THD i Top T s T THOT A ) 7
"0 Top™ ™ B0 i Pep T T R0 TA L, 3,
*s0™ " A(1,2)" ),
"s0":"A(2,2)"}1,
"s0~i{op™ " -~ HOT iMAGZ, T) T,
"0 i Top™ T O oY TR0 TAQL L) T
"s0™:TA(1,2) "}
"s0":"A(2,2)" 111,
RS G e 10t 1 B )
"s0":"A(1,2)"}}}

Puc. 1. llpeacrasnenue B opme Q-nerepuunanta anroputMa pemenns CJIAY sroporo nopsnka metomom

Taycca-2Kopnana

10 v KosimuecTBa uTepauuii 2, a pu 3a0aHun KoJudecTBa JuHeiinbix ypasuenuii 20 uck/iwvenmne
BOBHHUKAJIO /1 0HO0i urepanuu. [IpudnHa BOSHUKHOBEHHS HCK/IIOYEHUS COCTOHT B HEXBATKE
OLEpPATUBHOI NaMATH /I Xpanenus u 00paborku (Q-repmos Goubimoii Jiunel. B pabore [13]
OBLIO MPEJLIOAKEHO PelieHne JaHHOH TpodIeMbl, 3aKII09a0Ieecsd B TOM, YTO B porecce (hopvu-
poBanus (J-TepMbl XpaHATCH U 00padaTbiBAIOTCH HE B ONEPATUBHOH MAMSATH, & B NOCTOAHHOI
namsaTu. [lpobiema Obina pemena, HO BpeMs (hOPMHUPOBAHUS MPEJCTABICHUNH AJTOPUTMOB B
dopme Q-j1erepMUHAHTOB BO3POCIO.

Korja 6bL1a joka3zana BO3MOKHOCT CO34aHMs HA OCHOBE KOHIEIIuY (J-1eTepMUHAHTA [1PO-
I'PAMMHBIX CHCTEM ABTOMATH3UPOBAHHOI'O [POEKTHPOBAHMS U MCIOJIHEHHs [IPOrpaMM /s -
deKTUBHOI peaju3anui YUCJICHHBIX aJIIOPUTMOB, CTAI0 HOHATHO, YTO BbIYMUC/ICHU HIPEICTaB-
JIeHHI ajropurmMoB B dopme (J-j1eTepMUHHAHTOB HA 1I€PCOHAJILHOM KOMIIBIOTEDE BbILIOJIHUIN
CBOIO 3a/1a4y, [103TOMY ObLJIO IPUHATO PEIIEHHe UCIIO/Ib30BATHL JIJId ITHX BblYUCJEHUIT cylep-
komubiorep «Topuago FOVpL'Y» [14].

3.2. Qopmuposarue npedcmasieHut ai2opummos 6 gopme QQ-demepmMunarmos ¢ ucnoib-
soeanuem cynepromnviomepa. s dopmupoBanus npeacraBienuit ajaropurMos B dopme Q-
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Tabauua 1
Pesy/bTarhl BHIYHCTHTENLHBIX SKCIEPUMEHTOB JIJIsl AJTOPHTMA
YMHOZKEHHS JIBYX ILJIOTHBIX KBaJPATHBIX MATPHIL

Pazmep marpuig Pasmep prxommoro daiina, Mb
150 209
160 254
170 306
180 364
190 429
200 502

JETePMHHAHTOB C IMOMOLIBIO KJIACTEPHO BRIYHCIHTENLHON cucrembl <« Topuajo FOVpLI'Y» Obl-
J10 pazpaborano HOBoe TporpaMMuoe obecrnedenue [15], ncnonb3yoniee Merosn opmuposanns
[peJACTaB/IeHHN aaropuTMoB B dopme (-1eTepMHHAHTOB, KOTOPBIH [PUMEHSICA B HOJACUCTE-
M€ Juig reHepanni (Q-1eTepMUHAHTOB YUC/IEHHBIX AJITOPUTMOB HPOrPAMMHON (Q-cucreMbl (CM.
pasaen 2). ig opranusanun paciupeie/eHtbX BblYUCACHUH HA KJIACTEPHON BbIUUC/IHTEIbHOI
cucreme paszpaborannoe nporpammuoe obectedenue ucnosinbyer rexuosoruio MPIL ¢ nomonibio
KOTOPO OCYHIECTBISIOTCS PACHPE/IEIeHHe TPOXOI0B 110 DJIOK-CXeMe AJTOPHTMA 110 BBHIYHCIIH-
TEJIbHBIM y3JaM cucrembl. B pesyibrare ucnognzoanus rexunojorun MPI cymecrsenno co-
KPATHI0Ch BpeMs (hopMupOBaHus BBIXOIHOrO hailia, a TaKKe CTAJI0 BOZMOXKHBLIM HOJTYYUTD
[PEeJICTABJICHUS AJITOPUTMOB B (popme (Q-J1eTepMUHAHTOB, KOTOPbLIE OBLIO HEBO3MOMXKHO TOJIY-
YUThb paHee, UCIO/Ib3Yd I10C/Ie10BATENIbHYIO IPOIPAMMY Ha [IePCOHAJILHOM KOMIILIOTEpE.,

[Ipupejem HeKoTOpbIE PE3yJbTATHI, HOJIYYEHHBIE € [MOMOIIbI0 BBIYUC/AUTE/IbHBIX IKCIEPHU-
MEHTOB € HCIOJIL30BAHHEM pa3paboTaHHOro nporpaMmuoro obeciedenus. Pe3yibrarsl BblYmC-
JIMTEJbHBIX HKCIEPUMEHTOB, [OJIydeHHbie npu (hOpMHpOBAHUH Hpeicrasienuit B gopme (-
JIETEPMHUHAHTA a/JIrOPUTMA YMHOKEHHS JIBYX IJIOTHBIX KBAJIPATHBIX MATPHIL, IPUBEIEHBI B TA0.1.
1. B mabn. 2 npejcrasiensl pe3ysibTaThl BHIYHCIHTEILHBIX SKCIEPUMEHTOB, MOKA3BIBAIONINE 3a-
BHCHMOCTH PazMepa BBIXOAHOTO (haiija oT JJIMHB MACCHBA IPH (hOPMUPOBAHUN HIPEJICTABICHMIIT
aJIrOPUTMAa OUCKA MAKCHMAJILHOI'O 3JIEMEHTA B Maccuse duces B popme ()-aerepmunanta. Kpo-
Me TOr'0, ObL/IH IIOJIYYeHbl PE3YJILTATHI BbIYHCIUTE/IbHBIX IKCIEPUMEHTOB, B KOTOPBIX HCIIOJ/Ib30-
BaJIUCH UTEPALMOHHbIE alropuTMbl. B 3ToM ciryaae dhopMmupoBanue upejcraBieHuii aJiropurMon
B popMe (J-1eTepPMHHAHTOB BbINOJIHIETCS HPH (PUKCHPOBAHHBIX 3HAYEHHSX [IAPAMETPOB Pas-
MepHOoCTH U 4ucia urepanuit. Tads. 3 cogepxKuT pe3yibrarsl BBIYHCIUTEILHBIX 9KCIIEPHMEHTOB
JUUTS AJITOPUTMA, peain3yiomero Meroa Axodu, a rabu. 4 juig airopurMa, peaan3yionero MeTos
laycca-3eiiyieist it pemenus cucrem jimneiinpix ypasaennii (CJTAY).

[Tpusesennbie pe3yabraThl MOKA3BIBAIOT, YTO ¢ POCTOM MAPAMETPOB PAZMEPHOCTH W KOJIU-
decrsa urepauuii aitn, cogepzkammii npeacrapienue ajaropurma B popme QQ-aerepMuHAHTA,
MOZKET JIOCTHIATh JOBOJIBLHO OOJIBIIOrO pa3Mepa, 3aTpyIAHSIONEro ero (popMupoBaHue, Xpa-
Henue W uciosib3zosanue. ClielyeT OTMETHTb, 4TO [PEJACTABJICHUS AIropuTMoB B (opme (J-
JIETEPMHUHAHTOB MOI'YT ObIThH 3apatee ¢c(pOpPMUPOBAHBI U COXPAHEHbBI LIS JAJIbHEHIIEr0 HCIOJIb-
30BaHUs, 10ITOMY BpeMs uX (POPMUPOBAHUS HE HMEET TAKOI'O 3HAYEHHUs, KAK pa3Mep cojieprKa-
wux ux daitios. Hecmorps na 1o, ObicTpogeiicrsue nporpaMmMiaoro obeciedenns Ais dhopmu-
poBaHus IpejicTraBjieHuil aaropurMos B popme (Q-AeTepMUHAHTOB ILIAHUPYETCS HOBBICUTH 3a
cYeT UMEIOMIEroCst ¥ Hero moTeHUala Paciapasuie/IuBaHus, 9T0 Oy/aeT cnocodCTBOBATH pelie-
HHIO [IPAKTHYECKH 3HAYMMBIX 3a,/1a4.
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Tabauua 2
PesyapraThl BEIMHCARTENBLHBIX YKCHEPUMEHTOR /ISl AJITOPUTMA TOUCKA
MaKCUMAaJIbHOIO 3JIEMEHTA B MACCHBE YHCE

Jlmuma maccusa Pasmep srixognoro daiira, Mb
24 10784
25 22528
26 46972
27 97779
28 203227
29 421789
30 874250

Tabauya 3
Pesyanrarhl BEMHCINTENLHLIX SKCIEPHMEHTOB I8 aJrOPHTMA,
peauzyiomero meron Axodn mra permenns CJIAY

Pazmep | KommaecTso Pasmep srixoanoro daiina,
MATPHUILL |  WTEepPAITHi MB

3 19 2483
4 13 6093
5 11 17487
6 9 9501
7 3 9674
8 6 801
8 7 5608
9 6 2096
9 7 16772

3.3. HHodxod k coxpawenuro pazmepos Gailioe ¢ npedcmasieHuAMU GAZOPUMMOE 6 dopme (Q-
demepmunarmos. OIUIIeM PelieHus, H03BOJILIOIINE COKPATUTD pa3Mepbl (hailjioB, COAePrKAIINX
LpeACTaB/ICHUs AJITOPUTMOB B (hopme (Q-jerepMuHanToB, (POPMUDPYEMbIE ¢ HOMOLILIO HOACHCTE-
Mbl (Q-cHCTeMbI JIJis reHepanuun (Q-JeTepMUHAHTOB YUCJACHHBIX AJIIOPHTMOB. DTH PelleHusd OC-
HOBaHBI HA OCOOEHHOCTHX CTPYKTYPHI IIPEJICTABIICHII a1ropuTMoB B (hopMe Q-/eTepMUHAHTOB.

B pazzgene 2 nokasamno, 4yro mocie odpabOTKu BCex BerTBeil OJI0K-CXeMbl AJITOPHTMA 114
seex i € C m j € {1,...,0(1)} Gyayr nomydensr naper Beipaxenwii (ufw}), ecom N = @
u (uf(N)wi(N)), ecrn N # @ jna seex yenosubix (Q-repmon f;. Ipu sTom Gesyciosmbre
JIOrHYecKue (J-TepMbl ¢ OQUMHAKOBLIMH 3HAYCHHUAMH j COBLAJAIOT, TAK KAaK OHHU (hopMUPYIOT-
cd u3 ycsosuil OsokoB «Pemienues, copeprzkanpmx BXO/HBIE JIAHHBIC, [IPH OLHOM IIPOXO/E 110
buiok-cxeme. Puc. 1 nogarsepzkiaer aro yreepzxienue. Takum obpaszom, B ciiydae yCJI0BHbLIX
(Q-TepMOB 3HAYMTE/NbLHYIO 4acrTb hai/ia, COAepzAKALIEro LpejicraBieHue ajiropurMa B ¢gopme
(Q-1eTepMUHAHTA, MOLYT 3aHMUMAThL HOBTOpsOMmecs Oe3yciosubie jorudeckue (J-repmbi. Lle-
J1ecoobpa3Ho coKpaTuTh pasmep daitia 3a cuer 0JHOKPATHOIO UCIOJIb30BAHHA OE3YC/I0BHbLIX
JIOTHYECKUX (J-TepMOB.

[Ipeiaraercs Takzke (GOPMUPOBATH, XPAHUTH U UCIIOIb30BATD IPEJICTABICHHS AJIOPUTMOB
B dopme Q-JeTepMUHAHTOB, PA3AECJMB UX COLJIACHO pa3zpaboTaHHOMY CTaHAAPTy HA HEKOTO-
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Tabauya 4
Pesynanrarbl BEMHCIHTENBHBIX SKCIEPUMEHTOR JIjis AJITOPHTMA,
peasuzyiomero mero laycca-3eiinens i pemenuns CJTAY

Pazmep | KommuaecTso Pasmep Brixognoro daiina,
MATPHUILI |  WTEepPAaITHii MB
3 10 3854
4 6 3904
10 2 6554
20 1 25200

poe KOJIMYecTBO 4acTeil, pasMeniaeMbiX B OTACJbHBIX apXUBUPOBaHHBIX (haiinax. Onuimem 3ot
CTaHJapT.

Eciu upencrapienune anroputma B opMme (J-jerepMuHAHTA COAEPKUT Oe3ycioBHbie (-
TEPMBI, TO €r0 CTPOKH JIOJIZKHBI OBITH HOCIEJI0BATE/ILHO PAcpejiesernl 110 (hailjiaM ¢ uMeHa-
Mu k_w, tiie k- nopsiakoseiit Homep daitia. Konuuecrso ¢daitinop Beibupaercs, uexojsd u3
CTpYKTYpbl (Q-jierepmunanTta. B kaxkoit crpoke noc/ie ujaeHTudUKaTOpa BhIXOAHOH 1epeMeH-
HOW ¥ 3HAKA PABEHCTBA CPa3y ciejyer 0e3yC/aoBHbI (J-TepM, TO eCTh MCKJIOYAIOTCH 1podet,
HCIIOJIB3YeMbBIH BMECTO Ge3yCJ0BHOTO JIOTHYECKOro (-TepMa, M TOUKA ¢ 3allsTOoil, pasjieasionas
0e3yCJIOBHBIT JTOrHYecKnil 1 6e3yCJI0BHBIH (J-TepMBbI.

Eciin upejicrasnenue anropurma B hopme (J-J1eTepMUHAHTA COJIEPKUT VCJIOBHBIE ()-TepMBbI,
TO IPEJIATACTCH TPU BAPUAHTA COTVIACHO PA3padOTAHHOMY CTAHJIAPTY: C PA3JIE/JICHUEM 10 JI0-
ruUdeckuM (J-tepMam, ¢ pasjeneHueM Oe3yCJOBHBIX JIOTHYECKUX H De3YCJI0BHBIX (J-T€PMOB, €
pazjiesienneM 1o besyciaoBabiM (Q-tepmam. Creayer BHIOMPATH ONTHUMAJILHBI BAPDUAHT B 3aBU-
CHMOCTH OT CTPYKTYPbl (J-ierepMmunanta. OUuiieM 9TH BAPHAHTLI.

[leppoiit BapuanT upejcrapienud ajropurma B dopMme (Q-gerepMubanTa, COLEPKAIIEIO
VCJIOBHbBIE (Q-T€PMbI, € pa3JIe/IeHHeM 110 JOrHIecKuM (J-Tepmam cocTouT B ciepyiomneM. CTpoku
[peICTaB/eHus ajiropurMa B popme (Q-J1eTepMUHAHTA JIOJZKHBI OBITH pacipejiesnens 1o dhaii-
JaMm ¢ umenaMu k_uw, tie k- nopsakosbiii novep haitia. Kaxbiii uz 3tux daitnos cogepxur
DO OIMHCAHUE OHOTO MOJMHOXKECTBA AP VCJOBHBIX (J-TEPMOB, UMEIOIIUX OJHHAKOBLIE 0e3-
VCJIOBHBIE JIOTHYECKHE (Q-TepMbl, MO0 HECKOJIBLKUX TMOJAMHOZKecTB. Onucanue mojaMHOKeCTBa
[ap yCJOBHBIX (J-T@PMOB COCTOUT B TOM, YTO IEPBas CTPOKA COJCPKUT Oe3YCJIOBHBIN JTOrHYe-
ckuil (Q-TepM, a B KaxkJI0H U3 CJACAVIOUIUX CTPOK HAXOAUTCH HIACHTHU(MUKATOD BBIXOIHON Iepe-
MEeHHOI, 3HaK paBeHcTBa U OesycioBablii (Q-repm. Kosmmuecrso ¢rpox B daiijie 1 KoJm4iecTso
dbaitiioB BEIOMPAIOTCS, UCXO/HA U3 CTPYKTYPBI (Q-/1€TePMUHAHTA.

Bropoit  Bapuanr  upejcrapjienuss  ajropurmMa B Gopme  (J-jeTepMuHAHTA,
COJIEPHKAIIETO VCJIOBHBIC Q-TepMmbl, C pazjesieHnem Oe3YCI0BHBIX JIOTU-
YeCKHX " Oe3YCI0BHBIX ()-repMoB BAKJII0YACTCH B CJIEJIYIOIEM. [Tyern
(Q-1eTEePMUHAHT COCTOUT U3 YCIOBHBIX (J-TepMoB jubbl M. (Q-TepMbl  JIOJIZKHBI  OBITH
pacupejeiens! 110 (aitiam ¢ uMeHaMu

1 ul,2_wl,3 u2,4 w2,5 u3,6_w3,...,(K—1)_ uM,K wM,
e K kosmuectso (aitios. [lapel yeaoBHbIX (J-T€pMOB, HMEIOIIHE [IOPIIKOBLIH HOMED 1M,

OIUCBIBAIOTCS CJISYIONMM 00pa3oM: Ge3yca0BHbI jJorudecknii (Q-repmM cojepxkures B daiiie ¢
umeneMm kK um, rjae k- nopsiakosbiit Homep (aiiina, a 6e3yciioBubie (Q-TepMbl B daitie ¢ uMeHemM
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(k+1) wm, kaxiasg u3 CrpoK KOTOPOrO COAEPXKUT uiaeHTudUKATOD BLIXOAHON nepeMeHHoii,
3HAK PABEHCTBA M OuH 6e3yc/I0BHbI ()-TepM.

Tperuit Bapuanr upejcrapienus ajiropurma B dopme (Q-JerepMUHAHTA, COAEPKALIErO
VCJIOBHBIE (J-TepMbl, 3aK/JI0Yaouiics B pa3ieieHun 110 0e3yC/J0BHBIM (J-TepMaM, OT/JIuvaer-
Cd OT HPEAbLAYIIEr0 MOCTPOYHBIM HOCIEJA0BATEbHBIM PACIIPEIEJICHUEM COAEPAKUMOI0 dhailios
¢ umenamu £ wim no daitiam ¢ uMeHaMu

k_wm,k_wmpl,k_wmp2,k_wmp3,....

Konuuecrso (-repMoB, cojepzkalieecs B Kax/1om Takom aitie, n koudectso dailjiop BbiOU-
paloTCs UCXOs U3 CTPYKTYPbI (J-1eTepMUHAHTA.

[To-Bujgunmomy, MOZKHO HPOBECTH AHAJOIHIO MEXKJIy OMUCAHHBIM TOJAXOI0OM K COKPAIICHHIO
pasmMepoB (ailJioB ¢ NPeJCTABJICHUSIMU AJITOPUTMOB B (hopMe (Q-JIeTePMUHAHTOB U IOJX0JI0M,
UCHOJIB3YIONHM noHsTre Tenzopuoro noesa (Tensor Train) — dopmbl paznoxenus MuHoromep-
HBIX MACCUBOB (TE€H30POB), KOTOpas He CTPAJIAET OT «IPOKJITHS pazmeproctus |16 17|, Vau-
ThIBas 3TO, lIPeJACTaB/IeHre a1ropurmMa B hopme (J-1erepMUHAHTA, HOJIYIEHHOE B COOTBETCTBUH
€ UPEI0KEHHLIM CTAHJIAPTOM, MOZKHO HA3BaTh (J-1erepMuHanTHbIM Hoe31oM ((J-determinant
Train).

Brejpenne onucasHoro 1mojxoja MO3BOJIKIO0 3HAYHTENIBHO COKPATUTH PA3MEP BbIXOIHbLIX
JIAHHBIX [OJICHCTEMbI JIJIsl TeHepanui (J-/1eTePMHHAHTOB YHCICHHBIX aJIrOpUuTMOB. B 3aBucumo-
CTH OT CTPYKTYPbI (J-J1eTepMUHAHTA BeJMYMHA COKpalleHus pasmepa pasuas. JLng nomrsep-
JKJICHHA TOTO ONMIIEM [TPOBEJICHHBIE BbIYUCIUTE/ILHBIE SKCIEPUMEHTHI.

Tak Kak noJIL30BATENH CYNEPKOMITBLIOTEPA HMEIOT OIPDAHUYEHHE HA UCIIOIL30BAHIE JUCKOBO-
I'0 IIPOCTPAHCTBA, ObLIIO HEBO3ZMOXKHO C(hOPMHUPOBATH IIpeJcTaBieHus B hopMme (J-1erepMuHanTa
AJITOPUTMA [IOMCKA MAKCHMAJILHOI'O dj1eMeHTa B Maccuse uuces jiuabl 6osee 30. Mcnonb3osa-
Hue HOBOro hopMara u apxubainuu 110 Mepe hopMHPOBaHus (DailjIoB, COAEPKALNINX BbIXOIHBIE
JIAHHBIE, HO3BOJIHJIO chOPMHPOBATH TaKue HpejacrasieHus. B nannom ciy4ae ()-aerepMUHAHT
AJICOPHTMA COCTOMT U3 OAHOr0 yesoBuoro Q-repma aunbt 24 rine ! giuna maccusa. lapbr
(Q-TepMa TAKOBBI, YTO UX DE3YC/I0BHBIE JIOTHYecKHe (J-TepMbl HE TOBTOPSIOTCH, a 0e3yCJI0BHBIE
(Q-TepMbl TIPEJICTABILIOT U3 ceds ameMenThl MaccuBa. C y4eroMm cTpyKTYpbl (J-1eTepMuHAHTA
ObL1 BbIOpAH HEPBLIl BApUAHT IPEJCTAB/ICHUS AJropuTMa B opme (J-aeTepMUHAHTA, COAEP-
JKAIEro ye/oBHble (Q-TepMbl, ¢ pazje/eHueM 110 JjoradeckuM (-tepmam. C UCIO/Ib30BAHHEM
nosoro ¢dopmara Obriu chopMUpOBaHbl Kak HpejcraBiernus B dopme (Q-jgerepMUHAHTA aIr0-
PUTMA, KOTOPBIE MOT'YT ObITDH IIOJIYY€Hbl B HCXOAHOM (DOpMaTe, Tak U HPEICTABICHU, KOTOPbIE
B MCXOJHOM (hOpMATE TOJYIUTH ObLIO HEBO3MOMXKHO. Pe3yibrarhl 3KCIepUMeHTATBHOIO HCCIe-
MOBAHUHA IIPeJICTABIEHbl B Tab1. b.

B 1esisix paBHOMEpPHOro n yHUBEPCAJIBLHOTO PACIIPEJICJICHHS AP YCI0BHOTO ()-Tepma 110 daii-
JlaM OBLIO NPHHATO pelleHne pa3Meniarh B Kax oM (aiijie Yucio nap, aBisioneecs CTeneHbio
arcsa 2. Torga kommuecTBo dailios Takzxke OyieT YHCIOM, SBJIAIOIMMCSH CTEIEeHbI0 Jucjia 2.
it opranu3amnun napaJuieibHoro popmuposanus daitioB 0610 BHIOPAHO MAKCUMAJILHO 10-
CTYIIHOE II0JIb30BaTeII0 cylepkomibiorepa uuco MPI-tiporeccos, siBiisiolieecs cremnenbo 4uc-
Ja 2, a umenno 256. Tak:ke 1pu BoIOOpe KoJmdecTBa uHdopMaluu B 01HOM daiijie HeoOX0HMO
y4ecTh, UTO CyMMapHbIi pasMep napa/uie/ibHo popMupyeMbix (pailjioB He [0/12KeH [PeBbIIIaTh
JIOCTYIIHOE JUCKOBOE IPOCTPaHcTBO. PaccMoTpum npuMep, KOrja MAacCHB UHCE/ UMEeT JAJIUHY
30. B srom ciyuae unciio uap yeaosuoro Q-repma pasuo 222 = 536870912, ITpu dopmuposanuu
npejcrasienus aaropurma s gopme Q-gerepymunanta Oni10 noayueno 22 = 4096 apxusupo-
panubix daiiaa, Kabil u3 KoTopsix cojgepzxan 217 = 131072 nap yeiaosnoro Q-repmos. Kak-
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Tabauwuya 5

PEByﬂhTH-TLI IKCIIEPHMEHTAIBHOIO UCCIEJ0BaAHNUA aJIlOPHUTMA
MMOHCKa MaKCHMaJILHOT'O 3JIEMEHTa B MaCCHBE YHCEI

Hmna | Ob0beM BRIXOAHBIX TaHHLIX | O0beM BLIXOIHLIX JAHHBIX
Maccupa | B ucxomnnom gopmare, Mb B nosom hopmare, MB

24 10784 102,48

25 22528 213,92

26 46972 445,76

27 97779 927,36

28 203227 1926,40

29 421789 3996,16

30 874250 8279,04

31 17131,52

32 35409,92

33 73113,60

34 150814,70

35 310804,50

Tubruua 6

PES}’HLTH-TLI IKCIIEPUMEHTAIBHOTO UCCIIeJ0BAHUA aJIFOPUTMa, PeaJIU3YIONero
METOL, Axobdn I PeIeHUu A MATUTOYCYHDBIX PDa3HOCTHBIX ypanueum‘/’r

Konnuecrso | OfbeM BLIXOMHBIX TAHHBIX 06beM BBIXOTHBIX JAHHBIX
wrepanuii | B uexoanom dpopmare, MbB B HOBOM hpopmare, MbB
3 687581 4.6
4 2761375 14,9
5 11009442 51,6

Jast U3 nap ObLIa OMUCAHA B BHJIE JIBYX CTPOK: IIEPBas COJEP:KUT 0e3YCI0BHBI Jorundeckuit ()-
TepM, BTOpas UAeHTU(DHKATOD BLIXOIHONH NePpEMEHHOH «maxy», 3HaK PaBeHCTBA U 0e3YCJI0BHbLI
Q-repm. B pesyibrare ucnosib3oBanus HOBOro hopMara U apxXuBaluu 10 Mmepe hopMHPOBAHES
dailios, cogepzKaluxX BLIXOAHbIE JaHHbIE, 00beM BbIXOAHBLIX JaHHbIX cokparuics na 99 %.

B rabu1. 6 upeicrasienbl pe3y/ibTaTbl IKCIEPUMEHTAJILHOIO HCCJICI0BAHU aJAr0OPUTMa, pea-
JU3yomero Mero Akolu /1/is perenns NATHTOYeYHBIX PA3HOCTHBIX YPABHEHUH HA CeTKe pas3-
mepa 100 x 100, npu 3ToM UCHOIB3YETCH MPeJICTABIeHIe AJITOPUTMa B (bopMe (J-JleTepMHHAHTA,
KOTOPOE COJAEPAKUT TOJIHKO MOC/IEIHIONn ureparyio. B arom ciyyae GesyciioBubie jgorndeckue (J-
TEPMBI OJIMHAKOBBI M HMEIOT 3HAYHUTE/IHHBIE PA3MEPLI, a 0e3yC/I0BHbIe (J-TepMbl HeDOILITHE, 110-
91oMy ObL/I IPUMEHEH BTOPOil BapHaHT IpeCTaB/eHus ajropurMa B popme (J-j1erepMuHanTa,
COUEPZKALIEIO YCJIOBHBIE (J-TepMbl, U 110J1y4eHOo JABa dailia, HepBblil U3 KOTOPLIX COAepAKUT Oe3-
yCJIOBHBII Jloruvdeckuil (J-tepMm, a Bropoil see 6e3yciopubie (Q-repmbl. 11o mepe dhopmuposanus
aitibl ObLiM apxuBuposanbl. B pesyibrare 06beM BLIXOAHBIX JaHHLIX cOKparuicsa na 99,99 %.

