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AnHoTamus. B pabote cTpouTcs abcTpakTHass MOJICNb PACIIPEICICHHOM CETH, COMepKaIIel TOMBKO XOCTBI U
KOMMYTAaTOpBI, KOTOpas IO3BOJISIET OLCHHUTH KJIACChI 33/1a4, KOTOpPble HEOOXOAMMO pellaTh B TaKOH CETH,
NpUHMMasT BO BHHMaHHE, B TOM 4YHCJIe, He(QYHKIHOHAJbHBIE MapaMeTpbl. I[Ipenmonaraercs, 4To XOCTHI
MPEANarafoT MaKeThl OMNpEICIEeHHBIX YCIyr (CepBHCOB) M COOOIIEHHsS (3ampoChl) MEXIY XOCTaMH
MEePECHUIAIOTCS Yepe3 MPOMEXYTOUHBIE Y3/Ibl MO INpaBWiIaM KOMMyTamuu. lIpaBmio ompesenser, KakuM
COCEITHMM y3JIaM IIePEChITASTCS IPUHATOE Y3IIOM COOOIIEHNE B 3aBUCHMOCTH OT TOTO, OTKY/la OHO TPHIIIO, U
OT BEKTOpa MapaMeTpoB B ero 3arosioBke. COOTBETCTBEHHO, HACTPOHKA Y3IJI0B OIPEENIET MHOKECTBO ITyTeH
OT XOCTa K XOCTY, IO KOTOPBIM OyAyT mepecsburaThes makeTsl. CHTyanusi MOJENIpyeTcs: ¢ MCHOIb30BaHHEM
rpada, BepIIMHAMU KOTOPOTO SIBJISIFOTCS XOCTBI 1 KOMMYTAaTOPBI, @ peOpa COOTBETCTBYIOT (PU3MUECKUM CBS3IM
Mexy HUMHA. OOBIYHO NPEAINOJaraeTcs, YTo B TaKOW CETH XOCTBHI TOJbKO MPUHHUMAIOT, 00padaThIBAIOT U
MOCBUTAIOT WH(OpPMAIMIO JPYTUM XOCTaM, HO HE 3aHUMAIOTCS KOMMYyTAlMeid cooOlieHHi, 3Tta (QyHKIHs
BO3JIaraeTcsl Ha JIPyrue y3ibl — KOMMYTaTOPBI, HO MBI IpeJIioyiaraeM, 4To IPH COBPEMEHHBIX TEXHOJIOTHSIX
XOCT TaK)Ke MOXKET BBIIONHATH (PYHKIIMA KOMMYTAIIMHA COOOIICHNUH, TO €CTh TaKOH XOCT (Kak 1 KOMMYTAaTOP)
COAEPXKHT CUCTEMY MPABHI KOMMYTAINH, YKa3bIBAIOMINX, Ky/ia OTIIPABISAETCS TTOIYISHHOE COOOIIEHHE, eCITN
MoYeMy-1u00 JaHHBIH XOCT He MOKET 00paboTaTh JaHHEIN 3arpoc/coobmenue. [Ipemmaraercs Moaens ceTy,
B KOTOPOH (DYHKIIMIO KOMMYTAI[H COOOIIEHUH BBIMOJHSAET HE TOJBKO KaXIBIi KOMMYTAaTOp, HO U KasKIbBIiA
xocT. O6Cyx)aroTcst MPoOIeMbl, CBsI3aHHbBIE ¢ He()yHKIIMOHAIBHBIMY ITapaMeTpaMy PaclpeaeleHHON CeTH, a
HUMEHHO, docmudicumocmuluedocmusicumocms  XOCTOB,  3ayukauéanue COOOLICHUN, nepespyska CeTH
COOOLICHUAMH, Hemacumabupyemocms. OOCYXKIaeTCs BO3MOXKHOCTh OINTHMH3AIMU pPacCMaTPHBAaCMBIX
MapaMeTPOB CETH Ha OCHOBE MCIHOJIb30BaHMs HH(pOpMaLUK 00 yciyrax/cepBucax, NpeICTaBISIeMbIX KaXIbIM
U3 XOCTOB, W QJTOPUTMBI CaMOHACTPOWKH pacIpeleNeHHON CeTH, ONTUMH3UPYIOIINE MapaMeTphl CeTH,
nepeayy COOOIICHHUH 10 HACTPOCHHON CETH M MHKPEMEHTaIbHYIO (TOBTOPHYIO YaCTHYHYIO) HACTPOIKY CeTH,
He HapyIIaoylo YHKIHOHUPOBAHHUE CETH.

KnwoueBble cioBa: pacrpeneneHHas CETb; XOCTBI, KOMMYTATOPBI; JOCTHKHMOCTH; 3allMKIIMBaHUE;
HeperpysKa; MaclITabupyeMOCTb.

Ja uutupoBanusa: bypnonoB W.b., Eptymenxko H.B., Kocauer A.C., IloHomapenko B.H. Mogens
pacrpeneE€HHOI CeTH, B KOTOPO XOCTbI MOT'YT BBIIIOJHATH (PyHKIIMIO KoMMyTanuu coobtenuid. Tpyast MCIT
PAH, tom 37, Beim. 4, yacts 1, 2025 r., crp. 7-30. DOI: 10.15514/ISPRAS-2025-37(4)-1.
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Abstract. In the paper, an abstract model of a distributed network containing only hosts and switches is
developed; this model allows us to estimate some problems that need to be solved in such a network, taking
into account, among other things, non-functional parameters. It is assumed that hosts offer packages of certain
services, and messages (requests) between hosts are forwarded via intermediate nodes according to switching
rules. A rule determines which neighboring nodes a message received by a node is forwarded to, depending on
where the message came from and the parameter vector in its header. Accordingly, the configuration of nodes
determines the set of paths from host to host along which packets will be forwarded. The situation is modeled
using a graph of physical connections, the vertices of which are hosts and switches, and the edges correspond
to the physical connections between them. It is usually assumed that only hosts in such a network receive,
process, and send information to other hosts, but do not switch messages. This function is assigned to other
nodes, switches. However, we assume that with modern technologies, in some cases a host can perform the
switching functions, i.e. such a host (like a switch) contains a system of switching rules that specify where the
received message is sent if for some reason the host cannot process the obtained request/message. A network
model is proposed in which the message switching function is performed not only by each switch, but also by
each host. The paper discusses the problems associated with non-functional parameters of a distributed network,
namely, reachability/unreachability of hosts, message looping, network overload with messages, and non-
scalability. Optimization issues of the network parameters are discussed based on the set of services provided
by each host. In addition, we discuss self-tuning algorithms for a distributed network that optimize network
parameters, message transmission over the configured network and incremental (repeated partial) self-tuning
algorithms when changing network parameters, in particular, its topology that does not disrupt network
operation.

Keywords: distributed network; hosts; switches; reachability; looping; overload; scalability.

For citation: Burdonov I.B., Yevtushenko N.V., Kossatchev A.S., Ponomarenko V. N. A distributed network
model in which hosts can perform message switching functions. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue
4, part 1, 2025, pp. 7-30 (in Russian). DOI: 10.15514/ISPRAS-2025-37(4)-1.

1. BeedeHue

B pacnpedenennvix cersix (distributed networks) orcyTrcTByeT HEHTpanbHOE YIpaBICHHE LIS
NEePEeChUIKM U 00pabOTKM HMH(OPMAIMHU, T.€. KaXIbIA 3JIEMEHT TakoW CeTH o0NajaeT MOJHON
aBroHomueii [1]. B 370t 06mactu ecTh GONBITOE KOTMIESCTBO Ty OIHKAIHA, ¥ B OOJBIINHCTBE pabOT
[cM. Hampumep, 1, 2] paccMaTpUBAKOTCS CETH, HCIOJL3YeMbIe Ui IEpeaadyd ITaHHBIX B
CHeLUaIbHBIX YCIOBHUSIX U JUIsl CHEUUANBHBIX LIeNei, coepKaniye psii pa3inuHbIX CHeIHaIbHBIX
yCTpo#icTB. B HEKOTOPBIX cilydasx y3Jbl COBPEMEHHOW CETH NeJsITCs Ha JiBa Kiacca: XOCThl U
KOMMYTaToOpbl, U B KadecTBe IMpUMepa TaKHX CeTeil MOXKHO paccMaTpuBaTh MPOTPAMMHO-
koHpurypupyemsie cetu (Software-defined networking, SDN) [3-8]. B wmactosimieii paGote Ml
CTpouM aOCTPaKTHYIO MOJIENb PACIIpeIeNICHHON CeTH, CoAepKallel TOIBKO XOCThl U KOMMYTaTOPBI,
KOTOpast II03BOJISIET OLEHNUTD KJIACCHI 33/1a4, KOTOPbIE HEOOXOJMMO pelaTh B TAKOW CETH, IPHHUMAs
BO BHHMAaHHE, B TOM 4YHCIIe, He(YHKIHMOHAJIbHBIE MapaMeTpbl. MBI IpesroaaraeM, 4TO XOCTHI
MIPE/AJIaraloT MaKeThl ONpPENeNICHHBIX YCIyr (CEpBUCOB) U COOOLIEHHS (3aITpOChl) MEXAY XOCTaMH
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MEPECHIIAIOTCS YePe3 MPOMEXYTOUHBIE y3IIbl (KOMMYTAaTOpEl). B nanHOI pabote, Tak ke, Kak U B
OONBIIMHCTBE TPOTPAMMHO-KOHQUTYPUPYEMBIX CETeH KOMMYTaTop paboTaeT 10 TpaBHiIaM
KoMMyTanuu. IIpaBuno ompezpenser, KaKUM COCEIHHM y3JlaM II€PEChUIACTCS HPUHATOE
KOMMYTaTOpOM COOOIIEHHE B 3aBUCUMOCTH OT TOT0, OTKY/1a OHO MPUIILIO, U OT BEKTOPA IIapaMeTpOB
B ero 3arojoBke [6-8]. CooTBETCTBEHHO, HACTPOIKa KOMMYTATOPOB ONPEIENIAET MHOKECTBO ITyTEH
OT XOCTa K XOCTy, II0 KOTOpBIM OyIyT mHepechliaThCsi HakeTbl. CUTyanust MOAEIHMPYETCS C
UCIIONIb30BaHUEM rpada (U3MUECKHX CBS3eH, BEPIIMHAMH KOTOPOTO SIBJSIFOTCS XOCTBI U
KOMMYTaTopsl, a peOpa COOTBETCTBYIOT (U3MUSCKMM CBs3sIM Mexay Humu. HMHorna
TPEITIONIAraeTCsl, YTO KAKIBIA XOCT MOKET OBITh COCIANHEH TOJIBKO C OJHUM KOMMyTaTtopoMm [6-8].
B o0meMm ciydae XOCTBI B TaKOH CETH NMPUHUMAIOT, 00padaThIBAIOT M MOCBUIAIOT HH(OPMAIIHIO
IPYTMM XOCTaM, HO MBI MpEANOiaraeM, 4To HPH COBPEMEHHBIX TEXHOJOTHSIX XOCT MOJKET
BBITIOJTHATh TakkKe (PYHKIMH KOMMYTAaIlHd COOOIICHHUH, T.e. TakOoH XOocT (KaKk W KOMMYTAaTop)
COZICP)KUT CHCTEMY IpaBWI KOMMYTAIlMM, YKa3bIBAIOUIMX, KyJa OTIPABUTh IOTYYECHHBIH
3arpoc/cooduIeHne, eciy IoYeMy-Irn00 JaHHBIH XOCT He MOXKeT ero o0paboraTs. B mporpamMmmHO-
KOHQUTYPHPYEMBIX CETSIX HAcTpOWKa MpaBWI KOMMYTalMd OOBIYHO  OCYIIECTBISIETCS
CrHelUaJIbHBIMU KOMIIOHEHTaMH ceTH, Hanpumep, SDN-KoHTposuiepamu, HO B psjJe CllydacB
BO3MOJXKHA U CAMOHACTPOWKA KOMMYTATOPOB, B 3aBUCUMOCTH OT IEPE/IaBaCMBbIX 3aIIPOCOB, a TAKIKE
MHKpEMEHTaJbHasg (IIOBTOPHAs M YacTUYHAas) HAaCTPOWKa NMPH HU3MEHEHUH INapaMeTpoB CETH, B
YaCTHOCTH, €€ TOIIOJIOTHH.

Crpykrypa paboThl cienywomas. B pasmene 2 00CyKHalOTCA MPOOJEMBI, CBS3aHHBIC C
He()YHKIIMOHATBHBIMA MAPaMETPaMU PACIIPEACICHHON CETH: 00CMUNCUMOCHbIHEOOCmUNCUMOCTb
XOCTOB, 3ayukiuganue COOOIIEHUll, nepezpyska CeTH COOOIICHUSAMH, Hemacumaodupyemocms. B
pasnmene 3 omnuMchIBaeTCs mpeaiaraeMas MOJETb pacrlpenen€éHHOW ceTH, a B pasgene 4
paccMmarpuBaeTcs Iepeada cOOOMIEHUH M0 CETH M3BECTHBIM XOCTaM-TiosrydarensiM. B pazgene 5
o0CyXIaeTcs BO3MOXKHOCTh ONTHMM3AIMHM pPacCMaTpHBacMbIX IapaMETPOB CETH Ha OCHOBE
UCTIONb30BaHMs MH(opManmu o0 yciyrax/cepBHcax, MPeAOCTABISAEMbIX KaXIBIM M3 XOCTOB. B
pazzmene 6 paccMaTpuBaeTCs HAcTPOWKa pPacHpelesieHHOW CeTH, a B pasfene [ — HpoOJeMBl
WHKPEMEHTaJIbHOH (TIOBTOPHOHN M YaCTUYHOW) HACTPOWKH (PYHKIIMOHUPYIOIICH ceTH (Koraa B HeH
MPOJOJDKAIOT IUPKYJINPOBATh COOOMICHHUS) NMPH Pa3lWYHBIX M3MEHEHHSIX IapamMeTpoB ceTtu. B
paznmenax 3-7 omucaHa HAes IpeJUlaraeMblX ajlrOpUTMOB; CaMH allOPUTMbl BBIHECEHBI B
MPUIIOKEHUE.

2. Yemsbipe npobnembi pacnpedenéHHbIx cemel

B kauecTBe Mozenu pacipeenéHHON ceTH (aanee, IPOCTO CEeTH) paccMaTpuBaeTcs rpag, B KOTOPOM
BEPIIMHBI — 3TO XOCTHI M KOMMYTaTOpbI, a pé0pa — KaHajbl CBS3M, 110 KOTOPHIM IEpEAaroTCs
cooOienus1. B HacTosiieit craTbe Mbl OyIeM CUUTATh KaHAJIbI CBS3U JYIUIEKCHBIMU, T.€. COOOLIEHHS
MOTYT TIepeiaBaTb 10 pedpy B O00OMX HalpaBlIeHHsX, MOITOMY rpad CcuuTaercs
HeopueHTHpoBaHHBIM. Pebpy {a, b} cootserctBytorT nBe opuenTupoBanHBle nyrm ab u ba,
BepInuHbI @ 1 b Ha3pIBatOTCS coceonumu. Cautaercs, 4to B rpade HeT KpaTHbIX pédep u neterb. B
9TOM Clly4ae MyTh B rpade OZHO3HAYHO ONPEAENAECTCS KaK MOCIeJOBATEIbHOCTh BepIuuH. Ecimn
rpad He CBSI3HBIH, TO CETh, HAKTUUECKHU, PACIIAAASTCS HA HE3aBUCHMBIE TIOJICETH, COOTBETCTBYIOLIHE
KOMIIOHEHTaM CBSI3HOCTH, KOTOpbIe GYHKIHOHUPYIOT HE3aBHCHMO JPYT OT Apyra. B nampHeiiem
Oynem cunTath, 4To rpad CBSI3HBIIN. MBI OyseM HCIOJIB30BATh CI0Ba «BEPIIMHAY (Ipada) 1 «y3em»
(ceTr) Kak CHHOHUMBI.

ITox xocToM MOHMMAETCs y3ell CeTH, KOTOPBIH MOXeT 00padaThiBaTh MH(POPMAILMIO, HAIpHMeEp,
BBITIOJTHATh BBIYUCIHUTENbHBIC QYHKINH. VIMEHHO XOCT TeHepupyeT COOOLICHHMs, HepeaaBacMble
Jiajee 1o CeTH, ¥ UMEHHO XOCT SIBJISIETCS KOHEUHBIM MOJTydaTeIeM COOOLICHHIA.

KomMyTaTOphI BEITOIHSAIOT (PYHKINIO KOMMYTAIlMK COOOIIEHUH: TIPHHAB COOOIIECHHE OT COCEAHEH
BEpILHMHBI &, KOMMYTAaTOP S MEPEeChUIaeT ero APyromy (WM TOMy e caMoMy) cBoeMy coceny b. B
9TOM ciydyae OyJeM Ha3blBaTh COCEla a8 npeduecmeeHHuKom, a coceaa b npeemuuxom
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KoMMyTaTopa S. Mbl mpejmonaraeM, 4To caMo COOOIEHHE MPpU 3TOM He MeHsiercsi. KommyTarop
paboraer mo mnpaBWiIaM KOMMYTAllMH, KOTOpBIC XpaHATCS B ero mamsaTh. Kaxknoe mnpaBuio
KOMMyTaTopa S B o01ieM ciryuae uMeet BU: (P: &, S, b), rme a — cocen-npenmecTBeHHNK, b — cocen-
MPEEMHUK, P — MapaMeTpsl KOMMYTAalWH, T.e. Ta YacTh IapaMETPOB COOOIIEHHS, KOTOpas
ompezemnsieT BBIOOpP TOTO MM MHOTO IpaBwia. Ecmu cooOlieHne MPHHATO KOMMYTaTOpOM S OT
MPEALIECTBEHHUKA a M IapaMeTpbl COOOMICHUsI COOTBETCTBYIOT ITapaMeTpaM KOMMYTAallWd P B
npaswuiie Buna (P: &, S, b), To aTo mpasmiio cpabatsiBaeT, 1 cooblIeHHE OyneT HAPaBICHO coceay b.
Ecnmm ecTp HECKONBKO TPaBHJ, OTIMYAIOIIUXCS JPYyr OT Jpyra TOJBKO IPEEMHHKOM;
MIPEATIOaraeTcs, 4YTo BCe TAKKeE IpaBHia cpabaThIBAtOT. TeM caMbIM, ecin cpabaThIBAIOT HECKOJIBKO
MpaBWJ, TO COOOINCHHE KIOHUpyemcs, W KaKAbIH KIOH MOCBUIAETCS COOTBETCTBYIOIIEMY
npeeMHUKy. [Ipn kioHMpoBaHMU cooOlIeHHE (€r0 KJIOHBI) MOTYT IOJIyYHTh HECKOJIBKO XOCTOB,
MI03TOMY, €CJIM COOOIIEHHE ITPEAHA3HAYECHO HE JUIS BCEX ITHX XOCTOB, HAIPUMED, I OJHOTO XOCTa
WIN ONpeNeNIEHHON TPYIIBI XOCTOB, TO OCTAJbHBIE XOCTHI, MOJIYYUB TAKOE COOOILEHUE, TOJIKHBI
€r0 UTHOPHPOBATH.

3ameuyanne. B mpaBume kommyrtamuu (P:a,S, D) ykasaHel BepimHbl rpada, TOUHEe,
nAeHTU(HUKATOPBI 3THX BEpUIMH. B peann3aium MoxHO ObLIO ObI 000HTHCH 63 HAEHTH(HUKATOPOB
BEpLIMH, €CJIM CUUTATh, YTO Bce pEOpA, MHLUACHTHBIC BEpIIMHE S, JIMHEHHO YNOPSIOYEHBI,
Hanpumep, mporyMmepoBansl oT 1 1o deg(s), rae deg(s) crenenp BepIIHHBI S (YMCIIO €€ coceei).
Korpa BepimmHa S mosydaer cooOlleHHe OT MpPEALIECTBEHHHKA @, e JOJDKEH aBTOMAaTHYECKH
coobraTbes Homep i(a, S) e€ pedpa {a, S}, mo koTopoMy noiyueHo coobuienue. Korna Bepiuna S
MOCBUTAET COOOIIeHNe peeMHUKY D, oHa ykassiBaeT HOMep (S, b) e€ pebdpa {s, b}, mo xoTopomy
noceiaeTcss  coobmieHue. I[lpaBmio koMmyTanum BMecto (P:a, S, b) umeno Obl  BHJ
(p:i(a, s), s, i(s, b)). C napyroit croponsl, HACHTH(HUKATOP BEPILIMHBI-XOCTa HEOOXOIUM Kak
rapaMeTp COOOIICHUH, KOTOpPbIE MOCHUIAIOTCS KOHKPETHOMY XOCTYy-TIonmydareino. [lostomy mms
y1oOCTBa M3JIOKEHUS MBI OyleM CUHMTaTh, YTO 3aJaHbl WACHTU(HUKATOPH! BEPIIUH, KaK OIMCAHO
BBIIE, a MpaBWIa KOMMYyTalud UMEOT Bua (P:a,S,b). B To e Bpems, y4uThiBas Takyro
peanuzanuo ¢ Homepamu péoep, OyaeM CUMTaTh, YTO KOT/Ia BEpUIMHA S MOJIy4aeT cOOOLIeHHEe OT
NpeALIECTBEHHHUKA 8, WACHTU(HUKATOP TPEIISCTBEHHNKA @ SABJISETCSl HE TapaMeTPOM COOOIIEHUS,
a OTBETHBIM IIapaMeTpoM omeparopa npuéma coodbuieHuss B S. Korjga BepuiHa S HOChUIAET
coobiienre peeMHUKyY b, nnenTrukaTop npeemunka b sBisieTcs He mapamMeTpoM COOOIICHHS, a
IIapaMeTpoM OllepaTopa IMOChUIKH COOOIICHNSI.

[MpaBuna KOMMYyTalM MOPOXKAAIOT MyTH B rpade, N0 KOTOPBIM JBHUraloTcst cooOuieHus. I1yTh
ai, a, ..., @n, /I a1 M @n XOCTHI, @ OCTAJIbHBIE BEPIIMHBI KOMMYTATOPbI, HOPOXKAAETCS TPABUIIAMH
(p: a1, a2, a3), (p: az, as, aa), ..., (P: @n-2, @n-1, an).

C Takoil pacpeieIEHHON CETHIO CBS3aH PAJ MPOOIEM: HeOOCMUNCUMOCHb XOCTOB, 3aYUKIUBAHUE
COOOIIEHNH, nepecpy3Ka CeTH COOOIECHUIMHE, HeMacumadupyemocms.

JIOCTIXKMMOCTh XOCTOB O3HAYAET, YTO JUTS KaXI0H YHOPSIOYCHHOM Mapsl XOCTOB (@, b) mpaBuia
KOMMYTAIIMH MTO3BOJISIFOT TIEpeciaTh Coo0MmeH e 3 xocTa @ B XocT b. CooTBeTCTBEHHO, mMpobiieMa
HEJIOCTIKMMOCTH BO3HUKAET, KOT/Ia 3TO TPeOOBaHNE HE BBITOJIHIETCSL.

3anuKIMBaHUe COOOILICHUI BO3HHKAET TOrJa, KOTAa IpaBWiia KOMMYTAIMH ONPEAENSIOT IyTb,
MPOXOSAIINI BAXK/IbI 10 OAHOM U TOM ke nyre. B 3Tom ciiydae oTpe3oK MyTH, HAYMHAIOIIUNUCS U
3aKaHYMBAIOLIUICSA ATOM IyTroOH, SABISETCS OPHEHTHPOBAHHBIM IIHKIJIOM, IO KOTOPOMY COOOIIEHHUE
Oyner nBuratbcst OeckoHewyHO. [IyTh, He NPOXOIAIIMKA JBaXKIbl MO OJHOW Jyre, Ha3bIBacTCs
npocmuim no oyzam. Takum o0pa3oM, Juist TOro 4ToObl He OBIJIO 3alMKIMBAHMS, BCE TIOPOXKIAEMbIe
MYTH JIOJDKHBI OBITh IIPOCTBIMH 110 [yTaM.