W3-3a orpannveHnsi HA HCIOJb30BAHUE [UCKOBOI'O IPOCTPAHCTBA LIPEJACTABICHUS AJTOPHT-
MOB B hopme (Q-IeTepMUHAHTA LI JAHHOIO AJr0OPUTMAa, pasMep KOTOPLIX IPEBLIIIACT Orpa-
HUYeHHE, B UCXOHAHOM (bopmare chopMUPOBATH OLLIO HEBO3MOXKHO, HALIPUMED, /s KOJIHYECTBA
ureparnuit 4 u 5. [losromy s Tabs. 6 0GbeMbl BBIXOAHBIX JAHHBIX B HCXOIHOM hopmate st
KoJimuecTBa urepauuii 4 u 5 ouenenbl anaauTHIecKu, s 310ro ObLI HPOBEIEH AHAIU3 CTPY K-
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Tabauua 7
Peayibrarhl BEIMHCAUTENBHBIX IKCTIEPUMEHTOR LI AATOPUTMA YMHOKEHHUS
NBYX IUIOTHBIX KBAPATHBIX MATPHI] C HCTIOIL30BAHUEM TIPEIAraeMOro CTaHIapTa

Pasmep marpun | Pasmep npencrasmenus, ['B Komuuecrso daitnon
3000 143 4800
3500 228 7200
4000 340 8400
4500 485 10800
5000 664 12600
5500 886 15600
6000 1149 18000
6500 1463 21150

TYPBI IPeJICTaBIeHnii ajropurMa B hopme (Q-JeTepMUHAHTA U BBIABICHA 3aBUCHMOCTH 00'beMa
BBIXOJIHBIX JAHHBIX B HCXOJAHOM (DOPMATE OT IAPAMETPOB PA3MEPHOCTH U KOJTHYeCTBA UTEPAIIHIi.
Hemnosropsiemocts 6e3yc/10BHOIO JIOTHIECKOr0 (J-TepMa M apXUBHPOBAHHME BBIXOIHDLIX JIAHHBIX
110 YacTdM [M03BOIWIH ¢HOPMUPOBATDH HPEACTABICHUS AJIrOPUTMOB B popMme (J-j1eTepMuHAHTA
IUisl KoJimdecTsa urepamuii 4 u 5 B nosom opmare.

Takzke ObLIM HPOBEIEHBI BHIMHCJIUTEILHBIC JKCIIEPUMEHTHI, PE3YJILTATHI KOTOPLIX MOIYT
OBITH MCIOJIB30BAHbBI JI/18 PEHICHUs MPAKTHYECKH 3HAYUMBIX 3aJ1a4. DTH 3KCIEPHUMEHThI 3aK.110-
yalTed B (hopMupoBaHuu npejcrapieHunit B opme (J-jgerepMuHAHTA AJATOPHTMA YMHOMXKEHUS
JIBYX IUIOTHBIX KBaJIPATHBIX MATPHUIL ¢ HCHOJIB30BAHUEM CXEMbl CIABAMBAHMA LI PA3THIHBIX
pPa3MEpOB MATPHIL B COOTBETCTBUU C IPEJJIATAEMbIM CTAHJIAPTOM. TAK KaK B JIAHHOM CJIydae
[pe/icTaB/IeHue aropurma B hopMme (J-jierepMHHAHTA COLEPKUT Oe3YCA0BHbIE (J-TepMbl, TO €10
CTPOKH, COLJIACHO pa3paboTaHHOMY CTAHJIAPTY, ObLIHM IOCJIEI0BATE/ILHO PACIPE Ie/eHbl 110 daii-
jgam. Cremayer orMeTuTb, 9T0 cpOPMHPOBATH HOJIYUYEHHBIE MPEICTaB/JIeHHs 0e3 HCI0JIb30BaAHUA
[pe//1araeMoro craujiapra ObL10 Obl HEBO3MOXKHO, HaYuHAA ¢ pa3mepa Marpuil 3500 BKIIO4IH-
Te/JIbHO, U3-3a JIMMUTA JIUCKOBOI'O [POCTPAHCTBA LIPH IIPOBE/IeHIH dKciiepuMmenTos. Hekoropbie
Pe3YJILTATHI SKCIEPUMEHTOB PUBEJIEHBI B Tab/1. 7.

Sakjodenne. [lapamerpsl pazMepHOCTH AJITOPUTMUYECKONR 1TPOOIEMBbI IPH PEIIeHHT 3a-
jlad, HPUMEHsAEeMbIX HA [PAKTHKE, MOIYT HMEeTb OOJIbIIHE 3HAYEHHs, KPOME TOr0, KOJIHYe-
CTBO HTepanuil Ipu peajiu3aliil HTePAlUOHHBIX AJTOPHTMOB MOZKET ObITh 3HAYHTEIbHBIM.
D10 HpuBoAUT K (J-repMaM OO0JIbLION JLIMHBI U K IIPEJICTABJICHUAM aIropuT™Mos B dopme (-
JIeTePMUHAHTOB DOJIbIIKHX pa3MepoB. B srom ciydae (J-1eTepMUHAHTHI Mbl HA3bIBAEM OOJIbIIH-
MH, & BOBHUKAIONHE TPoOaeMbl TpH (hOPMUPOBAHUT H HCIIOJB30BAHUYT TTPEJICTABICHHIT a/1rOPUT-
MOB B hopme (Q-geTepMUHAHTOB TTpodaeMamu BoIbmuX (J-jierepMunanToB. B crarbe onucanbl
podeMbl DOMBIIHUX (Q-JIETePMUHAHTOR, TTPEJJIOKEHBI UX PEIIeHUs U HPUBEJICHBI SKCIePUMEH-
TAJTbHbIE UCCIETOBAHUS, TOITBEPZAKJIAIONNE TPABUILHOCTD ITUX DEIIeHHI.

Wecnoib30Batue npeiioKeHHblX PeIIeHuil Ae/1aeT BO3MOKHON peaiu3aiuio MpakTHIecKuX
3a/1a4 C IIOMOIIbID CHCTEM aBTOMATH3UPOBAHHOIO IIPOCKTHUPOBAHUS W HCIIOJIHEHUS IIPOI'DAMM
it ek THBHON peasu3alud YUCJIeHHbIX a1ropuTMoB, (OJHO W3 HANpaBJICHUN Ja/IbHEeHIInX
UCcc/ieI0BaHuil, OCHOBAHHBIX HA KOHIENIWH (Q-JeTepMuHanTa, OyIeT 3aK/JII04YaThCd B HCC/Ie-
JIOBAHHH 3TOH BO3MOKHOCTH. Tak:Ke I[OJIVUEHHbIE PE3yJIbTaTbl MOYKHO HCIO/Ib30BATL LI
HOBBILIEHUS] TOYHOCTH BbIYUC/JICHUI PECypcoB Hapa/Lieu3Ma airopuTMOB € [HOMOLIbIO 1IPO-
rpaMMHOR (Q-cucrembl. Kpome 10ro, MOIyT BO3HMKATL U JPYIHE HALPABJCHU HUCCJEI0BAHMIT,
UCIOJIBL3YIONUE PEIIeHHs, PACCMOTDEHHBIC B JIAHHOM cTaThe.
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Computational models (CM) is a formalism for representing knowledge about computing in problem
domains. A CM defines a set of domain quantities (variables) and a set of operations that functionally
connect the quantities. The choice of subsets V (known variables) and W (desired variables) determines
the formulation of the problem on the CM, and the partial order of operations that allows one to
“compute” W by V is called a (V, W)-plan. With appropriate computer implementation of variables
and operations, automated problem solving based on CMs becomes possible. Building a CM — as a
theory of the problem domain — is a complex task that requires significant skills and experience.

It is convenient to represent a CM as a bipartite graph with vertices of two types: variables and
operations. Some operations produce variable values as results that will be input for other operations.

There are several software systems for designing and using CMs (LuNA, HPC Community Cloud,
CoCoViLa, Orlando Tools, etc.) These systems have different interfaces and the user experience varies
significantly depending on the system. For example, in the HPC Community Cloud, a user can place
elements corresponding to values and operations on a canvas in the web interface and link them with
arrows. In the LuNA system, the user writes a program in the language of the same name, similar to
functional languages.

When using such systems, the user can make a number of mistakes, both when developing a CM
and when setting problems. As a result, the solutions to the problem may either not exist at all, or
they may differ significantly depending on the choice of the (V, W)-plan.

The following are several types of situations that should be taken into account.

1) The CM-graph has several connectivity components. If the graph is large enough (several dozen
or more vertices with many arcs), then this situation may be difficult to detect visually. The existence
of several connectivity components may indicate that the modeled subject area should be divided into
several independent areas and investigated separately.

2) The inability to calculate any variables from others. In many fields of physics, mathematics,
and other sciences, all values are interconnected by formulas, and it is always possible to calculate any
value through others. In this case, the presence of a variable that is not the result of any operation is
an error in CM-development. Although there may be subject areas in which some variables are always
only input and are not calculated through others.

This work was carried out under state contract with ICMMG SB RAS FWNM-2025-0005.
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3) A number of possible (V, W)-plans for solving the problem. This situation may be normal, since
often the same problem can be solved using different methods, but it may also indicate unnecessary
connections that were mistakenly entered into the CM.

4) The computational model design system chooses an inefficient (V, W)-plan according to some
criterion. For example, it was not taken into account that the computing system on which the task will
be run has graphics accelerators; an inefficient method for solving a problem was chosen (for example,
the Kramer method was chosen instead of an iterative method for solving a system of linear equations),
etc.

5) When designing the CM, the limitations of the problem domain were not taken into account (for
example, that a certain value cannot be negative, that the values are dependent on each other, etc.)

Therefore, it is necessary to develop a CM debugging system that performs a number of checks on
the CM in an automated mode and is capable of analyzing the (V, W)-problems. This paper is devoted
to the description of such a system.

The system under development receives a CM in the form of a JSON file with a description in a
specific format (this format is described in the paper). At the moment, the user is downloading it from
the file system. In the future, imports will be implemented directly from CM design systems. To do
this, it is necessary to develop a parser for the internal CM representation of each of these systems.
After import, the CM graph is displayed in the system's web interface. The user has the opportunity
to set a (V, W)-problem by selecting the vertices of the sets V and W. In this case, all existing (V, W)-
plans for this problem will be displayed on the screen. If there are no solutions to the problem in this
CM, then this will be notified to the user. The system also detects the presence of several connectivity
components of the CM graph.

Key words: computational model, high performance computing systems, bipartite graph,
automated debugging, visualization.
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Borancanrensusie mogenn (BM) - dbopmanusy s npepcrasienus 3Hanuii O BLIMHCJIEHUIX B TPET-
MeTHBIX obacTax. BM onpegenser MHOKECTBO MEPEMEHHBIX, COOTBETCTEBYIONIHX BEJTHIHHAM [TPE]]-
MEeTHOI 06/IACTH, W MHOYKECTBO OTEpAIHi, BHIPDAXKAIOMNX (DYHKITHOHAILHBIE CBI3H MEXK/TY BEJTHTH-
mamu. Beibop mogmmoxkects V' m3BecTHnix Benndud — 0 W HCKOMBIX BEIMYHH — ONPEIETIACT
mocranoBKy 3amatn na BM, a momMmoxkecTBo omepaiimii M MepeMeNHbIX, CBA3ZAHHLIX OTHOIICHHEM
YACTUYHOTO MOpSAKa, 3amatomee cxemy pohiancaenns W no V, maswisaerca (V, W)-mmamom. Ilpu
COOTBETCTBYIOMEH KOMITLIOTEPHON PEATN3AIIE BEJUIHH | ONEPAnuii 06eceunBaeTcs BO3MOKHOCTE
ABTOMATH3WpOBaHHOTO permenns 3aad na ocaose BM. Tloctpoerne BM - cnoxxmas 3amgawga, Tpe-
Oyomad 3HAMHTENLHBIX HABLIKOB M OMBITA.

Bosmozkno gonyerurs psag ommbok, kak npu pazpaborke BM, Tak u nmpn mocTanoOBKe 337141, BCIET-
CTBHUE Yero pereHuii y 3a/aqau Moxker jaufo mne 6p1Th BooOIe, Ibo OHM MOTYT CYIIECTBEHHO OTJIH-
YATECA B 3aBucuMocTH 0T Boibopa (V, W )-mrama. Caeposarensio, Heodxommma paspaboTKa CHCTEMBI
ortnanku BM, nposomameit pan nmposepox mag BM B aBroMaTH3HpPOBAHHOM pPEXKHME H CIOCODHOL
BHITTOJIHATE anaans nocrasiaeHunix (V, W)-zagau., Hacroamas ¢raThd DOCBAIIEHA OMACAHAK) TAKOM
CHCTEMBL.

Kirrouesbie c10Ba: BLIYHCAUTEILHAS MOEb, BHICOKOTIPOU3BOIUTEALHBIE BLIYHCIHTEILHBIE CH-
CTeMBl, IBYIOALHBIN Tpad, ABTOMATH3UPOBAHHAL OTIAIKA, BU3YATIN3AIINI.

Beegenune. B pavkax 3710ii paGorsl OyJAyT pACCMATPUBATBLCA NPOCTHIE BBIMHCTHTEILHBIC
mogesn (ITBM). Cornacno onpegenennio, gannomy B 1], [IBM — sro mapa M = (X, F), vje:
X ={x,y,z,...}  KOHEYHOE MHOKECTBO IE€PEMEHHBIX s IPEJICTABICHAS BbIMUCIACMBIX U
u3MepgeMbx Benaun; F = {a,b,c,...}  KoHeuHOE MHOXKECTBO (DYHKIMOHAILHBIX CHMBOJIOB
oneparmii apaocta m X n, m >=0; m 1 N MOryT GbITh PA3IHIHBI I PA3HBIX ONEPAITHOHHBIX
CUMBOJIOB. DTH CHMBOJIBI CJIYZKAT Jijisl BbIpazKeHns (DYHKIMOHAIBHBIX 3aBUCHMOCTEH MEZK LY
BEJIMYHHAMY LPEJAMETHON 00/1aCIH; ¢ KAzK/AbIM CUMBO/IOM OLEPALMU ¢ APHOCTH M X 1 CBA3aH
uabop in(a) = (x1,...,Ty) BXOaubIX U HAbOP out(a) = (Y1,...,Yn) BHIXOJHDIX LEPEMEHHDIX,
IpU 3TOM ¢ # | => ; # Y, T # X;5.

Wccnenopanus BbINOMHEHBI B paMKax rocydapcereensoro 3aganus UBMuMID CO PAH FWNM-2025-0005.

A 1O. Bnacenko, M. A. lopoanuues, M. A. Kypbaros, 2026
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Puc.1. IIBM «rpeyrojibHuK»

[IBM ynobHO npejicraBitarb B BHJIE JABYJI0ABHOTO Ipada nepeMennsix u onepanuid. [Ipumep
Takoro rpada Jisd IpeJMeTHON 00JIaCTH «TPeYroJibHUK» n300pasken Ha puc. 1.

Ha puc. 1 kpyramu obo3HAYMEHBI CUMBOJIbI IEPEMEHHBIX, a4 KBAJIPATAMH — CHMBOJIBI Ollepa-
i, =, 1, 2 CTOPOHBI TPEYTOJBHHUKA; p  HEpUMeTP; S Iwiomab; alpha, beta, gamma
yuibl; h_z, h_y, h 2z  BBICOTBHI, OLIYUICHHBIC HA COOTBETCTBYIONME cropoubl. Ouepanuu d_ 1
u d_2 Boruucigior bz u h_z coorsercrsenno. [ I, f 2 u g BbIYMCHLIOT S. ¢ ¥ b BBIMHC/I-
101 beta u p coorsercreenno. Jlannas Mo/eiib, €CTECTBEHHO, OXBATLIBACT HE BCIO LPEJAMETHYIO
obJ1acTb ¥ HPUBEAEHA JLid JeMoHcTpanun. Tak, B MOJAE/IH, HALPUMED, OTCYTCTBYIOT ME/IHAHBI
1 OUCCEKTPUCH TPEYIOJbHUKA.

HeobxoiuMo TakzkKe BBECTH IOHATHE TEPMa, KOTOPOE TECHO CBA3AHO € BBIYUCIUTEIbHLIME
mogesiamu. Tepm — MaremaTnueckast abcTpakiius, onpejessieMas 0 HHAyKiun |2

1) Tepmamu jmunbl 1 HA3BIBAIOTCS OJHOCUMBOJILHBIE CJIOBA U3 MHOZKECTBA [EPEMEHHbBIX.

2) Hasee, uycrs jyis HekoToporo k>1 tepmbl jiMHbl MeHbLIe k yzke ounpejeinenni. Torua
cj0BO ¢ Juiuabl k HA3BIBAETCH TEPMOM, ecju ono umeer Bui f(t1,t2,...,tn), vae t1, t2, ..., tn
TePMBbI JUIHHLL MeHbIedi uem k, f - n-apubiil GpyHKIuHoOHaIbHBIA CUMBOJI (7 BXOJHBIX [IEPeMeH-
HBIX).

[Ipumenurenbuo K npupegennoii puime [IBM repmavu sisisiiores, manpumep, ¢(z, y, z);
[ 1(d_1(beta) ); f 2( d_2( a(alpha, gamma) ) ). MoxKHO 3aMeTHTE, 4TO TE€PM ONpPEJEIdeT
HEKOTOPBIH AJIrOPUTM  3aJlaeT YaCTUYHbIA MOPHAI0K IPUMEHEeHUs ONepalui.

s npaktugeckoro ucnosb3osanus [IBM rpebyercs peain3oBarh 1pecTaB/ieHIE €€ B KOM-
ubtorepe [3]. Onepanun u BeJMUUHDLL J0JZKHBI HMETH IPOIPAMMHYI0 peasu3anuio. Hanpumep,
olepalud MOIyT ObITh Peajiu30BaHbl MPOIPAMMHBIMU MOJYJISIME, BeJIMYUHDI [1PEJICTABICHBI B
nepemennbix win daitiax. loizkna 6uTh obecuedena BO3MOKHOCTb OPIraHU30BaAThL BLI3OB [IPO-
IPpaMMHOI pea/iu3amnuy OlePAIUH, 10aB Ha BX0/1 OlePALMY 3HAYCHHUS BXOIHBIX BEJIUYUH, YTOODI
BBIYUC/IUTH 3HAYCHUS BbIXOIHBLIX.

Ha [IBM mozxuo crasurh 3asauu (rak sassisaemsie (V,W)-3adauu) B caeayoweii dopme:
JIAHO [OJMHOYKECTBO BepiiuH V, 3HAaYeHHs KayKI0il U3 KOTOpHIX H3BecTHB. Heobxoaumo Haii-
TH 3HAYEeHHd BCeX Bepiiud Apyroro noamuoxkecrsa W. Menosib3ys onepanuu u3 F, Bxoanbivu
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napaMerpaMi Jijis KOTOPbIX SAB/ISIOTCHA [IepeMeHHble U3 V, MOXKHO BBIYHC/HTHL JIPYTHE Iepe-
MEHHBIE, [I0C/IE Yero NPUMEHHTh CJIeAVIOUIYIO FPYIIY OHepaluil U eme PacuiupUuTb MHOKECTBO
BBIYKMC/ICHHBIX IIEPEMEHHBIX. DTOT MPOLECC MOXKHO HPOJOJZKATD A0 TEeX IOP, [OKA CPeIH Bbl-
YHCJICHHBIX [EPEMEHHBIX HEe OKAyKyTCd BCe 3jeMeHThl noamuozkecrsa W. OaHako MOKeT Tak
OKAa3arbCs, 4TO [a/JeKO He BCE onepamuu JeficTBUTe/NIbHO ObLI0 HEeODXOAMMO HPHMEHHATb U He
BCE IOJIyYEHHBIE PEe3yJIbTaThl HYKHBI /s PelleHusd 3a1a4u. B 10 ke BpeMsi BbIYHCJIUTE/IbHBIE
pPecypChbl Ha MOJIYyYeHUE JAHHBIX PE3V/JAbTATOB ObLIN 3aTpPadueHbl.

B cBsi3u ¢ 31MM 11pH pelieHuy 0JI00HBIX 3a/a4 TPedyercs coCTaBIeHue TakK HA3bIBAEMOIO
(V, W)-naana sorauciienuii, npeacraBigiomero coboii 4acTuuno-ynops 0 4eHHOE M0AMHOZKECTBO
oneparui 1 BBIMUCIACMBIX MepeMennbix. [Ipumvenenne onepanuii B 3ajlannoM Hopsijike obectie-
YUBaeT BblUMC/ICHUE 3HAYCHUS BeexX nepementbiX u3 W npu 3ajanunix 3uadenusx V. pu srom
B (V,W)-1w1an He 10/12KHO BKJIIOYATHCs BbLIIOJIHEHUE <JIHIIHMX» Onepanuil, ne rpedyionmxcs
LI HAXOKJIeHUs 3HavYeHuil aemenTos Muozkecrsa W. Jdauubiil mian 1o cytu ceoeii 3aj1aer aJi-
FOPUTM PELIeHHs 3a/1a94 B TEPMUHAX OllePaLuii, U TAKUX ILIAHOB JIJIsL OHOM U TOI 2Ke 3a/1a41 Ha
[IBM mozker 6oirh muozxkectso. Caepyer ormerurns, 4ro (V, W)-wian ya06H0 3a1asars repMom,
OIIPEJICJISIONIMM TIOPSI0K ONepanuii, I1e TepMaMu JJIUHbL 1 SBJIAIOTCS BXOJHbIE HEPEMEHHbIE,
OHaKO 3TO CIpaBeLInBO TOJILKO Juid Tex BM, rie kazias ounepanus uMeer eJIHHCTBEHHYIO
BBIXOJIHYIO BEJIMYHUHY, JTUO0 MHOZKECTBO BBIXOJIHBIX BEJIMYHUH MPEJICTABHMO B BHJIE BEKTOPA, KO-
TOPLII HOCTYIAET HA BXO/ CJEAVIOUICH Olepalud HeJTHKOM.

Cy1iecTByIOT CHCTeMbI OINHCAHUS BHIYUCIUTE/IbHBIX MOJIEIeH, KOTOPBIE MOI'YT BBILJIAIETH CO-
sepuenno pasaudaubim obpasom. Hanpumep, HPC Community Cloud (HPC2C) [4]  cucrema
VIPAB/ICHUS BLIYHC/ICHHUSIMU HA PACIIPEIE/ICHHBIX BRICOKOIIPOU3BOAUTEIbHBIX BbIUHCINTE/IhHBIX
pecypcax — HpeJocTaBiier BO3IMOKHOCTH B weh-unrepdeiice pazmeniars Ha X0JCTe CUMBOJIbI
ouepanuii U NepeMeHHbIX, COejuHsdd uxX cBa3amu, a cucrema LuNA [5] comepzxur rekcrosbiii
sI3bIK OIUCAHKMS BbIYHC/INTE/IbHbIX MOJe e, cX0Kuil ¢ pyHKIHOHAIbHBIMU s3biKamu. Cucrema
CoCoViLa |6] npesiaraer Gorarsie BA3yajibHbIE H TEKCTOBBIE CPEJACTBA JIJId OMUCAHUS CJIOKHBIX
CXeM U JIETAJIBLHOTO ONHMCAHUS CTPYKTYPUPOBAHHBIX KOMIOHEHTOB. [Iporpammunbiii komiuiekc
Orlando Tools ucnosib3yer a3vik BPEL Jy1a nupencrasienuns BM ¢ nesibio coszjianus paciipe/ie-
JIEHHBIX HAYYHBIX HPUJIOKEHUIl B reTeporeHHoll BuuuC/ e/ 6ot cpeae |7).

Cyiecrsennoit npodsiemMoil npu ONHCAHUM CJAOXKHBIX HPEIMETHBIX 00JIacTell ¢ [MOMOIILBLIO
[IBM u nocienyomeM UX HCIOJIL30BAHUH JIJIsl PEIIeHHUs 3a/1a4 SBJIAETCHd BO3MOMXKHOCTD [10-
LYCTUTH MHOZKECTBO CeMAaHTHYCCKHX OMMBOK win no/1yuth nedddexTusubii (0THOCHTEILHO
MHTEPEeCYIOUHX nosib3osares nedyuknuonaibupix Tpebosanuit) (V, W)-wian. [Ipumepamu vo-
VT CIVZKHTD BKJIIOUYEHHE B MOJIE/Ib HEKOPPEKTHBIX MO/Y./Ieil B Ka4ecTBe pea/iu3alui olepaluii
(BbrunCIAIONMX HEe TY DY HKIMIO, KOTOPAs IPEIIOJIArajach paspaboTauKOM MOJIE/IH), YCTAHOB-
K& HEKOPPEKTHbIX cBa3eli (ommbka B cocrasienun HabOPOB i1 u oul i onepanuii), HOCTAHOBKA
uepaspemumoit na gannoii [IBM (V, W)-3auauu, nocrpoenue HEOUTHMAIBHOIO 110 HEKOTOPOMY
kpureputo (V, W)-mwnana u ap. Ecau [IBM nacuurbiBaer jgecatku wid COTHH JIEMEHTOB (1epe-
MEHHBIX U ouepauuii), To Jyig 0bHAPYKEeHUs TaKuX OmnbOK “BPyUHYI0” MOKET HOTPEHOBATLCs
oueHb JjinTe/bHoe BpeMs. COOTBeTCTBEHHO, aKTYaJ bHOIN 3a1a4eil sapjgercd pa3padorka a/ro-
PUTMOB ODHADYZKEHUs OIMUOOK U IIPOrPAMMHON CUCTEMbI, PEATU3YIOIE 3TH aJIrOPUTMBI,

B ¢Bsi3u ¢ 9rum ObLia nocrapieHa 3aja4da pa3zpaboOTKH CUCTEMbl OTJIAJIKH ¢ BO3MOXKHOCTbHIO
uvmnopra [IBM u (V, W)-3aja9 13 pasju9ubXx CHCTEM W IOCIEYIONEr0 X aHAIH3a C HeJbI0
BBIABICHUS ONTNOOK.

Crour OTMeTuTh, 4T0 HEKOTOPbIE cucTeMbl Koncrpyuposanusd BM obiiajiaior cobersennbiMu
cpejcTBaMu OTaaAku. Tak, Hanpumep, i cucreMbl LuNA Bejinch pa3zpaboTku HHCTPYMEHTOB
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craruueckoro anasusa (8], ananusa no rpacce [9], a B Hacroguee BpemMs MOIJIEPAKUBACTCH LPO-
rpammubtit komiieke ADAPT [10], komBunupyomuii Heckoibko 104x0408. Onnako nogobubie
UHCTPYMEHTDBI CLHOCOOHBI OIPEeAE/dTh OUUOKH, CBOHCTBEHHBIC KOHKDPETHON CHCTEME HJIH TeX-
HOJIOIMKH ¥ HE LpejiHa3HadeHbl /i obHapyzKeHus OmubOK, XapaKTepPHbLIX BbIYUC/IHTE/IbHBIM
MOLEJHM B 0DLLeM.

1. Cucrema rpacoBoro mnpeacraBiieHus IIPOCThIX BbIYMCIANTEIbHBIX Mo/eseii. B
paMKax paspadarbiBaemoil cucremMbl HEODX0AUMO ObLIO peluTh Boupoc xpanenus IIBM B neko-
ropom opmare. [IBM upeacrasuma B Buie asyao/ibaoro rpada. Takum obpazom, s ero
KOMIILIOTEPHOT'O HPEACTABJICHHA MOXKHO HCIIOJIB30BATH TAKHE CTPYKTYpHbIE A3blKH, Kak JSON
wim XML. 3a ocuosy B3ar ¢dpopmar [IBM 8 HPC2C [11]. Ha 6aze gannoro gopmara 6bL1 co-
34aH yUPOLEeHHbH vauduiuposatubiii (hopMar, KOTOpbIi HMEET TY Ke CTPYKTYDPY U YIPOLIEH-
ubiii nabop unoueil: wuenrudukarop (id), nazsanue (title) u run (node type) — uepemennas
(variable) wiu onepauums (operation) st cuncka yzia0s (nodes) n miaenruduxaropsl Hadana
(source) u konua (target) aus ayr rpada (edges). Takum 06pasom, cucrema OTIAJAKH XPAHUT
rpad Kak CuMCcOK BEpPIIUMH U CIHUCOK pedep.

Jucmunz 1. Ilpumep rpada B yuuduiuposannom dopmare.

{
"nodes": [
{
gy 9,
"node_type": "VARIABLE",
"title": "VARIABLE 2",
},
{
"idq": 1,
"node_type": "OPERATION",
"title": "OPERATION 0",
Y
{
"idhy 2,
"node_type": "VARIABLE",
"title": "VARIABLE 2",
}
1,
"edges": [
{ "source": 0, "target": 1 },
{ “gource": 1, “tarpet": 2.}
]
}

Vuubdunuposanusiii dopmar yuaoben g xpanenus [IBM u nocrpoenus: Busyajiusanuii.
Takzke nopxoaut st pemenus 3agauu umnopra [IBM u3 pasnuunbix cucrem (noapobuee 06
srom gajee). Ho s 3agaum noucka neobxoaumot uuadopmanuu B rpade B nesisax aHaiusa
MOJIeJIH JIaHHBIH (hopMaT oKazbiBaeTcs HenoAxoaqmmM. Hanpumep, juis moucka Beex BXOJHBIX
[IEPEMEHHBIX, HYZKHBIX /11 paborsl onpegeennoit onepanuu, B JSON-daitie neobxomumo ie-
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Tabauuya 1

Croxmoctn omeparuii st TpadhOBBIX CTPYKTYD JAHHBIX
TTomcxk  Bep- _
ITowck  mep- —_— Wi IIposepka cy- | 3arparsr 10
CrpykTypa muH, Kotopeie | [lepeuncie- KOTO’ i MECTBOBAHKAS | TTAMSTH HA
JIAHHBIX 3ABMCAT  OT | HHE BCEX JIyT ! JIVIH MEXKJIy U | XpPAHEHWE
TeKyIIeit SABHCHT TERY™ |y CTPYKTYPBI
IKYIIIE i S TPYKT!
ITepeunce-
O(|F O(|E O(|E o(|F O(|E
Hlepencre: | 1) (1B (1E) (1E) (Bl + V)
Marpuma
e o(|V|? S} o1 o(|V|?
Mampma g ) (VP) (V) 1) (V)
Marpumna wn-
oO(|F (C] E O(|E o(|F C] E
e o | ©(1E]) (VI E) | e(E) (1E) (V] x |E)
Hepeuens ayr | O(|£]) O(|E]) o(|El) o(|E]) o(|E]))
O(min( deg(u),
Bexrop,/ mac- deg(v))), ecom
cus/  cuncok | O(deg(v)) O(|E|) O(|E|) cnncox sepmun | O(|V| + |E)|)
CMEXKHOCTH HE OTCOPTHPO-
RaH
O(min( deg(u),
deg(v))), ecnn
CrpyvkTypa ¢ 9 :
T O(deg(: “ITHC >
A (deg(v)) O(|E|) O(|E|) cincok sepmun | O(|V| + |E)|)
He OTCOPTHPO-
RaH
Crmcox  Bep-
muH 1 coucok | O(|El) O(|E|) O(|E|) O(|E|) o(|V]+ |E|)

AyT

pebupars see jayru (edges), nocie yero no wiaenTudUKaTOPaAM UCKATH HYKHYIO HHMDOPMALHIO

B y31ax (nodes).

b

B nensgx obecriedenus BO3MOKHOCTH SIKOHOMUYIHOTO roucka u anaiusa [IBM 61 nposejen
0630p CTPYKTYD JAHHBIX, CJAVZKANMX Jjuid npeacrasienud rpados (rabauna 1). B rabuaune
HNPUBEIEHBI CJIOKHOCTH oneparuii, Tpedyionuxes s ananusa [IBM.

B Tabaune 1 ynorpebsienst ciaeayionme 0003HaMeHIS:

1)@
2) V]
3) |E]
4) deg(u)

KOJIH4IecTBO AV,
110JIHas cTelleHb BePIIMHbL 1.

onepaTop, 03HAYAIONINI, YTO KOJIUYeCTBO Olepaluii NpOnopIHuoHaIbHO apryMeHTy |
KOJINYECTBO BEPIIHH;

[Tpu nomown «Maccusa emezknocru» (puc. 2) MOKHO JAOCTATOUHO OBICTPO HAXOAUTH MYTH
MEzK/1ly BepLIMHAME, U OHA HE 3AHUMAET MHOI'O MECTA B IAMHATH, B CBA3U ¢ Y4€M ObLIO HPUHATO
peleHne UCIO/IL30BATD JIAHHYIO CTPYKTYPY B Hesax gajbueiinieit oriaaku [IBM. B repmunax
[IBM sra crpykrypa BbINIssAnT ciaeayiomumM obpazoM. Bee Bepinibl onepanuii 00beuHeHbl B

MaCCHB, H KarxKiad UMeEeT CCbLIKY Ha CIIMCOK BEPIIWH llepeMeHHbIX

MHOXKECTBO BXOAALIUX B

9TY orepanuio Jayr. JJonojnure1bHo, Kazkjias olnepalns UMeeT CChLIKY Ha BePITUHY MepeMeHHOil

(H.JII/I CCbLJIKH Ha HeCKOJIbKO ]ij]_L[lflll)j KOTOpasd fABJifdercd pe3y/ibTraToM ,ua.uuoﬁ oliepalnuu.
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BM MaccuB cMEXHOCTU

HEIE
I OII0)

<]

o1 02

74

s

Puc. 2. Maccus cMexxnocTH

PaspabarbiBaemasi cucremMa OTIaJKH HE XPAHHT MACCUB CMEXKHOCTH B (baiiioBoil cucreme.
On cozpaercs nocie umnopra [1BM nepen nposejennem npoBepok. HHGOPMAIHA O KOTOPLIX
U3JI0KeHa, Jlajee.

2. Obnapy2keHune omubOOK U BBINIOJHEHUE NpoBepok. [lonb3oBarens cam KOHCTDY-
UPYeT BBIYUCIUTENILHBIE MOJENN, UCXOJd U3 3HaHuii o upejamernoii obiaacru. [pu cozpanun
BM u (V, W)-w1anos MOryT BOSHHKATH PA3HOIO POJAA OLIMOKH, KOTOPBIE MOIYT HPHBOJUTD K
HEKOPPEKTHLIM BbIUUCICHUAM (PE3Y/IbTATbl HE COOTBETCTBYIOT OKHAAeMOM (DyHKIMOHAIBHOI
3aBUCHMOCTH B MOJE/JIUPYEMOI 1peMeTHOl 061acTu) Wik ONTUMH3AIKOHHBIM 1pobaevam. [la-
JIEE PACCMOTPEHbI CUTYALME, HOTEHIHAILHO CBHICTEILCTBYIONHE 0 HAJIUYNH TAKUX OLIHOOK,

Bo-nepsbix, crour obparurh BHUMAHUE HA KOJmuecTBO KoMuounent casunocru (KC) B rpa-
e BM. Ecin ux weckonbko (6osiee ojHOM), TO HYKHO HOCTABUTH BOIMPOC 00 a/1€KBATHOCTH
COCTABJICHHON MOJE/IH NpeJaMeTHol 001acTi 1 0 pa3sdUeHnn OJHONH MOJIeIN HA HeCKOJIbLKO He3a-
BHCUMBIX. DTO JAeT HPEMMYLIECTBO B HPOU3BOAMTEALHOCTH 1OCIeayiomero anaausa BM 3a
cuer paszduenud 60JibIOro rpada Ha HeckoJALKO Oosee Menkux. OQHAKO JAHHLIN HEI04Yer He
LHPUBOJUT K OUOKAM BblYHCJICHUH, a CKOpee dB/IeTcd ILI0X0H IPaKTHKOM.

Jlajiee BazKHO POAHAJIM3HPOBATH BO3MOZKHBIE BAPHAHTHI BbIYHCICHUI IEPEMEHHBIX MHOZKE-
crBa W no nepemennsim uz V. Eciin npu KOHCTPYHPOBAHUT HENPABUILHO MPOCTABHTH CBA3M
MEKJIy BePITHHAMEI WK 3a0bITh J00ABUTH HYKHBIE ONEPAIMH, CBA3ATH JIUITHIE ePeMEHHBIe ¢
ONEepanugMi U T.JI., TO ITO BHOJIHE MOKET HPUBECTH K OTCYTCTBHIO BO3ZMOMKHOCTH BHIMUCIUTH
Kakyo-mbo nepemennyio uz W. Ha uexognoii zxe [IBM (6ezornocurensio nocrasiennsix (V)
W)-3a1au) MOzKHO 1poBepATh TOT BaKT, Y0 JIOOYIO HEPEMEHHYIO MOZKHO BHIYHCIUTH XOTs Obl
oauum crocobom. Ilporusnoe Mozxker u He gBIATLCA OWKMOKOI, ecau, naupumep, B IIBM cye-
CTBYIOT LEPEMEHHbIE, KOTOPBIE BCEIJa JIOJZKHbI ObITh TOJILKO BXOAHBIMU. (JHAKO BO MHOI'MX
ob/lacTdx MaTeMarukd U (PU3HKH BCE BEJIMUMHLI, KOTOPLIE HMEET CMbICJI 3a/10:KkuTh B [IBM npu
MO/EJUPOBAHUU, CBA3aHbI MKy coD0l opMy/iamMu, HCHOJIbL3Yd KOTOPbIE, MOXKHO BbiPa3UTh
JIIOOVIO LIEPeMEeHHYI0 Yepes3 JApyrue.

Hacro Berpedalorcs CHTYALMKH, KOIJA OJHY U TY zKe nepeMeHuyo w3z W MOKHO Bbluuc-
JINTH 10 nepeMeHubiM 3 V' HeckoJbKuME pa3ibiMu ciocobamu. Hanpumep, cucremy JinmHeRHbIX
ypaBHeHUH MOXKHO pemiars MerojoMm [aycca, Kpamepa uiun urepainoHHbBIM METOAOM, U BCE 9TH
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mosy.u pemenus CJIAY moryT upucyrersosars B [IBM oxnospemenno. CoorBercTBeHHO, 1151
ounoii u roii e (V, W)-3a1aun B rakom ciiydae MOXKHO H0CTpouTh Heckobko (V, W)-mwianos.
DTa MHOXKECTBEHHOCTD BbIYUC/IEHUI j1onycKaeTcs npu Koucrpyvuposanuu [IBM u ne sapisierca
oundKoit. OHAKO ec/iu IPU Peain3aluu Olepauii J0IyeHbl OIUOKU, TO Pe3YJILTAT PeleHus
3a/a4u Oy/1eT 3aBUCeTb OT BLIOPAHHOIO ILIAHA. JTO MOYKET 00bACHATHCS, HAPUMED, OlmubKa-
MU OKPYIVICHHS U C UPUKJIAAHON TOUKK 3PEHUs] ObITH [PUEM/IEMbIM, & MOZKET ObITh CJIeACTBUEM
LHPUHIUIKHAIBHBIX 01nboK. Takue curyauun Tak:kKe HeoOXOMMMO BLIABIATL, a /I OLPE/1e/1e-
HUsl HPUKJIAIHONR SKBUBAJICHTHOCTH PE3YJILTATOB JA0JIZKHA OLITH COOTBETCTBYIOIIAs IPOLEJLY Pa.
OueBu/IHO, YTO TaKas HPOIEAYPa HE MOKeT ObITh pea/in30BaHa TOJbKO Ha ocHoBe rpacda BM,
HOCKOJILKY TPeOYeTes HelocpeICTBeH b 3a1ycK onepaiyii, cocrapisiomux (V, W)-miansi.

Ipu cocrasiennn (V, W)-wiana seraer Boupoc 06 OLTUMAIBHOCTH KAZKJI0I0 BO3MOKHOI'O
BapUAHTA BbIYUCACHUN 110 KAKUM-1M0O0 Kpurepusgm. BaxKubiM MOKeT ObITh YUY€l CJeJLYIONuX
LHapamMeTpos:

1) Bpems paborbl naubosiee 4acTo BbI3bIBAEMBIX MOAY/ICH HA KOHKPETHOM BbIYHC/IUTE/IE.

2) lorpebiienne oueparuBHoil aAMATH MOJLY/ISMHU.

3) Maxcumasibiuag MacirabupyeMocTb MOAYIIEH 110 HPOUECCOPHBIM SIPAM U BbIYUC/IUTE, b=
HBIM y3J1aM.

4) Bosmozxuocts ucnonassosars crei.yckopurean (GPU, NPU u up.)

5) U up.

Pazubie BM moryT ObITh cBsi3aibl ¢ pa3sHbIMi peiMerabiMu obsiactamu. Hanpumep, ¢ 6uo-
Joruedt, puszukoii, maremMarukoit u 1. 1. BaxkHo nonumarbs, 4ro Kaxjasd lpeiMerHas 00/acTb
uMeer cBou orpanudenus. Hampumep, cymMma yrjioB TpeyroJibHHKa B €BK/IHI0BOH IeOMeTpUu
Beer/ia pasua 180 rpajycos, Hpu HOPMAJILHOM aTMocgepHoM JjaBjieHun Boja Kunut npu 100
rpajycax enbcus u 1. 1. Jdanasie orpanuienus MOXKHO 3ak/a/ibiBars B BM 1pu ee koncrpyu-
posanuu. s 3roro neodxouumMo Boiiitu 3a pamku abcrpakuun [IBM u npegocraBurs creiu-
AJTUCTY B TPEJMETHOH 00JaCTH BO3ZMOKHOCTH (hOpMaIM3aluu M0 00HBIX OPAHUYCHUI B [IPH-
KJIa/JHOM HHCTpyMenTe padorst ¢ BM.

[To X0y BbIYHC/IEHUS LEPEMEHHBIX MOZKHO CODMPATH CITATUCTHKY UCIOJIL30BAHUS 3JIEMEHTOB
BM u pesy.braros paborsl onepanuii. Eciiv nepuojindecku Kakas-10 Olepaliis BblJIaeT HEKOP-
pPeKTHBI pe3ysbrar, TO BbljaBarh coctasurenio BM coobiienue 06 9T0M u 1P COCTABJICHUH
(V, W)-11an0B UCI0JIb30BATH AJILTEPHATHBHBIE MAPIIPYTHl. Ecju 1m0 ¢rarucruke ucno/ib308a-
HUsl BBISCHHAETCH, YTO KAKUE-TO IEPEMEHHBIC WM OLEPALMH U3 BBIYUCIUTEIbHON MOAEIH He
UCIOJIBL3YIOTCH, TO CTOUT HOAHATH BOUPOC KOPPEKTHOCTH U /WM 1E1eCO0DPA3HOCTH XPAHCHHS]
IAaHHBIX j1eMenTos B BM.

3. ApxurekTypa u peanu3anud cucrembl oraaaku [IBM.

3.1. Apzumexmypa cucmemut. g BO3MOZKHOCTH BbIIOJIHEHHA 0O03HAYEHHBLIX IPOBEPOK HaI
[IBM u (V, W)-mianamu B aBrOMAaTU3MPOBAHHOM PEzKUME PA3pAbATBIBACTCS CHCTEMA OTJIAIKH,
npe/cras/isionas coboii BeO-1puioKenne, B Koropoe 3arpyzaerca [IBM B oumcannom Bbiine
JSON-dopmare. Cucrema unoszsosiger orpucopbsiBars rpad [IBM u nuposoaurs psiji npoBepox,
CLIUCOK KOTOPBIX npuBeen nuzke. Oua cocrour u3 rpex ciuoes (puc. 3):

1) Caoii “Frontend” (unrepdeiic npuiozxKenus ) npeoCcTaBiger H0Jb30BATENI0 BOZMOAKHOCTH
orpucoBbiBaTh rpad BM, nckars no Hemy HyKHYIO HH(MOPMAIMIO W 3al1YCKATH TPOBEPKH.

2) Caoii “Backend” peanmsyer Bcio jioruky padorsi ¢ rpadamu, TepMaMi 1 KOMIIOHEHTAMH
cBszHocTH. Ha jganblii MOMEHT 3TOT C10i 1pejicraBied MOHOJUTHBIM KOMIIOHEHTOM. B j1a/ib-
HeifieM BO3MOZXKEH Hepexo/l K MUKPOCEPBUCAM: HOUCK TEPMOB M aHAJIM3 CBA3HOCTH MOI'YT ObITh
BBIHECEHBI B OT/JE/IbHBIE CEPBUCHI 110 MEPe Pa3BUTHS CHCTEMBI.
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Frontend Backend Filesystem

N
N
N
N

————[onyuuTs rpaco—»  graph.json

I—) GET /graph/:graph —3anpoc rpada—> get_graph_from_file ——

3anpoc

GET
/graph/components/:graph

\ J MongoDB

3anpoc® —3anpoc KC—> get_components ——

Monb3oBaTens

3anpoc f

POST /graph/terms —3anpoc Tepmos— get_terms —

CoxpaHuTe TepMbl

MonyyuTh COXpaHeHHsle paHee TepMbl

Puc. 3. Apxurektypa cucTeMbl

3) @aiiiosas cucrema u B/l (6aza panusix). lannwiii cioii xpanur Beio uadOpMAIMIO O
rpacdax u pesyiabratax ux ananuza. Vexommsie rpadsr xpanstes B (aitiosoii cucreme (Ha
puc. 3 “Filesystem”), a naiigeunsie repmbl B 6aze MongoDB.

3.2. Texnonozuveckutdl cmek. B KauecrBe OCHOBHOIO s3bIKA [IPOIPAMMHUPOBAHUS HCIIOJIb3Y-
ercs Rust, BeG-upuioxkenue crpoutcs Ha ocuose dpeiimpopk Axum. [lia paspaborku ¢ppon-
TeH/Ia UCIOJIb3yercs peakTuBHbIil dpeiimBopk Vue.js B sepcun ¢ TypeScript u cbopirukom Vite,
YipasJieHue coOCTOsSsHHEM peain30BaHo depes riobajibuoe xpanuauiie Pinia, a i Bu3ya/insa-
muu rpachos npumensercsd odudaunoreka Vis.js (vis-network u vis-data).

3.3. Jdocmynwnoe dynkyuu. Ha lanusii MOMEHT pean3oBaibl Caeayionme (hyHKim:

1) «muopruposars rpad» s3arpyska rpacda [IBM u3z JSON-daiiia ¢ nepconasibuoro
KOMIIbIOTEPA [0JIb30BaTe i U Busyaiusanus rpada. B srom daitne rpad jtoxen 6b1Th 11pei-
cras/ieH B yuuduimposaniom dopmare, onucannom B pasjesie 1. Cucrema BbIIOJHAET YKJIAAKY
rpada Ha ILI0CKOCTL UpH oMot Oubanorekun Vis.js, aBrOMaTHICCKH 3a/iaBas 1PH TOM KO-
OpJIMHATHI BepIiuH. Bepuimuel nepeMennbix 0ToOpazKaloTes CIUIONIHONW Ipanuieii, a onepaiuu
nyukTupHoii (puc. 1). B ganbneiiniem mianupyercs 106aBuTh uMiopt rpados U3 psja Japyrux
cucreM KoHcTpyupoBanus BM.

2) «lloayuurh KOMIOHEHTHI ¢BA3HOCTHY — 3anpoc jganubix 0 KC rpada no ero naspanuio.
st yiobcrBa BoCHpUATHS KarK/1as KOMIIOHEHTa 0TOOpayKaeTcs CBOUM [IBETOM.

3) «Boibop V u W»  Kazyio U3 BEPUIMH [EPEMEHHBIX MOYKHO J0DABUTL BO MHOZKECTBO
Bxoaubix (V) wim soixoausix (W) nepemennsix, co3uas rakum obpasom (V, W)-3anauy. Bxoa-
HBIE BEPIIUHbI [IOMEYAIOTCH CHHUM [BETOM, & BBIXOJIHBIE — KPACHDLIM.

4) «Ilouck repmos» — eciu 3ajganbl Muozkecrsa V u W, TO MOKHO OLDEIEJINTL BCE BO3-
MOZKHBIE 11y TH BbIYHCJICHUS BHIXOJAHBIX HEPEMEHHBIX M3 BXOAHLIX (CM. 4.2, « AJIropurM noucka
TepmMoB» ). Vlcioib3yemble IEPEMEHHbIE H Y TH BbIUUC/ICHHs OTOOPAZKAIOTCS 3EJACHBIM LBETOM,
a [ejieBble nepeMenubie — cuHuM. Tepmbl 0TOOpaXKaloTes B MPABOM BepxHem yriay B dopme z

~ J(y, . w) (puc. 4),
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Tepmbl Ana Resuit
Beeanre d pasa

1
test_term Resull = Lasi(B, A)

CroumocTs: 4

Result = Las\(B, Sum(D))
CToumocTs: 6

Result = Last(Mul(D), A)
CronmmocTs: 11

Result = Last{Mul{D), Sum(D))
CroumocTs: 1

Puc. 4. Haiimennasie TepMbl

3.4. Basa dannwx. B kayecrBe cucremsl yipagp/ienus 6azamu janabix BoidOpana MongoDB,
LHOTOMY KAK JAaHHBIE B CHCTEME He MMEIOT CJIOKHBIX CBa3ell u 3apucumocteil mexkiay coboii.
B baze coxpanstioTcss MHOZKECTBA TEPMOB, KOTOPBLIE MOI'YT BBHIYHC/IUTH 33/aHHBLIE 1€PEMEHHBIE.
[Ipumep 3anmcn B Gaze JAHHBIX, KOTOPBIH MOKA3BIBACT TEPMbI, BHIYHCISIONINE IEPEMEHHYIO ¢

id = 6.

Jucmune 2. Pesyjibrar noucka TepMoB.

"id": "681f93884fef4f937£f95ac29",
"graph_id": "big",
"terms": [
{
"operations": [4],
"variables": [5, 3],
"result_var": 6

"operations": [1],
"variables": [0, 2],
"result_var": 6
}
1,
"result_var": 6,
"created_at": "2025-05-10T17:57:28.777Z"

B jaucruure 2:



36 szopermmecna.ﬂ U cucmemMuad ungﬁopMmmma

1)id  wpenrudukarop 3auucu, crenepuposannnii MongoDB.
2) graph id  wassanue aitna, couepxamero I[IBM.

3) terms  cumcok repmos (cuucox id ounepanuilt u nepemennbix u id BeluMC/IHEMOR HEpE-
MEHHOH ).

4) result var  id nepemenuoii, KOTOPYIO BBIYUCJISIOT TEPMBL.

5) created at  jara co3jaHusd 3AIKCH.

3.5. Umnopm [IBM u3z dpyeuxr cucmem. B nepciiektuse B ONHCLIBAEMON cUCTEME OTJIAIKH
[IBM upeaiionaraercs peajin3oBaTh BO3MOKHOCTH paboTarb ¢ MHOKECTBOM CHCTEM KOHCTPY-
uposanus BM Ouiarosaps KOHBepTAIMH PA3HLIX HPEACTABICHUN BbIUYHCIUTEIbHBIX MO/EIeH B
yuuduuposanusiit dopmar. g toro urobsl jgodasurh nojepxkky xnosoro dopmara [IBM
U3 KAKOH-JIMOO CHCTeMBbl, JIOCTATOYHO CO3/aTh coorsercrsyonmii napeep. Hampumep, HPC2C
upeaocrasiger RESTful unrepdeiic [12] aus yupasienus soraucaure ibupivu mogesisiviu. Vime-
€TCsl BO3MOXKHOCTH ABTOMATHYECKH IOJYYUTh JOCTYI K BbIYHC/IUTEIbHBIM MOJIE/IAM, [POBE-
CTH UX aHa/u3, MOJAMMUIUPOBATL WM BHECTH CBejJeHHs 00 OIMOKAX B METAIaHHbLIC BbIYUC/IH-
Te/JIbHOI MOJIeId, Onepaluil u HepeMeHHbIX U COXPAHUThH UCHPABJICHUS B XPAHUIHIILE MO/Ieeit
HPC2C.

4, AnropuTMbl aHAJIN3A BbIYUCANTENbHBIX Moejieii. BoinosHenue nmposepok. [lo-
ciae uMIopra rpada v mocTpoeHus MACCHBA CMEKHOCTH B pa3padaTbiBAGMONR CHCTEME BbINO.JI-
HAIOTCH IPOBEPKH B COOTBETCTBHE C ONMCAHHBIMEU HUZKE AJITOPUTMAMMU.

4.1. Aazopumm noucka kKomnonenm cessnocmu. Opuenrupobannbiii rpad pacemarpusaercs
KaK HeOPHEHTHUPOBAHHDIN, HAIPABJIEHUS JIYT UTHOPUPYIOTCd., CTPOUTCS CHCTEMa HelepPeceKaio-
wuxest muoxecrs (CHM) no caenyiomemy aiaropurmy [13]:

1) Cozjaerest n MHOKECTR, I/1€ Kaz/ias Bepiinna rpada obpasyer omie/ibHOe MHOKECTBO,
T. €. [BJISETCH eJIMHCTBEHHBIM [IPEJICTABHTE/IEM CBOEIO MHOKECTBA.

2) s kaz10ro pedpa 06 beMHs0TCsI MHOZKECTBA BEPLUIMH, KOTOPbIE OHO coeaunser. [lyers
pebpo coeJinuseT JABe BePIUIUHBE 2 U §. Keu OHl gBISI0TCH NPEICTABUTEISMEI OJIHOIO U TOTO ¥Ke
MHOYKECTBA, TO HePexoiuM K Jpyromy pedpy. Mnade obbeguisgem, Ipucoeuasgs MHOKECTBO C
MEHBIIUM PAHIOM (MOIIHOCTH MHOZKeCTBa BO BHyTpenneM upegcrasiennn CHM) k muoxecrsy
¢ GosibiiuM panrosm. Eciu panru pasabl — BeiOHpaem J1000€ MHOXKECTBO /115 HPUCOEHHEHUS.

Caoxuocts gannoro ajropurma nocrpoenus CHM: O(E x a(V)), tae £ uucio pebep,
V' uuncio sepuun, - obparnas dyukuua Axkepmana [14].

4.2. Anzopumm noucka mepmos. [louck TepMoB — 0CHOBOLOJIAIAIONIAS 384244 [IPH AHAJIU3E
muorux omubok B [IBM. Haupumep, BbIOJIHUTE aHAIM3 BADHAHTOB M OLPEIC/JIHTL CAMy BO3-
MOZKHOCTH BblYHC/IEHUSI IEPEMEHHON MOXKHO TOJILKO DU HAJTUYUE HHPOPMAIMT O TOM, B KAKHX
TepMax OHa y4acTBYerT.

st moucka repmMoB ObLII peain30BaH ajiropurm 00xoia rpada B riyOHHY OT KarKJI0H BBIXO/I-
uoii nepemennoit (siucrunr 2). [lycrs Vo MHOXKECTBO BXOAHDBIX nepeMenubix, a W MHOZKECTBO
BBIXOJIHBIX, Visited — cHuCOK yzke noceieHHbiX Bepinui. Tpedyercsd naiitu Bce TepMbl, KOTOPbIE
Obl BBIYHC/ISLIM KAXK/AVIO nepeMeHnyio w u3 W, ucro/ib3yd Jfiib MHOKeCTBO V U olepaiuud u3
F. lna xaxaoro w uz W sbinonngercs upoueaypa build term (nucrunr 3).
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Jucmure 3. AJIropuT™ IOHCKA TEPMOB.

fn build_term(graph, w, V, visited) -> Term[]:
0: terms = []
1: Ecmm visited copmepxuT w,
TO BEPHyTb NIyCTOH MAacCHB TEpMOB terms.
2: JobaBuTh W B visited.
3: Ecnm HeT omepanuu, BHYHCIANIEH W,
¥ W He COIEepXHUTCS BO MHOXECTBE BXOIHHX NepeMeHHHX V,
TO BEPHYTb IyCTOM cnmcok TepMoB (terms).
OmsEako ecam w cogepxurca B V,
TO BEPHyTb €OWHCTBEHHHN TepM - caM W.
4: [lna Kaxmo¥l omepaunwy, BHYUCIAOMER W:
4.1: PekypCHBHO IOCTDPOMTH TepMb Ins apryMesToB (build_term)
4.2: CxovbrHUPOBATH BCE BAPHAHTH
nonrepMoB (4TO ompenenseT MHOXECTBO
BAapUAHTOB BHYMCJIEHMS W) ¥ nob6aBuTh B terms
5. BepuyTtb terms

Takke HOMOTHUTETBHO PE3YIbTATH aHan3a coxpansaiores B MongoDB s nocseiyionero
HCIIOIL30BAHUS.

4.3. Peanusosanunsie nposepru. Ha namnniii Moment cucrema otinajikn [IBM criocobna o6-
HAPYKUBATH CJIEYIONINE CUTYAINN:

1) Hanuuue Gostee uem ounoii koMuonentsl ¢sasnocru B rpade [TIBM

2) OrcyrerBue T€pMOB, KOTOPBIE Obl MOLJIM BBIYHC/IUTH BHIXOAHYIO HEPEMEHHY IO 110 HAIICPE/]
33/AHHOMY MHOZKECTBY BXOAHBIX (HEBO3MOKHOCTHL peiuts (V, W)-3a1a4y).

3) Bo3MOKHOCTD BBIUUC/IEHHS BBIXOJAHOMN EPEMEHHOI PA3IMYHBIME CHOCODAMU ( MHOZKECTBO
Bosmozkublx (V, W)-11anos).

Sakaogyenue. CHHTE3 TPOrPAMM HA BHIYHCIHTEIBHBIX MOJEISX — AKTYVAILHOE HAIPABJIC-
HUE UCCIIe0BAHUI B 00/1ACTH aBTOMATH3AIME KOHCTPYHUPOBaHus nporpavs. Onucan npeaMer-
Hyio objacth B Bujge BM, ucciegoBaren mo/iy4aoT BO3MOKHOCTh PELIaTh HA HEH pa3/iudHbIe
3a/1a91 B AaBTOMATU3HPOBAHHOM PEZKHUME, [P ITOM HPOIECC IOy YeHUs PEIIeHUs ABIsIeTCsd OT-
CJIEZKUBACMBIM, OObICHUMbBIM, BOCHPOU3BOAUMBIM. CYLIECTBYIOT ¥ PA3ZBUBAIOTCH CHUCTEMbL 15
OpraHu3aluy PelIeHns 3a/a4 Ha OCHOBE 3TOro hopMaiu3Ma.