[Teperpyska ceT MOXET BO3HUKHYTh U3-3a KIIOHUPOBAHUSI COOOIIEHHUH, KOT]a B CETH IIUPKYJIUPYET
CJIMIIKOM MHOTO cooOmieHnid. Hanmydmmm pernreHreM 0bu10 ObI BOOOIIE OTKA3aThCs OT U3JIHIIHETO
KJIOHHPOBAHMS, KOT'/Ia YHCJIO KIIOHOB OOJIbIIIE YHCIIAa XOCTOB, KOTOPHIM COOOIIEHHE MPeIHA3HAYEHO.
MacmrabupyeMoCTh O3HaudaeT, 4YTO CyMMapHoe (BO BCEX KOMMYTAaTropax) YHWCIO IIpaBHII
KOMMYTalluu He OoJee, 4eM JIMHEIHO, 3aBUCHUT OT YMCIIa BepIinH rpada. VIHBIMH ci10BaMu, 4UCII0
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NpaBWJ B OJHOM KOMMYTaTOpe OTPaHMYCHO YHCIIOM, HE 3aBHCSIIUM OT YHUCJIa BepIIMH rpada.
Hanpumep, npu OTCYTCTBHM TapaMeTPOB KOMMYTAIIMH, KOT/Ja MPaBUII0O KOMMYTAIMd UMEET BUJ
(: &, s, b), uncso npasun B KoMmmyTartope S He npepocxoaut deg(s)?, v He 3aBUCHT OT OOLIEro Yucia
BepIIvH B rpade. B uneane B Macmrabupyemoit pacripenenéHHoil cetn no0aBieHue B rpad) HOBBIX
BepIIMH U pédep TpeOyeT n3MeHeHus!/ 100aBIeHU TPaBUII TOJIBKO B TEX «CTaphIX» KOMMYTaTopax,
KOTOPHIM HHIMICHTHBI HOBbIe p&Opa. Ha mpakTuke 3TO OOBIYHO HE TaK, HO B LIEJIOM YHCIIO
M3MEHSIEMBIX MPABUII HE JOJDKHO 3aBUCETh OT OOIIETO YMciia BEpUIMH rpada.

Ha camom niene, nmpoGuieMbl, OMCaHHbBIE BBIIIE, TECHO CBS3aHBI MEXY COO0M, NPHUEM HEKOTOPHIC
peLIeHUst OTHUX MPOOJIeM yCyryOssiioT Apyrue npodiaemMsl. [IponiroctpupyeM 3To NpoCTeHIINME
MPUMEPaMH PELICHHS ITUX TPOOIIEM.

JlOCTH)XUMOCTh MOKHO 00€CHEeYHTh MPOCTO KIOHHMPOBAaHMEM COOOIIEHHS B KOMMYTaTOpE Tak,
4TOOBl OHO HEPEChUIATOCh BCEM COCENsM, KPOME TOro, OT KOTOporo moiydeHo. CooluieHue c
rapaHTHel JJOCTUTHET Hy’)KHOT'O XOCTa-TIoyry4arelist (MOCKONbKY rpad cssizeH). OHaKo, BO-IIEPBHIX,
3TO MOKET NPUBECTH K 3aLMKIMBAHUIO, €CIU B Tpade ecTh LUK, 8, BO-BTOPBIX, U KaK CICICTBHE, K
neperpysKe CeTu.

BMecTo 3TOro MOXHO MOCHUIATH COOOIIEHHE W3 XOCTa-OTIPABUTENSI 10 OCTOBHOMY JEpEBY,
OpPHEHTHPOBAaHHOMY OT KOpHS, KOTOPbIM ATOT otTmpaBurens U Oyaer. CooOmenue Oyner
KJIOHMPOBATHCSI B TOYKAX DPa3BETBICHUS JepeBa. 3alMKIMBaHHS He OyaeT, OJHAKO mpobiema
neperpy3Ku Bc€ paBHO OCTAETCs: BMECTO OJHOTO COOOIICHUsI OyJIeT YHCIIO COOOILICHUH, paBHOE
YHCITY JIMCTOBBIX BEPIIHH OCTOBHOTO JiepeBa. KpoMe TOro, B 3TOM Cliydae HaAM HY)KHO pa3iindyarh
COOOIIEHHsI, CTEHEPUPOBAHHBIC PA3HBIMU XOCTAMH-OTIPABUTEISAMH, T.€. UACHTU(PHUKATOP XOCTa-
OTIpaBHUTENss OyIET YacThI0 MApaMeTPOB KOMMYTAIMH, YTO MPHBEAET K HEMAcIITaOUPyeMOCTH
ceTu.

MOXHO HOCHUIATh COOOIEHHUE MO0 OCTOBHOMY JIEPEBY, OPUEHTHPOBAHHOMY K KOPHIO, KOTOPBIM
OyZmeT XOCT-MojydaTeib. 3alUKIUBaHUs HE OyaeT, U coollueHue He OyneT KIOHHPOBATHCS, W
noaTomy He Oyner meperpy3ku. Ho mpoOiema HeMacmTabupyeMoCcTH OCTaéTesi: UISHTU(PHUKATOP
XOCTa-oJy4aTesst OyeT 4acThio apaMeTPOB KOMMYTAIIHH.

HamryumuM (u3 mpocreiimmx) pemeHnid ObLIO OBl BBIACTICHHE B Tpade OpPHEHTHUPOBAHHOTO
MPOCTOTrO MO JyraMm IUKJIa, KOTOPbIi coepxa Ob1 Bce X0cThl. COOOIIEHHE TIEPEChLIAETCS 110 3TOMY
UKy JO HYXHOro XOcCTa. Hukn ay, a, ..., an, a1 MNOPOXKJAACTC MOpaBUIIaMM KOMMYTallMHU
(:a1, a2, a3), (taz as a4), ..., (Ca@n-2,@n-1,an), (an-1,an A1), T.e. TMapaMETPbl KOMMYTAI[HH
OTCYTCTBYIOT. B 3TOM Clly4ae MOXKHO PEIIUTh BCE YEThIPE MPOOIEMBI.

Ho st 3T0T0 HY’KHO, 4TOOBI XOCTHI MOTJIH BBIMOJHATE, KPOME BRIYHCIUTENHHBIX (YHKIIHIA, TAKKe
U (QYyHKIMIO KOMMYyTalMd. Bo MHOTMX pachpenenéHHbIX CeTsIX, HalpuMmep, B IPOrpaMMHO-
koHpurypupyemsix cetsx (SDN), kak mpaBuino, 3Tu GyHKIMH HE COBMEIIAIOTCS: BEpInHa rpada —
100 XOCT, TMO0 KOMMYTATOp, HO HE TO U ApPYyroe BMecte. bojee Toro, yacto Tpedyercs, 4ToObI
XOCT OBbLIT TEPMUHAIBHON BEPUIHHOM Tpada, T.e. ObUT HOAKIIOUEH TONBKO K OTHOMY KOMMYTATOPY.
DTO MPHUBOJUT K 1IeJIOMY psiay mpobieM. Hampumep, ecinu B rpade ecTh MOCT, C KaxXI0H CTOPOHBI
KOTOPOTO €CTh HECKOJIbKO XOCTOB, TO HEBO3MOXHO OJHOBPEMEHHO pEIIUTh IPOOJIEeMBbI
HEJIOCTHXUMOCTH, Meperpy3kd U Hemaclirtadbupyemoctd. st Toro 4roObl obecreduTsb
JOCTHXHUMOCTD, JHOO COOOIIEHHS, MPOXOSIIME MO MOCTY B OJHOM HAalpaBICHUH, OJDKHEI
KJIOHMPOBATHCS MOCIIE MOCTA, YTOOBI ITONACTh BO BCE XOCTHI C IPYro CTOPOHBI MOCTa, JINOO MBI
JOJDKHBI Pa3nuyath B NPaBUIAX KOMMYTAIMU COOOLICHHMsS, HANpaBiseMble Pa3HbIX XocTaM. B
NEepBOM cilyyae y Hac OyJeT meperpyska: CO3IAr0TCS <UTHIIHUE» KIOHBI COOOLICHHH sl XOCTOB,
KOTOPBIM OHM HE TpeAHa3HaueHbl. A BO BTOPOM ciy4yae OyAeT HeMacIuTabupyeMoCTh:
UICHTH(UKATOP XOCTA-MIOTyYaTelsi CTAHOBHUTCS YaCThIO TApaMETPOB KOMMYTALUH. DTH IPOOIEMbI
MBITAIOTCS PEIIUTh, JOMyCKas KIOHUPOBaHHE, HO B OrPaHMYEHHOM Maciurtade, korna mnpoodiiema
neperpy3Ky pelaeTcs JIMIb YaCTHYHO.
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3. Modenb pacnpedenéHHol cemu

ABTOpaMu npejIaraeTcsi MoJIesb pacnpeAeiEHHOM CEeTH, B KOTOPOI HE TOJIbKO KOMMYTAaTOPbI, HO U
XOCTBI BRITIOJHSIOT (DYHKIIMIO KOMMYTaIuH coodmenunii. Kak OyeT mokasaHo jainee, 3TO MOMOTaeT
PEIIUTh OMTUCAHHBIC BHIIIE MPOOICMEI BIIOJIHE YIOBICTBOPUTEIBHO. B manpHelieM Oy jeM CUuTaTh,
YTO BCE BEPIIUHBI Tpada ACIATCS Ha XOCThI, KOTOPBIC BHITIOIHSIOT KaK BEIYMCIUTEIBHBIC ()YHKIIUH,
Tak W (QYHKOAIO KOMMYTAallMd COOOIICHWH, W KOMMYTATOPBI, KOTOPHIC BBIMOJHSIOT TOJBKO
(YHKIHIO KOMMYTAIUH.

B stoM u cnenmyromem pasgenax Mbl paccMOTpUM (DYHKIIMOHMPOBAaHHE TaKOW CETH, KOTIa
BBINIOJIHEHA €€ HACTpOIiKa, T.€., MPEXAE BCEro, YCTAHOBJICHBI HY)KHBIE IpaBHUia KOMMYTalUud B
BepIIMHAX Tpada, a TaKkKe HHAUATU3UPOBAHEI APyTrUe NepEeMEHHBIC BEPIIUH, HEOOXOAUMBIC I
nepezavun COOOIICHIMIA HITH [T HHKPEMEHTATIBbHOM (IOTIOTHUTEIbHOM YaCcTHYHOM) HacTpoiku. [1pn
3TOM MBI OyeM HMeThb B BHIY, YTO B MpOIECCe Takoro (YHKIHOHUPOBAHHUA Tpad MOXKeET
HU3MEHATHCA F CETh MOXKET MepeHacTpanBarthscs. B pazaene 6 MBI pacCMOTPUM CaMOHACTPOHKY CETH,
a B pasmene / — pa3NUYHBIC BUABI W3MEHEHHH CEeTH M TpeOyeMyro INpH STHX H3MEHEHUH
NIEPEHACTPOMKY CETH.

Bynem cuutats, 4TO Kakoe cOOOIIeHUE B CETH MMEET TUTI (MMs1) U Habop mapameTpoB. Mul Oymem
OTHPATHCS Ha CIEAYIoIIee TpeOOBaHNE HEM3MEHHOCTH COOOIIICHIS: TIPH EPECHUIKE COOOIICHHUS 10
CCTHU MCHATHCS MOXCT TOJBKO THUII COO6HICHI/IH, napaMeTpLI OCTAKTCsI HCU3MCHHBIMU. HpI/I 9TOM
YUCJIO TUIIOB COO6H16HI/I$I OI‘paHI/I‘-IeHO u q)HKCHpOBaHO; B npennaraeme HHXKE aJ'IFOpI/ITMaX
HCTIONB3YeTCs 9 THIIOB COOOIICHU.

IIpexne Bcero, 3aMETUM, YTO OPUEHTUPOBAHHBII IIPOCTOMU 110 yraM LUK, COAEPKAIINMA BCE XOCTHIL,
0 KOTOpPOM HITa peub B HpeIbIAyLIeM pasfele, Bcerga CyllecTByeT B cBa3HOM rpade. Taxum
[UKJIOM SIBJISICTCSI UKI 00X0/1a OCTOBHOTO JepeBa rpada, Hampumep, mo aaropurmy Tappu [9],
KOTOPBIH IPOXOJUT Kax0e pedpo [Ba pa3a, HO IO OAHOMY pa3y B KaXJIOM HANpPaBJIEHHH, T.€. IO
OJIHOMY pasy 1o Kaxaoi ayre (Ha puc. 1.8 06X0x OCTOBHOTO AepeBa MOKa3aH CHHUM IIBETOM).

@ host

o switch
a) r b)

Puc. 1. @) O6x00 ocmosHnozo depesa, b) Obxo0 depesa xocmos.
Fig. 1. a) Spanning tree traversal, b) Host tree traversal.

JIJ1st TaHHOTO KOPHEBOTO JiepeBa ero 00Xo0Jl, HauMHas ¢ KOPHS, 110 aJropuTMy T3ppH 0JHO3HAYHO
ONpeNeNIeTCs] TMHENHBIM MOPAIKOM COCEAE! BEPIINHBI, 3a1aHHBIM JUI KaXJIOH BEPIIMHBL: COCEAN
BEPLIMHBI ITPOXOJSATCS aITOPUTMOM B 3TOM HOpsake. Podumenem nekopHegou eeputunbl X Oynem
Ha3bIBaTh TAKyIO BEPIINHY Y, UTO Ayra Xy HOCIEIHS Ha ITyTH OT KOPHS 10 BEPIIHHEI X; B AITOPUTME
Tappu 1o 3TO¥ Iyre MBI IEPBHIH pa3 MOMagaeM B BepIINHY X. Pooumenem kopHa I OyaeM yCIOBHO
Ha3bIBATh €TO MOCIIEHET0 CoCcela Z B IMHEHHOM MOPSIKE cocenel KOpHs; B anroputMe Tappu ayra
ZI' TPOXOAUTCS MOCIEAHEN.

B nanpHefimem OyzeM cuuTaTh, YTO KOPEHH OCTOBHOTO JIEPEBa SIBIISIETCS XOCTOM. Ecii ocToBHOE
JIEPEBO COMEPKHUT JHCTOBBIE KOMMYTATOPHI (HE XOCTHI), TO OHH, OYEBHTHO, SIBISIOTCS «JTHITHUMI
IIPU KOMMYTAITUH COOOIICHNH, U NX MOKHO YAAIUTh. MUHUMAaFHOE MTOIIEPEBO OCTOBHOTO JiepeBa
C TeM e KOpHEM, KOTOPOE COJIEPKHUT BCE XOCTHI, OyIeM ISl KpaTKOCTH HAa3BIBATh 0epegom X0Cmoa,
HY’)KHO TOJBKO HMETh B BHAY, YTO KPOME XOCTOB OHO COAEPKHUT TaKXKe KOMMYTaTODEI,
HEOoOXOANMBIE IJIsI CBSI3HOCTH JiepeBa. DKBUBAJICHTHOE OIIPEJIEIICHUE. 0epesoM XOCMOE Ha3bIBaeTCs
HOJIEPEBO OCTOBHOI'O JEPEBA C TEM K€ KOPHEM, KOTOPOE COAEPIKHUT BCE XOCTHI, U BCE €T0 JIUCThS
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ABISIIOTCSL  XocTaMu. COOTBETCTBEHHO, BMECTO IMKJIa O0XOZa OCTOBHOTO JepeBa Oynem
UCTIONB30BaTh IUKI 00X0Ja JEpeBa XOCTOB, KOTOPBIMA Ul KPaTKOCTU OyIeM Ha3bIBaTh YUKIOM
xocmog. TaM, TIe 3TO HE NPHUBOJUT K JBYCMBICICHHOCTH, KOPEHb JEpPEBAa XOCTOB OylaeM Ui
KPaTKOCTH Ha3bIBATh IIPOCTO KOPHEM.

JlepeBo XOCTOB CTpoHTCS IMporeaypoi «YmajaeHne "MHmHX" KOMMYTaTopoB». [lepBoHadanbpHO
JIEPEBO XOCTOB COBIIAZAET C OCTOBHBIM JIepeBOM. Ecim KOMMyTaTOp SBISIETCS JINCTOM JIEPEBA, OH
yIaseTcs BMEeCTe ¢ €IMHCTBEHHBIM MHIUJICHTHBIM eMy peOpoM aepesa. [Iporenypa nosropsercs
JI0 TeX II0p, MOKa Bce JIMCThsS AepeBa He OyAayT xocTtamu. DTO M OyAeT AepeBO XOCTOB, 00XOA
KOTOPOTO SIBISIETCS ITUKIIOM XOCTOB (Ha puc. 1.b 06X0/1 XOCTOB MTOKa3aH CHHUM I[BETOM).
PaccMoTpuM Ty 4acTh OCTOBHOTO A€peBa, KOTOpasi He BOLLIA B JIepeBO XOCTOB. OHa MpeACTaBisIeT
co00i1 Jiec KOPHEBBIX JIEPEBBEB, BCE BEPILIUHBI KOTOPHIX, KPOME, OBITH MOXKET, NX KOPHEH, SBIISIOTCS
KOMMYTaTopaMH M He JIe)kaT Ha JepeBe XOCTOB, a MX KOPHHM JIe)KaT Ha AepeBe XOCToB. bynem
Ha3bIBaTh ATU JEPEBbS 0epesbsimu KOMMYmamopos. J|pa nepeBa KOMMYTaTOPOB HE HMEIOT OOIINX
BepiuH. []j1s1 nepeaun cooOIIEeHHH 10 CEeTH JIePEeBbsi KOMMYTaTOPOB HE HYXKHBI, TaK KaK BCE XOCTEHI
(a TONMBKO OHM TEHEPHUPYIOT COOOUICHWS) HAXOIATCS HAa IMNKJIE XOCTOB, M CTEHEPUPOBAHHBIC
COOOIIEHNSI BUTAIOTCS MO IMKIY XOCTOB M HE IONAJAl0T B KOMMYTATODPBI, HE SBISIOIIHECS
KOPHSIMH JIepeBbEB KOMMYTaTopoB. OJHAKO JIeC JIEpPEeBhEB KOMMYTaTOPOB MOXKET OBITH HY)KEH,
KOT/1a IPOMCXOANT n3MeHeHue rpada cetu. Harmpumep, k ceT MOXeT OBITh J0OaBIIEH HOBBIH XOCT,
MOACOEINHACMbIH K KOMMYTAaToOpy Ha JAepeBe KoMMyTartopoB. IloaTomy Oymem cuurtaTh, 4TO
IpaBuia KOMMYTallMM MOPOXKAAIOT, KPOME IHKJIA XOCTOB, JIEC JEPEBHEB KOMMYTATODPOB,
OPHEHTHPOBAHHBIX K CBOMM KOPHsIM (Ha puc. 1.h 0TMedeHbI KpaCHBIM L[BETOM).

MBpI OyzeM cUnTaTh, 4TO B HACTPOSHHOM CETH B K)KJOH BEpIINHE HHUIIHAIN3UPOBAHBI CIICAYIOIIHE
nepemennbie: Self — cobcTBenHblit naeHTudukarop Bepumunsl, HOSt — ormerka xocta, Rules —
npaBmwia KoMmyTanuu, ROOt — oTMeTka KOpHS JepeBa XOCTOB, TIE «OTMETKa» — OyJeBckas
HepeMeHHasl.

4. Mepedaya coobweHUl u3eeCcmMHOMY XOCmy-rnoJsly4amesro

i oTIpaBKH COOOIICHHUS WM3BECTHOMY XOCTY-IIOJYYaTeNI0 MCIONB3YeTCs COOOIIeHHe THma
MessageToHost ¢ mapamerpamu: Sender — wuaeHTHUKATOp XOCTa-OTIMpaBHUTENs, recipient —
HICHTU(PHUKATOP XOCTa, KOTOPOMY IMpeaHAa3HAYCHO cooOIIeHHe, parameters — mapaMeTpsl
coO0OIIeHH s, TPO3pavHbIe sl KOMMYyTalu coobieHnid. CooOleHne ABUTaeTcst 1o [HUKIY XOCTOB
JI0 XOCTa-Mmojiyyaressi ¢ HACHTH(HUKATOPOM recipient. [Tonydartenb, MpUHSAB Takoe COOOIICHHE,
00pabaThIBaeT €ro, He MOChUIAs TaJIbIIe.

Yro npou3oiaér, eciii B CETH HET XOCTa C YKa3aHHbIM B COOOUICHHH HJICHTU(PHUKATOPOM
noiyvarens? 3aMeTHM, Y4TO 3TO MOXKET NMPOU30ITH He TOJBKO B pe3yibTaTe OMMUOKH B XOCTe-
OTHpaBHTElE, KOTOPBIA FTeHEPUPYET COODIIEHHE C TAKMM HACHTH()UKATOPOM IOTydaTessl, HO TaKKe
W3-32 U3MEHEHMS CETH, HalpuMep, KOTJa XOCT YIAJSeTCs M3 CeTH M IOCNe COOTBETCTBYIOLIEH
MIEPEHACTPOIKH CEeTH yAaIseTcs U3 MUKJIA XOcTOB. B 3TOM citydae coobmenne Oyner 6eckoHedHO
UPKYJINPOBATH 1O LIUKIY XOCTOB.

Just Toro 9ToOBI ATO MPENOTBPATHTH, NpeisiaraeTcsi Takoe pemenue. Korma ¢ukcupyercs, 4ro
coO0OIIIEeHNE TTPOIILTO MOJTHBIN MK XOCTOB, HE HAl/s MOIydaTess, OHO YAAIieTcs, a OTIPaBUTEIII0
MOCBUIAETCS] COOOIIEHUE C OTPUIATENLHBIM 0TBETOM. DUKCaIHs MOXKET OBITh BBIIOJIHEHA KOPHEM,
KOHTPOJIMPYIOIIUM NPOX0A cooOIeHns yepe3 Hero. OHAKO IUKJ XOCTOB SIBJISAETCS MPOCTHIM IO
Jayram IyTéM, KOTOPBIM B OOIIEeM ciydae He MPOXOAMT JBaKAbl MO OJHOW Jyre, HO MOXKET
HECKOJIBKO pa3 MPOXOANUTH YePe3 OJIHY U TY K€ BEpPIIHHY (T.€. He 003aTeNbHO SBISETCS BEPIIUHHO-
MIPOCTHIM ITyTEM), B TOM YHcCIe KopeHb. [103ToMy KOpeHb cHadana (GUKCHPYET MPOXOJT COOOIICHUS
MessageToHost mo nayre, Bemymield OT pOIUTENsl KOPHS B KOPEHb, U MEHsSET €ro THUI Ha
RootMessageToHost. Korma mocnennee cooOmieHne MPOXOAWT MO TOH K€ Ayre, Bemymied oT
poauTeNst KOpHSI B KOPEHb, KOPEHb YAAJAeT COOOIIEHHE M IMOCHUIAET OTIIPABHUTENIO0 COOOIIECHHUE
MessageToHost ¢ orpumarensHbIM  OTBeTOM. lloMETHB IITpPUXOM MapamMeTpsl  3TOTO
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OTPHIIATENHLHOrO OTBETA KaK (DYHKI[HIO IIAPaMETPOB UCXOIHOTO COO0IIeHus, iMeeM: Sender” = root,
recipient” = sender, parameters™ = parameters, rue root HIeHTU(PHKATOP KOPHSL.