Cymectsennoit npobsiemoit B pazpaborke BM siBisiercsi BO3MOXKHOCTB JIOIYCTHTD DT O1TH-
OOK, KaK CO CTOPOHBI CHEIHAJHCTA B HPEeJIMeTHOH objactu npu koncrpyuposanun BM, tak
1 CO CTOPOHBI Pa3paboOTYMKOB NPU CO3JaHUE cHcTeMbl Jiist paborsl ¢ BM, B pesyibrare dero
(V, W)-11anel MOTYT CTPOUTBCS HE ONTHUMAJILHBIM 00PA30M 110 BHIOPAHHBIM KPUTEPHAM HJIH
jgazke HekoppekTHo. Eciin BM gocrarodno rpomosjikast, 70 00HAPYKHThH OUIMOKH «BPYYHYIO»
MOZKeT ObITh KpaiiHe 3aTpPyIHHTE/IbLHO.

Onucannas B HACTOLAIIEH cTaTbe CUCTEMa OT/IA/JKH [PeIHA3HAYEHA /1151 ABTOMATH3ALMH 110-
ucka ommbox B [IBM u (V. W)-iwnanax. Ona obsagaer web-unrepdeiicom, riae nosib3osare/ib
mozker 3arpy3uth [IBM u3 JSON-daiiia onpegenennoro ¢popmara. B nepcuekruse Gyier m10-
Basiena BosmozkuocTs umnopra [IBM u (V, W)-wianos u3 pgaia cucrem yupasieHus BblUuC-
JIMTE/IbHBIME MO/eiaMu. B unrepdeiice cucremnl orobpazkaercs rpad sarpyzxkeanoii IIBM, cu-
cTeMa OCYMIECTB/IACT MOUCK CUTYAINH, CBHACTEIbCTBYIONUX O BO3MOKHBIX onnbkax B [1BM,
pe3v/bTarbl aHAMIN3a BU3YAJIU3UPYIOTCH B HHTEepdeiice
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B nonwnoit dyukumonanbuocru cucrema Oyier obaajarTb BO3MOXKHOCTSMEU OOHADYZKEHUS
HECKOJIbKUX KOMIIOHEHT CBH3HOCTH, HEBO3MOXKHOCTH BbIYMC/IMTH KAKYIO-IUD0 HEepeMEHHYIO U3
Apyrux, Muozecrsennoctu pemenns (V, W)-3agaun, a rakxke 6yJer npejaoCcTaBisiTh ClEHUATII-
CTY B HpeAMeTHOI obiiacti BO3MOKHOCTE (hopMmasiu3anun orpanudenuii Ha snementsl [IBM. Ha
JAHHBIH MOMEHT 3HAYUTE/IbHAS YacTh U3 HepeYnc/eHHbIX GyHKIuil yxe peaainzosana. Oriae/ib-
HOM BETKOH mcc/eqoBanus aBiagercs pazpaborka ajropurmos anamusa [IBM, sadbdexrusno (B
CMBICJIE UCIOJIb30BAHMS JOCTYIIHBIX PECYPCOB) PEAIH3YEMbBIX HA HAPALICILHBIX BbIUMC/IHTE b
HBIX MAILIMHAX, 9TO aKTyaJbHO i oOpaborku Gosibimux rpados [I1BM.

[Ipejgocrasisgembie cucreMoit yHKIUU JIOIZKHBL 3HAYUTE/IbHO COKPATHTH BPEMs CLEIHa 11~
cToB, 3arpaduBaeMoe Ha oriajaky [IBM u (V. W)-manos.
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OPTIMIZATION OF THE k-SHORTEST PATHS ALGORITHM
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This paper examines algorithms for finding k-shortest paths. An optimized algorithm for finding
k-shortest simple (loop-free) paths in a directed graph is implemented. The algorithm is based on
the ideas of the classical version of Yen’s algorithm and the reverse tree construction algorithm. Both
implementations have complexity O(kn(m + nlogn)).

Key words: graph, path, simple path, tree, graph algorithm, k shortest simple paths, space-time
trade-off.
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IIVTEN

A.P. I'epb, E.E. Hessitoix, I. A. Omaposa

WucTuryr Boluncaure/bHON MaTeMaTuku U Maremarudeckoit reopusukun CO PAH,
630090, Hosocubupck, Poccus
Hosocubupckuii rocyaaperBeiibiii yHuBepcuTer
630090, Hosocubupek, Poccus

VK 519.17+51-7
DOL: 10.24412/2073-0667-2026-1-40-49
EDN: RGXRWO

B pafore ncenmeayoTed aaropuTMel TORCKa k& KpaTdaimmx myTeil. Peann3osan onTuMU3MPOBAHHLII
AJITOPUTM JIjIsl HAXOXK IeHnst k Kpardaiinimx npocreix (6e3 nere/in) myreil B OpHeHTHPOBAHHOM rpade.
AMTOPHTM OCHOBAH HAa HACAX KIACCHUCCKOH BEPCHH alAropHTMa JleHa M aJrOpHTMa HOCTPOCHHS
obparHOTO Aepesa, obe peanmzanun uMeoT caokuocts O(kn(m + nlogn)).

Kirouesbie cioBa: rpady, myTh, IPOCTOIi IyTh, AepeBo, 06xo0a rpada.

Beenenmue. lIpakrtutieckue 3a/aMu BRIMUCICHAS KPATYARIIEr0 MyTH CJAMIIKOM MHOTOYHC-
JieHHbl. OHHM BKJIIOYAIOT CHTYAIUHA, B KOTOPBIX (DAKTUUECKUH TIYyTh SABJIAETCH YKEJIAEMBIM Bbi-
XOJI0M, IIAHUPOBAHUE JBUKEHUH pobOTa, NPOEKTHPOBAHHE aBTOMATUCTpaieil U JUHHUI /1eK-
TPOIEPEIat, a TAKZKe MaplIIpyTH3AIME CeTeBLIX coeiHeHnil. K HUM TakKe OTHOCATCH 331241
IJIAHUPOBAHUS, BLIYHCICHHE KPUTHYCCKOTO IIYTU B AuarpaMMax. 3ajadu ONTUMUBAIWN, Penia-
eMbIe METOJOM JIHHAMHYECKOI'O HPOIPAMMHPOBAHUA WM 00JIee CJIOKHLIMH METOJAMH HOHUCKA
MATPHI[, BIPABHUBAHUE 110C/1€/0BATEILHOCTEHl B MOJIEKY/IpHO OHOJIOIUH, HOCTPOEHUE OIITH-
MAaJIbHBIX BITHCAHHBIX MHOTOYTOJIBHUKOB MOI'YT OBITH BBIPAXKEHBI KAK 3a/a41 TMOUCKA KpaTdaii-
HIETO 1Y TH.

Banada o k Kpardaiininx nyTax sBJISeTcs eCTeCTBEHHBIM U JABHO U3YYeHHBIM 0000IeHneM
3a/lau O KpaTyailllinx NyTdaX, B KOTOPOil HILETCHd He OJMH, a HECKOJbKO IYTel B MOpaIKe BO3-
pacranus jyiuabl. g 3agannoro opuentuposanioro rpada G ¢ HeOTPHIATEILHBIMI BeCaAMU
pebdep, HOJIOKHUTE/ILHOIO HEeJI0ro Yucia k u ABYX Bepiiutd s u ¢ Tpedyercs naiitu k Kpardaimimux
nyreit u3 s Bt B 1ops/iKe BO3pacTanus Aaunabl. MeToapl noucka k kpardaiimx mnyrei HCioab3y-
0TCs BO MHOTUX 3aja4ax. MHorga Bo3Hukaer HeoOXOMUMOCTb HARTH 1YTh, V/IOBJIETBOPSIONLL
ONPEICJICHHBIM OTPDAHUYEHUAM, TOMUMO HeDOJIBIION JIIMHBI, OJIHAKO 3TH OTPAHUYEHHS MOTYT
OBITH ILJIOXO OIPEJIe/IeHbl WIH X TPYIHO ONTHMU3HPOBAThL. THIHUHOE pelteHre  BbIYUCIUTH
HECKOJIBKO KOPOTKUX MyTeil, 1 3aTeM BeIOpaTh OJIMH U3 HUX € YU€TOM JIpyrux kpurepues. [lyru
MOTYT HCIIOJIB30BATHCA JIJIA MOJIJIUPOBAHNA 3aJ1a4, UMEIONINX U3BECTHBIE DellleHns, HE3ABUCHMO
ot (opmymuposkn nytu. Hanpumep, B Mojiesin k Kpardafiimmmx nyTeil aBToMaTHIecKOro mnepe-
BOJIA MEXK/IY eCTeCTBeHHBIMH $3BIKAME ITPABIIBHBIH MepeBo/ MOKeT ObITh HalJIeH 3KCIEePTOM-
qeoBekoM. llepednc/isisd nyTu 10 MOABJICHUS 3TOI0 H3BECTHOTO PELICHUs, MOXKHO OIPeIe/UTh,

Wccnenopanus BbINOMHEHBI B paMKax rocygapcereensoro 3aganus UBMuMD CO PAH FWNM-2025-0001.
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HACKOJIBKO XOPOIIIO MO/Ie/1b COOTBETCTBYET 3a/1a9€ ¢ TOUYKH 3PEeHHs KOJHIECTBA HEBEPHbIX 11y Teil,
00HAPYZKEHHBIX JI0 HpaBu/ibHOro. MHdopMannio MOXKHO HCIO0J/Ib30BATL /i HACTPOUKH MOjie-
JIM, & TAKKe J/Isi Olpe/e/eHus KOJIUIeCcTBa 1y Teil, KoTopble HEe0OXOAMMO CIeHepHPOBATHL IIPH
HPUMEHEHHH JIOHOJIHUTE/IbHBIX OrPAHUYEHHI /g [IOMCKA [PABUILHOIO PEIIeHUs.

Boruucisig 60J1ee 0iHOro Kpardaiiuero my T, MOzKHO OHPe/Ie/JHTb, HACKOJIbKO 1YBCTBUTE/ 1b-
HO OITUMAJIbHOE PelieHHe K H3MEHEHHI0 napaMerpoB 3ajaqdd. [lo/ie3Ho u3y4uTh HE TOJIBKO
OIITUMAJIBHOE PeIlleHHe 3a/a49i, HO ¥ 0oJiee MHUPOKHUI KJIACC pemieHuil, 9To0bl JIydIie MOHATh
pob/iemy. Hanpumep, cocrosinus c10:KHON cUCTeMBI MOXKHO HPEJICTABUTL KAK KOHEUYHbIH aBTo-
MAaT, 110 CYTH IPOCTO rpad ¢ pas/iMIHbIMU BEPOATHOCTIAMEU HA KaxKJI0M pebpe Hepexoia cocro-
aauit. B rakoit mojiesin, BepogTHO, MOTPEOYeTes 3HATH HE TOJLKO IENOYKY COOLITHI, KOTOpas
¢ HauDOJIbIIeHl BEPOITHOCTHIO MPUBEIET K COCTOAHUIO OTKA3A, HO M BCE LEIHOYKH, BEPOITHOCTh
0TKa3a KOTOPBIX IPEBbILIAaeT HeKOTOpbiil nopor. Jlorapudmuposanue BeposgTHOCTEH IIEepexo/ia
[peBpALIAeT ITY 3a/Ja4dy B 3a/a4y [OUCKA BCEX IyTeil Kopoue 33 aHHON I/IHHBIL.

[Ipumenenue KOHIENIUKH KpaTdailiero myTd U ajiropurma mnoucka k kpardaimux mnyreil
B XUMUYECKOM anajimse ObLio npemiozkeno Do B 2003 rogy [1]. B pabore 6oui1 nocrpoen
oprpad, y3/1bl KOTOPOIO BKJIIOYAIU HE TOJIBKO BEIIEeCTBA, HO U peakiuu. Xord padora He ObLia
HAIIPAB/IeHA HA CO3JAHUE METOJIA 'EHEPAIMH CKEJIETHLIX MEeXaHU3MOB, OHA IPEJJIOKIIA HOBYIO
U TIOJIE3HYIO WJICI0 BbIJIEJICHUST OCHOBHBIX MYTeil Deakiuu.

B nannoit pabore mpejcrasieHa peaid3aling aJirOpUTMa PaHzKUPOBaHUs OECIeTIeBbIX IY-
reit Mena ¢ onrumusanueit. OBblunas peAIn3aLs IPAMO CIEAYET KIACCHUeCKOil BEPCUH aJlro-
purma Hena [2], onTuMusanus uenoab3yer noaxo HOCTPOeHus 0BPATHOIO AepPeBa, HOCKOIbLKY
V3JIbl KazKJ10r0 k-ro Kpardaiiiero nyru 6e3 mnere/ib aHaJIu3uPYVIOTCs B 00paTHOM HOPsijiKe. XO0-
g 00e peamuzanun umeior cioxknocrs O(kn(m + nlogn)), B XyumeMm ciayuae anajius HOBOM
peaiM3aluy MOKa3aJ1 JIyYllyI0 HPOU3BOJAUTE/IbHOCTh B BBIYHC/IUTE/IbHBIX IKCIIEPUMEHTAX, IPO-
BE/ICHHBIX [I/1s1 OLEHKH HX IOBEIEHUs B CPEJHEM C/Iydae.

Pemnenue 3a1a4un noucka k kpardailinmux nyreil BaXKHO JUJis PAJIA 331249 ONTHMU3AINN U Ya-
CTO UCIIOJIL3YETCS IS PAHKUPOBAHUS Y Teil 110 HeyObIBAIONIEMY MOPSJIKY UX CTOUMOCTH, TTOKA
He OyIyT HailJeHbl OJUH WIH HECKOJIbKO IyTell ¢ HeDOJIbIIOH CTOMMOCTBIO, VAOBJICTBOPSIIONINX
HEKOTOPBIM OI'DAHUYEeHUSM.

1. Anropur™m nmomcka k kparuaiitnux myreii. Q1o U3 epBeiX peuenuii 3a/1a4u MOUCKa
k kpardafiinux myTeil, nid paHKUpoBaHus k Kpardaliux myTeil MexKy Hapoi y3/10B B CETH,
EoL10 upeiozkeno Xoddmanom u [lasiu B 1959 1. [3]. ABropsi onucaiu anropurs, B KOTOpom
I 38aHHOIO 1eJ10r0 ducia k = 1 nociegoBare/ibHO onpele/isdiorcd 1-if kpardaiinmit ny b,
2-it kpaTyaiiimmii nyTh 1 TaK 10 k-ro Kpardaiiero myTu MexKJLy 3a1anHoi napoii vaios. Cyuie-
CTBYIOT JIBA THIIA 3aja4 1OUCKa k Kpardaiimux nyreii. [lepsbiit Tun - 310 nHaxoxienue myreit
OT UCTOYHHKA § /10 CTOKA f, MMEIOIUX HAMMEHBIIYIO JJIUHY, B KOTOPBIX HEeT/IH pa3pelieHbl. Ali-
TOPUTMBI /115l PEIEH s ITOr0 TUIIA 3a/a4 HpeiozxKensl B padorax [3, 4, 5|. Bropoit run 3a1au4
HOUCK k nyTeit oT § 10 f, UMEIOIIMX HAMMEHbIIYIO JIJIMHY, B KOTOPBIX [EeTJIH HEe JI0IYCKAITCs
[6, 7, 8, 5.

B pabore [6] aBropbl BBOAAT HEPEUUCICHHE BCEX BO3MOZKHBIX IyTeH n3 k Kpardafimumx iy-
Teit B ceru. [Ipouenypa nepednciiger Bce 1myTa or s 10 ¢, a 3areM Boibupaer u3 nux k myreit
¢ HauMeHnbIei JummHoil. Jlanueiii agqropuT™ uMeer JiBa OCHOBHBIX HE0CTATKA: BO-1IE€PBBIX, Tpe-
oyercs 0veHb OOJIBIIOE KOJUYECTBO BLIYHCICHHH U MAMSTH] BO-BTOPBIX, /IJI PEHICHUS 3312491
¢ MaJIbIM k TpebyeTcs CTOMBLKO K€ YCWJIHil, CKOJIbKO W JUId perleHus 3aja4du ¢ doabmum k, u
gem Douiblie k, TeM 3aTpyIHUTE/IbHEe HCI0/Ib30BAHHE 9TOI0 AJIOPUTMA.
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B paGore [8] aBrop s noucka k-ro kparuaiinero nyru cuavaia nosyuaer k — 1 kparuaii-
wnii 1y Th. 3aT€M PACCTOAHUE KAZKJION AyIH B KAXKAOM U3 1-r0, 2-r0, ..., (k—1)-ro kparuaiimux
mnyTeil moo4depeno yerpemisgercd K beckonednoctd. Jlajiee 3aj1ada noucka Kpardaiiiero myTu
pelaeTcs i Kaxk/J10ro Takoro cjiydas. JIydinmii u3 3THX HOJAYyYeHHBIX Kpardaiimmx myreil
SIBJIFETCH MCKOMBIM k-M KpardaiiimuMm nyrem. KojmdecrsBo BeraucjieHuil, TpedyeMbIx s 31Ol
HPOLEAYPbI, IKCIOHEHIIHAJILHO BO3pACTaeT ¢ POCTOM 3HadeHus k, ciejioBare/ibHO, eciud k He
mauio, ajgropursm llosiaka [8] neperpyzkaer BoluncuTe/bubie PECYyPCHL.

B pabore 7] aBropbl npeiaraior upoueaypy BeTBel u rpanui s noucka k kpardaifimx
nyreil B CeTH: CHAYA/A HAXOAMTCH Kpardaiiuil nyrh, a 3arem  k kpardaiimux mnyreit cpeiu
BCEX IyTeil, OTBeTBJILAIONINXCS 0T Kpardaiiinero. dddeKkTuBHOCTL 9TOr0 aJIrOPUTMa 3aBUCHT OT
KOHKperHoil ceru. Eciiu Bropoit kpardailiiuii myTb «HEeMEIJIEHHO OTBETB/ISETCS» OT [EePBOIo,
Tperuil Kpardaluimil yTh «HEMEeJJIEHHO OTBETBJIIeTCA» OT BTOPOro Kpardaiiero myTd u T. 1.,
9Ta MPOLELyPa MOXKET 04eHb OBICTPO olpeae nTh Bee k kpardaimmx nyreit. OgHako B obiiem
CAyYae 3T0T aJArOPUTM, BEPOATHO, OTPeOyer OrpOMHOI0O KOJIMYEeCTBA BBIYHC/ICHHI U IAMATH.
[Tosromy acpdexTuBHOCTL ITOM HPOLEJLYPBI CJIOAKHO OLEHHTH.

B pabore [5] arop onucsiBaer cieuyomuii aropurm noucka k kpardaiimmx myreit: cnauasia
C HOMOIIBIO NPOLEAYPLI, anatoruunoii (o menee sdhdexrusnoii), yem anropurm Xodduana
u [asnn, naxopsres H > k kpargaiimmx nyreii, Koropsie MOTYT cojepzxarh nerin [3]. Barem
H uyreit uccaenviorcs na k kpardaimux nyreil, e cojepzkamux ieresb. JHPeKTuBHOCTD
TOI0 AJNOPHUTMA 3aBHCHT OT KOHKpeTHoil ceru. Ecim H kpargaiimmx iyTei, H0JyYeHHbIX
aiaropurmom Xobdmana, ne cogepzkar nere/in, aaropurm Cakaposuua [5] Mozker ouenn 6b1CTPO
onpeieuTh k kparyaiiimux nyrei 6e3 nere/ib, OJHAKO JIJI 9TOrO AJITOPUTMA CJI0XKHO YKa3aTh
BEPXHIOIO BLIUUCIUTE/ILHYIO I'PAHUILY.

1.1. Onpedesenua. lycrs G = (V, E)  opuenruposaunpiil rpad ¢ MHOXKECTBOM BepUIMH
V' u muoxecrsom pebep E; n = |V|  kosmuecrso sepuiun; m = |E|  komuuecrso pebep B
rpace G.

[Hoarpadom B rpade G(V, E) naswiBaercs rpad H(Vy, Ey), Takoii uro Yo € Vg, v € V u
Veec By, e€ E.

[Iycrs e € E, takoe 4ro € = (u,v), rorga obosnauum head(e) = v Ha4aI0 Jyrd € u
tail(e) = u — komen Jyru €.

O6o3nauum wg : E — RY ¢yukuuio seca aisa pebep rpada G.

[Iycre u,v € V, Torga nyrem u3 BepiivHbl ¥ B BepuiuHy v B rpade G Ha3bIBaeTCd I0CIIE-
JI0BATENLHOCTL Bepiun P = Pﬁ = (vp = u,¥1,...,0 = ¥), TaKag 410 (V;,V;41) € E s
Vi:0< 1 <r. llyrs P 6yuem obo3nauars KaK u — v.

[Iyrb HazbiBAETCH IPOCTBIM TOMA W TOJBLKO TOLJA, KOLAA Vi # i A Ve, FiDSIi<F LR

15t BO3MOZKHOCTH BBIYHCJIEHHS [JIHHBI 1Y TH PACIIMPUM (DYHKLIHIO WG HA MHOZKECTBO BCEX

r—1
uyreit caepywomum obpazom: wa(P) = > we(vivig)-
i=0
O6o3nauuM 1yTh U1 — Wy KaK (V1,...,0p, Q)  LyTb, HOJIYUeHHDIH CI0ZKEHHEM ABYX 1yTeil

(V1,...,0p) B Q = (wn,...,w,), ecan (vp,w) € E.

[Iycres cymecrByer uyTh u — v, TOrja JIMHY Kpardaiiimiero nyra « — v B rpade G 0do-
suauuM dg(u, v).

[Iycrs t € V, torma obparubiM JepeBoM Kpardaimux mnyreit 1T ¢ xkopHeM B { HAa30BEM
a060it noarpad G, s KOTOPOro BuinoJHsA0TCH yeaosus: 1) Yu € T\ {t} umeer makcumym
ojlHO ucxojsiee pebpo, a t Boobuie ve umeer rakux pedep; 2) Yu € T jauna nyru PS; paBHa
da(u,t), o ecrn PL apiserca kpardaliium myTeM.
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[Iycre s,t € V, roraa S MHOXKECTBO A [HOHAPHO HEPABHBIX Kpardalllux [yTell, TaKoe 4To
we(P) S wg(P),tue LeSuP¢S.

1.2. Onucanue anzopumma Hena noucka k wpamuatiuuz nymed. 3agaqda noncka k xparyaii-
LIUX [IyTell 3aK/1I09aeTCs B HAX0KJACHUH K Iy TeH, UMEIOINX HAUMEHbIIYIO JJIHHY 0T Hada/bHOil
JI0 KOHEYHOH BepIIMHbI B3BEIIEHHOTO I'pada, P ITOM KazKJblil 1yTh SBJIAETCHA LUPOCTBIM, TO
ecTb He HOCEIIAeT OHY H Ty ¥e Bepimuy Go/ee omamoro pasa [2]. Auropurm Hena asisercs
KJIACCHYECKMM METOOM PEeIleHH: 3aJla4i B OPHUeHTHPOBAHHBLIX I'pPadax ¢ HeOTPUIATE/ IbHbIMU
BecaMu JyT.

AJIropur™ CTPOUTCS HA OCHOBE WHAVKIIMU 110 MOIIHOCTH MHOXKECTBa KpaTdailiux mnyreil u
paboraer Jio TexX 1op, MoKa e Oy/er HallJIeHO 3aJ[AHHOe KOJIMYeCTBO KpaTdaliux myTeil.

Baza unaykuuu k' = 1. Boiuucasercs kparyaituii uyre Py = (vo = 8, v1,...,0, = 1)
OT BepUIMHBL § J0 Bepumubl ¢ ¢ nomoubio aaropurma leiikerpot [9] (Py cywecrsyer, unaue
pewennii ner). Bropoit kparualinmii nyrb gBjageTcs npocTbiM KparuaiinuM orsersieauem Py.

Auropury Mena Bbluuc/iser orBeTBieHHe JIs KAXKIOH BEPIIHHB U; UyTH Py C/e1yIONHM
obpazom:

1) dua Vi,i = 0,r — 1 cospaerca noarpad G;(FPy) rpada G nyrem yjpajieHus BepiIMH
Vgy -« - Vi—1, 9TOOBI U30EKATH OTBETBJICHUS, HE SIBJISIOIIErOCA IIPOCTBIM, W VIAJIEHHEM pedpa
(v, Vig1), 9TODBI TOJIYHUTH IYTh, OTaMYaOmHMiica or Py.

2) Mo Vi, i = 0,7 — 1 Beruncisierca kpardaitinuil nyrs Q; or v; 1o ¢ B noarpade Gi(Fy) ¢
ucioib3oBanuem ajaropurma Jedikcerpel. Eciin He cyuiecrByer my T, TO JaHHOE i HE PACCMaT-
puBaercs Ha iare 3.

3) Hus Vi,i = 0,r — 1 upocroe orsersienune (v, . .. v, Q;) uyru Py nobasisercs B MHO-
skeerpo kapjuuarop C. Mujgeke orperBiieHus i COXpaHSeTCd $BHO B HAPE C OTBETBICHUEM

BropbiM uckoMbiM 1ryTem Oyier caMblii KOPOTKHIT IVTh U3 MHOXKecTBA Kanuiaros C

Wuayknuonnoe npeanoaoxenue aia 0 < k' < k. [peanonoxkum, uro muoxectso k' kpar-
qafimux 1myreit S BBIMUCICHO, MHOXKECTBO KaHaujgaros C' cOAEpPXKUT HPOCThIe TyTH § — t, a
TaKzKe cynecrByer Kpardaimmii nyrs () € C', takoii uro S U () saBisercs muoxectsom k' + 1
Kpardailimux nyre.

Mar uaaykuun k' — K + 1. Hycrs Q@ = (vp = 8,...,0, = t) u j(0 < j < r) — uHuexc
orsersieHus. () yuajisercd u3 Muoxecrsa Kamaugaros C' u jobaBigercs B pe3ybIHPYIOLee
MHOZKECTBO 5. 3aTeM BBIYUC/ILIOTCH BCE MPOCTLIE OTBETBJCHUA U JI0DAB/IAIOTCHS B MHOMKECTBO
kaaunaros O

1) dua ¥y, j < i < r cospaerca noarpad G;(Q)) rpada G uyrem yjpajaenus Bepiiuhn
V0, « - -, Vi1 M BCEX Ayr BuJA (U;,W), TAKUX YTO MHOZKECTBO Kanuaaros C' yzKe COAEPKUT My Th
¢ upedurcom (vy,. .. ,v;,w).

2) dua Vi, j < i < r sbruaucasercs kpardaiinmii uyrs Q; or v; 10 t B G;(Q). Eciu ne
CYLIECTBYET 1IYTH, TO JaHHOE ¢ He paccMaTpuBaercd Ha mare 3.

3) Ina Vi, j < i < r orsersienue (vg, ...,0;,Q;) nyru Q@ 106aBIs€Ics B MHOXKECTBO KAH-
augaros C' ¢ ero HHJIEKCOM OTBETBJICHUS ©.

Caeayomum (k' + 2) kpargaiimmum myrem Gyger kpardafimuil nyTh U3 MHOKECTBA KAH /-
JIATOB.

1.3. Onmumusayuu aszopumma noucke. OUTHMH3AIUS AJTOPUTMA IPOBEICHA HA OCHOBE
ANTOpUTMA, TpeIokeHHoro B pabore Anu Aub 3you [10], yiayumaioniero Meros noucka k kpar-
gaitinx uyrei Jlanusis Kypua u Ilerpa Myuness [11]. Viayuiienue nanpasieHo Ha yMeHbIIeHUHE
1OTpeDJICHIS OLIEPATHBHON HAMSITH.,
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OcHoBHas ujesd AJTOPHTMA CBOAMUTCA K I[OCTPOEHUIO OOpPATHBLIX JIEPEBLEB Kpardaiiiiux
nyre#t. Ilycrs Climpie LHPUOPUTETHAS O4Yepe/ib, HOCTPOEHHAS HA OCHOBE JIBOMYHON Ky-
u. Jlannas ouepejb XpaHuT [epBble k HPOCTBIX [yTed KAHJAMJAATOB W UX JJIUHY B BHJIE
((To, €0, 115 - -, Thy €ny Tha1), Ib), rae T; - obparnoe aepeso kparuaimunx nyreii; e; € E - ayra;
[b  anuna nytu B rpade G. lepeso Thyi1 MOKeT XpaHUTBCH B MHOMKECTBE 1opche, B IPOTUB-
HOM C/Jy4ae OHO BBIYHC/IAeTCs ¢ HoMmolibio ajiropurma eiikerpst. Ilpu srom Vi, i = 0, h T}
rapaHTUPOBAHHO BbIYUCAEHO U XPAHUTCH B Topepe. IT00BI U3BJIEUDL U3 JAHHOI'O [PEACTABICHHS
LY Th, HEOOXOAMMO HPOHTH OT Bepiunbl § 10 tail(ey) B 0bparnom Jepese kparuaiimunx nyreii 17,
UpoCIe0BaTh 110 jayre ey B 11 10 tail(e;) u rak gajee g0 Tex Hop, nHoka He OYJAET JAOCTUIHYTA
pepmnHa ¢ gepesa Thiq.

Bropas ouepeib Chop—simple XPAHUT IPYLIILL OTBETB/ICHUI-KAHMIATOB € UX HUKHell oneH-
KOl jian (b, Jdanubie rpyiiiibl KaHJAuJAaroB Tpedbyior asBHOIO Bbi30Ba ajiropurma lefikerpbl s
pelienus 1podJIeMbl UX HPOCTOTHI.

B nauajie paborsl ajropurmMa Belducasgercs obparnoe aepeso Kpardaimux nyreit T, cojuep-
JKalee Kpardaidmii nyrb § — ¢, ecjii Takoro Ly TH HeTr, TO Her u pemienus 3aga4uu. depeso T
nobapisercd B Cgimple. LIIK/I BeILOIIsETCS 10 TeX 110D, 110Ka He Oyjer Haitineno b kparyaiimmx
uyreii win ne ucyepuanbl ouepesd Campe B Chot—simple. B 110C/IC1HEM Cilyyae pe3y/ibrupyloliee
MHOKECTBO S OYJIeT CO/IepKaTh MeHbIe k 3JIeMeHTOB.

B kaxjioit urepamun HUKIA AJIOPUTM CHAYA/IA BbIOMpAET JIyUIIMH JIEMEHT @ M3 JIBYX
ouepeseil (¢ npuopureroM Uit Climpie, €€/ OLEHKH [D 1/ JIyUIIHX 3JI€MEHTOB 00EHX 04Yepe-
aeit cosnagaor). Eciu ¢ 6bui ussieden uz C simple; TO (0 MMEET BHJL ((To, €0, T - - ThsBm =
(th,vn), Thet),1b), Toraa anropurm geficreyer caepywomum obpasom. Ecin Thyq we coxpanen
B Tiache; TO OH BLIMHCISCTCH M COXPAHLETCH. 3aT€M M3BJICKAETCH YIKE OLHUCAHHBLIM ClIOCOOOM
rpocroit nyre P u3 @ u godasisgerca B pe3yibTupyioiiee Muoxkecrso S. [lajee ajaropur™ ob-
pabarbiBaeT BCE OTBETBJICHUS.

1) nst nyru e = (u,v) € E,u € P,:{f}“,fu ¢ {s,...,Up,...,u} HpOBEpsIeM, HABJIAETCS JIA
HPOCTBIM TyTh P, crejayionmii cuadajia Bjiojb P oT BepHIMHBL § JIO Up, 3aTeM BIOJIb Pg;’ﬂ‘ &
BJ/I0JIb peDpa € U, HAKOHeIl, BA0JIb Pg;"“.

b

2) Ecin P, siBnsiercst npoctsiM, 10 106aBiisteM B Cimpie 31eMent Buga ((To, eq, 11, . . ., Th, e,
Thi1,€ The1),1be), vae lb, — nyuna nytu P,

3) Ecsin orBermiienue ¢ He sBISETCS MPOCTBHIM, TO OHO J00ABISETCH B MHOXKECTBO X =
{f1,-...fr}, Takoe uro st Beex ¢,7,0 1 1 <4 < j <1 < r tail(f;) naxogures mexay (min

pasen) tail( f;) u tail( f;) na uyru PS;TI.

4) Ecmu muoxkecrso X # @, 1o ueoOxomumo Jobasuth X Kak TPYINY KAHJIHIATOB B

Cnotfsimple .

[Iycrs f; = (u4, v;), Torga obosnaunm Ib; = by, = wg(Pr) +wG(P$jz::1) +weal(fi) —l—wg(PTh“),

b vt
B 3TOM cjy4dae [b = min [b;, tne P} uyrb or s 110 vy BiOAbL P.
<igr
B ciyuae, eci anement o ussiekaercs u3 oueped Chot—simple, TO (0 MMeeT BHJL ((To, €9, 11,
wies Ty By Thiras Ko Thaa b0y B = (b)) 1 By = (8= gy By = U] — HDEdHRE mymm,
. , . ) Thir _ (o0 o0 ' oo el s
NPeJICTABICHHOTO S1eMeHTOM @, P/ = (Vhs Vhprs - - Vp = t)y mana Vj fy = (v, v5). F*:1<

¥ < r, Takoit uro [h = [bj, anropurm oOpabdaThiBaeT OJHOBPEMEHHO HECKOJILKO OTBETBICHUIT

jrs frfla s 2 sfi*-
& a8l %2 54 m i3 TOT / l — —
1) Crpourcs obparnoe jgepeso kpardaiinmx mnyreit T B rpade G, = G — {xg,..., 2, =
Uy, ..., U, } ¢ ncnonpsosanuem anropurma leiikcrpot. B ouepens Clgimpre J00aBasIeTCS 3/1€MEHT
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‘ ‘ , . . Tht1 I g o o
Byt ((Tos@ns Ths « oo This 8 That s Js T )swa(@5)), e Gy = PIP%UL 4 HPOCTOI 1IyTh OT 5
1o t. Jdepeso T we coxpausiercss B Tegehe, HO COXPAHSACTCS «YKA3aTeIb» Ha HErO.
2) Ins kaxkgoro § or r — 1 mo i* (no yosiBanuio) crpoutcs jepeso 1) B rpade G, =
3 y
G — {zo,...,Zn = v},...,v} } HA OCHOBe T; +1 C HCHOJIbL30BAHHEM A/IrOpHTMa O0HOB/IEHHSH

obparHoro jgepesa kpardaiimmx nyreit [12]. B ouepens Caimple 100aBiISI€TCH JIEMEHT BHJIA
” ] . _ Tha1 14
((TO» €p, Tl: 2o :Th: €h, Tthla fj TJ) ?UG(Q_’,;)): riue Q_’,‘ - PIP U;‘,- Pyjjt-
7

!
Vn

OcraBmasicst »Keé 4acrb OTBETBJICHHI ((TO,(_%O,Tl._...,Th,eh,ThH,X’,ThH),lmin lbj); rie
Lj<i*

X'={f1,....fi=_1} Bo3Bpamaercsa B Cnot_simple-

C/I0KHOCTD AITOPUTMA B XVJIIIEM CJIyYae aHAJOIMYHA CJI0KHOCTH OA30BOI BEpCHH — AJITO-
purma lena, to ects O(kn(m + nlogn)).

2. YucneHHbIE 3KCHEPUMEHTHI.

2.1. Onucanue epaghos. JLns recTupoBanus aropuTMOB HCIIOJIB30BAHBI IPAQBI, MOy YCHHBIS
13 PaIMIHBIX HCTOYHUKOB [13 15].

NW (USA-road-d/USA-road-t). Jopoxnas cers Cesepo-3anana CIIIA. I'pad opuen-
TUPOBAHHBIN, JIyI'M COOTBETCTBYIOT HANPABJICHUSIM JBUZKCHUS, Beca — paccroguusm. Pazmepni:
1207 945 sepuman u 2 840 208 ayr [13].

FLA (USA-road-d/USA-road-t). dopoxuas cerb mrara @uopuga. I'pad ananornden
vkazauuomy sbiie. Pasmepn: 1 070 376 sepumn u 2 712 798 ayr [13].

Rome99. Boubmioit gpparment ropojackoit jgopoxuoii cetn Puma (Mranus). Pasmeps:
3 353 Bepimu u 8 870 ayr [13].

14 (SNAP). Cers coasropers B kareropuu Astro Physics na arXiv: HeOpHEHTUPOBAHHBI
rpady, pedbpo MekJy aBToOpaMu 03HAYAET COBMECTHYIO mybukanuio. Pazvepsr: 18 772 Bepuiun
u 198 110 peGep [14].

15 (SNAP). Cern coasropere B kareropuu Condensed Matter (arXiv), neopuenTupoBam-
ubtii rpad. Paszmepst: 23 133 sepmun u 93 497 pebdep [15].

16 (SNAP). Cerb coasropers B kareropun General Relativity and Quantum Cosmology
(arXiv), neopuenruposanusiii rpad. Paszmepsr: 5 242 gepmun u 14 496 pebep [16].

17 (SNAP). Cern coaBropers B kareropuu High Energy Physics — Theory (arXiv), neopu-
entupoBanublii rpad. Pasmepst: 9 877 Bepurun u 25 998 pebep [17].

2.2, Peayavmamut eviiucaenud. PezynsraTel paboTel airopurMa ObLIH NIPOTECTHPOBAHBI HA
rpadax, ONMUCAHHBIX BBIIIE.

B Tabn. 1, 2 nupuBejensl Bpems BBITOJIHEHUS U 00bEM HaAMATH, UCIOJL30BAHHON IPH BbI-
[OJTHEHHH aJIropuT™Ma rnoucka k kpardaimux myreit g 1000 upou3BoJibHBIX [IAp BEPIIUH IIPU
pa3/IMYHbIX 3HAYeHuAX k.

B Tabn. 1 cpenan akienT Ha yCKOpPEHUWE 110 BPEMEHH, [PH 3TOM YBEJIHYHBACTCS 00HEM HC-
NOJIL30BAHHON naMyaTu. B tabin. 2 peanu3oBan ONTHMAJILHBIH AJITOPHTM, B KOTOPOM ObLIA 110-
CTABJIEHA 1€/ YMEHBIIUTH 3aTPATHI MAMSTH, ITPH 9TOM YBEJIHYHIOCH BpeMs uctoanenus. Jis
rpacdos ca-AstroPh u ca-CondMat B Tabs1. 1 nojgydena u OnTHMHA3AINNS 110 TAMSTH.

PeanuzoBanuslii onTuMu3MpoOBaHHbIl AITOPUTM TIOUCKA k Kpardaiiimx nyreil 1mokasasn xXo-
pomuii pesyiabrar. B ciydae, korna rpadil nebosbime, BpeMs ¢ yBesimdenueM k pacrer He3Ha-
quTebHo. /s nepBeix AByX rpadoB, B KOTOPBIX KOJHYECTBO BEPHIUH OOJIBIIE MUJLIHOHA, C
yBeJIUYeHHEeM k pacTer U BpeMsi.

SakiodyeHne. AJropuTM HUCHOJIL30BAICH LI PEaJH3alii MOUCKA IJI00aJbHBIX IyTel 110
rpacdamM 3JIEMEHTOB B 33Jla4aX XUMUYECKOl kuneruku. [J100aibHBIM MyTeM B 33JaHHOM I'pa-
e noroka vIEMEHTA SABISETC MIYTh OT BEIIECTBA B UCXOJIHON CMECH J0 KOHEYHOrO MPOIYKTA,
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TE()pl‘iTHHHBC?ﬂ(Lﬂ U cucmemMuad ungﬁopan,um

OHTH MHU3AlHHA 110 BpeMeHnH

Tabauuya 1

2 =3 k—4 b k—10
T'pad T, mc | M,K6 | T,mc | M, K6 | T, mc | M, K6 | T, mc | M, K6 | T, mc | M, K6
NW 148 | 45227 | 208 | 48110 | 234 | 49409 | 314 | 53414 | 556 | 65846
FLA 127 | 41065 | 172 | 43385 | 227 | 45095 | 304 | 48684 | 595 | 60721
Rome99 001 | 1813 | 003| 1836 | 01| 1857 | 019 | 1888 | 0,77 | 2019
ca-AstroPh | 3,6 | 2683 | 3,3 | 2706 | 3,6| 2726| 35| 2750 | 39| 2859
ca-CondMat | 2,6 | 2792 | 26| 2792 4] 2746 | 46| 2759 | 36| 2799
ca-GrQe 0,002 | 1821 | 0,002 | 1827 | 0,001 | 1831 | 0,003 | 1810 | 0,015 | 1817
ca-HepTh 0,71 | 2091 | 0,67 | 2098 | 0,69 | 2013 | 067 | 2114| 07| 2127
Tabauya 2
()HTHI\JHSH-LEHH 110 IIaMATH
=2 =3 k1 k=5 k=10
Tpag T, mc| M, K6 | T,mc| M, K6 | T,mc | M, K6 | T, mc | M, K6 | T, mc | M, K6
NW 253 | 32600 | 365 | 34536 | 450 | 35336 | 591 | 37058 | 1225 | 46079
FLA 981 | 30406 | 374 | 32204 | 454 | 33312 | 693 | 35842 | 1148 | 44361
Rome99 008 | 1596 | 02| 1598 | 039 | 1607 | 064 | 1615| 147 | 1705
ca-AstroPh | 87| 2905 | 84| 2807 | 84| 2099 | 86| 2008 | 92| 2032
ca-CondMat | 87| 3004 | 88| 3024| &7 | 3015| 89| 3020 | 86| 3024
ca-GrQe 0,7 1750 | o7 | 1751 | 07| 1748 | 07| 1746| 07| 1741
ca-HepTh 23| 1991 | 24| 1994 | 25| 2001 | 24| 2005| 24| 2009

HPOXOIALIUI Yepe3 BelllecTBO-KOHIeHTpaTop. [iobaibHblil Iy Th 1103B0JIseT AeHTH(DHIIHPOBATh
110C/1e /10BaTe/IbHbIe HEIOYKH [IPpeBpallleHusd CoeJUHeH 0T HaYa/IbHbIX PeareHToB 10 KOHeYHbIX
HMPOJIYKTOB BCETO PEAKITHOHHOTO MPONEcca. Y YUThIBASA OCHOBHBIE II00AILHBIE TYTH, YePe3 KOTO-
pble TPOXOJAAT HANOOJIBITHE TIOTOKH 3JIeMeHTa, MOKHO HIeHTH(UIHPOBATE HAanboOIee BayKHbIe
LEHOYKH [IPEBPAIeHHs, KOTOPbIE J0JIZKHbI ObITh COXPAHEHBI B CKEJI€THOM MEeXaHH3Me.

st KazkJ10ro BellecTBa-KOHIEHTPATOPa CYLIeCTBYeT MHOZKECTBO I00A/IbHLIX LyTeil, 110-
ITOMY JiJId HeHTH(DUKALHE OCHOBHBIX [VI0OAIBHBIX [yTell UCIIO/Ib3YeTCs AJIrOPUTM HAXO0XKIe-
HHs Kk Kpardailiux He3aBHCHMbBIX IyTeil B OpHeHTHPOBAaHHOM B3pemenuoM rpade. [obaib-
HBI{l TIYTHh BRIYUCISETCH KAK KOMOWUHAIMS 1IYTH OT BEIeCTBA U3 UCXOJHOI CMeCcH 10 BelecTBa-
KOHIIEHTPATOPa € MYyTEeM OT BENIeCTBa-KOHIIEHTPATOPA JI0 OJHOTO U3 HpojyKToB. Ha BhIXOJE
HOIYYAeTCS MHOMXKECTBO MOITHOCTBIO k2 rnofanbubix nyTeil. Bee Takue 1yTn Juis Kazjioro
BEIEeCTRBA-KOHIIEHTPATOPA M KAk IOH Taphl 3a/JaHHBIX COeJMHEHHI B KaxkKJ0M rpade Mmoroka
9JeMEHTa COXPAHSIOTCs U 00Pa3yIOT MHOXKECTBO BELIECTB, BXOISIIUX B MTOIOBLIH CKeJleTHDI
MeXaHU3M.

B pabore paccmorpena peaiu3anus ajaropuTMa JJjis J0POKHBIX cereil ¢ BOJIbIIUM KOJIde-
CTBOM IIyTell, H HpoBeJeHa OLUTHMH3ALU, KOTOpasd 103B0JIW/IA COKPATUTh PECYPCHI 110 BpeMeHu
U aMATH.

B asanbreiiiem anropurm OyIeT HCIOJb30BATHCS B KAYECTBE OJHOIO H3 METOI0B HCC/Ie-
JIOBAHHS U [OCTpoeHus (hakTop-IAepeBbeB U APeBOBUJIHBLIX pazbuenuil rpada s yeKopeHus
BPEMEHH PeleHus CUCTEM JHHeHHBIX YDaBHeHUH.
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A HYBRID COMBINATIONAL APPROACH TO SENSITIVITY
QUANTIFICATION IN MEMBERSHIP FUNCTION SELECTION
DURING FUZZIFICATION OF SERVER PARAMETERS
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In the process of efficiently managing request flows within information systems, accounting for
the individual characteristics of servers plays a crucial role. Traditional load balancing algorithms
such as Round Robin, Weighted Round Robin, and regional distribution methods typically allocate
requests in a cyclic manner or based solely on predefined weight coefficients. These approaches fail to
consider real-time server load levels, response speed, or operational state. This paper proposes a novel
fuzzy logic based model for request low management, with particular attention given to the selection
of appropriate membership functions for the linguistic representation of server parameters. During
the fuzzification phase, the sensitivity of membership functions is quantified and optimized through
a combinational hybrid approach. Experimental results demonstrate that the proper selection of
membership functions enhances the accuracy of decision-making and reduces the degree of uncertainty.
Consequently, the proposed approach significantly improves the flexibility, precision, and stability of
request flow management in distributed server environments.

Key words: fuzzification, membership functions, sensitivity quantification, combinational
hybrid approach, server load balancing, fuzzy logic, system reliability, adaptive control, linguistic
modeling, request flow optimization, normalized sensitivity index, system.
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B nponecee addpekrurrOTO ynpagaenns noTokaMu 3anpocos B MHGOPMAITHOHHBIX CHCTEMAX yUer
UHINBHIYAILHBIX XaPAKTEPUCTHK CEPBEPOB HIPAET PEMIAIOINYI0 POab. TpaguiiHoHHbIe aarOpUTMBI
DamamcupoBKE Harpy3ku, Takne Kak Round Robin, Weighted Round Robin, n meTomsr pernonans-
HOPO pactpeesienns 00BIMHO PACIPEENAIOT 3ANpOChl IMKJINIECKH WM HA OCHOBE TOTBKO TPEI-
OTIPEIEIEHHBIX BECOBBIX KO3(MDUIMEeHTOB. JTH MOAXOAEI He YHIUTLIBAIOT YPOBHH HATPY3KH CEPBEPOB
B peaTbHOM BPEMEHH, CKOPOCTL O0TBeTa Wau pabodee cocrodmue. B mammoii cTaThe mpemiaraercs
HOBas MOJEIL YIPABIEHH TOTOKAMH 3alPOCOB Ha OCHOBE HEYETKOM JIOTHKH, ¢ 0COOLIM BHEMAHHEM
K BLIOOpY COOTBETCTBYIOMINX (DYHKIUI NPUHAIIEAHOCTH JIjid JTUHTBACTHYECKOTO [PECTABIeHIS
napamerpos cepsepos. Ha srane ¢azsudukammn aysererTensnocTs (hbyHKIHNE TPUHAIIEKHOCTH
KOJIMIECTRBEHHO ONEHUBAETCA W ONTHMUIUPYETCH ¢ TIOMOMIEI KOMOMHUPOBAHHOTO THOPHAHOTO TIO1-
X0a. IKCIEPUMEHTANILHBIE PE3YILTATHI MOKA3LIBAIOT, YTO TPABWILHLIH BHIOOD QYHKIMI IpHHAT-
JIESKHOCTH MOBLIMNAET TOYHOCTL MPHHATHA PEeHuil U CHIKAET CTeneHn meonpenenennoctn. Cre-
JIOBATENLHO, TPEJYIOKEHABIH M0JIX0/T SHAYUTENBHO MOBBITTAET THOKOCTE, TOYHOCTE B CTAOMIBHOCTE
VIPABJICHUA MOTOKAME 3AMPOCOB B PACIPEICIEHHBIX CEPBEPHBIX CpeIax.

Komiouesbie caoBa: (asuduraims, hyHKITHE TPHHAICKHOCTH, KOJTHYECTBEHHAA OIEHKA Uy B-
CTBUTEILHOCTH, KOMOMHUPOBAHHBIH THOPHIHGIHA MOAX0M, OalaHCHPOBKA HATPY3KH CEPBEPOB, HEHYET-
Kasl JIOTMKA, HAJIEKHOCTH CHCTEMBI, AJANTHBHOE YIPARIEHUE, JIMHTBUCTHIECKOE MOJAETHPOBAHNE,
ONTHUMHIAINA TOTOKA 3AMPOCOR, HOPMATHIOBAHHBIA MHIEKC YyBCTRUTENHHOCTH, CHCTEMA.

Introduction. In modern information and communication systems, the rapid increase in
the number of users, the growing complexity of computational processes, and the operation of
services in real-time mode have led to a significant rise in the volume of requests directed to
servers. Under the constraints of limited computational resources, this situation has made it
increasingly challenging to ensure continuous system operation, maintain response speed, and
preserve the quality of service. Consequently, the issue of achieving effective load balancing has
become a critical problem in contemporary distributed computing environments [1 3].

According to statistical data, the volume of global Internet traffic is projected to reach 175
zettabytes per year by 2025 [4]. At the same time, Gartner analytics reports indicate that poorly
balanced server infrastructures cause companies to experience an average annual economic loss
of approximately 2.5 million USD [5 7].

In most cases, information systems deliver services through multiple servers or computing
nodes. In such environments, the problem of uneven resource utilization arises, where

© C.C. Kenmxaen, A.P. Axaros, M. P. Tozxues, 2026
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Fig. 1. Growth dynamics of online request volumes during the period 2020 2023

certain servers become overloaded while others remain underutilized. Since servers differ
in computational power, memory capacity, and network latency, achieving optimal load
distribution becomes a complex combinatorial problem [8|. This challenge becomes even more
pronounced in systems based on microservice architectures, where significant variations in
request flow direction, intensity, and priority are observed. As a result, dynamic load balancing
strategies are required to ensure efficient and stable system performance [9 11].

According to Forrester Research analytics, between 2020 and 2023, the average number
of user requests recorded by online stores increased by more than 300 % [12|. This trend
underscores the growing necessity of implementing effective load balancing mechanisms that
ensure the continuous, stable, and well-balanced operation of not only network infrastructures
but also server resources (Fig. 1). Consequently, in the process of optimizing server request
flows, researchers have increasingly moved beyond traditional deterministic approaches,
adopting artificial intelligence based methods, particularly fuzzy logic models, which enable
the assessment of uncertainty and enhance flexibility in decision-making.

In information systems, the volume of load directed to servers continuously fluctuates over
time. This variability is referred to as the dynamic load imbalance problem, which directly
affects the overall system performance, including request processing speed, latency level, and
the efficiency of resource utilization [13]|. One of the key indicators for evaluating system
performance is the degree of load distribution among servers. This indicator is typically
measured using variance, which reflects the extent to which individual server loads deviate
from the average load value.

The variance of load imbalance is expressed by the following formula:

=5 Y (L w), (1)

where 0 — the variance of load imbalance in the system; L; — the current load value of the

i-th server; g the average load across all servers, defined as:

1 N

where N — the total number of servers in the network.
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Table 1
Priority levels by request types
Request type Response time requirement | System significance
Emergency medical alert < 100 ms Yuqori (hayotiy)
Online payment < 200 ms Yuqori (moliyaviy)
Video upload < 500 ms Ofrta
Statistical report < 2000 ms Past
Request
) / \
, | Weighted Round Geographic
Round Robin Robin el Distribution

Fig. 2. Static load distribution algorithms

The smaller the variance value, the more balanced the load distribution within the system.
Conversely, an increase in variance indicates greater disproportionality in resource utilization
and a higher degree of load imbalance.

The requirements for system response time and the semantic significance of user requests
vary considerably across different contexts. For instance, real-time processing requests such as
those in medical or financial services demand high processing speed and minimal latency from
the system, whereas informational or analytical requests impose relatively less stringent timing
requirements. These distinctions are summarized in Table 1.

The problem of efficiently distributing request flows in information systems is addressed
through a variety of algorithmic approaches. These approaches are generally classified into
static and dynamic types, depending on their operational principles and responsiveness to
system conditions. This classification, on the one hand, defines how an algorithm reacts to
changes within the system, and on the other hand, determines the nature of the information it
relies on during the decision-making process.

Static request flow distribution algorithms are typically designed based on predefined
conditions established before the system operation begins and rely on general information
about the servers such as their computational capacity or number of connections (Fig. 2).
These algorithms operate according to fixed rules and do not account for variations in system
load; therefore, they yield effective results only under stable load conditions.

One of the most widely used classical approaches to request distribution is the Round Robin
algorithm (Fig. 3).

In this method, incoming requests are distributed sequentially and cyclically among the
available servers. The RR algorithm was originally developed in the 1960s for multi-user systems
and continues to be extensively applied in network load balancers and operating systems today.
According to Cisco (2023), more than 75 % of modern load balancing systems are based on RR
or its modified versions.
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Fig. 3. Mechanism of the Round Robin algorithm

To enhance the efficiency of request flow management and distribution in information
systems, it is essential to conduct an in-depth analysis of system parameters, identify their
interdependencies, and employ intelligent approaches that account for uncertainty. This
paper introduces a fuzzy logic based mechanism for managing request flows through the
linguistic modeling of server parameters. In the proposed model, the principle of sensitivity
quantification is applied during the fuzzification stage to select appropriate membership
functions corresponding to server characteristics, thereby enabling the optimization of overall
system sensitivity. As a result, the system can evaluate its state in an imprecise yet semantically
consistent manner, improving the effectiveness of decision-making and request distribution
under uncertain conditions.

1. Methodology. Information theory provides a scientific foundation for the use of
mathematical modeling in evaluating system reliability, quantitatively analyzing risk levels,
and monitoring sensitivity. This approach enables the optimization of system performance
by mathematically expressing stability and risk management mechanisms. In particular, the
principles of Information Theory proposed by Claude Shannon (1948) and Warren Weaver
remains a fundamental framework for analyzing system reliability and efficiency [14]. Their
methodology allows for the statistical evaluation of key operational parameters, such as risk
coefficients (probabilistic indicators) and the system’s response speed to failures (e. g., recovery
times), providing a quantitative basis for assessing the robustness and adaptability of complex
information systems.

In the process of distributing requests across servers using fuzzy logic based systems, the
fuzzification and aggregation of membership functions play a crucial role. For such systems
to operate efficiently, it is essential to select appropriate membership functions corresponding
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to low, medium, and high states. In fuzzy logic systems, evaluating the sensitivity of input
parameters is vital to ensure optimal system performance. During the sensitivity assessment
process, even small variations in the parameters of membership functions can significantly affect
the system’s output results. Thus, addressing this issue remains a key factor in enhancing the
effectiveness of fuzzy logic systems.

The sensitivity of membership functions has also been evaluated using the nonlinear
regression method [15]. The authors emphasized the high efficiency of this approach in analyzing
sensitivity within fuzzy logic systems. The nonlinear regression technique was applied to
determine the activation levels of membership functions within the FLS structure and to
assess their sensitivity indicators, thereby contributing to an improvement in the accuracy
and adaptability of the overall model.

Furthermore, studies conducted on Adaptive Neuro-Fuzzy Inference Systems (ANFIS) have
analyzed the sensitivity and stability of such systems [16 17]. Researchers developed methods
to ensure optimal system performance by examining the sensitivity levels of input parameters.
As a result of this approach, the flexibility of the model increased, and the accuracy of output
results was significantly improved.

The process of selecting membership functions has a direct impact on the dynamic
characteristics of a fuzzy logic system. This selection serves as a critical factor determining
the system’s overall efficiency, stability, and decision-making accuracy. If membership functions
are chosen incorrectly or do not correspond to the inherent characteristics of the system, it may
lead to uncertainty, misclassification, and prediction errors during the decision-making process.
Consequently, the system’s performance efficiency decreases, and the stability of output results
deteriorates. Therefore, it is essential to consider the parametric sensitivity of the system and
optimally adapt the membership functions to ensure reliable and precise operation.

In this study, the proposed combinational approach which involves applying triangular,
trapezoidal, and Gaussian membership functions according to the operational state of each
server is aimed at ensuring the optimal sensitivity level of the system. Specifically, under low-
load conditions, the triangular membership function is utilized due to its simplicity and rapid
responsiveness. For medium-load conditions, the trapezoidal membership function is employed,
as it enables smooth transitions between operating states while maintaining the stability of the
system. In contrast, under high-load conditions, the Gaussian membership function is adopted
because it provides high accuracy and sensitivity, thereby reducing uncertainties within the
system. Consequently, this combinational selection strategy enhances the overall adaptability,
robustness, and precision of the fuzzy inference process.

Each membership function provides the most appropriate response to the corresponding
operational state of the system through its mathematical form and sensitivity parameters. In
this way, the combinational approach enables balanced and adaptive management of the request
flow by considering such parameters as server load level, response time, resource utilization
coefficient, and operational efficiency.