DTOT OTPULIATENIBHBIM OTBET TAKXKe MOXKET He HAUTH CBOETro Iojtydatess recipient” = sender us-3a
TOT0, YTO XOCT-OTIPABUTENb HCXOJHOTO COOOIICHIsI HEBEPHO yKa3all cBOM uaeHTHduKatop sender
WJIN 3TOT OTIIPABUTEINb YIaJIEH U3 CeTH M (TI0CiIe TIepeHacTPOIKK CeTH) M3 LIUKJIA XOCTOB. Torna mo
o0IeMy TpaBWIIy OTBETHOE COOOIIEHHE (OTIPaBHUTENF — KOPEHB), MBAXKIABI HPOWIL IO HyTe,
BEeIyIIEH OT poauTeIIs KOPHS B KOPEHb, OyIeT yAaleHo, U KOPEHb MOIUIET OTPHULATEIbHBII OTBET
Ha 3TOT OTPHIATENILHBIN OTBET, OJTydaTesIeM KOTOporo OyaeT o cam: recipient™ = sender” = root.
[MoxyuuB 310 coOOLIEHUE, TPETHA3HAUEHHOE KOPHIO, KOPEHb OKOHYATEIBHO YAIUT €To.

Cxema rmiepeauu 1o CeTH COOOMICHUS U3BECTHOMY MOYYaTeNI0 HarJLsIIHO H300pakeHa Ha pHC. 2,
r1e JBOIfHas CTpeJIKa COOTBETCTBYET IIepeiade COOOIICHHUS 110 UKIY XOCTOB Yepe3 BepLIMHbI, He
MEHSIOLIHE THIT COOOIIEHNUs, IIBETHON KPY)KOK O3HAYaeT XOCT-OTHPABUTENb HIH XOCT-TI0JIy4aTeNb,
a Oenblif KpY)KOK O3Ha4yaeT MPOXOX II0 Iyre OT POOUTENsT KOpHA B KOopeHb. [lpu mepemaue
COOOIIEHNH 110 3TOI CXeMe MOXET CIyYUThCsl HENPaBUIBLHOE MOBEAEHHE: COO0IeHne (OTBETHOE
coOO0IIeHHEe C OTPUIATEIbHBIM OTBETOM OT KOpHS) MOXKET OBITh YAalIeHO, XOTSI B CETH €CTh
MOJIy4YaTesb 3TOro coolIIeHus (oTyyaTeilb OTBETHOTO COOOIIEHHS, T.€. OTIPABUTENb UCXOIHOTO
coobuerns). OMHAKO ITO MOXKET CIIYYHUThCS TOJIBKO TOT/1a, KOTIa MEHsIeTCs KOPEHb, T.e. yaausieTcs
KOpEHb, CeTh NepeHacTpanBacTCsl, U KOPHEM CTaHOBUTCS JIPYrod XOcCT. Y aJleHue nojydaTened u
OTIpaBUTENEH COOOLICHMS, OTJIMYHBIX OT KOPHS, HE NPUBOJUT K TaKOMY HENpaBUIBHOMY
MOBEJICHUIO.

The message
generation

parent — root
that is not a recipient

MessageToHost 73 RootMessageToHost

Puc. 2. Cxema nepedauu no cemu coobujenus u36eCmHoOMy HOLY4AMENnto.
Fig. 2. The network transmission diagram when sending a message to the known recipient.

Generating Deleting
the response the message

Jns renepauuu cooburenust MessageTOHOSt kKOHKpeTHOMY YKa3aHHOMY XOCTY HCIOJIb3yeTCs
npoueaypa SendMessageToHost ¢ mapamerpamu: recipient, parameters. IIporeypa Bo3Bparaer
false, ecnu HexoMy mocnaTh cOOOIIEHHE, T.€. B XOCTE HET MPABHJI KOMMYTAIUU (CETh COCTOUT W3
OJTHOI M30JIMPOBAHHON BEpIIMHBI). B mpOTUBHOM ciyvae Bo3Bpaiaercsi true u mochuIaeTes 1o
LUKy XOCTOB Hy)XHOe coobuenue: ¢ Tuniom MessageTOHOSt, eciu gaHHbI XOCT HE KOPEHb, HIIH
¢ tunioM RootMessageToHost B mpoTuBHOM ciyuae.

5. Yenyeu

Hpyroii actiekT HYHKIIMOHUPOBAHUS PACIIPECIEHHON CETH CBS3aH C TEM, YTO COOOIICHUE MOKET
OBITh MMpeTHA3HAYCHO HE JUIS KAKOT'0-TO 3apaHee U3BECTHOTO XOCTa, 3 KKOMY-HHUOYIbY», KTO MOXKET
9T0 coobmienue oOpabortarb. Takoe coOONmICHWE MOXXHO IOHMMATh Kak 3alpoc Ha HEKHe
BBIYUCITUTENBHBIC JICHCTBHSA C MapaMeTpaMi, COACPIKAIIMMUCS B COOOIIECHHH. DTO aHAJIOTHYHO
JIOKQJIBHOMY BBI30BY TOM WJIM WHOW IPOLEAYpbl BHYTPU OAHOIO XOCTa C TOH pa3HULEH, 4TO
BBI3BIBAIONIHI MPOIECC U BBI3BIBAEMAs TIPOIIEAypa HAXOAATCS B pa3HbIX XocTax. [Ipu aToM, BooOIIe
TOBOPS, BCE paBHO B KAKOM XOCTE dTa BBI3bIBae€Masi MPOIIeTypa HaXOAUTCS, TUIIb Obl OHA TaM ObLIA.
KommyTanus cooOIieHunit TomKHA TO3BOJISATh «HAWTHY TAKOW XOCT.
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MpeI npeniiaraemM MOAEIHPOBATh TAKOW 3aMPOC MOHATUEM YCIyeU. XOCT, KOTOPBIH MOKET OKa3bIBaTh
JAHHYIO YCIyTy (B XOCTE pean30BaHa JaHHas yCiIyra), Oy1eM Ha3bIBaTh yenedblM XOCHOM IUIS dTON
ycrmyru. B cooOmmennn 3anpoca yeIryTH yKa3bIBaeTCsi IMs YCIIYTH U Ha0Op apaMeTpoB, a B KAKIOM
XOCTE UMEETCS MHOXECTBO UMEH YCIIyT, KOTOPBIE B ’TOM XOCTE PealM30BaHbl, T.€. YCIYTH, KOTOPbIE
MOT'YT OBITH OKa3aHbl 3TUM XocToM. CooOleHne nepenaéres mo nukiy xocros. Korna coobuienue
NPUXOJUT B HEKOTOPHBIH XOCT, TO XOCT IIPOBEPSIET, MOXKET JIM OH OKa3aTh 3alpallliBaeMyI0 YCIyTy,
T.€. SIBJISAETCS JIM LIEIEBBIM XOCTOM JUIsl 3TOH yciyrd. Ecim He MoeT, XOCT BBINOTHSIET (QYHKIHIO
KOMMYTAIIMH, IEPEChUIasi COOOIEHUE NANbIIIE COTTIaCHO ITpaBuiiaM KoMMyTaluu. Ecian Moxer, 3ToT
XOCT CTAaHOBHTCSI KOHEYHBIM IOJy9YaTeIeM COOOIICHNUS, COOOIIECHIE JalbIlle He TepechuIacTcs, a
00pabaThIBaeTCs B 3TOM XOCTE, T.€. XOCT BBIIIOJIHSET 3aIPOC, OKa3bIBast 3alpaIliBaEMyI0 YCIYTY.
OnHaKoO Takoe pelieHUe UMeeT CIEeIYIOMNI HeJOCTaTOK: COOOLIEHUs C JaHHBIM UMEHEM YCIIyTH,
OTIIPABIISIEMBIE W3 OJHOTO U TOTO )K€ XOCTa-OTIIPABHUTENA, OYAYT MPUHUMATHCSA OTHUM U TEM XKE
XOCTOM-TIOJTydaTeNleM, a IMEHHO, ONMMDKalIIiM 0 IUKITY IEJIEBBIM XOCTOM. DTO MOXET IPHUBECTH
K TOMY, 9TO OJHH XOCTHI OyIyT meperpykeHsl 00paboTKoii cooOIIeHuit, a Ipyrue, KOTOphIe TOXe
MOTJIH OBbI OKa3bIBaTh KaKHe-TO YCIYTH, OYAYT HEOTPYKEHBI.

Jus  pemreHust 3TOM TPOOIEeMBI MOXKHO pa3pelIuTh XOCTy, KOTOPBIA MoOTr OBl OKa3aTh
3ampammnBaeMyl0 yciIyry, HO celdac CIIHIIKOM <«3aHAT» Ipyroi paboToi, HE NPUHUMATH
coobmieHne Ha 00paboOTKy, a IepechlIaTh €ro Jaiblie IO MPaBUIaM KOMMYTAIMH. TeM CaMbIM,
coobmieHne OyIeT «KpPYTHTBCS» MO LUKIY OO TeX MOp, MOoKa He MOmaaéT B KakKoW-HUOYAb
0CBOOOMBIIMICS XOCT, KOTOPBI MOXKET OKa3aTh 3allpallliBacMy0 yCIyTy.

Just Toro 4roOBl B TakoW pachpelenEHHON ceTH He BO3HHKANO 3alUKIMBAHUC, HYKHO, YTOOBI
Kak[as 3ampamrnBaeMas yciayra ObUIa pealn30BaHa B KaKOM-HHOyIs xocte. MHaue coobmenue ¢
UMEHEM dTOU yCIyTH OyAeT OECKOHEYHO ABUTATHCSA 110 ITUKITY, HE HAXOs HYXKHOTO XocTa. [ Toro
4yToOBl ODOMTHM 93TO OrpaHMYEHHE MpEAJaraeTcs pelIeHUEe AaHAJIOTMYHOE  PEIICHUIO,
PaccMOTPEHHOMY B MPEIBIAYIIEM pa3zieie Uil COOOMEeHuH yka3aHHOMY XOCTY.

BBoastcs Tpu Tuna coobiuenuit: Message, RootMessage u WaitingMessage. Onu umerot
napameTpsl: Sender — HIeHTU(HUKATOP XOCTa-0TIIPABUTEIsI, CTEHEPHUPOBABIIET0 COOOIICHHE, SErVice
— WMs 3ampamuBaeMoil ycimyru, parameters — mapamerpbl COOOIIEHHMs, NPO3padyHbIe s
KOMMYTAIAX COOOIICHMH.

Chauaina cooOleHue, Kak IpaBuiio, nmockuiaercs ¢ Tunom Message. Eciii 0HO PpUXOIUT B KOPEHb,
KOTOpBIN HE SIBIISIETCS 1IEJIEBBIM XOCTOM, MO JAyre, BEAYIIEH OT POAUTENs KOPHS B KOPEHb,
COoO0O0IIeHNE TepechUTacTCs Aajblie Mo nuKiIy ¢ TunoM RootMessage. Eciu coobmenne Message
nnu RootMessage npuxoauT B 11eN1eBOM XOCT, HO Cefuac OH «3aHAT», XOCT NIEPECchlIaeT COOOIIeHUEe
nanbie yxe ¢ tunom WaitingMessage. Kopens, He SBISIOIIUICSA LEIEBBIM XOCTOM, MOJIydas
coobmmenne WaitingMessage mno jayre, Beayiei OT poAuTENsl KOPHS B KOPEHb, MEPEChUIAET €ro
JaisIe otk ¢ TunoM Message. [TocieHee caenano s TOTo, 9TO «IOHMAThy yJalleHIE U3 IIHKIIa
XOCTOB TOTO 3aHSATOTO MEIEBOTO XOCTa, KOTOPBIH CMEHWI THN cooOmeHuss ¢ Message Ha
WaitingMessage. Eciu B nukie emé ocTaroTcs LeNieBble XOCThI, COOOIICHHE, MPOXOsl Yepes3
[ENIEBOH XOCT, THO0 MPUHUMAETCSI M, €CITH XOCT «CBOOOJCHY», TMOO0 MOCHUTACTCS JabIIe OISTh C
tuiom WaitingMessage, eciu xoct ceifuac «3anst». Eciu coobiienne RootMessage npoxoaur mo
JIyre, BeAyIeH OT POAUTENs] KOPHS B KOPEHb, OHO yIAISIeTCs, a KOpEeHb T'€HEPUPYET U MOChLIaeT
coobmmenne tuna MessageToHOSt xocTy-oTnpaBHUTENIO ¢ OTPUIIATEIHLHEIM OTBETOM.

TeMm caMbIM, B IMKJIE MOXKET «KPYTUTHCS» TOJIBKO COOOIIEHUE C 3alIPOCOM YCIIYTH, JUISl KOTOPOii B
LMKJIE XOCTOB €CTh LielieBble XOCThl. Ho 310 Oyzner He GeckoHe4HO, a 10 TeX Iop, oKa KaKou-
HUOY/Ib 11€JIeBOI XOCT HE OCBOOOANTCS M HE TIPUMET 3TO COOOIICHHUE, MIIH MTOKA M3 [IKJIA XOCTOB HEe
OyzyT yaieHbl BCe 11eJIeBbIe XOCThI IIPH IIEPEeCTPOiiKe ceTH. B TO jxe BpeMsi 4MCII0 TPOXO0/I0B TAKUM
COOOIIIEHNEM 10 IIUKITYy XOCTOB HE OIPaHUYEHO.

Cxema mepenadu Mo CeTH COOOIIEHHUs C 3alPOCOM YCIYTH HATJIAIHO M300paXkeHa Ha puc. 3, Te
JIBOIMHAsl CTpeJKa COOTBETCTBYET Iepelade COOOIICHHs IO LUKIY XOCTOB 4epe3 BEpILUHUHBI, HE
SIBJISIFOLIIMECS LIEJIEBBIMHU XOCTaMH WJIM KOPHEM, IBETHOW KPY)KOK 03HAYaeT XOCT-OTIPABUTEINb HIIH
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LEJIeBO XOCT, a Oenblii KPYXKOK O3HA4aeT MPOXOJ IO Ayre OT POAMUTENS KOPHS B KOPCHb.
MHoroToure moKa3plBacT, 4To mnepeaada no CeTH OTPHLATEILHOTO OTBETA OT KOPHS OTIIPABHTEIO
HCXOJIHOTO COOOIICHHS BBIONHSETCS, SCTECTBEHHO, [0 OOIIMM MPaBUIaM Ul COOOIICHHUS THIIA
MessageToHost (kak Ha puc. 2).

The message Message F——"—3 busy target host
generation

free target host

parent —
non-target root

WaitingMessage

parent —
non-target root

parent —
root

RootMessage

Generating Deleting
the response the message

MessageToHost

Puc. 3. Cxema nepedauu no cemu coobweHust 3anpoca yciyeu.
Fig. 3. The network transmission diagram when sending a service request message.

[Ipeamnonaraercs, 4To KOrjga XOCT IPUHUMAET COOOIEHNE, OKa3bIBasl 3alpallliBaeMyl0 YCIyry, TO
TIOCJIE 3TOT0 OH MOJXKET, €CIIM HY)KHO, CaM I10CIaTh OTBET XOCTY-OTIIPABUTENI0, CTEHEPUPOBABLIEMY
3TO COOOILEHUE C PE3yNIbTaTAMU OKa3aHUs yCIIyrd. 3aMeTHM, YTO 3TO He Beera HykHo. Hampumep,
Koraa TpeOyeTcst HeKOTopasl LIEMoYKa yCIyr WK OoJiee CIOXKHasi IporpaMma, OTICIbHbBIC YacTH
KOTOpOH TIOHUMAIOTCSI KaK YCIYT'H, KOTOPBIE MOTYT OBITh PEIM30BaHbI B Pa3HBIX XOCTaX, TO OTBET,
€CIIH HY’>KHO, OyJIeT ITOCIIaH XOCTY-OTIPABUTEIIO TOIBKO MOCIIE BHITIOIHEHHS Beeit mporpaMmsl. Jlis
MIOCBUIKM OTBETa XOCTY TakKe HcIoib3yercss cooOmenne Tturma MessageToHost, B xoTopom
YKa3bIBACTCA B KaAUCCTBEC IMOJIYYaTCIIA I/II[CHTI/I(i)I/IKaTOp XOCTa-OTIPaBUTEISI UCXOIHOTO COO6HleHI/I$[.
Jpyroii croco0 mociaTh OTBETHOE COOONIEHHWE MOT OBl OBITh OCHOBAaH HA IIyTH, NPOXOIUMOM
cooOmennem. Ecnm Takoil myTh 3alloMMHAaTP B CaMOM COOOIIEHHMH KakK IOCIIEI0BATEIHLHOCT
MIPOXOZMMBIX BEPIIHH, TO OTBET MOT OBI IIPOXOJHUTH 3TOT ITYTh IPOCTO B 0OPaTHOM HAIPABJICHHU.
Boree Toro, 3TOT ITyTh MOXKHO OBLITO OBI «CIIPSIMUTEY, YIAJINB LIUKJIBI, T.€. B OOPaTHOM HaIlpaBIeHUH
MIPOXOANUTH BEPIIMHHO-TIPOCTOM MyTh (HE MPOXOIAIIMI ABAXKABI Yepe3 OJHY BepuInHy). OmHaKo,
BO-TIEPBBIX, TaKOH crocod Tpedyer 0co0ol NMHAMMYECKOW KOMMYTALUH, MPOUCXOJIIEH HEe 1Mo
CTaTUYECKUM IIpaBWJIaM KOMMYTAIlUU, XpaHANMUMCA B BEPHIMHAX, a II0 I/IH(I)OpMaHI/II/I us3
COO6HleHI/I$I, H, BO-BTOPLIX, 3TO MPOTUBOPCUUT HAIEMY MPEAIOJIO0XKEHUIO O TOM, YTO COO6HICHI/15[
nepefaTcs Mo cetu 6e3 m3MeHeHHs (kpoMe ux Tuma). [losTomy namee crmocoObl mepemadu
COOOIIIEHNH TAaKOTO poJia HE PACCMaTPUBAIOTCSL.

Jlnst reHepanmu B XOCTE€ COOOMICHMS 3ampoca yNal€HHOW YCIYTH HCIOJIB3YETCS TMpoIeaypa
SendMessage ¢ mapamerpamu: SEIVICE — UMs 3ampalnMBacMol yCIyrH, parameters — mapameTpsl
COOOIIEH s, MPO3padHble JUIss KOMMYyTauu cooOinenuii. Ilponemypa Bosspamaer false, eciu
HEKOMY I0cjaTh COOOIIEHHE C 3alpocOM YCIYTH, T.€. B XOCTE€ HET MPaBMJI KOMMYTAIMU (XOCT
M30JIMPOBaHHAs BEpIIMHA). B NMPOTHBHOM cily4ae BO3Bpamiaercs trUe M IIOCBUIAETCSl HYXKHOE
cooOmienne 3ampoca yciyru: Message — eciam OTHpaBHTENb HE LIEJNEBOH XOCT W HE KOPEHb,
RootMessage — ecnu otmpaBuTens He LeleBod KopeHb, WaitingMessage — ecnu otnpaBuTeNb
LiesIeBoi XocT. B mocieiHeM citydae mpezrnosaraeTcsi, YTo XOCT JeaeT yIaIEHHBIH BHI30B IIOTOMY,
YTO cefuac «3aHsTy.
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6. Hacmpolika cemu

Tlon HacTpoilkoi ceTH NOHUMAETCs, INPEXKJE BCEro, yCTAHOBJICHHE MPaBWJI KOMMYTAIWHU.
Hampumep, nporpammuo-koHburypupyemas cetb (SDN) ocHoBaHa Ha (GU3HUECKOM pasieicHUN
IUIOCKOCTH JTaHHBIX (YpOBEHB Iepeladd COOOIIEHHH, MOIEIUpPYEMBbIii rpad)oM C BEpUIMHAMH B
XOCTax ¥ KOMMYTATOpax) M INIOCKOCTH YIPABJICHUS CeThI0. Ha MI0CKOCTH yrpaBiIeHUsI HAXOIUTCS
KOHTPOJUIEP, KOTOPBI M BBINOJNHACT HACTPOHKY ceTH. OH CBSI3aH C KaXKOABIM KOMMYTAaTOpOM,
KOTOPOMY «CITyCKaeT» Ha ypOBEHb IUNIOCKOCTH JaHHBIX NIpaBHja KOMMYTaluu. J[J1s 3Toro Ha ypoBHe
KOHTpPOJUIEpa JOJKHA OBITh H3BECTHA BCS TOTIOJIOTHS ceTH (Tpad PU3HIECKUX CBA3CH).

B Hactosmell craTee MBI IIpemIaraéM airOpUTMBI CAMOHACTPOWKH CETH, 0e3 HCIOIh30BAHUSL
CHEUaIbHOTO KOHTPOJJIEpa M C MUHUMAJIBHO HEoOX0UMOH MH(pOpMaIiel, 3apaHee 3aJaHHOH B
BepMHax rpada. DTa mpeaBapUTENbHO 3aaHHas MH(GOpPMaLus JOJDKHAa OBITh HeoOXoanma |
JIOCTAaTOYHA TOJIBKO JUISl 33/1aHKS TOIOJIOTHUH CETH KaK yHopsao4eHHoro rpada (rpada, B KOTOpoM
péOpa, MHIMACHTHBIC BEPILIKMHE, IMHEHHO YHOPAA0YCHBI). JJOCTaATOYHOCTh 03HAYAET, YTO MO TAKOH
nH(opMaLMK OJHO3HAYHO BOCCTAHABJIMBAETCS YNOPSIOYEHHBIH Tpad ceTH, a HeoOXOIUMOCTh
O3HAYaeT, 4To MO YNOpsJoYeHHOMY rpady oJHO3HaYHO onpenensercs Takas nHdopmanus. Kpome
3TOT0, KOKIBIA XOCT IOJDKCH 3HATh, KAKHE YCIIYTH B HEM pealn30BaHbI.

Jlo HacTpoiiku ceTH B KaXIoW BepiinHe rpada J0DKHAa OBITH 3apaHee 3aJaHa Cleayrolias
HHPOPMALIUS:

o Self — unenTUdUKaTOP 3TOM BEPIIMHEI,
o crucok Neighbors uneHTnprKaTopoB COCEIHNUX BEPILUH;

e Host — mpusHak TOroO, SBIAETCS BepmIMHAa xocToM (HOst=true) mnm xKomMmyTaTopoMm
(Host = false).

Kpome Toro, B XocTe JOKHO OBITH 331aHO MHOXKECTBO SErvices UMEH peaan3yeMbIX UM YCIIyT.
B mpemiaraemoit Mojieny o1 HACTPOHKOM MOHUMAETCS] yCTaHOBJICHHUE!

1) mpaBuUI KOMMYTALMH B y3JIaX CETH,

2) OTMETKH KOpHS JIepeBa XOCTOB.
[TosicHMM 3TH yCTaHOBKH.

1) TlpaBuia KOMMYTAIlMK YCTAHABIHUBAIOTCS B K&KIOM Y3JIe CETH: KaKk B KOMMYTaTope, Tak U
B XOCT€, OCKOJIbKY Ka)IIbIi y3€JI CETH BBIMOJIHSET (PYHKIMIO KOMMYTALK COOOLIeH!i. B
BEpIINHE HHUIHAITH3UPYETCS CIIUCOK Rules mpaBuim koMMyTaru.

2) B KkopHe JepeBa XOCTOB WHHUIMANM3UpyeTcs IepeMeHHas ROOt :=true, B ocTambHBIX
xocrax ceru Root:=false. Kak omucaHo Belle, 3TO HY)XHO A NPEAOTBPAILCHUS
0eCKOHEYHOH IUPKYJISIUN COOOLIEHHH B CETH.

AJITOPUTMBI HACTPONKH CETH CTPOST JIEPEBO XOCTOB M ITMKJ XOCTOB Kak 00XOJ 3TOTO JiepeBa, a
TaKKe JieC JIepeBheB KOMMYTaropoB. CaMu aJropUTMBI CaMOHACTPOMKH, & TaKXKe alrOPHUTMBI
reHepalyy U mepeaayn COOOIEHUH 0 HACTPOEHHOM ceTH (POPMAITbHO OTUCAHBI B MPHUIIOKEHHH.
Bce mpaBmiia KOMMyTaIlMK B BEPINUHE S UMEIOT BHL (: @, S, b), TO ecTh mapaMeTpbl KOMMYyTaIMH
OTCYTCTBYIOT, @ CpEJIHsIsS BEPIIMHA OJHA W Ta e — S. [[09TOMY B NPHIIOKEHHH JUIs KPaTKOCTH B
Ka)KJI0M BEPIIMHE S MPABUIIO KOMMYTAIIMK 3alIMChIBAETCA HE Kak (: &, S, b), a kak (a, b).

B pesysbrare HACTPOWKHU B KaX0M BEPIINHE S MK XOCTOB CITUCOK MPABHJI KOMMYTAI[MH OyaeT
UMETh «UUKINYecKuit» Bua (: Ao, 1), (Cai, @2), ..., (@n-2 @n-1), (i @n-1, @0), TIe dp POAUTEID
BepIIMHEI S. KpoMe TOro, eCiii CITMCOK MPABHJI KOMMYTAIMM B BEPINUHE S UMEET TaKOW BHI, a
coo0IIeHre B BEPIIMHY S MPHUXOAUT OT coceia b, OTIIMYHOrO OT BEPIIHH Ay, ..., 8n-1, OHO
MEPECHIIAETCS BEPIIUHE Ao — POIMTENIO BEPUIMHBI S MO MoapasymeBaemomy mpasuiy (b, ao).
WHBIMH CIIOBaMH, CIUCOK (o, a1), (a1, @2), ..., (@n-1, @) CIAEOYET MOHMMATh KAaK COKPAIIEHHYIO
3amrck cnmcka (o, ai1), (a1, az), ..., (@n-1, o), (b1, @), (b2, &), ..., (bx, &), rae by, ..., b Bce cocenu
BEPIIKHBI S, KPOME COCENEH Ao, ..., an- 1. TAKOE npasuo yMmoruanus Mbl IPUMEHSIEM JIJIsL YIPOIIEHHS
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ITOPUTMOB CaMOHACTPOWKHU ceTd B [IpuioskeHHH. DTO MPaBHIO YMOJTYAHUS MCHOJIB3YETCS MPH
WHKPEMEHTaJIbHOW (ITIOBTOPHOM YaCTUYHOW) NEPEHACTPOMKE CeTH, Koraa Mensiercs rpag cetu. s
nepenadyd CooOIIEHWH IO HACTPOGHHOM CETH 3TO MPaBHIO YMOJNYaHHs He TpeOyeTcs, 3a
HCKJIIOUYEHHEM OJTHOTO CIIydasi: Mbl JOITYCKaeM MOCBUIKY COOOIIEHHSI H3BHE CETU B CETh, B BEPIINHY
b ¢ ykasaunmem mpenTHHKaTOpa MPENIICCTBCHHUKA 8, HE COBMNAJAOIICTO C HACHTH(HHUKATOPaMU
BEPIIMH CETH, YTO MOJKHO MOHUMATh KaK IIOCBUIKY cooOmienus no ayre ab, e Bxomsmeit B rpad
CETH.

Ha puc. 4 nokazaHo, Kakue IpaBHia CO3JAI0TCS IS BEPIIMHBI B Pa3HBIX Cirydasx. UEpHbIe TMHUN
n300paxaroT pédpa JepeBa X0CTOB, KpacHBIE — IepeBbeB KomMyTaTtopoB. [Ipaswuito (a, b) B Bepiune
S IIOKA3aHO CTPEIIKOi, COCANHSIONICH IBE CMEXHbBIC AyrH &S U SD; CHHUE CTPEJIKH COOTBETCTBYIOT
LIMKITy XOCTOB, a KpPacHBIE CTPENIKH — JEPEBbIM KOMMYTaTOpoB. [lokasansl npaBuia kak jao (puc. 4
CBEpPXY), TaK ¥ IMOCIe MPUMEHEHHS MIPaBHiIa yMOIYaHus (puc. 4 BHU3Y).

= % i W

parent of s parent of s parent of s parent of s
|
After using
a default rule
parent of s parent of s parent of s parent of s

Puc. 4. [Ipasuna xommymayuu u npasuio yMOJIYaHusL.
Fig. 4. Switching rules and a default rule.

bynem cuurtarh, 4TO HAcTpoOWKa HWHHUIMHpPYETCS cooOuieHueM Start, xoTtopoe mocTymaer B
HEKOTOPBIN (IPOU3BOJIbHBIN) XOCT U3BHE rpada. DTOT XOCT OyaeM Ha3bIBaTh uxuyuamopom. Jus
ya00cTBa OyaeM cuuTaTh, YTO COOOIICHHE MPUXOAUT MO HEKOTOPOMY JOMOIHUTEILHOMY pedpy,
COCTUHSIONIEMY WHHUIMATOP C BHEIIHHM OKPYXXCHHEM, MOJICIUPYEMBIM JIOMOTHHTEIEHOM
BEPIIUHOH, COCETHEH C HHUITUATOPOM, KOTOPYIO OyIIeM Ha3bIBaTh 8HEWHUM COCe0OM NHAIUATOPA.
DToMY XK€ BHEIIHEMY COCEIy MHHIIATOP TOCHUTACT OTBET O BBHIIONHEHHH 3Tama. B To ke Bpems
OyneM mperonaraTh, YTo BHEIIHUN cocell He BXoauT B crucok Neighbors coceneil nnunumaropa,
TaK KaK 3TOT CITUCOK (TI0 OIMPE/ISIICHHI0) COCPHKHUT TOJIBKO BEPIIHHBI rpada.

B mpemmaraeMeix anropuTMax BO BpeMs HACTPOWKH B CETH LUPKYIHPYET OIHO COOOIICHHE,
KOTOpOE UMEET THIT K He IMEeeT ImapamMeTpoB. [Ipu mepecsiIke coOOMEeHNs Y3IIbI CETH MOTYT MEHSTh
TOJILKO THIT COOOIICHUS.

3ameuanue. Eciin pa3pemte u3MeHsIeMbIe 1 HEOTPAaHUYCHHBIE 110 pa3Mepy COOOIICHHS, TO MOKHO
OBLTO OBI C IIOMOMIBIO COOOIIEHHUI CHavana coopaTh BCO HH(POpMAIHIO O ceTH. 11 3TOro MOKHO
HCTOJIB30BaTh COOOIIEHHS, KOTOPBIE, 00X0as Tpad, codupanu Obl MHPOPMALIUIO O CETH: KaK O €
TOTIOJIOTHH, TaK W O PACIPEACICHUH peaju3aluil yCIyr MO0 XOCTaM ceTd. [IOoJyduB Takyro
nHpOpPMaNNIO, WHUOHATOP (WIM €ro BHEIIHWH cocex) MOor OBl IPOM3BECTH HEOOXOANMYIO
ONTHUMHU3ALHMIO i COCTABUTH OITMCAHUE, COACPIKaIIee TPEOYyEeMYO HHUIIHATHU3AIMIO TIEPEMEHHBIX JIJIS
KaXI0T0 y3s1a ceT. Ilocie 3Toro crennaibHbIM COOOIIEHHEM, 00X0IAIUM rpad), KAKIOMY Y371y
CETH JOCTaBIANAChH ObI Kacaromascsi €ro 4acTh 3Toro omucaHus. CTOUT OTMETUTh, YTO TaKOi
HHHUIAATOP YXKE MaJIO OTIUYAETCsI OT KOHTposuiepa B SDN: ToIbKO BMECTO IPSAMOM CBSA3H C KayKIbIM
Y3JI0M CETH €My MPUXOJUTCS MOCHUIATh COOOIICHUE TI0 CETH JIO 3TOTO y3ia. B Hacrosmeit cratbe
MBI HE JIOMTyCKaeM TaKHX H3MECHSIEMBIX COOOIIEHHMIA, TeM O0Jiee, HEOTPaHHUEHHBIX 10 Pa3Mepy.
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Hacrpoiika ceTd MOKeT Ha4aTh BBIMOIHITHCS B JIF000H MOMEHT BPEMEHH, KOTAA yXKe 3aKOHYEHA
npeabiaymmas (eciu oHa Oblia) HacTpoiika. CHavala He(pOPMaJIbHO OIMIIEM alrOPHUTM 00X0ia
OCTOBHOTO JiepeBa 1o anroputMmy Tappu. Xocrt, momydaromuii cooOmeHme Start, craHOBHUTCS
MHHIMATOPOM U KOpHEM JepeBa. Jlanee cooOlieHne MOXeT UMETh OJIMH U3 TPEX THUIIOB. Npsmoe
coobmmenne Forward u nBa omeemnwix coobuenus (omeema) Cancel u Back. Coo6menne Forward
MOCBUTAETCSl 10 enié He mpoiaenHo#t nyre rpada. Ecmu Bepmmua b momyuaer ot cocema a
coobmenne Forward mepBeiii pa3, To jayra ab CTaHOBHUTCS Jyroifi OCTOBHOTO J€peBa,
OPHEHTHPOBAHHOTO OT KOPHS; BEPILIHA & SIBJISICTCSA pOAUTENeM BepiuuHsl b. Ha Bpemst HacTpoiiku
poxuTenieM KOpHS (= WHHIMATOpa) OyaeM CUYMTaTh €ro BHENIHero cocexa. Ecnm Bepmmna b
TIOJTyJaeT OT cocelia & MOBTOPHOE coobienne Forward, To oHO MPUXOAUT 0 Xopae ab ocToBHOTO
nepesa (xopaa — 3To pedpo, He Jiekalee Ha JepeBe, 00a KOHIIa KOTOPOTo JIeKaT Ha Aepese). B atom
cIlydae 1o 9To# xope B 06paTHOM HanpasieHnu ba mocsutaerest orset Cancel. Muage Bepinwaa b
nockuIaeT coobmenne Forward cnemyromemy mocie a coceny C, eciu ayra be emé ve mpoiineHa
(o Heit He TockUTANOCH coobmenne Forward) u BepimmHa C oTaMYHA OT poauTens. To ke camoe
Jeraercs, eciau BepuimHa b momydaer oreer Cancel wiun Back ot cocena a. Bee Boixoasiue us
BEpILIMHBI D Myru yxe MpoMAeHBl B TOM Cllydae, KOTJa CICIYIONIHHA Mocie & cocell C SBIACTCS
poxureneM st Bepiuuabl b. Torga Bepmmua b mockiiaeT cBoemy poautento otset Back mo
obOpaTHOW ayre nepeBa xocToB. [lo Xoay Iena NMPOUCXOOUT TeHEpaLusl MPaBUJI KOMMYTALUH
cooOIeHn# u1s UKIIa 00X0/1a OCTOBHOT'O JiepeBa. B KOHIE KOpEHb (= MHUIIMATOP) 3aMBIKAET LUK
o0xoma, 3aMeHssl JBa CrEHEPUPOBAHHBIX mpaBuna (i eHewnull coced, uHuyuamop, b) wu
(: ¢, unuyuamop, enewnuii coced) oauuMm mnpasuwioM (i C, unuyuamop, b). Tlocme oxoHuaHus
HACTPOWKHU cocell C CTAHOBHUTCS POAMTENIEM KOPHS.

Juist Toro, 4ToOBI CTPOUTH HE LUK 00X0J1a OCTOBHOTO JIepeBa, a LUK 00X0/1a iepeBa XOCTOB, T.€.
[MKJI XOCTOB, TIPUMEHSIETCSI MpoIieaypa «Y AaleHue «IHIIHAX» KOMMYTAaTOpoB». [liist 3TOro mnepen
MOCBUIKO#M BepumIMHOW D oTBeta poauTento mo oOpaTHON Jjyre OCTOBHOTO JepeBa cHavana
MPOBEPSIETCS, SIBISACTCS JIM BEPIUIMHA D XOCTOM M, €CITU HET, TO UMEIOTCS JIU XOCThI B MOJJIEPEBE
OCTOBHOTO JepeBa ¢ KopHeM B B BepumHe D. Takue xocTel ummerorcsi, ecnu nubo (mpu
UCIIONIb30BaHUU IMPaBUIIa yMOJYaHusi, puc. 4 BHU3Y) B BepluuHe b ompeneneno Goibiie 0JHOTO
npaBmiia KOMMYyTaIluu, Ju0o (06e3 MCIONb30BaHMs MPaBUIa YMOJYAaHUS, PUC. 4 BBEPXY) B ITHUX
MPaBUJIAaX €CTh XOTA OBI IBa Pa3HBIX MpeeMHUKA. Ecian B moaepeBe OCTOBHOTO AepeBa ¢ KOPHEM B
BepimHe b umerorcs xoctsl, Bepinuna b moceuiaer otser Back, unaue noceinaeres orser Cancel.
Hactpoiika 3akaHdrBaercs, KOorma KOpPeHb (= WHHIMATOP) MOCBUIAET CBOEMY BHEIIHEMY COCEIY
OTBETHOE co00mIenre Back (kopeHb = HHUIMATOD SBIAETCSA XOCTOM, MOITOMY BHEIIHEMY COCEILY
KOpHSI = MHUIMATOPa HE MOXET ObITh Tocian otset Cancel).

7. UHKpemenmanbHasi Hacmpolika cemu

[Tox WHKpEeMEHTaJ bHOW HACTPOWKOW ceTH OyZeM IOHMMAaTh JIOMOJIHMTENBHYIO, Yalle BCEero
JaCTUUHYIO IIEPEHACTPOIKY ceTH, HEOOXOIMMYIO ITpH U3MEHEHHUH ceTH. Takoe n3MeHEeHNE KacaeTcs
mbo

1) pacnpenesneHus peanu3alid YCIyr o X0CTaM CeTH, 100
2) Ttomosoruu cetu (M3MeHeHue rpada ceTn).
Kaxnoe Takoe H3MEHEHHE MOXKHO NPEACTaBUTh KaK MOCIEJOBATENBHOCTh 3IEMEHTApHBIX

W3MEHCHUM. HOBTOMy MBI 6yZ[€M paccMaTpuBaTb TOJIBKO 3JIEMCHTAPHLIC HU3MCHCHUS U
COOTBETCTBYIOLINEC UM MHKPEMCHTAJIbHBIC HaCTpOﬁKH CCTH.

1) Tlpu u3MeHEHHH paclpe/ielieHHus Peau3aluil YCIyr Mo XOCTaM CETH 3JIeMEHTapHBIMU
HM3MEHCHHSIMU SIBIITIOTCS:
1.1 no6aBneHue peanu3anyu OJHON YCIYTH B OWH XOCT,

1.2 ynanenue peanu3ayuy OJHON YCIIYTH U3 OJHOTO XOCTA.
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2) HpI/I MU3MCHCHUU TOIIOJIOTHUU CE€THU JICMCHTAPHBIMU U3MCHCHUSAMU SABJISAIOTCA:

2.1 u3MeHeHue ynopsaounBanus rpada,

2.2 nobaBneHue ogHOTO pedpa,

2.3 ymanenne ogHOTO pedpa, He HapyIIaromee CBSI3HOCTh rpada,

2.4 nobaByieHUE OJTHOTO KOMMYTATOPa U OJHOTO pedpa, COSTUHSIIONIETO €ro CO «CTapoiy
BEpIINHOI rpada,

2.5 mobaBieHue OTHOTO XOCTa M OXHOTO pedpa, COSAMHSIONIETO €ro CO «CTapoii»
BEPIINHOI rpada,

2.6 ynaneHue olHOro TepMHHAILHOTO KOMMYTATOpa M MHIUICHTHOTO eMy pedpa,

2.7 YAaJICHUC OAHOTO TCPMUHAJIBHOI'O XO0CTa U MHIUJACHTHOTO EMY pe6pa.

[Tpumepom Oosnee CIIOKHOTO HM3MEHEHHS TOIOJOTHU CETH SIBJISETCS YNAJICHHE XOCTa M BCeX
HHIUICHTHBIX eMy pé6ep. EMy cOOTBETCTBYET MOCHEI0BATEIBHOCTD YAAICHHU T 0gHOTO pedpa (2.3)
JUISl BCEX MHLUIEHTHBIX XOCTYy péOep, KpoMe OJTHOTO, a 3aTeM yAajJeHHe OJHOTO TePMUHAJIBHOTO
X0CTa M MHIUIEHTHOTO eMy pebpa (2.7).

B omiinume oT npeAbIIynX pa3aesioB 3ech MBI IIpe/iaraeM TOJIbKO WU allTOPUTMOB HACTPOWKH,
M0 KOTOPBIM JIETKO MOXKHO pa3paboTaTh cCaMy alrOpUTMbl HHKPEMEHTAJIbHOW HACTPOWKH, MBI HE
MPUBOIAMM 3TH anropuTMbl B IlpunoxeHun. B HEKOTOpBIX Cilydasx NEpeHACTpOHKa CETH H3-3a
KaKOT0-TO N3MEHEHHS MOXKET OBbITh BBHINOJIHEHA dQEKTUBHEE, €CIH €€ IeaTh «cpa3y», a He Kak
MIOCJIEIOBATENILHOCTD MEPEHACTPOEK CETH IO JIEMEHTapHBIM M3MeHeHusIM. Ho 3To yke Bompoc
ONTHMU3AIMK (M YCJIOKHEHUs) alrOpUTMOB HMHKPEMEHTalbHOM HacTpoiiku. Kpome Toro, Ml
paccMaTpuBaeM TOJNBKO TaKyl0 HWHKPEMEHTAJIbHYI0 HACTPOHKY, KOTOpas HeoOXoamma i
noJ/iep kaHus (QyHKIMOHAIBHOCTH CETH, TO €CTh BO3MOXKHOCTH IIepelaBaTh COOOIIECHHS OT JI0O0T0o
XOCTa-OTIpaBUTEs JIOO0OMY H3BECTHOMY XOCTy WJIM 3alpaliuBarh JoOyr yciayry. Ecmu
IepeHacTpoiika Moje3Ha Uil ONTUMHU3AINN CeTH (HalpuMep, yMEHbIICHHUS [UIMHBI IUKJIa XOCTOB),
TO MBI TOJILKO OTMEYaeM 3TOT (hakT, HO HE IpeIaraeM alropUTMbI TaKOH NepeHaCTPOUKH.

B psze ciiyyaeB Bo BpeMsi HHKPEMEHTAJIbHOW HACTPOMKM HY)KHO 3HATh, JIXKUT JIM BEpLIMHA Ha
LUKJIE XOCTOB WJIM HET. Y HAac HET COOTBETCTBYIOIIEH oTMeTKkH (OyJEeBCKOW IepeMeHHOH) B
BepuIMHax rpada, HO OHa M He HyXHa. BepiinHa JIe)KUT Ha IIMKJIe XOCTOB TOTJIa U TOJNBKO TOT/a,
KOTJla OHa SBISIETCS XOCTOM HJIM 3TO KOMMYTaTOp, M B HEM JHOO OIpenesneHo OoJbIe OJHOTO
npaBuiia KOMMYTauu (TpY UCIIOJIBb30BAaHUHU MPAaBUIIa YMOJ4YaHHs, pUc. 4 BHM3Y), JIMOO B ITHX
IpaBUJIax €cTh XOTs ObI J1Ba pa3HbIX NIPeeMHUKa (0€3 MCIOIb30BaHus IpaBUiIa yMOIYaHus, puc. 4
BBEPXY).

WNHkpemeHTaNIbHAS HACTPOWKA CETH, KaK MPaBUIIO, HE HapyIaeT (HyHKIIMOHATLHOCTU ceTu. Eciu Bo
BpeMsiT HACTPOWKHM WMeeTcs cool0meHne ykasaHHomy xocty (MessageToHost — wmm
RootMessageToHost), oro OymeT mocTaBIEHO MOyYaTelio, €CIM B COOOIIESHIH BEPHO YKa3aH ero
nAeHTH(HUKATOP, U MOJTydaTeNh He yAIEH n3 ceTH. lHaue cooOmeHne ¢ OTprIaTeIbHBIM OTBETOM
(MessageToHost wunu RootMessageToHost), Oyaer [MOCTaBICHO OTHPABHTENIO HCXOJHOTO
coO0OIIeHH s, €CII B COOOIIEHNH BEpHO yKa3aH MAECHTU(UKATOP OTIPABUTENS, U OTIPABUTEID HE
ynanén n3 ceru. Ecnu Bo BpeMsi HACTpOHKHM nMeeTcs coolrienne ¢ 3anpocoM yciryru (Message,
RootMessage wiu WaitingMessage), ono GyJeT J0CTaBIEHO HEIEBOMY XOCTY, €CIIM B COOOIIEHUT
BEPHO yKa3aHO UMS YCIYTH M B CETH €CTh IeJIEBBIE XOCTHI I 3TOH ycimyru. MHade coolmmeHue ¢
oTpuniatesibHeIM - otBeToM (MessageToHost wim  RootMessageToHost), Oymer mocraBieHO
OTIIPABHUTENIO HCXOJHOTO COOOIIEHHS, €CIM B COOOIIEHHH BEpPHO YKa3aH HIACHTH(UKATOP
OTIPABHUTEIIS, U OTIPABUTEINb HE yIANEH U3 CeTH. VICKIIIOUeHUEM SIBIISIETCSI ClTydaid, KOT/ia MEeHSeTCs
KOpEHb JIepeBa XOCTOB: «CTaphli» KOPEHb yJaJIseTcs, U KOPHEM CTAaHOBUTCA JIpyroi xoct. B atom
cilydae COOOIIeHNE MOXKET He JOWTH JI0 ajpecara, Jaxe eciId TaKoH ajpecaT ecTb B CETH.
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7.1 U3ameHeHMe pacnpepneneHus peanusaumui ycnyr no xoctam

7.1.1 Do6aBneHue peanu3auum ogHOM ycnyrm B OQUH XOCT

Ipu 10GaBJICHAN peaNU3aliy YCIyrd ¢ HMEHEM ServiCe B HEKOTOPBIN XOCT HYXKHO BBIMIOJIHHUTD B
sTOM X0CTe Services := Services U {service}. bonbie HUKakuX JeHCTBHIT He TpeOyeTCsL.

7.1.2 YpaneHue peanusauum ogHoOMW yCcrnyru 3 ogHoro xocrta

[pu ymaneHHuH peanus3aliy yCIyrd ¢ UMEHEM SErviCe W3 HEeKOTOPOro XOCTa HY)KHO BBITIONHUTD B
3ToM xocte Services := Services \ {service}. Bonpie HUKakuX AeiicTBHi He TpeOyeTcs. 3aMeTHM,
YTO XOCT, B KOTOPOM HE OCTaETCsl pealn30BaHHbBIX YCIYT, OTIMYAETCS OT KOMMYTAaTopa, IOCKOJIBKY,
XOTSl OH HE MOXKET OKa3bIBAThH YCIIYT, HO MOXKET ICHEPHPOBATH COOOLICHHS C 3aIIPOCOM YCIYT, U,
KpOME TOTO, MOXET OBITh IOJydaTesieM cooOmmeHuil ykazanHomy xocty (MessageToHost wmmu
RootMessageToHost).