The analytical stages of this combinational approach are illustrated in Fig. 4. In the figure,
the sensitivity levels for the triangular, trapezoidal, and Gaussian functions are explicitly
defined, demonstrating how each function operates to ensure system efficiency under different
conditions. This diagram provides a clear conceptual understanding of how to apply the
appropriate method for selecting the optimal sensitivity level corresponding to each system
state.
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Fig. 4. Stages of combinational sensitivity analysis in the selection of membership functions

Triangular
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During the evaluation process of the combinational approach, various combinations of
membership functions are analyzed with the aim of enhancing the overall sensitivity of
the system, and the most efficient configuration is subsequently selected. Each function
triangular, trapezoidal, and Gaussian  exhibits a distinct influence on the sensitivity level
based on its mathematical characteristics. Therefore, to ensure the system operates with optimal
sensitivity, it becomes essential to perform both normalization of sensitivity indicators and an
optimization procedure to achieve the most effective balance among these functions.

The normalized sensitivity index is one of the key indicators used to evaluate the overall
sensitivity of a system. This index allows for a comparative assessment of sensitivity levels
across different system states and determines the range of their variation. For each state, both
the maximum and minimum sensitivity values are considered, which together serve as the basis
for assessing the system’s overall stability and adaptability.

The mathematical representation of the normalized sensitivity index is as follows:

1 3

Si - sz'n k
Sno'r'm =g :
3

Sma,:v,k - Sm'in,k

, (3)

k=1

where Sy sensitivity level for each state; Smarx — maximum sensitivity for each state; Smink
minimum sensitivity for each state; Sy, — normalized sensitivity index.

This formulation implies that the normalized sensitivity index accounts for the quantitative
differences among the sensitivity values corresponding to each operational state of the system
and evaluates their relative proportions in a normalized manner. Such an analytical approach
enables a comprehensive assessment of the system’s overall sensitivity level and provides a
foundation for its mathematical optimization.

As a result, the comparative evaluation of maximum and minimum sensitivity values
contributes to reducing systemic uncertainty, achieving a balanced sensitivity distribution, and
enhancing the overall efficiency of adaptive control mechanisms. Hence, the S, index serves
as a fundamental quantitative criterion for the integrated evaluation of the system’s sensitivity
state, ensuring the stability, robustness, and adaptability of its functional performance.

Applying the combinational approach in analyzing the sensitivity level of each membership
function enables the identification of the most effective function for achieving optimal
performance. This approach contributes to the normalization of the system’s overall sensitivity,
allowing the optimization of sensitivity in each operational state. Furthermore, within the
decision-making process, it becomes essential to monitor the system’s sensitivity parameters
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Table 2
Sensitivity levels and normalized sensitivity index for different approaches
Approach Low Medium High Sporm
Only Triangular 0.92 0.65 0.58 0.717
Only Gaussian 0.61 0.72 0.91 0.747
Combinational 0.95 0.88 0.93 0.920

and select appropriately combined functions that ensure maximal performance and adaptive
response.

The evaluation of the combinational approach facilitates smooth system operation,
minimizes uncertainty, and enhances overall sensitivity. As a result, the system maintains
efficient performance under varying conditions, improves predictive accuracy, and reduces
response time, thereby achieving a higher degree of stability and adaptability.

The results of the calculations based on different membership functions’ sensitivity levels
and the S, expression used to evaluate the overall system sensitivity are presented in Table
2. This table demonstrates how the S, value reflects both the system’s general sensitivity
and its optimal operational performance. A higher S, index indicates an improvement in
the system’s sensitivity optimization, enhances the effectiveness of the decision-making process,
and contributes to better management of request flows within the system.

Evaluating the reliability of the proposed combinational approach plays a crucial role in
ensuring the optimal and stable operation of the system. In information systems, reliability
refers to the system’s ability to maintain continuous operation under the influence of various
internal and external factors. Therefore, reliability is regarded as one of the key indicators for
assessing and predicting the performance efficiency of complex systems.

The primary objective of system reliability evaluation is to determine how consistently the
system performs under different load conditions, as well as to identify potential risk scenarios
and assess the system’s ability to manage them. In this process, it becomes essential to
mathematically model the interdependence between the system’s risk coefficient aj and the
sensitivity reliability interaction parameter /3.

Within this framework, the overall system reliability is expressed through the following
general mathematical relationship:

3
Rsystem = H (]- — Qg - ei'BSk)s (4)
k=1
where ay, the weighting coefficient of the k-th component; (3 the system’s criticality

parameter; S;  the load factor affecting the k-th component; e #%  represents the conditional
probability of component failure under the given load.

The study examined the problem of evaluating the reliability of server systems and
optimizing their sensitivity levels. In the proposed model, the interrelationship between external
load factors affecting the server, the reliability of its components, and sensitivity indicators was
thoroughly analyzed. These parameters play a critical role in ensuring the stable operation of
the server system and effectively managing potential risk factors.

Shannon’s information theory, which focuses on assessing the interaction between signal and
noise within a system, primarily addresses issues related to entropy and information loss during
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Fig. 5. Reliability function of the system over time

data transmission. However, this approach cannot directly capture the reliability, sensitivity,
and stability of server systems operating under risk conditions. The Shannon model does not
account for the system’s dynamic response to stress factors such as load intensity, resource
constraints, or latency. Consequently, it is not fully applicable to complex technical systems
where sensitivity optimization, stability maintenance, and risk management are of fundamental
importance.

In the present study, a model aimed at evaluating the system’s reliability level, sensitivity
coefficient, and response to risk impact was employed. As a result, the system’s sensitivity level
under risk conditions and its reliability parameters are assessed in an optimized manner. The
overall reliability level of the system is determined using the following equation:

(t—p)?
Rsystem - eiakt ‘ (1 o [367 2;; ) ) (5)

where a; — denotes the failure rate of the k-th component, i.e., the probability of component
failure per unit of time; ¢  represents the operational time or the duration of the system’s
activity; /  maximum amplitude of risk, indicating the highest intensity of potential risk
over time; p  corresponds to the mean time of risk occurrence, representing the time interval
during which the probability of system malfunction is the highest; ¢ denotes the dispersion
coefficient of the risk parameter, reflecting how widely the risk is distributed over time.

The variation dynamics of the system reliability function R gygem with respect to the time
factor are illustrated in Fig. 5.

Initially, the system operates with a high level of reliability; however, over time, the reliability
level gradually decreases due to factors such as component aging or increased load. During the
average load period (¢t = pt), the system’s reliability indicator undergoes the most significant
change. This situation clearly demonstrates the interrelation between the system’s sensitivity
parameters and risk coefficients, reflecting how variations in risk exposure directly affect the
overall reliability behavior of the system.

2. Results. In the process of managing the query flow based on fuzzy logic, a series of
systematic tests were conducted to evaluate system reliability by adapting server parameters
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to the corresponding linguistic variables. The outcomes of these tests were recorded separately
for each membership function. Initially, the system was tested using the triangular membership
function, and the corresponding results are illustrated in Fig. 6.

For stable operating conditions, the tests were performed with the trapezoidal membership
function, and the obtained results are presented in Fig. 7.

For high-load conditions, the tests were carried out using the Gaussian membership function,
and the results are shown in Fig. 8. These findings are particularly important for assessing the
system’s sensitivity in managing the query flow under conditions of uncertainty and heavy

workload.
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Table 3
Reliability results for different membership functions
Membership function g B Sk Rsystem
Triangular [0.2, 0.3, 0.5] 0.1 [0.92, 0.88, 0.93] (.587
Trapezoidal [0.25, 0.35, 0.45] 0.1 [0.90, 0.85, 0.91] 0.587
Gaussian [0.15, 0.25, 0.35] 0.1 [0.95, 0.92, 0.94] 0.587
Combinational [0.18, 0.28, 0.38] 0.1 [0.93, 0.89, 0.92] 0.587

Additionally, under increased load conditions, further evaluations with the Gaussian-type
membership function were conducted, the results of which are presented in Fig. 9. These results
emphasize the significance of analyzing the system’s adaptive response and robustness when
operating under unstable or uncertain environments, providing deeper insights into the fuzzy-
based reliability control mechanism.

The reliability results calculated for each membership function are presented in Table 3. This
table provides the basis for analyzing the system’s reliability levels under different operational
conditions, as well as for identifying the influence of risk and sensitivity parameters on the
system’s overall performance. The obtained results serve as a significant scientific foundation
for the optimization of the system and ensuring its stable and reliable operation.

In this study, particular attention was devoted to evaluating the sensitivity of membership
functions during the fuzzification stage and to optimizing their aggregation states. The
appropriate selection of membership functions for low, medium, and high conditions plays a
crucial role in ensuring the system’s efficient performance. Therefore, the chosen combinational
approach allowed achieving optimal sensitivity for each linguistic state of the system, which in
turn enhanced both its stability and overall effectiveness.

The sensitivity of membership functions is a fundamental factor in managing uncertainties
within the system, as even minor variations in parameters can have a significant impact on
the output results. Through the implementation of an optimal combinational strategy, the
uncertainties arising in the decision-making process are minimized, thereby improving the
system’s overall operational efficiency and robustness.

Conclution. The study demonstrated that applying a single type of membership function
to all input parameters reduces the system’s sensitivity and limits decision accuracy. Therefore,
an approach combining triangular, trapezoidal, and Gaussian functions selected according
to the semantic characteristics of the parameters was developed. This approach ensured
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higher sensitivity and discriminative capability in fuzzy systems, minimized uncertainty in the
decision-making process, and enhanced overall system stability. Experimental results confirmed
that the combinational approach outperforms traditional methods by reducing response time,
balancing server load, and increasing decision accuracy. Consequently, selecting membership
functions based on semantic relevance significantly improves system efficiency.
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The problem of automatic program construction remains relevant in the context of continuously
progressing computerization of all spheres of society. Despite significant achievements in automation
tools such as compilers, programming languages, integrated development environments, and artificial
intelligence methods, program construction largely remains a creative task that is difficult to automate.
Universal approaches to automatic program construction that would produce sufficiently efficient
programs for practical use within acceptable timeframes are algorithmically complex and have only
niche applications. Therefore, it is important to explore and develop different approaches to automatic
program construction and methodologies for their application and combination. In particular, it is
valuable to utilize the experience of manual program development in various subject domains and
create programming automation tools based on this experience.

This paper examines the active knowledge concept as one such approach and explores how it
relates to and can be combined with machine learning methods. The active knowledge concept is a
methodology for automatic program construction in specific subject domains. It is based on the theory
of synthesis of parallel programs and systems on computational models [1]. The methodology enables
automatic construction of sufficiently efficient programs for solving problems of a certain class within
a particular subject domain, where efficiency is understood from the perspective of non-functional
properties essential to that domain, such as execution time, memory consumption, network load, etc.

The fundamental principles of the active knowledge concept include non-universality, axiomatic
theory as a foundation, partial description of the subject domain, use of computational models, multi-
level construction, consideration of static and dynamic aspects, application to well-developed subject
domains, inclusion of good solutions, variability, recommendations, alternative approach to program
creation, accumulation of knowledge in active form, and instrumental support through systems like
LuNA (Language for Numerical Algorithms). The LuNA system, developed and maintained at the
Institute of Computational Mathematics and Mathematical Geophysics SB RAS, includes a language
for describing active knowledge bases and a system for automatic construction and execution of parallel
programs.

Machine learning methods, particularly those based on large language models, offer new
opportunities for automating programming tasks. A practically widely used technology is the creation

This research was carried out under the state contract with ICM&MG SB RAS FWNM-2025-0005.
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of Al assistants digital assistants capable of not only executing predefined commands but also
understanding context and adapting their behavior accordingly. In software development, Al assistants
can help with code generation, documentation, quality checking, education, and auxiliary technical
tasks. Popular solutions include Cursor, Codex, GitHub Copilot, Gemini Code Assist, and domestic
developments like SourceCraft Code Assistant and GigaCode.

This paper explores the potential synergies between the active knowledge concept and machine
learning methods. Several principal possibilities for combining these approaches are considered: (1)
An AT assistant for training and methodological support of LuNA system users, helping to overcome
the entry barrier; (2) Al assistance in creating active knowledge bases, acting as a methodological
consultant guiding users through key stages; (3) Automatic creation of active knowledge bases from
human-oriented texts using machine learning; (4) Al translation from informal problem statements to
formal specifications; (5) Improvement of active knowledge bases through analysis and optimization
using large language models.

The paper presents a prototype implementation of an Al assistant for the LuNA system (LuNA
Al), focused initially on documentation-related tasks to help overcome the entry barrier in learning and
using the active knowledge concept. Technically, LuNA Al is a service that accepts context from the
user (files, questions), combines this information with the available knowledge base (documentation,
templates, examples), forms a prompt, calls a large language model, and displays the LLM’s response
to the user.

The implementation utilizes Yandex Al Assistant API, which combines the YandexGPT large
language model with RAG (Retrieval-Augmented Generation) technology for retrieving relevant
information from knowledge bases. The system architecture includes a frontend application built with
Vue and NuxtUI frameworks and a backend developed in Python with FastAPI. The user’s query is
vectorized and, together with the most relevant context from the knowledge base, is fed to the LLM.
For convenient updating of the knowledge base, the concept of a “project” is implemented at the Ul
level — a set of files forming a knowledge base, with support for multiple projects to maintain different
versions of the LuNA system.

The current demonstration version of the Al assistant solves part of the documentation-related
tasks: users can request information about the LuNA system, and the Al assistant builds relevant
responses using RAG. Although the quality of responses currently requires further improvement,
particularly in enhancing the knowledge base quality, even in this form the assistant can provide
significant help to those newly acquainted with the LuNA language.

The research demonstrates that the active knowledge concept and machine learning methods have
significant potential for combined use. Active knowledge bases, based on axiomatic theories, can serve as
a flexible, rigorous mathematical apparatus allowing practically unlimited accumulation of knowledge
that remains unchanged over time with the possibility of automatic application. Machine learning
methods can rely on this apparatus, solving optimization problems within given axiomatic theories, as
well as serving as a bridge to the informal human context.

Future work includes improving the quality of the knowledge base, integrating the Al assistant
into popular development environments like VS Code, and expanding its functionality with additional
capabilities such as code generation and optimization suggestions within the LuNA framework.

Key words: active knowledge concept, LuNA system, LLM, deep learning, Al assistant.
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B pafore paccmarpuBaoTes BO3MOXKHOCTH COBMECTHOIO HCIOIL30BAHIA KOHIIEITHH AKTHBHLIX 3Ha-
HUI 1 METOI0B MAIMHHOTO 0DYYeHUs JIUId TOBBIIIEHHs YPOBHS aBTOMAaTH3AMK PaspaboTKu napaJi-
JIeJIBHBIX HporpaMM. KoHnenmus akTUBHBIX 3HAHUA npejacrasiasder coboil MeTono/JI0ruio aBToMaTi-
YeCKOTO KOHCTPYHPOBAHHS MPOTPAMM B KOHKPETHBLIX HpeaMeTHwlx obmactax. B ee ocmnose mexxur
ujues CO3MAHUS 0A3LI AKTUBHBIX 3HAHHI — CIEMMAILHOTO (hOPMATH30BAHHOTO OMHCAHHSA KOHKPET-
HOIl mpeamMeTHol obmactu, Garogapd 4eMy B 3TOH IPEAMETHOH 00IacTH CYIIeCTBEHHO CHHKACTCH
CJIOKHOCTH aBTOMATHYECKOI'0 KOHCTPYUPOBAHUS nporpaMm. Merons MammuHoro obydenust MoryT
CrocobOCTBOBATHL ABTOMATUIAIMK M YIPOILEHUIO CO3IAHNHS U MCIOIB30BAHUS TaKuX Da3 aKTHBHBLIX
S3HAHUN, CHUZKATH OPOL BXOXKJAEHUs B paboTy ¢ CHCTeMOH aBTOMATHYECKOI0 KOHCTPYHPOBAHIS [IPO-
rpamum (Hanpumep, cucremoii LuNA). B patore npejpcrasien U-niomornnk, criocobusiii B nedop-
MATBEHOM ODITEHNH OTBEYAThL Ha BOTpochkl 0 cucteme LuNA w gKoHmennnm akTHBHBIX 3manmit, On
peanu30Bal Ha OCHOBE DOJIBINONR A3LIKOBOR MOJEIH W ucnoab3yer noaxon RAG pas paborsl ¢ noj-
FOTOBJIEHHON /IS 3TOT0 TEKCTOBOI 0azoil 3Hamwmit. B manbmeiimmeMm mianupyercs pasBUBAThL (PYHK-
mnoHaneHoCTL MM -nmomomanka.

Knro4yesbie cjioBa: KOHIENIHS aKTHBHLIX 3Hannil, cucrema LuNA, mamunnnoe obyvenne, 60/1b-
mme g93elKoBbie Momean, MH-acencrent.

Beeaenne. Ha dhone nocrosgnno nporpeccupyonieil KOMIbIOTEPH3aIHT NPAKTHYECKH BCEX
chep kusznm obIIECTBA HE BBI3BIBAET COMHEHUIT aKTYATILHOCTH NPOOJIEMbBl ABTOMATH3AINNA KOH-
cTpyupoBanus nporpamMm. OHa HAXOAMTCH 110/ IOCTOSIHHBIM BHUMAHUEM YY€HBIX H POIPAMMU-
CTOB, U ee pa3padoTKa BeCcbMa ILIOJAOTBOPHA C TOYKH 3PEHH TOI'0, KAKOE KOJHYIECTBO PYYHOI'O
TPYAA YAAeTCsl HePeJ0KHTh HA KOMIBIOTED € HPHEMJ/IEMBIM (& 3a4acTyi0 U LPEBOCXO/ISIIIM
PYUHOE) KauecTBOM 910ro Tpyaa. K rakum pesysbraraM MOzKHO OTHECTH KOMIMISTOPDL, S3bIKHU
U CHCTEMBI [POI'PAMMUPOBAHNS, HHTEIPUPOBAHHbBIE CPebl Pa3spaboTKH, reHepaToOPhl JI0KYMeH-
TAlMKU, METO/bl HCKYCCTBEHHOI'0 UHTEJLJIEKTa U T. I1.

Hecmorpsi Ha KoJioccalibHbIe VCHJIMS W PE3Y/IbLTATHI B 9T0H objactu, npobdjieMa aBroMaT-
YeCKOT0 KOHCTPYHPOBAaHM [IPOI'paMM Ha TEKYIIUi MOMEHT ocTaeTcd OTKPBLITOH, H 3alpoc Ha

Pabora pemosnseHa B pamkax rocyaapereensoro 3aganus IBMuMD CO PAH FWNM-2025-0005.
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pa3BUTHE CPEJCTB aBTOMATU3AIMK IPOrPAMMHPOBAHUS TOILKO BO3PACTAET. DTO CBA3AHO C TEM,
4TO B 3HAYKMTE/ILHON CTeNeHH KOHCTPYHPOBAHKUE IPOIPAMM OCTAETCH TBOPYECKOil 3a1a4eil, 1110~
X0 LOJJIAIOIEHC ABTOMATH3AIMY, & HPAMOJIUHEHHbIE H YHUBEPCAJILHBIC HOAXO0/Abl K ABTOMATH-
YECKOMY KOHCTPYUPOBAHUIO 32 LPHEM/IEMOE BPEM# JIOCTATOYHO XOPOIIMX J/Isl HPAKTHYCCKOI'O
UCLO/IB30BAHUS [IPOIPAMM BJISIOTCH AJIOPUTMUYECKH TPYJAHOPEIIAEMBIMY U [OTOMY HMEIOT
TOJILKO HUILIEBOE HPAKTHYECKOE [IPUMEHEHHE.

Kak ciejpcrsue, BayKHO HUCCJEJA0BATD U PA3BUBATL PA3HLIC I0AXO/bl K ABTOMATHYECKOMY
KOHCTPYHUPOBAHKUIO IPOrPAMM H METOI0JIOTHIO HX IPUMEHEeHHs 1 codeTtanus. B yacTHocTu, Bax-
HO UCIIOJIB30BATHL OLBIT PYYHON paszpaboTKu LHPOrpaMM B PA3JIUYHBIX LPEJIMETHLIX 00/1aCTsAX U
Ha €0 OCHOBE CO3JaBaTh CPEJICTBA aBTOMATH3ALMN IIPOrpaMMHupoBanus. B crarbe pacemarpu-
BAETCs OJIMH M3 TAKMX IOJIXOJM0B  KOHICIIHS AKTHBHBIX 3HAHUNA € TOUYKH 3PEHUs TOr0, KaK
OH COOTHOCHTCH M KAK MOKET COUCTATHCH ¢ HEKOTOPBIMKM METOJAMU MAILMHHOIO 00y Yenus. Tak-
JK€ B CTAThe MPEACTAB/ICHbI TEKYIIHE PE3V/IBTATHI 10 PeATU3aNH OJIHOI0 U3 TAKHX BO3MOZKHBIX
coueTaHuii  CO3AAHUIO0 [POIPAMMHOIO ACCHCTEHTA HA OCHOBE OOJIBLIIMX HA3LIKOBLIX MOJejied
IJ1s cucTeMbl akTHBHBIX 3Hanuil LulNA.

OcrajbHas 4acTb CTAThbU CTPYKTYPUpOBaHa cieiyionmm obpaszom. B pazziese 1 npusoanrcs
HPUHIUITHAIBHOE OIKUCAHUE KOHIEIIUA aKTHBHBIX 3HaHui. B paziese 2 jaercs xapakrepucTu-
Ka MeTojlaM MCKYCCTBEHHOTO MHTEJI/IEKTA, 3aTPAruBaeMblX B ctarhe. B pazgene 3 paccmarpu-
BAIOTCA BO3MOKHOCTH COBMECTHOI'O MCIOJIL30BAHUS KOHUEILIUA AKTUBHBIX 3HAHUN U METOJL0B
MalMHHOTO 00yuenusi. B paszmene 4 inpejcrasienbl TeKyliue pe3yibrarbl 10 co3ganuio -
nomonauka i cucrembl LUNA. B 3ak/ii0uenun 104BOAATCH HTOIH CTATbH.

1. O koHuennuym akKTUBHBLIX 3HAHUil. Kouuenus akTuBHLIX 3HAHUE — ITO METO0-
JIOTUS ABTOMATHYECKOI'O KOHCTPYMPOBAHUS IIPOIPAMM B KOHKPETHBIX 1PEJMETHBIX 00J1aCTHX.
Ona Oa3upyercd Ha TEOPHH CHHTE3a HAPA/LIeJbHbIX MPOrPAMM U CHCTEM HA BbIYHC/IHTEIbHBIX
moesax [1] u Gbuia uzinoxena B [2]. Dra Merogo/orus 103B0ALET 0DECHEUUTH ABTOMATHYC-
CKOE KOHCTPYHUPOBAHHUE JIOCTATOYHO 3(PheKTUBHBIX TPOrPAMM DEIIeHUs 3a/a4 ONpe/IeJeHHOT0
K/Jacca B HEKOTOPOH npejmMerHoi obactu. Tyt n ganee apdekTHBHOCTD TOHUMAETCH € TOY-
KH 3PeHUs CYIIECTBEHHbIX B TOH MM MHON 1peaMerHoil obiactu HedyHKIMOHAJIBHBIX CBORCTB
LPOIPAMMbI, TAKUX KAK BPEMsl BBLILIOJHEHHs, PACXO/J LAMIATH, HAPY3KA Ha cerb u T.1. [lo
dyukuuona bHbIMU cBOlicTBaMu B pabore OyieM HOHHUMATh (DYHKIUIO, KOTOPYIO BbIUUC/ILET
LporpaMma, T. €. KaK OHa 0T0OparkaeT CBOUM BXOIHLIE JAHHBIC B BLIXOAHLIE,

Pacemorpum Kparko OCHOBHBIC HPUHIUIILI KOHUEHIMK AKTUBHBIX 3HAHUI, Jalonme Hnpe /-
crap/ieHue 06 310l METOAOJIOIHH B LEJIOM.

Heynusepcaavrocmo, B obiieil nocranoske 3a/1a4a aBToMaTHIeCKOI0 KOHCTPY HPOBAHUS Oll-
TUMAJIbLHBIX [POIPAMM 110 UX BBLICOKOYPOBHEBOH clenudUKALME ABISACTCH AIIOPUTMUYCCKH
TpVAHOpeNaemMoil 3a1a4eil, M03TOMY [OHCK YHHUBEPCAJILHOrO ciiocoba nenesecoodbpasen. Tem
He MeHee, BO MHOI'MX IPEJAMETHBIX 00JIACTSIX CYLIECTBYIOT PA3JIMYHLIC YACTHBIC U IBPUCTUUE-
CKHE 1OJXOAbl U AJIOPUTMbI, CHOCOOHLIE 0DECHIEYUTH 3a Pa3yMHOE BPEMs KOHCTPYHPOBAHUE
JIOCTATOYHO XOPOIIKUX /IIs HPAKTHYECKOI'O IpuMeHenus nporpamm. g sroro rpebyercs 1o-
crpourh 6a3y akTUBHBIX 3HAHUN — opMaU30BAHHOE YACTHYHOE ONUCAHHE HpeAMeTHON 00-
JIACTH, KOTOPOE COACPzKUT HHMOPMALMIO O CYLIECTBEHHLIX ¢ TOYKH 3PEHUs ABTOMATHYECKOI'O
KOHCTPYHPOBAHUS POrPaMM OCOOEHHOCTSX 3TOH npeAMeTHOil 00/IacTH U HAKOIUICHHBIX B HEil
CYHIECTBYIONMX TPOTPAMMHBIX MOJIYJISX PEHICHHs OT/AeIbHBIX noj3ajiad. CylnecrsoBanue jio-
CTATOYHO XOpolieil 6a3bl AKTHBHBIX 3HAHWIT T03BOJISET CHCTEMe KOHCTPYHPOBAHUS MPOTPAMM
(naupumep, cucreme LuNA [3]) aBromarudecku KOHCTpYHpOBaThb B 910l npeamernoi ob.a-
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CTH MPOrPAMMbI VIOB/IETBOPUTEIBHOIO KadecTBa. eM yzKe HpeiMerHas 00/1acTb, TeM IIPOILe
[OCTPOUTD /It Hee 6a3y aKTHBHBIX 3HAHUI.

Axcuomamuneckas meopus 6 ocnoge. B ocnope 6a3bl aKTUBHBIX 3HAHMI JIEZKUT AKCHOMATH-
qeckas TeOpUs, KOTOpas YacTUYHO OLUCHLIBAET HpeAMeTHYI0 00JiacTb. AKcHoMarudeckas Teo-
pus npeicras/isier cobOi yHUBEPCAIbHBII MaTeMATHIeCKUH HHCTPYMEHT, [IO3BOJILIONIH CTPOro
OIMCBIBATH HPAKTHYECKH YTO YIOAHO B IPeJAMEeTHOH 00JIacTH U OJHO3HAYHO HHTEPLPETUPOBATH
9T0 OLMCAHHE, B TOM YMCJ/E ¢ LHOMOLIbLI0 KoMibiorepa. Hajmune takoro ¢popMaibHOr0 Oluca-
HUg [I03BOJISET CTPOUTDH OLUCAHKS [IPEAMETHBIX 00J1acTell, KOTOpble MOI'YT ObITh HCIOJIb30BAHDI
HEOIPAHUYEHHO J0JII0 B OyAVIIeM, 4TO LO3BOJISET HCIOJAb30BATH DA3bl AKTUBHBLIX 3HAHUNI KakK
crocod HAKOIUIeHIs HHGDOPMAIIMT O CYHIECTBYIONIUX PEHICHUAX (aJIrOpUTMAX, IPOrPaMMax, Ma-
TEMATHYECKUX MOJEJIAX, METOAAX U T.11.) [L/Id UX ABTOMATHYECKOI'O UCLO/Ib30BAHUS B PELICHUN
HOBBIX 3a/a4.

Yacmuunocms onucanus npedmemmoti obaacmu. AKCHOMATHYCCKAS TEOPUs OLUCLIBACT HE
BCEBO3MOZKHBIE JIETA/M O [PEJAMEeTHOI 00/1acTH, a TOJABKO YacTu4HOo. B akcuomMaruieckyio teo-
PHIO BXOAUT OINUCAHHE KJIOYEBLIX IHOHATHH MpejaMeTHOH 00JacTH; XOPOIUUX, [IPOBEPEHHBIX
HPAKTUKON U OT/IaZKEeHHBIX POIPAMMHbBIX MOJLY/ISX; CJA0ZKUBLICHCH IPAKTUKH [IPUMEHEHUS ITHX
MOJLYJIeH JIisl PellleHrs HPAKTHYeCKUX 3a/a4; CyleCTBYIOINIMX IBPUCTUK U YACTHLIX a/JI0PUT-
MOB, 00€CIeUUBAIONTUX KOHCTPYUpOBanue 10cTtarouno sddekrusnpix nporpamm. Ipyrue jgera-
JIM B AKCHOMATUYECKOH TeOpuH He OHHCLIBAIOTCH, YTODLI MHOKECTBO KOMOMHALMI HE CTAHOBH-
JIOCH CJIMIIKOM OOJ/IbIINM, U 0a3a aKTUBHLIX 3HAHUNA MOIVIA MCIOJ/IL30BATLCH IPAIMaTHYHO.