7.2 A3MeHeHue Tononornm cetu

7.2.1 NameHeHue ynopspgo4mBaHus rpada

pyroe ynopspounBanue rpada, T.e. onpeaeseHue Apyrix JHHEWHBIX OPSIKOB coceneil Kaxaoit
BEPILHHBI, PUBOJANUT K IIOCTPOCHHIO JPYrOoro OCTOBHOTO JiepeBa IPU HACTPOHMKE CETH M, Kak
CIICCTBHE, APYTUX JepeBa M IMKIA XOCTOB M Jieca JepeBbEeB KOMMYTATOpPOB. [ TOro 4To0bl
3a7aTh HOBOE YIOPsSOOYMBaHHE rpada, HYKHO B KaXKIOH BepLIMHE, B KOTOPOH H3MCEHHWICS
JIMHEHHBIN TIOPSAIOK COCe/el, YCTAaHOBUTD HOBBIH cricok Neighbors uaeHTH(HKATOPOB COCeTHIUX
BepimH. OnHaKo it coxpaHeHus! QyHKIMOHAIILHOCTH CETH MepeHacTpoiika He Tpedyercs. B To
JKe BpeMs IMOJHAs MEepPeHACTPONKAa ceTH Moria Obl OBITH TONC3HA B IEIAX ONTHMH3AIMH:
YMEHBIICHHUS JJTMHBI IUKJIA XOCTOB.

7.2.2 NobaBneHue ogHoOro pebpa

Jis coxpaHeHus (GYHKIMOHAJIBHOCTH CETH MepeHacTpoiika He Tpebyercs. B To ke Bpems
MepeHacTPoiiKa ceTi MOoria Obl OBITH MOJIC3HA B IIENIAX ONMTHMH3AINH: YMEHBIICHNS JUTHHBI [[HKIIa
x0cTOB. JI/Isi TIOATOTOBKM K CIEAyIOIel HacTpoiike mpu mobasmenuun pebpa {a, b} B cmmcox
Neighbors B Bepiuune a mobasnsiercst unentudurarop cocena b, a 8 crmmcox Neighbors B Bepumue
b no6asnsercs unentudukarop cocena a.

7.2.3 YpaneHue ogHoro peépa, He HapyluawLliee CBA3HOCTb rpada

Jlnst MOATOTOBKM K CIIeMyIOINel HacTpoiike mpu ymanenun pebpa {a, b} us cmicka Neighbors B
BepIliHe a yJajseTcs uaeHTudukatop cocena b, a u3 cnucka Neighbors B Bepunae b ynansercs
uneHrudukaTop cocena a.

Ecnu ynansemoe peOpo sBISIETCSA XOPI0M OCTOBHOIO JIEpeBa, NEPeHacTpoiika He Tpedyercs (naxe
IUISL OIITHMU3ALIAN).

Ecnu ynansiemoe peGpo JISKHT Ha IEPEBe KOMMYTATOPOB, €ro yAaJICHHEe HApYIIAeT CBI3HOCTh 3TOT0
nepesa (puc. 5). Ecim ato pebpo {a, b}, rie Bepimna a sBisieTcss poauTeseM Ajist BEPIIKHBL b, TO
OJIHA U3 ITUX KOMIIOHEHT CBA3HOCTH SIBJIAETCS MOIEPEBOM OCTOBHOTO JIEPEBA C KOPHEM B BEPLIUHE
b, a nmpyras KOMIIOHEHTa COAEPHKUT LUK XOCTOB. ITOCKOJIBKY rpad) OCTAETCS CBI3HBIM, JOJDKHO
6bITh pedpo {c, d}, coequmsiroree BepuMHy C U3 MEPBOil KOMIIOHEHTHI ¢ BepInuHON d M3 BTOPOit
KOMIIOHEHTHI.  Tpebyercs HM3MEHMTh MpaBuia KOMMYTallMd B BEPIIMHAX IIyTH 110
(HEOPHEHTUPOBAHHOMY) JIEPEBY KOMMYTATOPOB U3 BEPILKMHBI b B BEPIIUHY C, & TAK)Ke B BEPIIMHAX
a u d. OxHako ¢ y4€ToM MpaBmia yMOIYaHHs [PABIIa B BepIInHaX & U 0 MOKHO HE MEHSTH, TaK
KaKk B HUX HE HM3MEHIWINCH POJUTEIH IO COOTBETCTBYIOLIUM JIEPEBBbSIM (I€peBa XOCTOB s
BEPIIHHBI & U IePeBa KOMMYTaTOPOB Is BepIIHHBI d).
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Ecnu ynansemoe pe6po IeKHUT Ha IEPEBE XOCTOB, €ro yAalIeHHEe HAPYIIACT CBA3HOCTh 3TOTO JiepeBa
(puc. 6). Ecnu 310 pedpo {a, b}, rae Bepumna a siBisieTcss poAUTEIEeM ISl BEPIIUHBL b, TO 0HA U3
9THX KOMIIOHEHT CBS3HOCTH SIBISIETCS MIOAEPEBOM OCTOBHOTO JepeBa ¢ KOPHEM B BepiuuHe b, a
Opyras KOMIIOHEHTa COIEP)KUT KOpPEHb aepeBa XOCTOB. ITOCKONBKYy rpad ocTarcs CBS3HBIM,
IOJDKHO OBITH pebpo {C, d}, coenunsIoIee BepIUHY C U3 TEPBOM KOMITOHEHTHI ¢ BepInuHo d u3
BTOPO#i KOMIOHEHTHL. TpeOyeTrcsi M3MCHHTh IpaBHa KOMMYTA[MH B BepIIMHAX IyTH MO
(HEOPHUEHTHPOBAHHOMY) OCTOBHOMY AEPEBY M3 BEpIUHHBI b B BepmMHY C W B BEpIUMHAX IYTH 110
(HEOPUEHTUPOBAHHOMY) OCTOBHOMY JI€PEBY M3 BEPIIUHEI O 70 IIUKIIA XOCTOB, a TAKXKE B BEPLINHE a.

7.2.4 Oo6aBneHne ogHOro KOMMyTaTopa U ogHoro pe6pa, COeaAUHSIIOLLEro ero co
«CTapon» BepLuMHOM rpadcpa

Jlnst TIOATOTOBKH K CIEAYIONICH HACTpoiike mpu mobaBieHMH KomMMmyTaTopa a u pebpa {a, b}
cosnaérest crmcok Neighbors = {b} B xommyratope a m B cmmcok Neighbors B Bepmmme b
nobasisietcs uaeHTUduKaTop coceaa a. st coxpaneHus: PyHKIHOHATBHOCTH CETH MIEPEHACTPONKa
He TpebyeTcs. OAHAKO MPH AaNbHEHIINX U3MEHCHHUSIX TOTIOJIOTHH CETH BO BPEMsI COOTBETCTBYIOIICH
MEePEeHACTPOIKKM CeTH HY)KHO YYHTHIBAaTh J00aBisieMble KOMMYTaTop U pedpo. ITockonbKy mpu
N00aBICHHH KOMMYTAaTopa & TOJIBKO C OJHMM HWHIUACHTHBIM eMy pebpom {a, b}, kommyrartop a
OyleT TepMHHAJILHOM BEpPIINHOM, OH MOXXET BXOJIUTH TOJILKO B JIepeBO KOMMyTaTopoB. [IpaBuna
KOMMYTAIIMH YCTAHABIMBAIOTCS B MOOABIIEMOM KOMMYTATOPE & M MEHSIIOTCS B IPYroM KoHie b
nobasisiemoro pedpa (puc. 7). OmHako ¢ y4€TOM MpaBuiia YMOTUAHUS IJIsI KOMMYTAI[UH COOOIICHUIA
JIOCTATOYHO TOJBKO B BEPIIMHE & YCTAHOBHUTH MpaBmio kommytarmu {: b, a, b}.

® host
o switch

Puc. 5. Yoanenue pebpa na oepese xommymamopos.

Fig. 5. Deleting an edge of a switch tree.
d C
@ host
o switch b
a

Puc. 6. Yoanenue pebpa na depese xocmos.
Fig. 6. Deleting an edge of a host tree.
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=

Puc. 7. Jlobagnenue 001020 KOMMYMAmopa u 00H020 pedpa, COeOUHAIOUE20 €20 CO KCIMAPOILy 8ePULUHOU

epagha.
Fig. 7. Adding one host and one edge connecting that connects this host with the “old” graph node.

@ host

o switch

7.2.5 flo6baBneHne ogHOro xocta U ogHOro pebpa, CoeaUHAIOLLIErO ero Co «CTapon»
BepLMHOM rpacpa

Korna no6asisiercst xoct a u pedpo {a, b}, coemunsioniee ero co «crapoil» BepunHoi b, HyxHO
cosmate comcok Neighbors ={b} B xocre a, B cmucok Neighbors B Bepmuue b mo6GaButh
uaeHtudurkaTop cocena @, d 100aBUTHL XOCT a B IIMKI XOCTOB. IIpaBWjia KOMMYTaLUH
YCTaHABIMBAKOTCA B 00aBJIAEMOM XOCTE A ¥ MEHSIOTCS B BEPUIMHE D; KpOMeE TOro, €C/IM BEPIIMHA
b He nexur Ha IMKIE XOCTOB, TO OHA SBISETCA HEKOPHEBOM BEPIIMHOM HEKOTOPOIrO JepeBa
KOMMYTATOPOB, ¥ HY’KHO OMEHATH IIPAaBWIa KOMMYTALMK Ha BCEM IIyTH OT BEPIIMHBI b 10 KOpHs

aToro Jepesa (puc. 8).
2 b
i c

Puc. 8. Jlobasnenue oonoeo xocma u 00Ho2o pebpa,
COCOUHAIOWE20 €20 CO «CMapolly epuuHol epaga.
Fig. 8. Adding one switch and one edge connecting that connects this switch with the “old” graph node.

® host

o Switch

7.2.6 YaaneHue ogHoro TepMUHanbHOro KOMmMmyTatTopa " UHUMOEHTHOro emy pe6pa

CesizHoCcTh Tpada He Hapymiaercs, MepeHacTpoiika He TpeOyeTcs NP HCHOIb30BAHWH MpaBHIIa
yMoyuaHus. Ecii NpaBwiio yMOJYaHHA HE MCIOJB3YETCs, NPH YAAJEHHH TEPMUHAILHOIO
KoMMyTaTopa a u pebpa {a, b}, HyxHo B Bepumae b yaanuts npasuio (: @, b, ¢). 171 moaAroTOBKH
K crenyromieit Hactpoiike u3 crmcka Neighbors B Bepuiuse b ynansercs upentudukarop cocena a.

7.2.7 YpaneHue ogHOro TePMMUHaNbHOro XocTa U MHUMAEHTHOIro eMy pebpa

[lpy ynajgeHWH TEPMHUHAIBLHOIO XOCTa a M (€JMHCTBEHHOI0) MHIUAEHTHOrO emy pebpa {a, b}
CBSI3HOCTB Tpada He Hapymmaercs. JIjisi MOATOTOBKH K CIIeMYIOIel HacTpoiike u3 crmcka Neighbors
B BepIIvHe D ynasnsercss uaeHTUGUKATOp cocena a. Y IamsieMblil XOCT HYXKHO YAalIdTh U3 IIHKIA
X0CTOB. II0CKOJIBKY XOCT TEpMUHAJIBHBIM, OH SIBISETCS KOPHEM WJIN JIACTOBOM BEPILIMHON JepeBa
x0cToB. C yu€ToM TpaBuiia yMOTIaHHS TOCTATOYHO W3MEHHUTH MPaBHiIa KOMMYTAINH B Bepiuuae b
(puc. 9). Kpome Toro, eciu yaansercsi KOpeHb epeBa XOCTOB, HY)KHO OTMETUTh B Ka4eCTBE KOPHS
Ipyroi (BC€ paBHO KaKOif) XOCT.
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a
o hos )

o switch b b

Puc. 9. Voanenue 00no2o mepmunanbho2o Xocma u uHYUOEHMHO20 emy pedpa.
Fig. 9. Deleting a terminal host with an incident edge.

8. 3aknroyeHue

VY peuleHus, NpeANOkKEHHOTO B JAaHHOW CTaThe, €CThb OAMH CYILIECTBEHHBIH HENOCTAaTOK: IyTh,
KOTOPBII JTOIDKHO MPOMTH COOOIIEHHE, MpeXkae YeM «HAHAET» HYKHBIA XOCT, MOXKET OKa3aThCs
CJIMIIKOM JUTMHHBIM. Hampumep, eciii B ceTH AJsl HEKOTOPOH YCIYT'H €CTh TOJIBKO OJIUH IIETIEBOH
X0ocT a (B KOTOpPOM peajn30BaHa 3Ta YCJIyra), TO COOOIIECHHWE C 3alpoCcOM JTOH YCIyTH,
CTeHEPUPOBAaHHOE XOCTOM D, CIeayrommM Iocie XocTa & B LMKJIE XOCTOB, MPOWAET BECh LHKI
XOCTOB, KPOME KOMMYTATOPOB MEXIy a U b.

it Toro 4Tto0Bl yCTPAaHUTh 3TOT HEAOCTAaTOK, MOXKHO OBLIO ObI CTPOMTH HE OOIIMII MK BCEX
XOCTOB, a IIUKJIBI IIEIEBBIX XOCTOB — 10 OJJHOMY ISl KaXXJIOH YCITYTH B IIPEIIOJIOKEHUH, 9TO TAKUX
IIMKJIOB CYIIECTBEHHO MeHbIe. COOTBETCTBEHHO, MMS YCIYT'H OBIJIO OBl MapaMeTpoM KOMMYTALllH.
Ho Takoe pemnieHue IUIOXo CHpaBisieTcs ¢ MPoOIeMol MacmTaOupyeMOCTH, €CIH HYHCIIO YCIyT
MOHO CYMTATh JOCTATOUYHO OOJIBIIUM U, 00JIEE TOT0, €CIIH 3TO YUCIO UMEET TEHJCHIUIO K POCTY.
Jist MacmtabupyeMoro pemieHuss 3TOH NpOoOJEeMbl MOXKHO BOCIOJIB30BATHCS ITOIXOJSINEH
knactepusauueit ycayr. IIpeanonaraercs, yTo 3ToMy Oy[eT MOCBsIIEHA Hallla CIEAYIOLas CTaTbs
Ha 3Ty TeMy.
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NMPUIIOXXEHNE

Tuns! r106aNBHBIX IEPEMEHHBIX U NapaMeTPOB NPOLEAYP 3aNHCAHBI CIHPOUYHBIMU OYKEAMU NOTIYHCUPHBIM
Kypcueom.

Nwmena npouenyp Hauunatomesa ¢ nponuchoii 6yKesl u 3anUcanbl ROIAYHCUPHBIM KYPCUBOM.

MmeHa rio0abHEIX IepeMeHHBIX Hauunaiomes ¢ nponucholl OyKebl U 3anucanbl He NOIYHCUPHBIM KYPCUBOM.

MmeHa nmapamMeTpoB MpoLexyp U JOKaJIbHBIX MEPEMEHHBIX HAUUHAIOMCA CO CMPOYHOU OYKGbL U 3aNUCAHbl He
NOJYIHCUPHBIM KYPCUBOM.

MN1. Tunbl rno6anbHbIX NepeMeHHbIX U NapaMeTPoB Npoueayp B XocTax M
KOMMyTaTopax

bool — 6ynesckuit Tum,

vertex — nieHTH(UKaTop BEPIINHEI rpada,

Service — ums yciyrd,

set(type) — MHOKECTBO DJIEMEHTOB THIIA type,

list(type) — cnincok snemenToB THMNA type,

(types, typez) — mapa (smement Tuna typer, sneMeHT Tuma types).

MN2. FrnobanbHbIe nepeMeHHble B BepLunHe — XoCTe Ui KoMmmyTtTaTtope

vertex Self = ...; /* HHUIMANH3UPOBAHO, HE MEHSETCS: COOCTBEHHBIN HICHTU(PUKATODP BEPIIUHBI */
list(vertex) Neighbors = ...; /* HHHULIAITM3UPOBAHO, HE MEHSETCS: CIIMCOK COCEAHHUX BEPIIUH */
bool Repeat = false; /* uauimanuznposano nepBoHayansHo Kak false; */

/* BO BpeMst HACTPOMKH MOJTy4aeT 3HaueHue true, Korjia BepIirHa mojryqact nepBoe cooduieHne */
list(vertex, vertex) Rules; /* ciiucok npaBuiI KOMMYTAIIHH Kak CIICOK Tap (MPEeANIeCTBEHHHK, TIPEEMHUK) */
bool Host = ...; /* nHUIMATH3MPOBAHO, HE MEHSIETCS: IPU3HAK TOTO, YTO BEPUINHA SBISETCA XOCTOM */

MN3. Fnob6anbHble NepeMeHHbie B XOCTe

set(service) Services = ...; /* HHUIMATH3NPOBAHO: MHOXKECTBO UMEH YCIIYT, PEATU3YeMbIX XOCTOM */
Bool Root; /* mpu3Hak TOT0, 94TO XOCT SIBISIETCSI KOPHEM JIepeBa XOCTOB */

M4. Ucnonb3oBaHue rnod6anbHbIX nepemMeHHbIX

T'nobanbHbIe IepeMeHHbIe, HCIIONIb3yeMble Ha dTane camoHacTpoiku cet: Neighbors, Repeat, Rules, Host;
Root (sce, kpome Self, Services).

[oGasnbHbIe IEpeMEHHBIE, HCTIONB3YEMBIE TIPH Mepenade coobuienuii no Hactpoennoit cetu: Self, Rules, Host,
Services, Root (Bce, kpome Neighbors, Repeat); npu reneparuu cooGiennii: Self, Rules, Root.

M5. NMpaBuna kKommyTauum

[paBuna komMyTanuu Rules mpencTaBieHsl Kak COHCOK JUIMHOM N map (umeHTUdUKATOp cocena-
MPEAIICCTBEHHNKA, HACHTH(PHUKATOP cocefa-npeeMunka): (Ao, a1), (a1, @2), ..., (@n-1,@n). M Oymem
MCTIONIB30BATh CIIEAYIONIYIO OOBIYHYIO HOTAIHIO:

Rules[i..j] = (ai-1, ai), ..., (@j-1, aj), ecmu i = 1..n, j=1.nn i <j; unaue = ();

Rules[i][1] = ai-1 mm i = 1..n;

Rules[i][2] = ai mas i = 1..n.

IIpasuno ymoruanus: TPy TOTyYSHUH BEPIIMHON COOOIICHHS OT BEPIUUHBI D, OTIIMYHON OT BepIiIuH &o, ...,

an-1, OHO TIEPECHLIAETCS POAUTENO Ao (MPENUIECTBEHHUKY W3 MEPBOTO TPABUIIA) MO MOAPA3yMEBAEMOMY
npasuiy (b, o).
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M6. BcnomoratenbHble npoueaypbl

vertex NextNeighbor(vertex x) { /* cnenyroruuii mocne X coces B LUKINYECKOM cIucke b, ..., bk */
| n=|Neighbors|; i:=1;

| whilei<n & Neighbors[i]=xdo {i:=i+1;}

| ifi=n{i:=0;}/*ecmx=biui<n, o bi+1, ecmu x = bk, To b1 */

L return Neighbors[i + 1]; }

vertex Successor(list(vertex, vertex) rules, vertex x) {

/* 110 pe/IIeCTBEHHUKY X BBIYMCIICHUE IIPeeMHHKa b B ciincke mpasun rules = (ao, a1), ..., (@n-1, @n) */
| n= [rules|;i:=1;

| whilei<n&rules[ij[1] #xdo{i:=i+1;}

| ifi<n{ return rules[i][2]; }

L else return rules[1][1]; } /* ecnu mst kaxzoro b B rules ver npasuna (X, b), Bosspamaem ao */

MN7. Npoueaypbl 06paboTKM COOOLLEHMN

CurHarypa mpouexypbl 00pa0oTku cooOieHust uMeer Buja Type(vertex X, napamempwi coobwenus), a
oreparop MOCkUIKA cooOmiennst umeer Bux SEND(Type(napamempor coobwenusn),y), rme Type Tum
COOOIIIEHHSI, X COCEl], OT KOTOPOTO MPUHATO COOBILECHHE, Y COCEl, KOTOPOMY ITOCBLIAETCS COOOLICHHE.

M7.1 CamoHacTpomKa ceTu
[MocTpoeHue muKIa X0CTOB (MUKJIAa 00X0/1a IEPEBa XOCTOB ¢ KOPHEM B MHHUIIMATOPE) MO alropuT™y Tappu, a
TaKXeE JieCa NICPEBLEB KOMMYTAaTOPOB.

vertex X — uaeHTHhHUKATOp cocesia, 0T KOTOPOTO MOIYYEHO COODIICHHE,

Start(vertex x) { /* crapt HacTpoiiku, COOGIIEHHE TPHIILIO B XOCT-UHUIMATOP OT €r0 BHEIIHETO cocena X */
| Rules := (); /* yransem Bce npaBuia KOMMYTALK B BEpIIMHE */

| Root := true; /* WHHULUAATOP CTAaHOBUTCS KOPHEM JepeBa XOCTOB */

| if Neighbors = () { /* ecin KopeHb H301MpOBaHHAs BepIUMHA (HET coceseii), To */

| | SEND(Back(), x); } /* oTBeT BHELIHEMY COCey, KOHELl HACTPOHKH */

| else { /* y xopus ectb cocenu */

|| Repeat := true; /* oTMeuaeM, 4TO KOPEHb PUHSII TIEPBOE COOOIIEHHE HACTPOUKH */

| | Rules:=((x, Neighbors[1])); /* cosnaém npaBuno (snewnuii coced, a), a1 = nepewiti coced */

L L SEND(Forward(), Neighbors[1])); } } /* upsimoe cooGuenue coceny a1 */

Forward(vertex x) { /* npsimoe cooOrieHne MOCIano 1o emé He MPONUAeHHON ayre */

if Repeat = false { /* ecu 510 IEpBOE COOOIICHHE HACTPONKHU, IPUHATOE BEPIIMHOM, TO */

| Repeat := true; /* oTMeuaem, 4To BepIIMHA IPUHSIIA IEPBOE COOOIEHUE HACTPOUKH */

| Rules:= ((x, NextNeighbor(x))); /* cosnaém mpasuio (X, 1) 0T poauTens a0 = X K coceay ai */
| if Host = true { Root := false; } /* /* eci 3T0 XOCT, TO OTMEUaeM, 4TO XOCT HE KOpeHb */

| if NextNeighbor(x) = x { /* eciu BepLHHa He JIHCTOBas B OCTOBHOM AEpeBe, a1 # a0 = X, T0 */
| L SEND(Forward(), NextNeighbor(x)); } /* npsimoe coobiueHue cienyromemy coceny ai */
| else { /* ecnu BepuMHa TMCTOBAs B OCTOBHOM AepeBe, a1 = a0 = X, T0 */

| | Repeat :=false; /* ouncrka st ceayiomeii HacTpoiiu */

| | ifHost=true {/* eciu xocr, T0 */

| | L SEND(Back(), x); } /* monoxuTebHblii 0TBET pouTeNo a0 = X */

| | else { /* ecu He xocT, TO «Y HaNeHHe WIHITHAX)» KOMMYTAaTOPOB» */

L L L SEND(Cancel(), x); } }}/* otpuuarensHbiii 0TBeT pomurento ao = X */

else { /* moBTOpHOE MpsiMOE COOOIIIEHHE, PHIILIO MO XOPJe OCTOBHOTO JiepeBa */

L

|
|
|
|
|
|
|
|
|
|
|
|
|
L

SEND(Cancel(), X); } } /* orpunarensusiii oTBeT cocexy X */
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Cancel(vertex x) { /* orpuuatenbHbIil OTBET OT BEPIIKMHBI K €€ POUTEIIIO HUITH 110 XOPJe OCTOBHOTO JepeBa */
[* B 5TOT MOMEHT MpaBuiia kKommyTaruu Rules = (ao, a1), (a1, a2), ..., (@n-2, an-1), (@n-1, an =x) */
n : = |Rules|; /* gucno npaBuin KOMMyTaIKH */
y: = NextNeighbor(x) /* cocen y cnenyromuii mocie coceza X B HUKIMIECKOM CIHCKE cocereit */
Rules[n][2] :=y; /* Mensiem nocienHee npaBuiio (an-1, @ = X) = (an-1, y) */
if y # Rules[1][1] /* eciun Y # o (He poAUTEIB), TO HE BCE COCEAH, OTIMYHBIC OT POAUTEIIS, TPOHICHBI*/
L SEND(Forward(), y); } /* nmpsmoe cooblienne He IpoiiieHHOMY coceny Y */
else { /* ecnu Bce cocenn, OTIMYHBIE OT POAUTENS, TPOUICHBI, TO */

Repeat := false; /* ouncrka st cremyromeit HaCTpOHKu */

if Host = true or n > 1 { /* ecnu BepinHa XOCT WK HE JIUCTOBAs B IEPEBE XOCTOB, TO ¥/

|  SEND(Back(), y); } /* nonoxurensusiii oTBET pouTeno Yy = ao */

|
|
|
| else { /* eciu BepluMHA IHCTOBOH KOMMYTATOP, TO «Y JATECHUE IHLIHAX» KOMMYTATOPOBY */
| | SEND(Cancel(), y); } /* oTpuuarensHsiii 0TBeT pouTenio y = ao */

| if Host = true & Root = true { /* eciu 06X0x 3aBepLIEH, TO KOHEIl HACTPOHKH */

| | /*3ambikanne uukna XocToB: (sHewnuil, az), ..., (@n- 1, 6rewnuil) — (@n-1, a1), ..., (@n-2, an-1) */
| | Rules[][1] := Rules[n][1]; /* nepBoe npasmio: (sHewrut, ar) —> (an-1, ar) */

L L L Rules:=Rules[l.n-1];}}}/* ynamsem mocientee npaBuio (an-1, sxeurur) */

Back(vertex x) { /* mONOKUTEIBbHBINA OTBET OT BEPUIMHBI K €€ POAUTENIO B JIEPEBE XOCTOB */
[* B 3TOT MOMeEHT mpaBuia kKommyrtauud Rules = (ao, a1), (a1, a2), ..., (@n-2, an-1), (@n-1, an =x) */
y: = NextNeighbor(x) /* cocen y cnenyrommuii mocne cocesia X B HUKIMIECKOM CIHCKE cocereit */
Rules := Rules™(x, y); /* no6asisiem mpaBmio (an =X, an+1 =Y) */
if y = Rules[1][1]) /* eciu y # a0 (He poauTEsB), TO HE BCE COCEH, OTIIHYHBIC OT POJUTEINS, IPOHACHBI*/
L SEND(Forward(), y); } /* npsmoe cooblieHne He IPOiiIeHHOMY COCeLy an+1 =Y */

\

\

\

\

\

| else { /* eciu Bce cocenn, OTIMYHBIE OT POAUTENIs, IPOIICHDL, TO */

| Repeat := false; /* ouncTka st ciemyromei HacTpoOKu */

| | SEND(Back(), y); /* monoKHTEIbHEI OTBET POAUTENTIO Y = ao */

| | if Host = true & Root = true { /* eci 06x0 3aBepIIEH, TO KOHEL HACTPOHKH */

| | | n:=|Rules); /*uncuo npasmi kommyTauuu */

| | | /*sambikanue nukna xocToB: (6rewnuil, a1), ..., (@n-1, 6Hewnui) = (an-1, a1), ..., (@n-2, an-1) */
| | | Rules[1][1] := Rules[n][1]; /* nepBoe mpasuio: (sHewmui, ai) —> (an-1, ar) */

L L L Rules:=Rules[l.n-1]; } }} /* yransem mocineatee npaBuio (an- 1, sHetnus) */

MN7.2 Nepega4a coobLWweHM N0 HACTPOEHHOW CeTU

Vertex X — iaeHTHu(GUKaToOp cocesia, OT KOTOPOTO MOIyYeHO COOOIIeHNe,

vertex sender — uneHTHUKATODP XOCTA-OTIIPABUTEIS, IPUMEHSETCS TS TOCBLUIKU OTBETA OTIIPABHUTEINIO,
Service Service — uMs 3ampanrnBaeMon yCIyTH,

parameters — napaMeTpbl COOOILEHUS, TPO3PAUHbIE I KOMMYTAIIMH COOOIEHUIA.

MessageToHost(vertex x, vertex sender, vertex recipient, parameters) {
/* cooOIIeHIE XOCTY-MOTyYaTelio, He MPOIIe/IIee AyTY OT POJUTEISI KOPHS B KOPEHb */
y := Successor(x); /* cocea-npeeMHUK Y cocea-TIpeanIecTBEHHUKA X */
if Self = recipient { /* ecnu BepiiHa He monyvarens, T0*/
| if x = Rules[1][1] v Host # true v Root = false { /* eciu npuuLIHM He B KOPEHb OT €ro POAUTEIs, TO */
| L SEND(MessageToHost(sender, recipient, parameters), y); } /* nanbiue o nuKiy Xoctos */
| else { /* ecnm mpHILIH B KOPEHB OT €T0 POUTENS, TO ¥/
L | SEND(RootMessageToHost(sender, recipient, parameters), y);}} /* nanbiie o muxiy xoctos */
else { /* ecnu BepiuuHa momyyarenp, TO */
L L MessageToHostProcessing(parameters); } } /* nokaibHas 06paGoTKa IPUHSATOrO COOGLICHMS */
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RootMessageToHost(vertex x, vertex sender, vertex recipient, parameters) {
/* cOOOIIEHHE XOCTY-MOJIyYaTelIto, MPOLIEAIIEe YTy OT POAUTEISI KOPHS B KOPEHb */
y := Successor(Rules, X); /* cocen-npeeMHUK Y cocea-NpeAlIeCTBeHHUKA X */
if Self = recipient { /* ecnu BepiunHa He moy4aTens, TO*/
| if x = Rules[1][1] v Host # true v Root = false {
| /* econ mpUILIK HE B KOPEHb WM B KOPEHb, HO HE OT €r0 POAUTENs, TO */
| | SEND(RootMessageToHost(sender, recipient, parameters), y); } /* nanbime o makiry xocTos */
| else { /* ecnu npuLHM MO Iyre OT POAUTENS KOPHS B KOPEHb, TO */
[ OTPHIATEIBHBIA OTBET OTIPABUTEIIO COOONICHNS, HE HAIIIEIIETO IMOTyJyaTens */
L L SEND(MessageToHost(Self, sender, parameters), y); } }
else { /* ecnu BepimHa xoct recipient, o */
L | MessageToHostProcessing(parameters); } } /* okaibHas 06paGoTKa IPHHATOTO COOGLICHHS */

Message(vertex X, vertex sender, service service, parameters) {

| I* cooGmenne 3ampoca yCcIIyrH, He IpoLIe/ee Iyry OT pOJIUTENS KOPHS B KOPEHb *

| y:=Successor(Rules, X); /* cocen-IpeeMHHUK Y cocea-IPeALecTBeHHIKa X */

| if Host # true v service ¢ Services { /* eciu B BepuIHHe He peanH30BaHa 3anpaluBaeMas yCIyra, To */
| | ifx#Rules[1][1] v Host = true v Root = false {

| | | /*ecnu npumum He B KOPEHb WK B KOPEHB, HO HE OT €r0 POUTES, TO */

| | | SEND(Message(sender, service, parameters), y); } /* nanblue o uukiy xoctos */

| | else { /* eciu npuUILIH 10 Jyre OT POAUTENS KOPHA B KOPEHbB, TO */

| L L SEND(RootMessage(sender, service, parameters), y); } } /* nausiue no wukiy xocros */

| else { /* ecnu BepuMHa XOCT, peali3yOLLIHii 3aIPAIIHBAEMYIO YCIYTY, TO */

| | if HostReadyToExecuteService(service, parameters) = false { /* ecim xoct «3ansT, T0 */

| | | SEND(WaitingMessage(sender, service, parameters), y); } /* nanbiue o iy xoctos */
| | else { /* ecim xoct «cBOGOIEH», TO */

L L L service(sender, parameters); } } } /* noxanbHslii BbI30B 3ampaiumuBaeMoil yciayru */

RootMessage(vertex x, vertex sender, service service, parameters) {
| /* coobuenne 3ampoca yCIIyTd, MPOIe/Iiee Ayry OT POTUTEINS] KOPHS B KOpeHb ™/

| y:=Successor(Rules, X); /* cocen-IpeeMHHUK Y cocea-IPeALecTBeHHIKa X */

| if Host # true v service ¢ Services { /* eciu B BepLIKHE He pealn30BaHa 3alpalIuBaeMas yciyra, To */
| | ifxsRules[1][1] v Host = true v Root = false {

I | | /*ecin MIPUILTH HE B KOPEHb WK B KOPEHB, HO HE OT €0 POIUTENS, TO */

| | | SEND(RootMessage(sender, service, parameters), y); } /* ganbiue o uukiy Xocros */

| | else { /* ecinu npuUILIK 110 Jyre OT POAUTENSE KOPHS B KOPEHb, TO */

[ A OTPHIIATEIbHBIA OTBET OTIPABUTEIIO COOOIICHUS, HE HAIIIEIIETO MoJyJarTens */

| L | SEND(MessageToHost(Self, sender, parameters), Rules[1][2]); } }

| else { /* ecnu BepMHA XOCT, peaan3yONIUi 3arpanMBaeMyio yCiayry, To */

| | if HostReadyToExecuteService(service, parameters) = false { /* ecim xoct «3ansi, T0 */

| | | SEND(WaitingMessage(sender, service, parameters), y); } /* nansiue o uukiay xocros */

| | else {/* ecim xocT «cBOGOAEHY, TO */

L L L service(sender, parameters); } } } /* nokansHblif BBI30B 3ampaiuuBaeMoil yciayru */
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WaitingMessage(vertex x, vertex sender, service service, parameters) {

| /* coobuienne 3ampoca yCcIlyrH, 0KHIA0IIee 0CBOOOKICHHS XOCTa, KOTOPBIN MOKET OKa3arh yciyry */
|y :=Successor(Rules, X); /* cocea-IIpeeMHHK Y cocea-IPeALEcTBeHHIK X */

| if Host # true v service ¢ Services { /* eciu B BeplmHe He peaTH30BaHa 3aIpalIMBaeMas yCIyra, To */
| | ifx#Rules[1][1] v Host = true v Root = false {

|1 /fecm MIPHUILTH HE B KOPEHb WK B KOPEHB, HO HE OT €r0 POAUTENS, TO */

| | | SEND(WaitingMessage(sender, service, parameters), y); } /* nanplie no uukiy Xoctos */

| | else{/* ecnn npuium o Ayre OT POAUTEINS KOPHS B KOPEHb, TO */

| L | SEND(Message(sender, service, parameters), y); } } /* nasbiue 1o Ky Xoctos */

| else { /* ecnu BepiIMHA XOCT, peaU3yIOLINil 3aMpalIiBaeMyt0 YCIyry, To */

| | if HostReadyToExecuteService(service, parameters) = false { /* ecimu xoct «3ansT», T0 */

| | | SEND(WaitingMessage(sender, service, parameters), y); } /* nanplue no uukiy xoctos */

| | else{/* ecum xocT «cBOBOICHY, TO */

L L L service(sender, parameters); } } } /* lokaibHbIii BHI30B 3aNpalinBaeMoii yciiyru */

M8. FeHepauusa coobLeHNs XOCTY U BbI3OB yaanéHHON ycrnyru

vertex recipient — ugeHTHHUKATOP X0OCTa, KOTOPOMY NPEAHA3HAUYCHO COOOLICHHE.
service Service — UMs 3amnpaniuBaeMoil yciyru,
parameters — mapaMeTpbl COOOIICHHUS, TPO3PAYHBIC 111 KOMMYTAI[HH COOOLICHUH,

bool SendMessageToHost(vertex recipient, parameters); {
[* reneparus COOOIICHHUS U3BECTHOMY XOCTY-MOTydaTesro */
if Rules = () { /* eciu Het npasw, TO */
| return false; }
if Root = false { /* ecnu BepinHa He KOpeHb, TO */

| SEND(MessageToHost(Self, recipient, parameters), Rules[1][2]); }
else { /* ecnu BepuMHa KOpEHb, TO */
| /* moceinaem COOOIIIEHHE TI0 IIUKITY XOCTOB MIPEEMHUKY a1 epBoro npasuia (do, a1) */
| SEND(RootMessageToHost(Self, recipient, parameters), Rules[1][2]); }
| returntrue; }

|
|
|
|
| | /* moceimaem cooGimenue o MUKy XOCTOB IIPEEMHHKY a1 IIepBOTo Ipasmia (ag, ar) */
|
|
|
|

bool SendMessage(service service, parameters); { /* BbI30B U3 X0ocTa yaaiéHHo# yciayru */
| if Rules = () { /* eciu met npasui, To */

| L return false; }

| y:=Rules[1][2]; /* nocbuiaem crienyroiieMy coceny ai */

| if service ¢ Services { /* eciu B xocTe He peann30BaHa 3alpalIUBacMas yCIyra, To */

| | if Root = true { /* ecim xocT KOpeHB, TO */

| | | SEND(RootMessage(Self, service, parameters), y); } /* o uukiy xoctos */

| | else { /* ecnu xocT He KOpeHb, TO */

| L | SEND(Message(Self, service, parameters), y); } } /* no muxiy xocros */

| else { /* ecnu B X0OCTe peanu3oBaHa 3anpalinBaeMas yeayra (Ho XOCT ceifyac 3aHsr), To */
| | SEND(WaitingMessage(Self, service, parameters), y); } /* o mukiy xocros */

| returntrue; }
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AHHOTauMsi. B cOBpeMeHHYIO0 510Xy CHJIBHOHM B3aHMOCBS3aHHOCTH JaHHBIC M HH(OpPMAIUS MOCTOSHHO
nepematorca mo ceTsiM. OOecmedeHue Oe30mMacHOCTH KOH(WACHIMANbHOW WHQOPMAIMA W 3aIIUTHI
KOMITBFOTEPHBIX CHCTEM OT CETEBBIX YIPO3 CTAJIO OUCHB aKkTyanbHO. [ToaToMy BaxkHa pa3padoTka 3G HeKTHBHOMH
cucreMbl 0OHapyxeHust BropskeHuil B cetb (NIDS) ¢ wucmons3oBaHMeM ONTHMAIbHBIX IMPU3HAKOB. DTH
HPU3HAKH MOTYT OBITH OIPEIEIEeHBI C TOMOIIBI0 CKYCCTBEHHOTO MHTEIUIEKTA ITyTeM M3Yy4eHHs MalIOHOB U
B3aMMOCBsI3el MeToJaMu MalmuHHOTro 00yuenus (machine learning, ML). B craTbe npeicraBiieHa METOAMKA
ONTHMH3AIMN THIIA «4epenaxa W 3asily JI1 BbIOOpa ONTHMAIBHBIX NMPU3HAKOB. J{JI OLIEHKH HCHONB3YyeTCs
Habop manHbix UNSW-NB15. Pesymprarel onTtuMmmu3aiide IocTHraroT TouHocTH 94,12% s OuHapHO#
knaccuduramun 1 93,92% 15 MHOTOKIIACCOBOH KIIacCH(HUKAIIMHU, MIPHU 3TOM M3 BCEro HabOpa MPHU3HAKOB
BBIOMPAIOTCS 26 ONTUMANbHBIX. UTOOBI yIy4IINT MOAXO/, UCTIONB3YEeTCS afaNTHBHAS CTPATETHs Ha OCHOBE
B3aMMHOI MH(pOpPMAIUK Ul YIIPaBICHNS KOJINYECTBOM ONTHMANIBHBIX MPU3HAKOB. DTa CTPATETrHs BMECTE C
ITOPUTMOM Yepernaxy M 3aiflia MOBHIIIaeT TOYHOCTh, TOKa3bBas 94,69% s OuHapHOH KiaccupuKauu U
94,03% ny1s1 MHOTOKJIACCOBOI KITacCU(UKAIMK, TIPH 3TOM COKpaIasi KOJIMYECTBO BEIOPAHHBIX TIPU3HAKOB 110
9. CpaBHUTENBHBIH aHAIN3 TPOM3BOIUTEIILHOCTH MOKA3bIBAET, YTO MpeyIaraeMblii METO]] BEIOOpa IIPH3HAKOB
HNPEBOCXOANT JPYrHe COBPEMEHHBIE METOMBI, oOecreunBas Ooyiee TOYHBIE M HAJIe)KHBIE PE3yJbTaThl IPU
BBIIBJICHNN KHOepyrpo3. Kpome Toro, rpaguk cBsA3M KOJIMYECTBA ONTUMANBHBIX HMPU3HAKOB W TOYHOCTH
MOJIEJIM TIOKa3bIBACT, YTO BHIOOP TOJBKO 9 MpH3HAKOB sBIsieTCs S(G(EKTUBHBIM IS JOCTHKEHHUS BBICOKOMH
TOYHOCTH OOHAPYKEHHS U MPOTHO3UPOBAHUS KHOEpaTak.

KnroueBbie cioBa: cucrema obHapyxenus cereBbix Bropxenuid (NIDS); amroputm meTasBprCTHYECKON
ONTHMH3AIMH; AITOPUTM ONTUMH3almu «depenaxa u 3asi» (RTOA); Beibop mpusnakoB (FS); BeiGop
MPU3HAKOB Ha OCHOBE 0001104KH; B3aumHast uapopmanus (MI).

Jnst umrupoBanusi: bxysaunemBapu T., Py6a C. K., Yanapa I'. C. P. AqropuT™ ontHMHU3amun «4yepernaxa u
3as1 C aIalITHBHOMN CTpaTerueil Ha OCHOBE B3aUMHOM MH(pOPMAIHK A1 OOHAPYIKESHHSI CETEBBIX BTOPIKEHHUI.
Tpynst UCIT PAH, Tom 37, BbIm. 4, gacts 1, 2025 r., ctp. 31-50. DOI: 10.15514/ISPRAS—2025-37(4)-2.

BHaFOlIapHOCTl/I: ABTOpr 6naro;1apﬂT AHOHMMHBIX PCUEH3CHTOB 3a HMX NPEAJIOKECHUA M 3aMCYaHUA 110
YIAyHIICHHUIO Ka4€CTBA CTATbU.
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Abstract. In the modern era of highly interconnectedness, data and information are constantly transmitted over
networks. Ensuring the security of confidential information and protecting computer systems from network
threats has become very important. Therefore, it is important to develop an effective network intrusion detection
system (NIDS) using optimal features. These optimal features can be identified through computational
intelligence by learning patterns and relationships among features using machine learning techniques. This
paper presents a Rabbit and Tortoise optimization technique for selecting optimal features. For evaluation, the
UNSW-NB15 dataset is utilized. The optimization results achieve an accuracy of 94.12% for binary
classification and 93.92% for multi-class classification, with 26 optimal features selected from the entire feature
set. To improve the approach, an adaptive strategy based on mutual information is used to control the number
of optimal features. This strategy, together with the Rabbit and Tortoise algorithm, improves the accuracy,
showing 94.69% for binary classification and 94.03% for multi-class classification, while reducing the number
of selected features to 9 only. The comparative performance analysis shows that the proposed feature selection
method outperforms other state-of-the-art methods, providing more accurate and reliable results in identifying
cyber threats. In addition, the relationship plot between the number of optimal features and the accuracy of the
model shows that selecting only 9 features is effective in achieving high accuracy in detecting and predicting
cyber-attacks.

Keywords: network intrusion detection system (NIDS); metaheuristic optimization algorithm; rabbit and
tortoise optimization algorithm (RTOA); feature selection (FS); wrapper-based feature selection; mutual
information (MI).
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1. BeedeHue

B coBpeMEHHOM B3aMMOCBS3aHHOM MHpE WHHOBAIIMHM CTaJN >KU3HEHHO Ba)KHBIM KOMIIOHEHTOM
MTOBCETHEBHOM *XM3HU. JIF0AH B 3HAYUTEIBHON CTETICHH MojararTcs Ha HTepHeT, HCKYCCTBEHHBIH
HWHTEJUIEKT, MOJIb3YsICh TAKIMH YCTPOWCTBA, KaK CMapT(QOHBI M YMHBIE rapKeThl. OTHAKO pacTymias
3aBHCHMOCTh OT OHJIAWH-CeTEH M YCTPOWCTB dYpeBaTa paACcTYIIUM PUCKOM KuOepyrpos. Jra
YS3BUMOCTh pacIipOCTPaHseTCsl W Ha LU(QPOBBIE aKTHUBBI, NPHHAUICKAIINE IPEANPHUATHSIM,
BKJIIO4ast ceTeBble cucTeMbl. Co BpeMeHeM 4acToTa KnOepaTak TOJIBKO pacTeT, a X HOMEHKJIATypa
nocTosiHHO pacumpsetcs [1]. Takue ataku nTproOpenH MEXIyHAPOIHBINA XapaKTep, YTO MPHUBEIIO K
3aMETHOMY CHIDKEHHIO OOIIed MPOXYyKTHBHOCTH MHPOBOH 3KOHOMHKH. UTOOBI MPEOmONIETh ITH
YTpo3bl 6€30IaCHOCTH, KOMITBIOTEPHBIE CHCTEMBI JOJDKHBI OBITh OCHAIIEHBl WHCTPYMEHTAMH IS
MIPOBEICHUS PETYISIPHOTO MOHUTOPHHTA M aHAJIHM3a TOBEACHIECKUX MOJeINel, KaK Il pyTHHHBIX,
TaKk W JUi1 HeoOBIYHBIX AeiicTBuil. KoHmenuus cucteM oOHapykeHus BTopkeHuin (COB) urpaet
Ba)KHYIO POJIb B BBISIBJICHHH U YCTPAHEHUH HOBBIX YIPpo3 O€30MaCHOCTH U CETEBbIX artak [2].

OyHKIINM 00HAPYKEHHS BTOP)KEHUH BKIIOYAIOT HaOJIIOAEHUE M aHATN3 JIEHCTBHI MONb30BaTeIeH
U CHCTEMBI, OIICHKY HacCTPOEK M YS3BHMOCTEH CHCTEM, OIIEHKY IEJIOCTHOCTH CHCTeM U (haiinos,
BBISIBJICHHE CEMEWCTB M IIa0JIOHOB aTak, M3y4eHHE HECTAHJAPTHOTO TOBEACHUS W MOHHUTOPHHT
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HapyIICHUH MOJUTHK MoJb30BaTens. CeTeBble BTOPKEHUsSI OOHApYKHMBAIOTCA HAa OCHOBE aHAIHM3a
XapaKTEePUCTHK CETEBOT0 Tpaduka.

BOJIBIIMHCTBO COBPEMEHHBIX CHCTEM OOHapy:KeHHs CeTeBbIX BropxkeHmi (network intrusion
detection system, NIDS) uaeHTHOHUIMPYIOT aTakd, aHAM3UPYs BCE MPU3HAKH, TIOJyYCHHBIC H3
MEpEIaHHBIX 110 CETH AAaHHBIX. [IpH 3TOM BBIYHCIMTENbHAS CTOMMOCTh aHAJIN3a BCEX aTpHOyTOB
oueHb BeICOKa. OmHAaKO A A(PPEeKTHBHOTO OOHAPYKEHHUS aTak HEe BCE NMPHU3HAKH HEOOXOIUMEI.
Bonee Toro, mokasaHo, HampuMep, YTo U3OBITOK MpHu3HaKoB B Habope maHueix UNSW-NB15 [1]
MPUBOAMT K IIEPEOOYUCHHIO M YBEIMICHUIO BPEMEHH O0HAPYKECHHSI BTOPKECHHH.