Henoavszosanue svvucasumenvnus modeaeti. B kauecrse 1peicrapieHus aKCHOMATHIECKHX
TeOpHH UCIHOJMB3YIOTCH BbluuCIuTe bbie Mojeu (e, [1]). Boruncaureibnag mMouesn sapiisier-
cd MaTeMardyeckoil MoJesiblo, HO3BOILI0IEeH OlIUCLIBATL AKCUOMATHYECKHEe TeOPUM 4acTHOI'O
BH/A HE € [IOMOIILI0 AKCHOM H IPABUJI BBIBOJAA, a B LPEICTAB/ACHHH, [OJ00HOM JIBY/I0/bHO-
MYy OpHEHTHPOBAHHOMY rpady, 3ajanHoMy napamMerpuydecku. Boraucianre/bHas MOIE/Ib NPAMO
ONUCHIBACT TOHATUS UPEJIMETHOR 00JIACTH B BHJIE MHOXKECTBA MEPEMEHHBIX, MOTYIIUX HUMETh
sHaueHus. TakzKe oHA BKJIOYAET MHOMXKECTBO OLEPAINil, ONMCLIBAIONIMX BO3ZMOMXKHOCTH BBLIMHC-
JIATH 3HAYCHUS OJHUX LHOHATHI U3 APYIUX € HOMOLIBIO BHIYUC/IUTE/ILHBIX MO/LYJICH, HA3bIBAEMbIX
dparmenramu Kojga. B kadecrse pparMeHTOB KOJa MOIYT BBICTYIIATH I'OTOBBIE POIPAMMHBIE
MOy I OHOJIHOTEYHbIE POLE/y Db, IIPOrPAMMbL U T. II., pa3paboTaHHble HA TPaAHIMOHHBIX
SA3BIKAX MPOrPAMMHPOBAHHESI.

Hciob3oBanue BbIYMCIUTEILHBIX MOJEICH BMECTO KJ/IACCHYECKOIO IHPEIACTABJICHHS AKCH-
OMATHYECKOI TEOPHH B BHIE MHOXKECTBA AKCHOM H IIPABHJ BBIBOZA HMEET IIPAIMaTHUYECKHU
cMmbics. OH 3aK/1I09a€TCA B TOM, YT0 JAXKEe HE3HAYHTE/ILHOE U3MEHEHHE aKCHOMATHYECKOH Teo-
pun (gobasieuue, yiajgienue win MoAuduKanns KaKoro-1ubo npasuia BbIBOJAA WM AKCHOMDI)
MOZKET KAapJAUHAJILHO U TPYIHOILPEJICKAZYEMO U3MEHUTh MHOXKECTBO ee Teopem. M3menenue xe
BBIYHC/AUTE/ILHON MOIEIH JOKAJIBHO W IOPA310 JIErde HOHATbh H OLUEHHTH HOCJEJCTBHSA TAKOrO
U3MEHeHHsl. DTO, KAK IPABUIIO, J0DABICHUE WK YAAJICHUE KAKOrO-1u60 nongrug (nepemMentoii)
Win C1ocoba BolMUCAATH OAHU HOHATHs U3 ApYrux (onepanus). Taxzke reopus cunresa napasi-
JIGJIbHBIX [POI'PAMM M CUCTEM HA BbIYUC/IUTE/IbHBLIX MOJE/ILX YK€ XOPOLIO pa3BUTa B 4HacTu
ABTOMATHYECKOI0 KOHCTPYUPOBAHUS AJTOPHUTMOB U IIPOIPAMM C y4eTOM HX HedYHKIHOHAIb-
HBIX CBOHCTB.

Mnozoyposuesoe koncmpyuposarue. I1ponece KOHCTPYUPOBAHUS TPOTPAMMBI JIOTHYECKH (a
HE XPOHOJIOIHYECKH) Pa3/ie/isieTcs Ha HeCKOJIbKO 3tanoB. Ha mepBoM ypoBHe umeercs mocra-
HOBKa 3aJia4i 1 0a3a aKTHBHBLIX 3Hanuil. Jlajee Ha 910l 0CHOBE CTPOMTCS ANTOPHTM PELICHHS
sagaun (B [1] wianuposanue, nocrpoenne VW-mnana). Ha caeayiomem yposne crpoutcs
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oTobpakeHue olepamuii 1 IePeMEeHHbIX AJIFOPUTMA HA PECYPChI HAPA/LIEIbHOI0 BblYHCIHTE/ 151
U OLPEJIEJIACTCs YIPABJICHIE, KOTOPOE 3a/1aeT YaCTHYHbIH HOPAJI0K BbIIOHeHUs onepanuii [4].
D10 3ajaer nporpammy pemrenus 3azaqu. llocieanuil ypoBenb — 9TO UCIOJIHEHHE HPOIDaM-
Mbl, HA KOTOPOM 00ECIEYUBAIOTCH €€ AHHAMHYECKHE CBOHCTBA HCIOIHHTEILHON cucreMOoil wiu
HHTEPLPETATOPOM.

Takoe paziesienue Ha yPOBHE 3aJla€T JEKOMIIO3UIMIO 32/1a4l ABTOMATUYECKOI'0 KOHCTPYH-
POBaHUs NPOIPAMMBIL HA 1033428491 (BbIBOJ, AJIOPUTMA, IeHEPALU POrPAMMDL, 06eCIIeUeHHe
JMHAMHYIECKUX CBOMCTB), CBOJM PELICHUE 3241 K DEIIEHUIO 1032/1a4, 1 TEM CAMBIM CHUZKAs
CJIOACHOCTD 1IPOLECCa ABTOMATHYECKOI0 KOHCTPYUPOBAHUS LIPOI'DAMM.

Cmamuka u dunamura. Ilponece KoHcTpyHpoBaHUS U UCIIOJTHEHUS TPOTPAMMBI MOXKHO Pac-
CMATPHBATL KAK IIPOLECC HpuHaTHs peinenuii. lMexommo, korga onpejeieHna TOJALKO 3a1a4a,
T0 Ha Da3ze aKTHBHLIX 3HAHHI MOKET ObITh BbLIBEACHO, BOOOLIE IOBOPH, MHOXKECTBO pPa3JiH4-
ubix pemenuil (peanmsanuit). Korga dbukcupyercs aaropurs peimenus 3ajadu, T0 MHOZKECTBO
peajin3aluii COKPAaIAeTcsd JI0 TeX, KOTOPbie peaju3yioT BulOpanubiil aaropurM. M rak jalee,
110 Mepe [IPUHATHS PelIeHuH 0 Paclpe/le/JeHUd PeCYPCOB, VIPAB/JAEHUH U T.I.  MHOMKECTBO
peajin3aluii COKPALaeTcs /10 0JHOIEMEHTHOIO, COOTBETCTBYIONIEI0 (DAKTHIECKH PeAaJM30BaH-
HOMY.

C 910it TOUYKH 3peHHs BCE PEHICHUS MOTYT NPUHUMATHCS KAK CTATHYCCKH, HA ITAIE KOHCTPY-
HPOBAHKS KOJA LIPOIPaMMbl, TaK M JUHAMHYECKH — BO BpeMd ucuojnenus. B upegene 1o jaer
FeHEPALMIO 1IOJHOCTBIO CTATHYECKOI'0 KOJA WJIM HOJHOCTBIO JIMHAMUYECKYIO MHTEPIPEeTALMIO.
[IpomMexkyTounblil BApuaHT 03HAYAET HUCIOJHEHHE YACTHYIHO OIPeleIeHHON HPOrPaMMBbI C 10-
MOIILIO HCHOJIHUTEIbHON cHCTeMbl, 0becie nBaloNiel JuHaMuIecKue CBoicTBa (JuHaMuYecKast
cBopka Mycopa, JUHAMMYECKAd DAJNAHCHPOBKA HAIPY3KM HA y3ibl U T.1.). [Io BO3MOMKHOCTH
BCE PelleHUs CJIeAyeT HPUHUMATh CTATHYECKH, 9T00bl MHHUMH3IHPOBATH HAK/IAIHBIE PACXO/IbI
BO BpEM$ HCIIOJHEHHS, & HA BPEMs HCIOJHEHHS OCTABJILATL IPHHATHE TOJILKO T€X PELICHHI,
KOTOpPBIEe HEOOXOIUMO HNPUHAMATDH JIMHAMHYECKH J/1d 00eclevYenus JUHAMHYECKUX CBOHCTB.

Oceoennvie npedmemuoie obaacmu. Konnenuio ak THBHBIX 3HAHUN CJIe/IyeT NPUMEHITh /11
foJ1ee wiu MeHee OCBOEHHBIX (pa3paboTaHHBIX) HPEAMETHBIX 00/1acTeil — TO ecTh TAKHX, B KOTO-
PBIX yZK€ UMEIOTCS HAKOILIEHHBIE [IPOI'PAMMHDIE MOJLY/IH, KOTOPBIE MOIYT ObITh I€PEUCIIOIb30-
BaHbl B KA4E€CTBE PELICHU: 110/3a/a4 IPH PELICHHH HOBLIX 3a/a4 B 9T0H npeimerdaoil ob/acru,
VZKe CJIOXKHIJIACh IPAKTUKA [PUMEHEHHs ITUX MO/1y./ieil, BblpaboTaiuch HEOOXOAUMbIE IBPUCTH-
KH, obecriednBamiime Xopouy 3pdekTusHocTs nporpamMm, u T.1. be3 sroro marepuasa B
0a3y aKTUBHBIX 3HAHUI Oy1eT HEYero BKJIIOYaTh, U ee [0JIe3HOCTb Oya1er coMuuTe/1bna. Boiroia
110 CPABHEHUIO € PYYHBIM [IPOIPAMMHUPOBAHHEM 3aK/II0YAETCA B TOM, 4TO ITH 3HAHUH TEIEpPb
UCIIO/IL3YIOTCs B IPOLECCEe KOHCTPYUPOBAHKS IIPOrPAMMbI aBTOMATHIYECKH, 0€3 He0OX0MMOCTH
4e/I0BeKA UX ocBauBarb. VIMEHHO 9T0 U HOHUMAETCS 110 TePMUHOM «AKTHBHbIC 3HAHUS» B IPO-
THBOIIOJIOKHOCTh «IACCHBHBIM 3HAHUAMY, [IPEMEPOM KOTOPBIX MOZKET CJIVZKHTb YIeOHUK /15
HPUMEHEHHS COAEPZKAIIMXCH B HEM 3HAHUH HeoDXOAUM Ye10BEK, KOTOPbLII UX OCBOUT.

Brarouenue ropowur pewenudi. Tak Kak KOHCTPYHPOBAHUE HOBBIX IPOIPAMM B KOHIIEIIIIUH
AKTUBHBIX 3HAHUI COCTOUT B KOMOMHUPOBAHUHU 7K€ UMEIOLIUXC IPOrPAMMHBIX MO/YJICH B paM-
Kax, OLPedeIeHHbIX aKCHOMAaTHYeCKOl Teopueil, 1o 6a3a aK TUBHBIX 3HAHUIL JOJI2KHA COUCPZKATD
JIOCTATOYHO TAKUX MO/YJICH Juid TOro, 4rodbl OXBATHTH KJACC HPAKTHYECKH 3HAYUMBIX 33J1a4.
KadecTBo pesyiabrupyiomnieil nporpamMmbl CYIIECTBEHHO 3aBUCHT OT KadecTBa MOJyJeil, BKIIO-
YeHHBLIX B 0a3y akTUBHBIX 3Hanuil. KauecTBo pesyibrupyonieii nporpaMMbl 3aBUCHT HE TOJBKO
0T Kadecrsa MOJyJiell, HO 1 0T aKCUOMaTHYeCKOH TeOpuM, U 0T aJrOPUTMOB KOHCTPYUPOBAHUS
HPOIPAMMBDbI.
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Bapuamuerocms. B 6a3y akTHBHBIX 3HAHUH BKJIIOYAETCH MHOXKECTBO PA3/IMYHBIX PeIle-
HUl OJHHX M TeX yKe 3a/ad4/uoja3a1ad. Pemrenus 10/KHbI pa3jindarsed MezKy coboil cBoumu
HedyHKIMOHAIBHBIMI CBOMCTBAMEY, U 9TH He(YHKIMOHAIBHBIE CBOHCTBA JIOJIZKHBI ObITh hop-
MaJIbHO OllucaHbl B 0a3e akKTUBHBIX 3HaHUi. Biaronaps 3romy cucremMa KOHCTPYHPOBAHUA CMO-
JKeT OTJABATH HPEAIOYTeHHUs TeM BApUAHTAM, KOTOPbIE JIVUIIEe HOAXOAAT 1O CUTYAIUI0 — OCO-
OenHocTH M KOH(pUIYpalKIo anapaTHoro obeciedenus, cBoiicrea 0dpadarbiBaeMbIX JIAHHBIX,
COCTOAHKE 3AI'PYZKEHHOCTH BbIYUCAUTEIs U T. II.

Pexomendayuu. Ilporpamma KOHCTPYHPYETCs aBIOMATHYECKH, HO BO3MOZKHO BMEILIATE/Ib-
CTBO Y€/10BEKA B 3TOT LPOLECC /s ero HACTpoiiku. KoHmerus aK THBHBIX 3HAHUI LIPEII10J1araer
BO3MOYKHOCTH BKJIIOYeHHS B 0a3y aKTUBHBIX 3HAHWIT peKOMeHIaiuii — (hOpMabHO ONUCAHHBIX
BBICOKOY POBHEBBIX [PEI0ZKEHHIT 0 TOM, KAK CJIeAYeT KOHCTPYHUPOBATH HPOIPAMMY B 3TOH LIPe/l-
merHoit obsiactu. [Ipumepom moxker ciyurhb popmysia, 0TODpazKAIOIAT MHOXKECTBO Ollepaluii
U [EePEMEHHBIX AJIIOPUTMA Ha Y3/1bl MYJILTHKOMIIBIOTEPA, WM 38/aHHOE OTHOIICHUE YACTHYHO-
10 LOPsIKA HA MHOZKECTBE ollepaluii, olpele/diomnas PeKOMeHIyeMbl YaCTHUYHbBIH HOPHAI0K
ux ucnoanenus. Koncrpyuposanue joctarouno 3hdekTuBHOl nporpaMMbl — CJI0OZKHAN 3a/1a-
da, 4acTo Tpedbyionas TBOPYECKOIO MOAX04A K CBOEMY pPelleHuio. PeKoOMeHIAlnN [103BOJIAI0T
BKJIIOUUTH B a3y aKTUBHBIX 3HAHUN HHTYUTHBHBIE PEACTAB/ICHUS Y€/I0BEKA O TOM, KAK C/JIeLYer
KOHCTPYHPOBATH U UCIIOJIHATE MPOIPAMMY, CYIIECTBEHHO PACHTUPHB 00/1aCTh HPUMEHEHUS KOH-
LEIHIHKH aKTHBHBIX 3HAHUI U HOBLICHB KAa4eCTBO KOHCTPYHPYEMbIX IHporpamM. B nepciekruse,
KOLJ/IA CUCTEMHBIE AJINOPUTMbI OYIYT HPEBOCXOAUTH 110 KAYECTBY COBETHI Y€/I0BEKA, PEKOMEH 18-
UM MOTYT ObITh 6e300/1e3HeHH0 OTOPOIIeHb! U3 0a3bl AKTHBHLIX 3HAHUIA.

Hodxod % cozdanuro npozpamm. KoHLeUA aKTUBHBIX 3HAHUIT HIPe//iaraer ajibTepPHATHB-
HBLH TPAJUITMOHHOMY HOJIX0/1 K CO3JIaHII0 ITporpaMM. ByecTo nporpaMMupoBanus KAK TAKOBO-
'O BO IJIABY YIJIA CTAHOBUTCS MaTeMalruiecKas JOIMKa, KOTOpas UCIO/Ib3YETCs /sl BhIPAZKEHUs
3HAHMIl O 1peMerHoil obacTu 1 nocranoBKe 3aja4u. Eciu na cyuecrsyionieit 6a3e akTHBHBIX
BHAHMI HYZKHOE PEleHne HOCTPOUTH HEBO3MOYKHO, HJIH OHO OKA3BIBACTCH HeJl0cTaTouno 3 dek-
TUBHBIM, TO 9T0 PEIIACTCs BKJIIOYEHHEM B 023y AKTUBHBIX 3HAHUH HOBBIX 3JIeMEHTOB (MOJLy/IeH,
AJATOPUTMOB, HOHATHIL U T. 11.), & HE JOIHCHIBAHUEM WJIH [1€DEHUChIBAHHEM IIPOIPAMMBbI.

Haxonaenue snanuti 6 akmuenot dopme. Konuenius aKTuBHbIX 3HAHUN [1ae€T OCHOBY /11
LHPAKTHYECKH HEOIDAHUYEHHOIO HAKOILICHHMS 3HAHUN B aKTHBHOH (OPME ¢ LEJbI0 UX HOCIeLY-
IOLIEr0 ABTOMATHYIECKOI'O MCIIO/IL30BAHKUS B PEIIeHHU HOBBIX 3aJ/lad., JTO JOCTUIAETCs 3a cuer
TOro, 4r0 H6a3a AKTUBHLIX 3HAHUN — 9T0 OTUYYKIAEMOE IPEJICTABICHUE 3HAHUN, KOTOPOE MOZKET
OBITh HPOAHATM3UPOBAHO JIOALME (MJIM KOMIIBIOTEPOM): MOJY/IH U AKCHOMATUYECKHE TEODHH,
LIPOBEPEHHBIE BPEMEHEM M LPAKTUKON, BK/IIOYAOTCH B 0a3bl AKTUBHLIX 3HAHUH; B c/ydae 00-
HApyzKeHusd OMUOOK — HMCKJIo4aiorces; dosee sdppekruBabie MOAY/IH BKJIIOYAIOTCH B 0a3bl aK-
THBHBIX 3HAHUH, CO BpeMeHeM BbITecHsdd MeHee 3peKTUBHbIE A/bTEPHATHBLI. DTOT MPOLECC
1100061 HAY YHOMY OCBOGHMIO LpEAMETHBIX 06JiacTel, KOrJa ¢O BPEMEHEM I0JE3HbIE U [IPaK-
TUYHBIE LHOHATHH, TEOPEMbl M METO/Jbl HAKAILIMBAIOTCH B APCEHAJIE HAYYHOIO COODIIECTBA, a
omubounbie Teopun U menee 3 deKTUBHbIC PElIeHrs HOCTeIEHHO BbISB/ILIOTCs, OIPOBEpIra-
10TCsl, UCKJIIOYaioTcsd u3 obuxoga. KiodeBbiM TyT sB/ISETCH OTYYZKIAEMOCTH U OJHO3HAYHAS
UHTeplperanus 3Hanuil, npejicraBieHibX B Bude 6a3bl aKTUBHLIX 3HAHMUN, UX HEM3MEHHOCTD
BO BpeMEHH. DTO OTJANYACT KOHIEHINIO AKTUBHBIX 3HAHHH OT HEKOTOPBIX METOJ0B MaIIHH-
HOro 00y4eHus, TJie 3aTPYJIHUTETLHO BhISBHTH W HMOJBEPIHYTH AHAJINZY 3HAHUS, 3AJI0YKCHHBIE
B MCKYCCTBEHHYIO HEHpOCeTh, a J000y4YeHne HeHpPOHHON CeTH He rapanTHpyeT HeHM3MeHHOCTh
LHPEAbILYIIUX 3HAHMUIA,
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Cucmema LuNA. Konuenius akTUBHBIX 3HAHUH KAK METOLOIOIHH MOXKET ObITh LIOJIep-
Kana uHcTpymenTanbuo. [lpumepom takoro uncrpymenta usiserca cucrema LuNA [3] (or
Language for Numerical Algorithms — 93bIK /191 YMCJICHHBIX AJATOPUTMOB), CO3JAHHALA U Pa3-
puBaemas B UBMuMI' CO PAH. Dt1a cucrema Br/io4daer B cebs OJHOMMEHHbIH $3bIK, 1103BO-
JISIOLIHI OnUChIBATHL 0a3bl AKTHBHLIX 3HAHUIL, H CHCTEMY aBTOMATHYECKOIO KOHCTPYHPOBAHMUS
U UCIOJIHEHHU HAPA/LIE/IbHBIX HPOIPAMM.

2. Pa3zpaborka nporpaMm ¢ NpUMeHEHHEeM MEeTOA0B MAaIIMHHOro obydeHusd. Ak-
THUBHO HPUMEHAEMOIl HA HPAKTHKE TEXHOJOI'MEH Ha OCHOBE MAIIUHHOIO ODYUYCHUS sB/ISETCS
cozpanue N-accucrenros (min UH-nomouuuxos). Ilo cyru, sro undposoi nomouuuk, yme-
IOIUI He TOJILKO BBHINOJIHATHL HAOOD 3apaHee 3aJlaHHbIX KOMAHJ, HO HOHUMAIOIIHI KOHTEKCT 1
MEHSIONIHH CBOE LOBEJICHUE C €r0 YUETOM.

Cospemennbie M-accucrentsl MOIYT BHJIETD, CIBILATL, YATATH U paboTars ¢ LU(POBLIMU
upcrpymenTamu. OHE HAXOAAT HIMPOKOE HPUMEHEHHE KAK B JIMYHOM HCIO/Ib30BAHUU (HALDH-
MEp, MOIYT pa3obparh HOYTY WM 3AILIAHMPOBATDL YTEIIECTBUE), TAK U B NPOU3BOACTBEHHbIX
3aauax (HAlpUMED, BLIIOJHAIOT DYyHKIMU TexX. nojepxku nepsoi junuu). [Ipumenurenbio
K paspaborke mporpamMmuoro obecriedenus, Vl-accucrent — 910 MHCTPYMEHT Jijid [OMOIIH B
BBILIOJIHEHUK 3844, CBA3AHHBIX ¢ KOJAMPOBAHUEM, JOKYMEHTHPOBAHUEM U TECTHPOBAHHEM KOJA
[5]. danee Bezne nox UM-accucrentom Oy/jeMm uMerh B BUJLY HMEHHO TTIOMOIITHAKA 110 Pa3paboTKe
[10.

Pacemorpum noapobueii, kak Mll-accucrent Mozker ObITH 10JI€3€H B LIpoLecce pa3paborKu:

1) Pabora ¢ koa0M: cO34aTh WAGI0H MOAYIIS WU KJIACCA, IPEII0ZKH T ABTOA0UOIHEHUE W1
OLTHMU3AIMIO HA OCHOBE KOHTEKCTA (3aBepuienue Texyuieil crpoku uin jazke seeit dynkimm)
JIATh PEKOMEHJIAIMH 110 APXUTEKTYpe, cJeiarh peak TopuHr Wik HPOCTO 00'bICHUTH KO/,

2) Pabora ¢ jokymenranueil: garb pazbiacuenus 0 GyHKIMOHUPOBAHUYN IIPOEKTA, PEKOMEH-
JIOBATH APXUTEKTYPHbIE PEIIeHHs Ha OCHOBE HPUHATHIX B IIPOEKTE CTAHJIAPTOB, CI'€HEPUPOBATH

3

onucanue (hbyHKIHH.

3) llpoBepka KavuecTBa: BBISIBJACHHE MOJ03PUTEILHBIX (¢ TOUKH 3PEHUs HAJIUUUs OMIUOOK )
dparmMeHToB Ko/ia, reHepanus I0HuT-TecToB, soinonenue Ul-rectos, co3ianue TecTroBbiX (DUKC-
TYDP U MOKOB.

4) Obyuenue: 00bACHEHUE CJAOZKHBIX KOHUEHIUIT 93bIKOB IPOIPAMMUPOBAHUS WIH HIOAHCOB
UCLO/Ib30BaHUA ODUOIHOTEK, 10AD0D HPUMEPOB, CPABHUTE/ILHBII aAHAIN3 AJ1bTEePHATHB,

5) Beuomorareibupie Texuudeckue 3agadu: remepanus kKondurypanuonnsix baiijios, or-
LIpABKa KOJA B PELHO3UTOPUIl U JApyrue.

[Ipejcrasiennpiii nepedenb He SBILETCS UCUEPIbIBAIOLIIMM, OJHAKO LO3BOJILET CACJATD Bbl-
BOJL, YTO CIEKTP HoMoLId, okaszbisaemoil Mll-accucrenrom, BecbMa UPOK, U HOTEHIHAIBHO OH
MOZKET 3HAYUTE/ILHO HOBLICHTH HPOAYKTUBHOCTE pa3paboriuka.

Cywecrsyer ueiblii psg nonyiadpubix MI-accucrenros i npombiiuiennoi pazpaborku
HporpaMmuoro obecuedenud. K naubosiee u3BecrubiM 3apyOezKHLIM PELIeHUAM MOZKHO OTHE-
cru Cursor [6], Codex [7], GitHub Copilot [8], Gemini Code Assist [9], Grok Code Fast [10],
watsonx [5b]. Poccuiickue uncrpymentsl npejcrapienb rakuMu pemenuamu kak SourceCraft
Code Assistant [11] u GigaCode [12].

Beayres uceneposarenbekue npoektsl no pazpaborke Mll-accucrenTor 11 crienuain3npo-
BaHHBLIX HpuMeHeHuii. B yacrtnocr, B 001aCTH Hapa/LIe]bHBIX BbIYHCICHAH MOXKHO OTMETHTD
OMPar [13], AutoParLLM [14], HPC-Coder [15].

Korpa je10 J0X0AuT 10 BLICOKOH LPOU3BOAUTENLHOCTH (& B HAPALIC/IbHBIX BbIYHC/ICHHIX
9T0 BCEryla TaK), CHENUAJIN3UPOBAHHBIC DElleHus /i BuiOpannoil upeamernoii obiactu ume-

)
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0T [PEHMYIIECTBO [IePe/l YHUBEPCAJIbHBIMU CHCTEMAaMHU, TAK KaK HPH HUX [OCTPOEHHH MOZKHO
yuecTb cuenuduiecKue 3HaHus O [NPeJAMeTHOH 00/1acTH U HCIO0J/b30BATh TH 3HAHUS /I Oll-
rumu3anuu. lajee paccMarpuBaiOTcs HEKOTOPbIE 0COOEHHOCTH KOHIICHIHH AKTHBHBIX 3HAHMII,
KOTOpbIe MOI'VT Jiedb B OCHOBY clenuaju3zuposannoro Ml-accucrenta.

3. Konuenmnusga aKTUBHBIX 3HAHUM U METOAbl MANIMHHOrO obOy4eHus. Paccmorpum
HEKOTOPbIE HPUHIIUIHAIBHDIE BO3MOXKHOCTH COYETAHUS METOA0B MAIIUHHOIO 00YyUYeHUsd U KOH-
LEIHIHA AKTHBHBIX 3HAHUIA.

NH-iomomuuk B 00y4Y€HUH ¥ METOJAHYECKOM COHPOBOXICHUH I0Jb30BaTe/eil CHCTeMbl
LuNA. 3HakoMCTBO C HOBBIM $3bIKOM H CHCTEMOI KOHCTDYUPOBAHUS [POIPAMM CBS3aHO C IIpe-
OJIOJICHUEM MOPOra BXOMKJICHUs, YTO BKIIOUYACT 3HAKOMCTBO ¢ TEPMHUHOJIOTHEH, OCBOEHNE KITI0ve-
BBIX NPUHIUIIOB M IHOHATHH, 3HAKOMCTBO C HHCTPYMEHTAPHEM U CJOKHUBIIMMHUCS ITPAKTHKAMH,
B sroii 06aactu xopoio moryT nomousb UH-nomommukn (aCCHeTenThbl, AreHThbl ), KOTOPBIE MOTY T
CJAVKUTh CBA3VIOMIMM 3BEHOM MEXKIY TEKYLIUM YPOBHEM MOHUMAaHHUs [10/1b30BaTe s 1 DA30BBIM
nonumanuem cucreMbl LuNA. MM-miomomnuk MOXKeT oMoUub B MHTEPIIpeTalud coo0ueHuii 0b
omuOKax, MOJCKA3ATh CJACAYIOMIKI 1Iar, OTBETUTh HA BOIPOC I0/b30BATE s, HAIIPABUTEL €I'0 B
HYZKHBIH pa3/ie)i JOKYMEHTALMA WU HPEeLI0KHTh O3HAKOMUTBLCH ¢ IyOauKamueil o reme.