[pumenenre MetonoB MamuHHOTO 06ydenus (machine learning, ML) B couerannu ¢ oTGopoM
npu3HakoB B Habope maHHeiIx UNSW-NB15 wmoxer oOneryuth HICHTU(GHUKAIMIO BasKHBIX
aTprOyTOB 17151 0OHAPYKEHHsI BTOPKEHUH. Y MEHbIICHNE KOJINYECTBA PU3HAKOB MOXKET IPUBECTH
K COKpalleHUI0 BpeMeHH oOHapyxkeHHs 0Oe3 ymepOa mnst toyHoctu. OCHOBHas Ieib OoTOOpa
NPU3HAKOB — MICHTH(UKAIMS U OTOOP NPU3HAKOB IO CTENEHU MX BAXHOCTH. BBIOOp NpH3HAKOB
HalieJ NPUMEHEHHE B Pa3IMYHBIX 00JIaCTSAX UCCIICA0BaHU, HAIPUMED, B TAKHX, KaK OOHapyKEHUE
BTOp>keHuit [3], mpornoszuposanue 6osnesnu [lapkurcona [4], nporaozuposanue paka [5] u MHOTHX
IPYTHX.

Merto1p1 0TOOpa MPU3HAKOB MOXKHO Pa3/IeIUTh Ha TPU IPYIIIBL: QUIBTpaLys, 00epTKa U THOPUIHBIH
meron. [Ipu ¢unbTpaumu Ui onpejesieHHs KPUTHYECKHX IPU3HAKOB HCIOJIB3YIOT METOBI
CTAaTHCTHKH, TEOPUH MHPOPMAIMU U TEOPHH MHOXecTB. OTOOp MPU3HAKOB HAa OCHOBE 00EPTOK —
3TO OAMH W3 METOJOB MHTEIUICKTYaJIbHOTO aHAIM3a NAaHHBIX, KOTOPBIH OICHUBAET W BBIOMpAET
MOAMHOXECTBA TPH3HAKOB C YYETOM HMX HPOU3BOJUTEINHLHOCTH B PaMKax BBHIOpaHHOI Mojenw
MamuHHOTO 00ydeHus. [Ipomecc BKmow4aeT B ceOsi WTEpaTUBHOE OOHOBICHHE ITOJAMHOXKECTB
MPU3HAKOB C IIOMOINBIO CTPATETMH IOWCKA WM ANrOpPUTMa ONTHMH3AIMH. | MOpHAHBIA BEIOOD
MPU3HAKOB OOBEAUHSET JBa WK 0oJiee METOMOB BhIOOpA MPHU3HAKOB, KaK MPABHIIO, U3 METOI0OB
¢unbTpanuy u 06epTKH, YTOOBI UCIIOIB30BATh MX CHIIBHBIE CTOPOHBI U CMATYUTH OTPAHNYCHNUS.
[NocnenHue nccae0BaHMS 110 ITOH TEME HCTIONIB3YIOT METOABI METa-3BPHCTHIECKOW ONTHMHU3ALIUH
KaK CTpaTeruio MOMCKa JUIs PELICHHs CaMbIX CJIOXHBIX 3aj1ad. B 9Toi cratbe MBI MpeacTaBisieM
ANTOPHUTM ONMTHMH3AIMHU «ueperaxa u 3asy (Rabbit and Tortoise optimization algorithm, RTOA)
W aJIalITUBHBIN AITOPUTM ONTHMU3ANNHU «depenaxa u 3asmy» (agantuBaeiii RTOA, A-RTOA) mst
orbopa npuzHakoB. AnroputM RTOA paccMmaTpuBaeTcs Kak CTpaTerusi Ioucka B METoJie 00EPTKH.
ApnantuBHbii anroputM A-RTOA — 310 rHOpHIHEII MeTO 1, KOTOPbIi 00beuHsseT RTOA Ha ocHOBe
00epTKH U B3aMMHYIO HH(POPMAIXIO Ha OCHOBE (DHIIBTPa B paMKax aJalTHBHOMW CTPAaTETHH.

CraThsl OpraHu30BaHa CICAYIOIIAM 00pa3oM: B pasiene 2 COACPIKUTCS 0030p COBPEMEHHBIX
METOJI0B 0OHApYKEHUsI BTOP)KEHUH U METOJIOB BBIOOpa Nnpu3HaKoB. B paszene 3 npencraBieHbl u
Matematuuecku ompenenensl amroputMbl RTOA u A-RTOA. B paszaene 4 obcyxmaaercs HaboOp
nmarHbIX s NIDS u peanmu3sanmst npepraraeMbIx s BRIOOpa mpu3HakoB anroputMoB RTOA u A-
RTOA. B pa3zene 5 skcriepuMeHTaIbHbIE PE3yIbTAaThl CPABHUBAIOTCS ¢ aHAIOTHYHBIMHA METOJaMU
B (hopme TabumIy/cTON0UaThIX JUArpaMM, IMOKa3bIBaeTCsl U 00CYKJaeTcss BAKHOCTh a/lallTUBHOTO
Mmerona. B 3akiodyenun npeicTaBieHbl OCHOBHBIE BBIBOJIBI, HAMEUYeHa Oy/yias pabora.

2. 0630p numepamypsbi

Taxup ¥ Ap. NPEIOKWIN BOCCTAHABIMBATH IPOIYIICHHBIC JlaHHBIE HAa OCHOBE TIIyOOKOTO
o0y4eHUs JUId YIy4IIEeHHs KadecTBa JIAHHBIX B CHUCTEMax OOHapy>KeHWs BTOp>KeHHWH (intrusion
detection system, IDS). Mertox wucnosip3yer texuuky Random Missing Value mnst umwuranuu
NPONMYNIEHHBIX JaHHBIX, YTO IO3BOJIIET IPOBOJMTH THIATENBHYIO OLEHKY Ppa3IMYHBIX
BBIYHMCIIUTEIBHBIX TIO/IX0/I0B. DKCIIEPUMEHThI NPOBOIMINCh Ha Habopax maHHbix NSL-KDD wu
UNSW-NB15 [6]. Caxug w ap. TpencTaBWiId METOJI aHCaMOJEeBOro OOydYeHHs Ha OCHOBE
oOHapyXEHHs aTaKyIOIIX BTOP)KeHHH B ceTsix urepreTa Beteii (10T) ¢ MOMOIIBIO ONITHMH3aTOpa
Gray Wolf Optimizer va Ha6opax narusix BoT 10T 1 UNSW-NB15 [7]. Wy u ap. HHTETpHpPOBAITH
MeTOo]1 aHcaMOJIeBOro 00y4YeHUsI ¥ KJIaCTepU3aIIMH IOAIIPOCTPAHCTBA JJIsl OOHAPYKEHHUS BTOPIKESHUI
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B ceTsX mHTepHeTa Beruei [8]. Xamnamku u op. npeyioKuiIn CTPYKTYPY I KIaCCU(DUKALIMH 110
HeckonbkuM MetkaM B COB, koTopast mpeomoiieBacT OrpaHHYEHHs TPAIMIMOHHBIX METONOB C
ofHOU MeTKoi [9].

JIn u np. npencrasuwin SELSTM (Selective Encoding LSTM) — ycoBepIlieHCTBOBAHHYIO CHCTEMY
IDS ms UnTepHeTa Bemeil, OCHOBaHHYIO Ha CETH CKaTus U Bo30yxneHus [ 10] 1 00be THHSIONTyT0
KOHIIETIIINK HEMPOHHO#M ceTH ceMaHTHUeckoro BetpamBanus (neural semantic embedding network,
NSENet) u nonroii kpatkocpounoit mamstu (long short-term memory, LSTM). [duma u ap.
NPEACTaBWIN CHCTEMY OOHApy>KeHUS BTOPIKEHHH, KOTOpas HCIOJb3yeT MOJEIH MAalIMHHOTO
0o0ydJeHust I 3alUThl CeTell M JAaHHbIX. B3Bemennslii ciyqaiineiii ec (Random Forest, RF) ¢
npuMechio JDKUHM UCHIONB3yeTcsl Uit 00padOTKH MHOTOMEPHBIX JaHHBIX JUIs BHIOOpa MPU3HAKOB B
Habope manHbix UNSW-NB15 [11]. KecepBanu u ap. mpencTaBHIM BCECTOPOHHHUIT 0030p CHCTEM
COB, BBIIENMB WX THUIBI: OCHOBAaHHBIC HAa HENPAaBWILHOM HCHOJIB30BAHUM, OCHOBAaHHBIE Ha
AQHOMAIIMSIX M THOpUIHEIE, M 00CYAMB MPOOIEMBI, BO3HHKAIONINE H3-32 YBEJIUYCHHUS CIIOKHOCTH
ceT U oObeMa HaHHBIX. PaccMaTpuBaloTCs INECTh ITAIOHHBIX HAOOPOB ITAaHHBIX U Pa3iIMYHBIC
METOIbl CHI)KCHUS Pa3sMEpPHOCTH M KiIaccUpuKauuy (B YacTHOCTH, MAIIMHHOE M TIIyOOKOe
obydeHue), crnocoOCTByOIIME TOBBIMICHHIO d(dektuBHOCcTH U HaaexuHoct COB  [12].
Ocedpnexan u np. npeacrasun cucteMy COB, ucnonb3yromyto ancamonessie Mogenu. Cucrtema
HCIIONb3yeT OMOPHBIC BEKTOpHbIC MalimHbI (SUpport vector machines, SVM) s oGHapyxeHus
HOpManbHOTO Tpaduka W Meron K-Gmmkaimx cocemeit (K-nearest neighbors, kNN) mms
MHOTOKJIaccOBO#t knaccudukarmu [13].

Kabunan u 1p. NpeuioKuiIn HEKOHTPOJIMPYEMBI METOJ OOHapy)KeHHs BTOPXKEHUH Ui ceTei
CBSI3U B aBTOMOOWIIE, UCTIOJIB3YIOIINI aBTOKOAUPOBIUKH JJIsl U3BJICUEHUsI IPU3HAKOB M HEUETKYIO
kiracrepuzaio C-cpefHUX sl TOYHOTO OOHapyxeHus [14]. Amasszam W Jp. TPEUTOKUIH
ONTUMHU3AIMIO MPOLEAYPhl BBHIOOpPA MPU3HAKOB, “BIOXHOBICHHYIO Tomybem” (pigeon-inspired
optimization) [15]. ®epo3 Xau u AHaHaXapaK MPEACTABHIN MHOTOYPOBHEBBIH MOAXO0 K aHATU3Y
npobiem 0E30MacHOCTH HAa OCHOBE IOPOTrOBBIX KOHTPMEpP IIPOTHB aTaKk IOBTOPHOTO
BOCIIPOM3BEACHHS Ha Kaxx1oM ypoBHe [16]. s naentudukanuu BropxeHuit Meranrapa u Toxapu
HHTETPUPOBAIH OTOOP NPH3HAKOB C HCIOJIb30BAHUEM KOHTPOJIMPYEMOTo OOYUCHHUS U COKpAIICHUE
JIAHHBIX MTOCPENCTBOM HEKOHTPOIUPYEMOro o0yueHust Ha Habope qanasix NSL-KDD [17].
AJpMHaHU U Ap. TIOKa3ajM, KaK UCIONB30BaTh TIyOOKHe peKyppeHTHbIC HeiipoHHble ceTn (deep
recurrent neural networks) W KOHTpoNMpyeMble METOIbI YIPaBICHHS YCTPOWCTBAMHU IS
KJIacCH(HKAIMKA M  NPOTHO3MPOBAaHHMS  BHE3alHBIX  CKOOPAWHHUPOBAaHHBIX  aTak Ui
MacitTabupoBaHus ycTOHIMBEIX cucteM COB 11 MemuIIHCKOTO MHTEpHeTa Bemlei. 3aTeM Oblia
BBIIIOJIHGHA ONTHMH3alMs (QYHKUMA 11 OOHApyKEHHs BTOPKGHHH C HCIIOJIb30BaHHEM
“OHOJIOTHYECKH BIOXHOBJICHHBIX ™ aIrOpUTMOB post gactuil [18].

bxatrauapps W Jp. ONyONMKOBaNM THOPHIOHBIA aHaNM3 TJIABHBIX KOMHOHeHTOB (principal
component analysis, PCA) 1 MeToa MalIMHHOTO 00y4YeHHs1, HUCTIOIB3yeMBIil B KA4€CTBE OCHOBBI 1JIs
knaccupukarmun 3ammceid IDS. B mpemmaraeMoM WMH - anropuTMe TPOBOIUTCA OBICTpOE
KOJIMpOBaHHE MAacCHBOB JIAHHBIX, HaxoJsIIuxcsi B pacnopsbkenun cucteM COB, a yMmeHbleHue
pa3sMepHOCTH BBIMIONHSIETCS Ha OCHOBe rubpuaHoil moaernu “motsutska” (firefly model) PCA [19].
Moualla et al. ucionmp3oBanu kpurepuii npumeceii Jxuan st 0T60pa BaxkHbIX mpu3Hakos [20].
Caxug 1 ApoBOJIO MCCIIE0BAN MPOOJIEMbI TIOBBIIIEHHS 0€30MaCHOCTH MEAUIIMHCKOTO HHTEPHETA
BEIIEi C TTOMOIIIBIO KOHTPOJIUPYEMBIX MOJIETIEH MAIIMHHOTO O0yUYeHUSs, TAKUX KaK CITyJaifHbIHN Jiec
U JICPEBO PELICHHH, a TaKkKe TIyOOKHe peKyppeHTHbIe HellpoHHbIe ceTh [21].

JeBnpacan u Ap. NPeAIoKWIN CUCTEMY OOHapyKeHHs BTOpKEHHH Ha ocHOBe aHomauunid. OHu
MpOBeNU DJKcrepuMeHThl Ha Habopax pmanHabelx NSL-KDD u UNSW-NB15, B koTOpBIX
UCTIONIb30BAIM METOJMKY OIpENEeNICHHsI TOpsAAKAa HPEANOYTEeHHs II0 CXOACTBY C HACAIBHBIM
peLIeHHeM, MEXaHU3M PAHXKUPOBAHHS, BKIFOYAIOIINHA XU-KBAIPpaT U AITOPUTM JETYy4ei MBILIH JUIs
BeIOOpa mpusHakoB [22]. IllupaBanu U Op. MPEACTABHIM HOBBIH MOAXOM K BBHIOOPY MPU3HAKOB C
HCIIONB30BAaHUEM OLICHKH Ha OCHOBE KOppesilMU U HeueTkux uucen (fuzzy numbers) mis cucrem

O6Hapy)l(€HI/I$I BTOp)KCHPIfI. OHpeILCJ’IHH MPU3HAKHU KaK HECUECTKHUEC YMCJIa 1 ONTUMHU3HUPYS C TOMOIIBIO
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IBPUCTHYECKON (DYHKIMH, OH dPQPEKTUBHO YMEHBIIACT pa3Mep JAHHBIX. DKCIEPUMEHTaIbHBIC
pe3yabratsl Ha Habopax qanHbx KDD Cup, NSL-KDD u CICIDS memMoHCTpUpYIOT O60JIee BRICOKHE
HoKa3aTeH 0OHapy eHHs U 5P (HEKTUBHOCTB [0 CPABHEHHUIO C TPAIUIIHOHHBIMU METOIaMH1, TAKUMHU
Kak BBIOOp MPHU3HAKOB Ha OCHOBE Koppesiuu [23].

Kaconromno u ap. npoananusupoBanu Habop AaHHBIX 00HapyxeHus BropskeHuit UNSW-NB15 s
obyuernns cucrem COB. IIpumenseTcs GpribTpyromiee COKpalieHre MPU3HaKoB C HCI0Ib30BaHUEM
6ubunoreku XGBoost (extreme gradient boosting) [24]. Kumar et al. npeactaBuiii HOBYIO cucTeMy
COB, pa3paboTaHHYI0 Ha OCHOBE HEMPABUILHOIO MCIONb30BaHUs (MISUSE) 1yisi KiacCU(pUKAIUH
cereBbIX yrpo3. Onu npumenunu Hadbop gaHHbIx UNSW-NB15 ni1s 06yueHns u o1ieHKH MOJENH C
HOBBIM HaOOpOM JaHHBIX B peansHoM BpeMenn RTNITP18, kotopsiit 6611 co3man B NIT Patna [25].
Medrax C. U nmp.. ucnonb3oBaiy JBYXITAIHBIN Mpolecc oOHapyXEeHUs aHOMalMid ¢ HabopoM
naaHbix UNSW-NB15 1 npopeMoHCTprpoBaiy OleHKY 3()()EeKTHBHOCTH MOJIENH KaK B OMHApHOM
KITACCH(UKAIINH, TaK M B MYJIbTHKIacCH(pUKAIKU [26]. ATbMOMaHH MpeACTaBHI METOI BhIOOpa
MPU3HAKOB C UCIIOJIb30BaHUEM

1. TeHeTHYECKHX ANrOPUTMOB;

2. ONTHMU3AIHH, BIOXHOBIEHHON MuraromuM moseaeaneM ceetisrakos (firefly);
3. omrumuszaropa Grey Wolf u
4

onrtuMu3aiuu pos yactuil (Particle swarm optimization) mis Beidopa atpudyToB B Habope
nanHbix UNSW-NB15 ¢ ucnonbzoBanueM kiaccudukaTtopoB J48 1 ONOPHBIX BEKTOPHBIX
mamm [27].

AXMaz 1 Jp. HCCIIeI0BaIN IPOOJIeMbI U TOCTIDKeHNS B o0nacTh ceteBbix COB. OHE paccMoTpenu
METOIbI MAIIIMHHOTO U TTyOOKOro 00yUeHusI st yiydineHust npoussoautensaoctia COB [28].
Bexyx m ap. mpencTaBWIM JIBYXCTYNEHYATHIA KJIACCH(HUKATOP C HCIIOIL30BAHHEM alrOpHTMa
RepTree (reduced error pruning tree) u MOAMHOXXECTB MPOTOKOJIOB, OIEHEHHBIX C Habopamu
naaabix UNSW-NB15 u NSL-KDD gnst oOHapyskenust ceteBbix BropikeHuit [29]. Heckonbko
aBTOPOB BHECIIM BKJIAJ] B METO/IbI BEIOOPA MPU3HAKOB B CIIPaBOYHbIX cTaThix [30-39].

Omnucannble pabOTHl MOAYEPKHBAIOT BAXKHOCTH METOAOB BHIOOpA IPU3HAKOB IS MOBBIIICHUS
MPOU3BOUTENBHOCTH KiaccudukaTopa. OHAKO aJaNTHBHBIM METAaIBPHUCTHUECKHM MOAXOAM,
HalleJICHHBIM Ha OOHapy)XeHHE BTOPKEHHH, B CYIIECTBYIONIMX HCCIEAOBAHMAX YAEIEHO Mallo
BHUMaHus. B 3TOH cTaTbe IpeliaracTcsi HOBBIM METa3BPUCTUYECKUI aJIrOPUTM ONTUMU3ALUU
RTOA, wunterpupyromuiicss ¢ agantuBabiMu crpaterusiMu (A-RTOA) 1ist ycTpaHeHHs 3THX
npoOesioB, ¢ ymopoM Ha yiydiieHHsld oroop mpusnakoB aast NIDS. Kak yacts peanusaiimu
IpeJyIaraeMoro ajaropuT™Ma aBTOPhI HUCHOJb30Baau Habop manHbix UNSW-NB15, noctymHOCTH
nauueix moareepxkaeHa B [40]. Anropurmer RTOA n A-RTOA rcmosb30Baiuch B mpomecce 0Toopa
NPU3HAKOB JUIsi OOHApy)KEHUs BTOpPXKEHHMH B ceTh. ONTHUMaJbHbIE INPHU3HAKU BHIOMpAIUCH U

aHAJM3UPOBAIIMCH C HCIOJb30BAHHEM ISITH KiaccudukaTopoB: ciydvaiinoro seca [41], CatBoost
[42], XGBoost [43], KNN [44] u nepeBa pemenwuii [45].

3. lMpednazaemsbiiti Memod

OroT paznen nocesieH onucanuio anroputMoB RTOA n A-RTOA, npenHa3HaueHHBIX Ui 0TOOpa
NPU3HAKOB. JIeMOHCTPUPYETCS BAYKHOCTD aJalITUBHOM CTPATETrHu.

3.1 AnropuT™m onNnTMMM3aUUK «4epenaxa u sasuy

Kak o0cyxnanoch BO BBEACHHH, AITOPUTM ONTUMHU3alLUK «depernaxa u 3asii» (RTOA) — ato
MOApaKaOUINH NPUPOJIE METAdBPUCTHIECKUH aJroOpuT™ onTHMH3auy. OH BIIOXHOBIICH H3BECTHOM
UCTOpHEH 0 3aiilie ¥ Yeperaxe 1 UMUTUPYET XapaKTePUCTHKU 3THX JKUBOTHBIX: BBICOKYIO CKOPOCTb
W HEIOC/Ie0BaTeIbHOCTh 3ailla M MEIJIEeHHOE, HO YCTOHYMBOE JIBIXKEHHE Yeperaxu. OTH
XapaKTEePUCTUKU HCIONB3YIOTCS 11l 3Q(PEKTUBHOrO MOMCKA ONTUMAJbHBIX PEUIEHHH B 3ajadax
ONTUMU3AINH (B OCHOBHOM B IIPOIIECCAX BHIOOPA MPU3HAKOB).
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Anroputm RTOA Mozenupyer noBeJieHHe 3aiilia U Yyeperaxu:
1. BeicTphle nBrXeHUS 3aia (BBICOKast CKOPOCTB).
2. PazMepeHHOe 1 HECTIENITHOE IBIYKEHHUE depernaxy (HU3Kas CKOpOCTbh).

OO0bvenuHsT 3TH 1Be pa3nuyHble xapakrepucTukd, RTOA »s¢ddextnBHO mepemermaercs 1o
maHAmadgTy ONTHMH3ALMY, OalaHCHUPYs MEXTY HCCICAOBAaHHEM HOBOTO H IKCIUIyaTamuen
BO3MOXKHOCTEIl HW3BECTHOTO Ul IOCTH)KCHHUS ONTHMAJbHBIX peIleHui. B nmtepartype, momMumo
MPOYEro, AITOPUTM HCIIONB3YETCs LI OOHAPYKEHUS IMKJIA B CBsi3aHHOM crmcke [46]. Ommako
mpeiaraeMeliii B 310 cratee BapmaHT RTOA cmemmamsHO paspabotaH i obOecredeHHs
HaJeXKHOTO U d(P(PEKTUBHOIO MOAXOAA K PELICHHIO CIIOXKHBIX 33a7a4 ONTHMHU3ALUH, OCOOCHHO B
KOHTEKCTe OoTOOpa mpu3HakoB. B amroputme marn ¢ 1 mo 8, 3a uckimroueHwem mara 5,
mpencTaBisroT coboif mpomecc RTOA.

3.2 Bknap n cTpyKtypa
RTOA umeer psiJi CyIIECTBEHHBIX OCOOCHHOCTEH.

1. DTO METa’BPHUCTUYECKHHA METOJ ONTHMHU3ALUM, KOTOPBI CHIKAeT HEOOXOIUMOCTh B
OOIIUPHO# HACTPOWKE MapaMeTpoB 3a CUET HCIOJB30BAHUS TOJIBKO [BYX MapaMeTpOB,
0003HaYaeMBIX Kak & | f3.