Cozzanue 6a3bl AKTHBHLIX 3HAHWIT — 3TO CJI0XKHAA 3a/1a4a, UMEIoIas CBOI cuenuduky B
KazKJIOH 1npeMeTHol obiacri. JToT NPOoece UMeeT CBOH K/IIOYeBbIe dTAIbI U MeTOJbl BblsB-
JIGHHS U PEIIeHus 3a/a4  OlpPeIe/IeHUue HOHATHI H KOHIENTYaJIU3alus IpeIMeTHol 00.1acTu,
BbljIe/IeHe (pparMeHToB Koia u3 uMeroiierocs 10, onpeenenue cyiecrBeHHbIX HedYHKIHO-
Ha/IbHBLIX CBOICTB 1 c110c0O0B UX lpeacTaBienus B 0a3e ak TuBHbIX 3uanuil u 1. 1. M -nomornuk
MOZKET CYLIECTBEHHO IIOMOYb B 3TOM IPOLECCE, BHICTYIIUB B KAYECTBE METOINIECKOr0 KOHCY.Ib-
TAHTA, HPOBOJIS 10JIL30BATE/IS YePe3 ITH ITAlbI CO3AHUs 0a3bl AKTUBHBIX 3Hanuil. OriajieHio
910 MOXKHO cpaBuuTh ¢ MI-KoHCy/abTaHTOM 110 paciiapa/Lie/IMBAHUIO [10C/I€I0BATEIbHBIX IPO-
rpaMM, HO B JIAHHOM CJIY4ae CO3/1aeTcs He NapaJ/uie/ibHas nporpamMMa, a 6a3a aKk TMBHbIX 3HAHMIT,
M COBJALTCH OHA U3 CYIIECTBYIONIETO MPOrPAMMHOIO 00eCIeueHus U 3HAHUI IKCIePTOB B TOH
peMeTHOH 001acTH.

Apromaruyeckoe coszjanue 0a3 akTUBHLIX 3HaHUil. Meroabl MalIMHHOIO O0y4YeHHS MO-
VT HCIOJIb30BAThCA JIJIs AaBTOMATHYECKOIO CO3J/aHus 0a3bl AKTHBHLIX 3HAHUI U3 4Y€/I0BEKO-
OPHEHTHUPOBAHHBIX TEKCTOB (HANpHMED, y4eOHMKOB, crarTeil, Onucanuii ajropuTMoB W T.IL.).
B upocrom ciygae s roro opMHpyeTcs 3alpoc, BKJIYAIMi (parMeHt 4eoBeko-
OPHEHTUPOBAHHOI'O TEKCTa, MH(OPMAIUKH O TOM, 4TO Takoe 0a3a aKTHBHBIX 3HAHUI M Kak
OHA IPEACTaBJILACTCI HA KOHKPETHOM #3bike. Tak Kak KOHLEIHIUs AKTUBHBIX 3HAHUN COLep-
JKHT METOI0/IOTHIO CO3/aHusd 0a3 aKTUBHBLIX 3HAHUI, TO 3TOH METOMOJIOIMH [IPU OILPEIE e HHBIX
OrPaHUYEHUAX MOZKET CJIeJ0BATH U UCKYCCTBEHHBIH MHTE/LIEKT. DTO HAlpasjeHue pador ume-
er 60110l HOTeHIHAJ K aBTOMATH3MPOBAHHOMY LE€PEBO/LY 3HAHHIT U3 HACCHBHON B AaKTHBHYIO
dopmy. Takzke B KauecTBe HCXOIHOI'O MATEPHAA MOTYT HCIO/Ib30BATHCH HE TOJILKO Y€/10BEKO-
OPHEHTHPOBAHHDBIE TEKCTHI, HO U CYIIECTBYIOILIEE IIPOrPAMMHOE ODeciedeHHe.,

NHW-nepeson u3 nedopMaibHOil 1m0CTaHOBKK 3a4a4u B popMmaibuyio. Pewenne 3asa4d na
OCHOBE I'OTOBOI 0a3bl aKTUBHBIX 3HAHUH Tpedver (opMaIbHON MOCTAHOBKH 3a/ia4d, KOTOPYIO
Tpedyercs pemuTb. MeTojibl MAMIMHHOIO 00YYeHHs MOI'YT ObITh HCIIOJIB30BAHbI LIS IIEePEeBOJIA
MOCTAHOBKH 3aJiadu U3 HedopMaibaoro sujia B hopmasibubiii. To ke camoe Kacaercs m uaTep-
HpEeTalni PEe3YJIbTATOB (Pellenns 3a/a41) — OHO MOXKeT ObITh MePeBe/IeHO A3BIKOBOH MO/eJIbIo
B Y€JIOBEKO-OPUEHTHPOBAHHYIO (hOpMYy, B TOM 4YHC/Ie B TY TEPMUHOJIOIUIO, B KOTOPOH 332~
ya ObL1a #HedopMaiabHO nocraBieHa. Taxske HedopMaJibHag MOCTAHOBKA 3aJ1a9H MOYKET OBIThH
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Puc. 1. Apxurekrypa Ull-accucrenra

ucioib3oBana Jaisd noucka Ml-nomounukoMm mojaxosdiieit s 3roi 3aja4uud 6a3bl aKTHBHBIX
3HAHHIA.

Vayuaienue 0a3 ak THBHBIX 3HaHU. MeToibl MAITUHHOTO 0OYUYeHUS, B YACTHOCTH, OOJIbIITNHE
SI3BIKOBBIC MOJIEJIH, MOI'YT HCHOJIB30BATLCS JIJIS AHAJIM3A U VJIydIIeHns 023 AKTHBHBIX 3HAHUN
B TOM K€ KJII0Ye, KaK ecjii Obl 3T0 Jie/1a HHAKEeHeD 3HAHWIl: BhIABICHHE 3aBeJOMO U30bITOY-
HBIX 3/IeMEeHTOB B 0a3e akTUBHBLIX 3HaHUi, (pOpPMUpPOBAHHE CIIEHAPUEB TECTHPOBaHUHA PAbDOTO-
criocobnoct U 3MMEKTUBHOCTH KOHCTPYHPYEMbIX HPOIPAMM, Olpe/e/eHue j1y0/aupoBaHus u
BbIfIBJICHUE TOZKJIECTBEHHBIX IOHATHH B PA3/IMYHbIX 0a3aX aKTHBHbLIX 3HAHMI.

Takke koHCTpyHpOBaHUE HPOrPAMM HA OCHOBE 0A3 AKTUBHBIX 3HAHUN 1I03BOJISIET CTPOUTD
IPABHILHBIE TIPOrPAMMBL (IIPA YCJIOBUH OTCYTCTBHS OMUOOK B camoii 0a3e aKTHBHBIX 3HAHMIA),
HO 0DeCIIeYeHIe KAYeCTBA KOHCTPYHPYEMOil TPOTPAMMBL — 3TO CJIOZKHAS OITHMUBAIHOHHAS IPO-
fsiema, Tpedyiolas SKCIepTHBIX 3uanuil. Meroibl Manmuuoro o0y 4Yenusi MOy T UCIOJIL30BATHCS
JIUISL ee PelieHus, MMHUTHDYS AHAIN3 U NPUHATHE PEIIeHUil YeI0BeKa [PU PYYHOH peajn3aiuu
910il ke 3aja4un. [locrpoenHoe TakuM 0Opa30M pPeLIeHHE MOXKET OKAa3aThCsd He caMbiM 3hdheK-
THBHBIM win HeadpeK TUBHBIM BOBCE, HO, 110 Kpaiinei Mepe, oo Oyier paborars npasuiibio. Bo
MHOI'HX 2Ke ciaydasnx MeToiubl VI ecMoryT Haxoaurs Takum 00pa3oM BIIOJIHE PA3yMHbIE CIIOCOObI
peleHus 3a1a4H.

[loagoas urorn pasjeny, MOXKKHO CKa3aTb, YTO KOHIEHIHH AKTUBHBIX 3HAHWUI M MAallUH-
Hoe oOyYeHHe MMEIOT MOTEHIHAT K COBMECTHOMY HCIOJIB30BAHUIO. Bazbl akKTHBHBIX 3HAHMIA,
Da3UPYsCh HA AKCHOMATHYECKUX TEOPHUAX, MOTYT BBICTYIATH B KAYECTBE I'MOKOr0 CTPOroro Ma-
TeMaTHYeCKOro amiapara, M03BOJISIONEero IPAKTHYeCKH HeOIPAHHIeHHO HAKAILIMBATD 3HAHUS,
KOTOpbIe OVIYT COXPaHATHCH HEM3MEHHO BO BPEMEHH C BO3MOYKHOCTBIO H3 aBTOMATHYECKOI'O
npumenenus. Meroabl MamuaHOI0 00yUYeHUs MOI'YT ONHPATHCH HA HEro, perias OINTHMH3allu-
OHHbBIE 33/1a9H B PaAMKaX 3a/aHHBbIX AKCHOMATHIECKUX TEOPUIl H BBICTYIIAdA CBA3YIOIUM 3BEHOM
¢ HehOPMAJILHBIM KOHTEKCTOM YeJI0BeKa.

4. UN-accucrent anga cucreMsl LulNA. /g cucremsr LuNA neppocrenennoit 3apaqeii
HPEJICTABIACTCH TIOMOIb B IIPEOJIOICHHHE «BXOJIHOI0 Daphepas MpH OCBOCHUH W HCIOJIL30BAHUN
KOHIEeNIun akTuBHbix 3uanuii. [losromy B nepsoii Bepcun NHW-accuerenrta LuNA (ganee
LuNA AT) 66110 pemeno cocpeoTrouuThes Ha 3a/1a49aX, CBA3aAHHbIX ¢ pABOTOH ¢ JOKyMeHTalneH.

Texuuuecku LuNA Al npeuacrasiiger coboii cepBuc, KOTOPbIH HPUHUMACT OT LOJIL30BATEIs
kourexcr (aitiibl, BOUPOCH ), HPpH HEOBXOAUMOCTH KOMOUHUDYET Ty HHMOPMAIUIO ¢ UMEIOLIET-
ca 6a3oil 3uanuii (Hokymenrtanueil, wabjaonamu, npuMepamu), HGOPMHUPYET HPOMT, BbI3bIBAET
Bouiblyio #136ik0BYI0 MOAeab (LLM) u orobpazkaer nonbsosarenio orser LLM.

st skonomuu Bpemenn na pazpaborky LuNA Al nocrpoen ¢ ucnosibzopanuem Yandex Al
Assistant API [16], koropsiiit 06beaunser 60/b11y10 #361K0BYI0 Mogeab YandexGPT u rexnosio-
ruio RAG [17], jobaBisioniyio BO3MOKHOCTH HOUCKA W U3BJICYCHIsS PejaeBanTHONH nndopmanun
u3 Hosibiux 6a3 JAHHBIX WJIH JIOKY MEHTOB.
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MpoekTkl t Yro Takoe NporpamMma Ha Asuike NporpammMmuposating LUNA,
o2

BuifiepuTe npoext

LuNA v MporpaMma Ha A3bike NPOrpaMMUpoBaHkA LUNA — aTo TekcTosbii daidn B koguposke ASCIL, koTopsii npeacTasnaeT
cofiof NoCNeAoBaTENEHOCTE DBLABNEHWR hparMeHTos Kofa. B fabike LUNA pe THNBI z

& Peparmuposars i vaame Takue Kak Int (Lienos uveno), real (ssiLecTBeHHOE HMCNG), String (CTpoKa), value (nonb3osaTensckud THN) ¥ name
(WaeHTHdMKATOP).

daiinu npoekTa + JoBaanT F3bi LUNA NO3BONAET ONUCHIBATH (4MCTHIER (IPANMEHTHPOB3HHbIE ANTOPUTME! Be3 NPAMOTD YNPSBNEHWS U YNPEBNSHUA

pecypoami. KOMMEHTAPIUA B TEKCTE GOOTBETCTBYIOT KOMMEHTAPUANM B A3blkax C/C++

Onucanme LUNA md . 02

205K5 LA

KaK 3387k yNpasneHre 8 NpOTpaMme Ha asbike LUNA
1103

B #asike nporpammuposania LUNA yripasnenve 3anasTon ¢ HCNONL3IoBaHWEM onepaTopas, Takux kak if, for uwhile.
Onepatop if MCNONE3YETCA ANA YCNOBHOR NPOBEPKN: BCNM NOMMHECKOE SHIYEHUE UCTUHHO, TO TENO ONepaTopa
nopoxaaercs. Mpumep: if x[i] 1= N { /* body */ }

Oneparop for 8 LUNA He 330887 LMK B TPAQULIMOKHOM NOHHMEHUM, 8 DNUCEIBaET MHOXECTBO. Mpunrep: for
i=1..x[3] { /* body */ }

Oneparop while nossonser onpeaeniTs ry 8 HECTI crune. OH npofomkaeT
BLINGNHEHKE 710 TEX 0P, NOKA YCNOBHOE BLIPAXEHHE HE NPMMET NOKHOE SHaMEHHE

Puc. 2. [Ipumep paborser ¢ LuNA Al

Jlns Berpananus M-accucrenta B nponece pazpaboTKn MOZKET CO3/1aBaThCH OTJ/IebHAsS
IDE (kak B cayuae ¢ Cursor), Ul-accucrent moxer spisarhes miarnaom (GitHub Copilot wim
Gemini Code Assist), jinGo OTA€/1bHBIM CEPBUCOM, OCHOBAHHBIM HA yHusepcaabuoil (GPT-5.1,
Gemini 3 Pro u ap.) win cnenuanu3upoBannoii g pazpaborku uporpammuoro kogaa (DeepSeek
Coder, Qwen3-Coder u ap.) moaenun. B nocieanem ciayuae rpebyercs J0NOJHUTEIbHAS DY YHAS
pabora: 10Jb30BATEIb CAMOCTOATEILHO (POPMHUPYET 3alIPOC K MOIEJH, a 3aTeM, PH HeobXO-
JIMMOCTH, CAMOCTOATENbHO 1epenocut pesyiabrar B IDE. C yuerom opuenTamnuu Ha 3a/1a4u 110
pabore ¢ gokyMmentanueii, nepsas epcus LuNA Al peanuzosana B hopme o1j1e/ibHOTO cepBHca.

Peanuzopana nemoncrpanuonnas sepcus MU-accucrenra, pemapomas dacrb 3aa4 100 pa-
fore ¢ JOKyMeHTALUelH: [10/1b30BaTeIb MOXKeT 3alpaliusars uHgopmanuio o cucreme LuNA, a
HNH-accucrent ¢ ucnosbizoanueM RAG crpour pesieBanTHBIH OTBET.

Apxurekrypa cepsuca npejicrasiena na puc. 1. Ha ocnose cyuwecrsyiomei JoKyMeHTALMN
o cucreme LulNA 6b1i1a chopmuposana 6a3a 3uanuii u 3arpyzkena B cozjgannoe B Yandex Cloud
npocrpancTeo depes APIL. 3anpoc nonszosaress obpabarbiBaercs (hpoHTEHI-TTPUIOKEHUEM,
HOCTPOEHHBLIM ¢ HOMOILILID (hpeiivBopka Vue n dubmwinorekn NuxtUI, u nepemaerca nocpej-
creom REST-3anpoca na 6akenji, paspaborannsiii Ha a3sike Python ¢ npumenenunem FastAPL
Jlasiee 3anpoc BeKTOpU3yeTcs 1 BMecTe ¢ HanboJiee pejieBAaHTHBLIM KOHTEKCTOM 13 0a3bl 3HaHuii
nogaercs Ha sxon LLM.

[Ipumep padborsr ¢ LuNA Al upusegen na puc. 2. Ilonb3osare/s 3a4aer BOIPOCH 0 CUCTEME
nporpammuposanusg LuNA, a -accucrent gaer oTBeTbl.

s yinobuoro obunosenus 6a3el 3uanuit Ha ypostae Ul peaniuzoBano nonsitue <«upoexras

nabopa aitinos, dopmupyiomiero 6a3y 3uanuil. [IpoekToB Moxker 6biTh HecKObKO. Takum
00pa3zoM MOYKHO IO/I/IEPKUBATH HECKOIbKO Bepeuit cucrembl LuNA, Koropble 3HauuTe/bHO OT-
JIMYAIOTCH APYD OT JIpyra.

Sakjodenne. B pabore NpuHIMIMAILHO PACCMOTPEHBI KOHIENIHSA AKTHBHLIX 3HAHHUNA W
nekoropbie M-1101x0/1bl ¢ TOYKH 3peHus aBTOMATHYECKOIO KOHCTPYUPOBaHusd nporpamm. Pac-
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CMOTPEHO, KAK OHH MOI'YT COUETaThCs, JO0IHAd APy Apyra. [Ipejacrasiena jeMoOHCTpallOH-
nas sepcus MM-accucrenrta, obecnednpaomas padbory ¢ gokymenranueii mo cucreme LuNA,

Ha rexymumii Mmoment kauecrso Bbijasaembix Mll-accucrentoMm orBeroB He sIBISITCH OIIT H-
MaJIbHBIM ¥ Tpebyer JajibHeilinero yiydlleHus, IPexIe BCero, B YACTH LOBBIIICHHS KAYeCTBa
0azbl 3nanuii. Oanako gazke B takoMm sapuante Ml-accucrent criocoben oka3blBaTh CyIIECTBEH-
HYIO IIOMOIIb TeM, KTO BIEPBble 3HAKOMUTCH ¢ s3biKOM LulNA.

B nacrosimuii moment Mll-accucrent peajn3oBan Kak OTHe/bHBIN cepsuc. B janbheiiniem
IJIAHUPYeTCs MHTEerPUPOBATH €ro B IHOIYJIAPHYIO OTKPLITVIO cpexy paspaborku VS Code, a
TAKKE PACIIUPHUTL ero (PYHKIMOHAJ JOIOJHHTEIbHBIMU BO3MOXKHOCTIMH.
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O6nime TpeboBaHus.

Penakuus NpUHUMAET K PACCMOTPEHHIO CTATHH B 3JIEKTPOHHOM Buae (uczodund datin ¢ IATEX u daitn PDT,
€ HPUJIOYKEHHEM OPHIHHAJIOB DHCYHKOB B hopMare Tex nporpaMm, B KOTOPBIX OHH OBLIH CIe/IaHbl, OTAEIbHBIMA
hadimammu).

Daiinbpl, comepKallie TEKCT CTAThH, HLTIOCTPAIIME W JOIOTHATEIbHBIE MATEPHAbI, MOKHO [TePECHLIATE HA
3JICKTPOHHLIN aapec penaknuu: problem-info@sscc.ru.

Mpuanmarorcea daiiner, apxuenposansaee apxuparopamu ZIP/7Z wmm RAR; npumenenne caMopacnakoBbI-
BALIUXCA APXUBOB HE JOIYCKAETCH.

IIpu moBTOpPHO#H OTHPABKE MATEPHAJIOR, A TAKYKE TIPH BHECEHWH B MCXOIHBINH TEKCT JOMOMHEHAN WIH UCITPAB-
neHnit HeoDXOIUMO COODIIHTE 00 3TOM B PEIAKIIHIO B TEKCTEe AIEKTPOHHOTO MHCHhMA.

Hanpagnssa cTaTeio B peJaKImIo Ky pHAata, apTop (coaBTopsl) Ha He3B03Me3IHOl 0cHOBe nepenaeT(10T) n3aa-
TEIH HA CPOK JAEHCTBHA ABTOPCKOrO MPABA [0 HeHCTBYIOMIEMY 3aKOHOmATenscrBy P® HCKIHYHTEIBHOE [IPABO
HA HCIOJIb30BAHUE CTATBH WM OTIEIbHOH ee dacTu (B ciydae npuHaTHs peakonnerueii 2KypHana crareu K
onyHIUKOBAHKIO) HA TEPPHTOPHH BCEX TOCYIAPCTE, T ABTOPCKHE TIPABA B CHJIY MEXKIYHAPOIHBIX JOTOBOPOB
Poccuiickoit Penepanun ABIAKICA OXPAHAEMBIMEH, B TOM YHC/IE CIEAVIOIIHE IPABA: HA BOCIPOM3BEIEHHE, HA
pacnpocrpaHeHue, HA nyOIHYIHBIH [I0KA3, HA JOBEIEHUE 10 BCeoOINero CBeJeHHs, Ha IEPEBO] Ha HHOCTPAHHBIE
S3BIKH W TepepalboTKy (M HCKJIYATEThHOE NMPABO Ha UCTONB30BAHAE TEPeReIeHHOTO W (Hin) mepepaboTaHHo-
r'0 NPOM3BEIEHUS BbIIMIEYKA3AHHBIME CIOCODAMHE), HA IIPEJOCTABIEHHE BCEX BbILICHEPEUNCIEHHBIX IPAB JPYTHM
JTUTAM.

Kypnaa ,IIpobnemer uadopMaruku“ sBiasgercs HeEKOMMepIeckuM u3nanueM. [Liara ¢ apropoe 3a my0bmnka-
M0 CTATEH He B3MMAETCH.

K crarbe go/pKHBI OBITH TPUJIOYKEHBI:

— paspellleHre Ha IIyDJIHMKaIMI OT YKCIEePTHOIO COBETA OPraHU3AIlMH, B KOTOPOH BBINOIHEeHA pabora
(nns agropos us Poccun);

— OPUTHHAJ PEeIeH3nn;

noprpetHbie dororpadnn aBTopos paspemennem wHe menee 300 dpi.

— bniokn uropMalyy u HA PYCCKOM, U HA AHTIIMHCKOM SI3BIKAX MPOC0A TPUCHLIATH OTASNBHBIMEY (haimamu:

— Hassauune crarby;

— Mannuansl 1 paMUIAN ABTOPOR;

— MecTa paGoThbl aBTOPOB: MOJHOE HAUMEHOBAHHE OPTaHU3AHH, IOYTOBEII HHACKC, TOPOI, CTPAHA;

— Kox(sl) xnacendukanmn YK

— AHHOTAIIMN, COTEPKAIINE KPATKYH MOCTAHOBKY 33/IA4H U OMMCAHNE METOA PEIIEHA: HA PYCCKOM S3BIKE
obbemom He Gomee 1000 3HAKOB, HA AHIITHHCKOM si3bIKe pacmupesHyr, odbemom ot 4000 mo 8000 3HakoB, 4TO
coorsercreyer tpebosarusm BAK u Scopus.

— Kurlouesbie cjioBa;

— Conucku mcnonasbsyemoii mureparypsl B coorsercreun ¢ TOCT P 7.0.5 2008 (8 anrnuiickoil pepcun
HeODXOIUMO BBITIOJIHUTH TPAHCJIUTEPAINIO HEAHTJIOA3BMHBIX JIEMEHTOR CIIUCKA JIMTEPATY DBl B COOTBETCTBHH
¢ TOCT P 7.0.34-2014) — coCTABASIOTCA IO XOLY YIOMHHAHHT HCTOIHHKOB B TEKCTE;

— Kparkue 6Guorpacdun (BMO) aBropoB ¢ ykazanueMm KJIIOUEBBIX HAYIHBIX JOCTHKEHHI (BKIIIOUAs
YUEHYIO CTEIEHb, YYEHOE 3BAHHE — [PH HAJHYHH; OCHOBHbIE ODJIACTH HAYYHBIX HHTEPECOB U (hOpPMyIHPOBKY
OCHOBHBIX PEe3YIbTATOB, MECTO pafOThl, 3aHHEMAEMYIO JTOJKHOCTh, KOHTAKTHBIE JTaHHBIE — MOYTOBBIN ajpec ¢
MHIEKCOM, aJPec 3JeKTPOHHON MOYThl, KOHTAKTHBIH TenedOH).

IToaroroBka crarbn.

1. Marepuas crarsi SO/DKeH OBITH H3/I0XKEH B CJIELYIOMIEH HOCIe0BATEIBHOCTH:

1.1. ma3BanWe CTATLH HA AHMIAACKOM S3BIKE;

1.2, uaunuansl 1 dhaMuiug apTopa(OB) Ha AHMIMIACKOM A3BIKE;

1.3. mecTo paboTe! apTopa(os) (Ha AHTIHACKOM A3LIKE): MTOTHOE HAHMEHOBAHNE OPTAHU3AINA, HHICKC, TOPO/I,
cTpaHa;

1.4. aHrnOA3BRIMHAT AHHOTALIHS;

1.5. KAOYEBBIE CIOBA HA AHMIAACKOM SI3BIKE;

1.6. references-+rpaHciauTepanusi HEAHIVIOA3BIYHBIX JIEMEHTOB CIHCKA JIHTEPATYPbI;

1.7. HA3BaHME CTATHH HA PYCCKOM S3BIKE;

1.8, uaummaner u HaMUIHHE 0 ABTOPOB;

1.9. MecTo pabOTHI ABTOPOB: TOIHOE HANMEHOBAHUE OPTAHU3AIIANA, TTOYTOBBIH HHJCKC, TOPOI, CTPaHa;

1.10. nngexc VK;

1.11. aHHOTaALMSA HA PYCCKOM fA3bIKE;



1.12. xnrouessle cioBa (He Gomaee 8);

1.13. Texcr cTaThy;

1.14. criucok amreparypsl, odopMienHbiii B cooreercreun ¢ tpedbosanusivu TOCT;

1.15. kparkue Guorpaduu ABTOPOB HA AHIVIMHCKOM H PYCCKOM $I3BIKAX € YKA3aHHEM KIIHYEBBIX HAYUHBIX
JIOCTHZKCHHIL (YUeHYIO0 CTEMeHb, YICHOEe 3BAHAE — IIPH HAJMYHHA; MECTO PADOTHI, 3AaHHMAEMYIO JOZKHOCTE, KOH-
TAKTHBIE JAHHBIE — [OYTOBBIH AIPEC C HHAEKCOM, AIPEC JIEKTPOHHOI N0YThl, KOHTAKTHBIH TernedOH, OCHOBHBIE
0DIACTH HAYUHBIX HATEPECOB U (GOPMYTHPOBKA OCHOBHBIX PE3YILTATOB).

2. TpeboBannsa Kk dopMyam:

— Hymepanus ¢opmysn cKBO3Has1, BEIHOCHBIE (hOPMYJIBL LEHTPUPYHTCH, HOMED BEIPOBHEH IO [PABOMY KPAI.

3. TpeboBanusa K pucyHKaMm:

— Qaiinpl ¢ PUCYHKAMHU [IPUCBLIAKTCH OTAEAbHO B (DOPMAaTe HPOrPAMM, B KOTODBIX OHHM OBLIA BBIIOJIHE-
uel: B popmare MS Excel (ama rpadwukos u auarpamu), eps, pdf, png, tiff, bmp nan jpeg (¢ MakcnvanbnbM
KAYECTBOM ).

— PucyHKE ¢ HOZPUCYHOYHBIME NOMIHCAME 3aBEPCTHIBAIOTCA B TEKCT CTATHH,

— TexeTsr, ABASIONMHECS 9aCThI0 PUCYHKA, BoimoanmioTes mpudrom TimesNewRoman.

— @ororpadun JOMKHBI HEMETh paspemenne me Meree 300 dpi.

4. JonoaHuTe/bHbIe TpeboBaHMd:

— B mexer ctarbn HeoOXOIHMO BKIIOYAThL CCBLTKW HA PUCYHKU W TaDMHITBI, & TAKKE TOAPHCYHOUHBIEC O -
nucu u 3aronopku rabuun. Bee DykeenHble 0D03HAYMEHNS, IPHBEIEHHBIE HA PHCYHKAX, HEODOXOIHMO HOSCHHTD B
OCHOBHOM TEKCTE WIH B TOAPUCYHOUHBIX TOMTHCTX.

— COKpAIIEHHS CIIOB HE JIONYCKATCH (KpoMe OOMIenpHHATHIX).

— BexTopHble nepeMeHHbIe 0003HAYAIOTCS TONYKAPHBIM mpudToM 6e3 Kypeusa.

— Tabaunpt He AOMKHALI OBITH TPOMO3TKUMA. 3HAYCHAST (DHINUCCKUX BETHYAH B TADIUIAX, HA TPpahuKax u
B TEKCTE JIOJKHBI YKa3bIBAThCH B enquHunax u3mepenus CH.

— I'paduku, ecan uX HA PUCYHKE HECKOJIBKO, d TAKIKE OT/EJIbHBIE JIETAJIH HA YEPTEKAX, Y3JIbl U JHHUN HA
cxeMax creayer obosHauaTh mudpamn, HabpaHHBIMH KYPCHBOM.

— Hywmepoeare ciegyer TogbK0 Te (OPMYJbl B YPABHEHUS, HA KOTOPBIE HMEHTCH CChLIKH B TEKCTE, HyMe-
parus CKBO3HAL.

— CchLIKNA HA MCTOYHHKH B TEKCTE 3aKIHYAITCH B KBAAPATHbIE CKODKH.

— MuocTpanible HCTOYHUKH TPHBOATCA HA si3bike opuraaasa. Cenliku Ha neonyOnuKoBaHHbIC pabOTHI He
JOIYCKAITCS.

Bee crateu, onybaukoannbie B xypuane <«lIpobmembr umdopMaTukns, MOCTYNHB Ha cafite https://
elibrary.ru/title_about.asp7id=30275 u na caiite xypHana http://problem-info.sscc.ru cmyers rof
moCae ONyHIMKOBAHAS.

IIpumep odopminenus crareil MOXKHO IOCMOTPETh HA caiite KypHana http://problem-info.sscc.ru.
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