2. RTOA BIOXHOBICH KOHTPACTHBIM TMOBEACHUEM 3aiila W depemnaxu. OH HMUTHPYET
OBICTPBIN, HO HEMOCIEIHOBATCIBbHBIM TEMI 3allla M MEICHHBIH, HO YBEPEHHBIH X0
yepenaxu.

3. ANropuTM WHCIOJIB3YyeT MUHAMHKY 3aiilla M Yepemnaxu IS YIPAaBJICHUS IPOIECCOM
ONTUMM3AIINH, COYeTast OBICTPOE UCCIIEJOBAHUE C YCTOMYMBOM dKCIUTyaTaliuen A7 MoucKa
OIITUMAJIbHBIX pemeHHﬁ.

4. RTOA wucnonp3yercss Ais BBIOOpa COOTBETCTBYIOIIMX IOAMHOXKECTB NPU3HAKOB IIPH
obnapyxenun Bropkenuit (UNSW-NB15), TeM cambIM MOBBIIIAsS OPOU3BOAUTEIHHOCTh
cucTeM OOHapyeHHs 3a cueT 3((HEeKTUBHOTO BEIOOPA PU3HAKOB.

5. Tlpemnoxennsiii Mmeron RTOA OBLT TIIATENEHO MPOTECTHPOBAH Ha M3BECTHOM Habope
naabbix  (UNSW-NB15) ¢ wucrmonp3oBaHHEeM MSTH — MOMYJSIPHBIX — aIrOPUTMOB
wiaccudukaruu (CatBoost, XGBoost, KNN, nepeBo pemieHuit m ciydaiinsiii Jec),
NPOAEMOHCTPUPOBAB CBOKO () (HEKTUBHOCTH U HAJIGKHOCTD B PEAbHBIX CLICHAPHSX.

6. Uepes KOHTPOJIb HaJ KOJIMYECTBOM IIPHU3HAKOB MpPE/IaracTcsl afalTUBHAS CTpaTerds Ha
OCHOBE B3aUMHOI1 HH(POPMALMHU C AITOPUTMOM ONTHMH3ALMH «depernaxa v 3asiiy, KoTopast
obo3nauaercs kak A-RTOA. Pesympratelt A-RTOA cpaBHHBAIOTCS C JPYTUMHU METOIAMH,
a taxoke ¢ o0braHeIM RTOA.

3.3 ApanTuBHas onTMMM3auusa 3avua U Yepenaxu Ha OCHOBE B3aMMHOWM
nHdopmaumm (A-RTOA)

3HaquI/Ie a}]aHTI/IBHOﬁ CTpaTCFI/II/I 3aKJIK0O4YacTCAad B HpeOHOHeHI/H/I OFpaHI/IquI/II\/’I HEaOAaIITUBHBIX
I10aXo0a0B B BI)I60pe HpH3HaKOB. B HCaOAaIlITUBHBIX CTpaTeFI/IﬂX HWHOTJa BO3MOXHO, 4TO K KOHHy
MaKCHMAIILHOW HUTepanui He OyaeT BHIOPAaHO HHM OXHOTO Mpu3Haka (TO €CTh JBOMYHBIA BEKTOP
umeer 3nauenue (0, 0, 0, 0, ...) B mocieaneit urepanuu). B 3T0# cuTyalMu OH HE TOJBKO TEPSET
BpeMs, HO W HE MOXeT AarTh 3((EeKTUBHOTO pemeHus. AJANTHBHAS CTPaTeTus ITOMOTaeT
00ecreunTh yCrex B BRIOOPE OMPEIETIEHHOT0 YHUCIIAa ONTUMAIBHBIX [TOJIMHOKECTB MIPU3HAKOB.

B obOnactT METONOB ONTHMH3AIMM AJAaNTHBHAS METAIBPUCTHKA MPEACTABISET COOOW METOom,
KOTOPBIN HMCIOJIb3YET CAMOHACTPAUBAIOLINECS CTPATETMH METAdBPUCTHUECKOM ONTUMU3AIMH JIJIs
BBIGOpa IIOAMHO>XKECTB HpI/I3HaKOB. B IIoaxoae Ha OCHOBE O6epTKI/I JUIA BBIpaBHI/IBaHI/Iﬂ KOJINYECTBaA
MPU3HAKOB B KAXIOW UTEPAIMH UCIIOIB3YIOTCS aIalITUBHbBIE CTPATErUH, KOTOPBIE ISl KOHKPETHOM
3aja4d BBIOMPAIOT HaubOJee ONTUMAJIbHbIE MPU3HAKA C MOMOIIBI0 UTEPAIMOHHOIO IOAXO0/a.
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KiroueBbIM NpPEHMYIIECTBOM aJaNTUBHON CTpPATErHH SIBJISETCS €€ CIOCOOHOCTh 00eCHeYrBaTh
KOHTPOIIb HaJl KOJIMYECTBOM BBHIOPAHHBIX MPHU3HAKOB MPH COXPAHEHWH 3HAYEHHS MPUTOAHOCTH. B
paboTe WCIONB3yeTcss OCHOBaHHAs Ha ¢uiIbTpe B3amMHas wuHopmarms (BU) [41] mms
OaaHCUPOBKH KOJUYCCTBA MPU3HAKOB Mexay uteparusmMu B RTOA. DToT MeToa 0cOOEHHO IIeHEH
Jutst ioBbImeHust 3¢ dextuBHOCTH Moeneit NIDS u cHmkeHUs cl0)HOCTH HaOopa TaHHBIX 33 CUET
KOHIICHTpAI[MK Ha Hawnbojee MHPOPMATHUBHBIX NpHU3HAKaX. TakoW MOJXOJ SABISIETCS HOBBIM IO
CPaBHCHHIO C CYIICCTBYIOIIUMH UcclenoBaHusMu. B Hactosmem anroputve A-RTOA
npe/cTaBieH maramu ot 1 1o 8 (Bkirogas mrar 5).

3.4 dopmynupoBka RTOA u A-RTOA

RTOA pa3paboTaH B COOTBETCTBUH C BBILICYHOMSIHYTHIMU XapaKTEPUCTUKAMU 3ailia 1 YepernaxH.
[Ipeamnonoxum, 4to 3agaya BKiIOYaeT B cebs D mepeMeHHBIX, a MOMyJNSIMsS COCTOMT M3 M,
BBIOpaHHBIX pelIeHHH-KaHuaToB. B Hameil pabore D mpencrasnsier coboii oblee KOJIMYECTBO
MPU3HAKOB B PACCMAaTPUBAEMOM Habope naHHbIX. Ka)kaplil KaHIUIAT MPEACTABIICH TaK:

Vi = (Vi1 Vi Uk, oov oo Vip )

rae K mensiercst ot 1 10 n,..

3.5 Anroputm RTOA n A-RTOA

War 1: UHuumannsaums

Yucno kaHIUIATOB B npu3Haku (n.) ompenencHo. Bo BpeMs MHHUIMATHM3AINHA KXl KaHAUAAT
CITydaitHBIM 00pa3oM BEIOMpAET MPU3HAKH CIETYIOIIM 00pa3oM:

vy; = Cayvaitnprii{0,1}
rue:
. v,g j — Ha4aJbHOE 3HAYCHUE (8 momenT Bpemenu 0) mis j-toro nmpusHaka (j = 1, 2,3, ..., D)
k-toro kanaunara (k = 1,2, 3, ..., nc),
o Cryuaitnsrii {0, 1} o3HadaeT crydaiiHoe HazHadeHue O wiu 1.

e Ecmn, 172]- = 1, j-ThIii mpU3HAK HAOOpa JAHHBIX YYUTHIBAETCS NJIS Mpollecca OLEHKU, B
MPOTUBHOM CJIy4ae — HET.

LWar 2: lMNepBoHayanbHbIA pacyeT NPUCNOCOONEHHOCTM U BbIOOP rnobanbHO
nydwero KaHauaarta

HauaibHas TPUTOHOCTh KaXkJOTO KaHIMAaTa Vp = (v,?l,v,?z’v,(()& ...... vep ) OLIEHMBAETCA C
MOMONIBIO KITACCH(DUKATOPA HA OCHOBE BHIOPAHHBIX UM NPH3HAKOB Vj;. Kauaunar ¢ MakcuManbHOMH

TIPUTOJIHOCTBIO OTPENENAET Vopg, ABOMUHBIN BEKTOp, NPEICTABIAIOMMI HaYaIbHOE HAMITyYIlIEe
pereHue.

War 3: O6HoBRNEeHUe NO3uLUNA KaHAUAaToOB

Kak onucaHo BbIIlie, alfOPMTM OGHOBIIEHHS MO3HIHiH 3aiiiia 1 Uepenaxu Kasx1o0ro kanauaata vy
cocrouT u3 nBYX (a3: «Daza 3aiinay n «Daza Yepenmaxu» W3 NpenblIylnici MO3UIUH v,ﬁ. [OF 1)
orpezensioTcst Ha ocHoBe ciydaiiHoctu. Eciu Caydaiinbiii{0,1} < 0.5, To Oyner BoimosHeHa Paza
3aiinia, B MpOTHBHOM citydae OyneT BeimosHeHa Paza Yepenaxu. [TompoOHOE OmmUcaHue BHITIISIUT
CJIEIYIOIINM 00pa3oM:

War 3-1: ®a3a 3anua. Ha stom stane npenpruHAMAaOTCs 60jiee MacITaOHbIe Iard st
HCCIIEIOBAHKsT HOBBIX 00JacTell MPOCTpAaHCTBA PpeElleHUH (TO eCTh Mmapamerpa CKOPOCTH
aemwkenns 0.5 < a < 1).
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o _ t t
[lar_3anua = a * | Vyyuyui,j — Uk.j|

t+1 _ .t >
Vg = Vg,; + lar_sanua

War 3-2: ®dasa 4yepenaxu. Ha stom srame nenarorcs Oojiee MEIKHE M TOYHEBIC ILATH,
UCIIONB3YIOIINE U3BECTHBIE XOPOLINE PEMIeHus (TO €CTh MapaMeTp CKOPOCTH ABMKeHUs 0 <
B <0.5)

lllar_yepenaxu = B * |Vl i j — Vk |

vt = vj ; + lllar_uepenaxu

TIe,

- v FABIISIETCS TEKYIMM PELICHUEM k-TOTO OT/ENBHOTO NPU3HAKA B IPYIIIE.

* U;y‘lmnﬁ, i

Haii/IeHO.
® o— KO3 PHUIKEHT, KOHTPOIUPYIOIIUI pa3Mep Iara UCCieI0BaHuU,.
e [— k03¢ GUIKEHT, KOHTPOIUPYIOIIUI pa3Mep Ilara KCIUIyaTalum.

e Tepmun |v;quﬁ‘ i v}é‘ j| IpesCTaBIAeT cOOO0M IBIKEHUE K Ty4llleMy KaHIUIATYy.

SBISIETCST HAWIY4IIUM pEIICHHEM, KOTOPO€ B HACTOAIIEE BpeMs ObLIO

LLar 4: O6HOBRNEHWE KaXA0ro KaHAnAaTa AnA cnepyrolen ntepauum
Bexrops! pemenns viT! mara 3 moryT He 6bITH GMHApHBIME BekTOpaMu. CIiefyloliee MpaBHIIO0
OGHOBIISICT j-TyI0 TO3WIMIO K-TOTO KaHauaaTa B utTepanuu {+1, mpeBparmast v,i“ B OMHapHBII
BEKTOP.

41 _ {1, P ; > Cnyyaiinbiii(0,1)

] 0, Otherwise

HpOCTpaHCTBO IIOHUCKa P,g‘j OIMPCACIIACTCA KaK,

t t

t
Py = oL ot
(e kji+e "k )
rae,
o vil, vl — ofo3HauaIOT Tekyllee M NpeABILYLICe 3HAYCHHME j-TOH MOBULUH B K-TOM
KaH//1aTe.

e Cuayvainbiii(0,1) o0Oo3Ha4aeT ciay4allHOE YHCIO, KOTOPOE HUMEET paBHOMEPHOE
pacnpenenenue B quamnasone ot 0 o 1.

War 5: BbIGOp npu3HakoB C UMcnosib3oBaHnemM KoHuenuuu aﬂal’ITVIBHOFI cTpartermum
Ha OCHOBe B3auMHOW MHopmaLmmn
B amropurme RTOA miar 5 mpomyckaeTcs, u IpoIecc MpoAoIDKaeTcsl mepexoqoM K mary 6. B
anroput™Me A-RTOA nepes nepexo/ioM K miary 6 BbINOJHsIETCS miar 5.
Bri6op kanampata ObuT onmcaH B npeaslaymux marax 1-4. KonndecTBo BBHIOpaHHBIX NPH3HAKOB
TETepb ONpeJeNseTcsl C HCIHOIB30BAHUEM aJaNTHBHOM CTpaTeTMM Ha OCHOBE B3aMMHOM
nHdopmanuu. OnpeaeneHne KOINIecTBa MPU3HAKOB, KOTOPBIE Oy IyT BEIOpaHbI Kak 'S' ISl KayKA0TO
kaugumata k = 1,2, ...n..
Jasi xaxporo kanmgupaata k =1,2,..7n, BbMONHSIETCS pacyeT KOJMYECTBA BHIOPAHHBIX
npusHAKoB X, = |vi*!|

Ecmu x;, = s, TO:!

HUKAKUX M3MeHenuit vitt,

Ecmm x;, < s, TO:
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a) Haiitu MI 1 HeBEIOpaHHBIX 0OBEKTOB (OOBEKTOB j, KOTOPBIE HMEIOT v”l =0).
b) JloGaBuTh « S — X)» NPH3HAKH, MMEIOLIME HauBbIcIIee 3HaueHue MI vk“ (m3menss
COOTBETCTBYIOIUE Vyj = 1).
Ecmm x;, > s, To:
a) Haittu M| as1 BRIOpaHHBIX IPU3HAKOB (TIPU3HAKOB j, KOTOPBIE IMEIOT v”l =1).
D) VYmamute «x; - s » mpu3Haky, UMErOLIKE caMble HU3KUE 3HaYeHus M vk+1 (M3MeHHB
cooTserctByromue vitl = 0).

Lar 6: O6HoBMEHMe rnob6anbLHOro fy4lero KAHANMAATA (Vi) Ha 3ToM 3Tane MOXHO
OOHOBHUTH JIy4d1Iero kanauaara ‘U

Sy Imit
Haiitu npuroanocts ans vit!: mpurognocts (vi*!) = Knaccudukarop(vit!), Vk =
1,2,3 .1,
OnpefenuTh KaHIUIATA Vi {y), UMEIOIEro Haubonsuyio tounocts cpen {vi*':k =
1,2,3,...n. }, TO ecTh IPUTOJHOCTD (vk(mm)) = 11\;1;'215& npurogHoctb (vit1)

IIpaBusIo OGHOBIEHHUS:
v o {vézﬁm), Ecsn npurogHOCTb (Vi faake)) > TPUTOAHOCTD (Ul )
Yyt B npotuBHOM Ci1y4ae

LWar 7: NMoBTopeHue waroB 3—6, moka He Oy/eT BBIIIOIHEH KPUTEPUl OCTAHOBKH.

lar 8: BosBpaweHune BbIGPaHHbLIX XapaKT@PUCTUK V., HAOOpa MaHHBIX Ui
noarotroBku moaenu NIDS.

4. Peanusauyuss RTOA u A-RTOA

Just peanuzaunu RTOA 1 A-RTOA ucnosnbsyercst Habop nanabix UNSW-NB15, koTopslii mupoko
NPUMEHSETCSI B UCCICOBAHUSAX, CBA3aHHBIX C OOHAPY)KEHUEM CETEBBIX BTOPKCHUIA.

4.1 OnncaHme Habopa gaHHbIx UNSW-NB15

Ha6op manueix UNSW-NB-15 [40] comepkur B 0OIIed CI0KHOCTH COPOK JIEBSTh MPU3HAKOB.
Kaxnas 3anuce kiaccupuuupyercs Kak HeBpeJOHOCHasl ¥ Oe30macHast, JIM00 Kak NpUHaJIeKalast
KOHKpETHOMY THITy atak. Myctada u ap. [1] npenocraBunu monHoe onucanue Becex 49 mpuU3HAKOB,
BKJIFOUEHHBIX B HaOop. [Ipu3Haky mopa3esssioTcesl Ha MIeCTh OCHOBHBIX IPYIII: MOTOK, 0a30BbIe,
COJICP’)KUMOE, BPEMsI, TOTIOJTHUTEIbHBIC TIPU3HAKN 1 IOMEUCHHBIC TIPU3HAKH.

Takue cTONOIBI, Kak IMOPT Ha3HAYeHWs, MOPT HCTOYHUKA, |P-agpec Hasznauenust u IP-ampec
MCTOYHMKA, ObLIIM MCKIIIOYEHBI U3 CTAHJAPTHBIX HAOOPOB NAHHBIX Ul O0yYEHUs U TECTUPOBAHUSL.
PaccmatpuBaembiit Habop maHabix UNSW-NB15 cocrostn u3 45 cronduos (¢ 43 npusHakamy,
KaTeropueil aTak U METKOU KJjiacca), Kak ykazaHo B Ta0is. 1. Kpome Toro, ataku B Habope TaHHBIX
Kiaccupuuupyrotes no 9 pasnuuHbIM cemedicTBam artak: EXploit, Fuzzers, Reconnaissance,
Backdoor, Analysis, Shellcode, Worm, DoS (otka3 B o6cnyxusanun), Generic [1].

Tabn. 1. Xapaxmepucmuru nabopa dannvix UNSW-NB15.
Table 1. Features of UNSW-NB15 dataset.

Hazpanue Hazpanue Hazpanue Hazpanue
DTHKeTKa DTHKeTKa DTHUKETKa DTHKeTKa
(hyHKIMN GbyHKIIN (byHKIIN (byHKIMN
f1 id f13 sload fas teprtt f37 ct_dst_src_ltm
fa dur f1a dload f26 synack f3s is_ftp_login
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f3 proto f1s sloss fa7 ackdat f39 ct_ftp_cmd

fa service f16 dloss fas smean fa0 ct_flw_http_mthd
fs state f17 sinpkt f29 dmean fa1 ct_src_ltm

fe spkts f1s dinpkt f30 trans_depth fa2 ct_srv_dst

fq dpkts f190 sjit f3 response_body_len fa3 is_sm_ips_ports
fs sbytes fa0 djit f32 ct_srv_src f1a attack_cat

fo dbytes f21 swin f33 ct_state_ttl fas Label

f10 rate fa22 stcpb f3a ct_dst_Itm --- ---

f11 sttl f23 dtcpb f3s ct_src_dport_Itm -—- -—-

f12 dttl f2a dwin f36 ct_dst_sport_Itm - -

ITocne cOopa naHHBIX OHM TPOXOAAT a3y NpeaBapHUTENIBHON 00paboTKH, IAe M3 CTPOSATCA
pernpe3eHTaTHBHbIE BHIOOPKM WM 00pas3ubl (samples) amst oOecriedyeHWs NPUTOAHOCTH IS
MOCJIEAYIONIEro aHaiu3a. B 11000 Monmeny MamnHHOTO oOydeHMs IpeABapuTeIbHas 00paboTka
UMEeT pellaroniee 3HayeHue Uil yAaJIeHUs M3 HeoOpaOOTaHHBIX JAHHBIX OMIMOOK H
npeoOpa3oBaHusi CETCBOro Tpaduka B MPUTOAHBIA IS MCIONB30BaHHUS TOTOBBIA JJISI OOyuCHHS
mozenu ¢popmar. Mcxomnnasrit Habop manHsIx UNSW-NB15 conepxur B o0mieit cioxxaoctr 175341
oOyuaromuii oOpaszen. OToT HabOp, KOTOPHIM BKIIOYAET JAEBATH Pa3IMYHBIX CEMEHCTB arak,
JIEMOHCTPUPYET 3HAYUTEIbHBIH AUCOATaHC KIIACCOB, KAK MEXKIY aTaKyIOUIMMH IIOCBUIKAMH W HE
aTaKkylONIMMH, TaK W BHYTPH CaMHUX BBIACICHHBIX AEBATH KaTeropwil arak. Pacmpenenchue
00ydJaroImux M TECTOBBIX OOPa3lOB IOKa3bIBACT HEMPONOPHHUOHAIBHOE MPEICTABUTEIHCTBO II0
KJIaccam.

Jnsa ycTpaneHus 3Toro nucbaianca MpUMEHseTCS THOpHUIHAS TEXHUKA TIOBTOPHOW BBIOOPKH [48],
OayaHCHpYIOIIasl paclpesiesieHHe KIIacCoB Iepea Iiepenadeld AaHHBIX Ha (a3bl OOydeHHS |
TectupoBaHus. s OmHApHOH Kiaccupukanuy (aTaka/He aTaka) HaOOp NaHHBIX OaTaHCHUPYeTCs
nyteM BbiOopa 131742 obpa3uoB HopManbHOTO noBeneHus u 131742 00pa3LoB araku, 4TO JAeT B
oOmielt ciokHocTH 263484 00pasma, u3 KoTopbix 3ateM 70% BBIOCNHAIOTCS I OOydYCHHs, a
ocrampHbie 30% Ui TPOBEPKM €ro mpoBeacHMs. J[si MHOTOKIACCOBOM KJIAaCCH(HKAIINU
ucrnomnb3yercs B o0mieit cinoxkHoctu 146380 06pasios, ¢ paBHBIM KoIW4ecTBOM 00pasnoB (14638),
BBIOPAHHBIX ISl K&XJIOTO THIIA aTakd, 4TOObl OOECIeunuTh €IMHOOOpa3HOE MpE/ICTAaBICHUE II0
KJ1accaM, CHOBa paszzeneHHbIX Ha 70% mist o0yuenns u 30% Uit IpoBepKy.

4.2 BHegpeHue MexaHuM3Ma BbIGopa npusHakoB B NIDS

CienyromuM BaKHBIM IarOM  SIBIISIETCSt  BBIOOp IPU3HAKOB C TOMOIIBIO MpeaiaraeMbiX
JITOPUTMOB. APXUTEKTYpa JJIsi MHTETPALUH MpeiaraeMoro Meroaa Beioopa npusnakos B NIDS
mpeacTaBicHa Ha puc. 1.

Iony4yeHHble BBIOpaHHBIC MPHU3HAKH, M3BJICUCHHBIC ¢ Tomonbio MeTog0B RTOA u A-RTOA,
BITOCJICICTBUH OIICHHUBAIOTCS C IIOMOIIBI0 HECKOJBKUX KiaccupukaTtopos, Bkarouas CatBoost,
XGBoost, KNN, gepeBo pemenunii U cy9daiHBIN Jec, C HCIIOIb30BAHUEM PA3IIMYHBIX ITOKa3aTeleH
MPOM3BOIUTEIBHOCTH, TAKUX KaK MPaBHILHOCTH (ACCUracy), rounocts (precision), monxota (recall)
u Fl-mepa.

MeTpukn  NpPOM3BOJIUTENBHOCTH — INPEAJIaraéMbIX  METOJOB  CPaBHHMBAIOTCS 10  pa3HBIM
kinaccudukaTopaM Kak Juii OWMHApHBIX, TaK W JUIi MHOTOMAapKHpPOBAaHHBIX KiaccoB. Hripke
CPaBHMBAETCS ITPOM3BONTEIBHOCT NMPEIaraeMoro noaxozaa u apyrux meronos. Cucrema NIDS
TOTOBHUTCSl K MCIIOJIb30BAHUIO C YYETOM ONTHUMAIBHBIX (YHKIMH, ONpPEAENIEHHBIX C IOMOIIBIO
my4nrero npeanaraemoro meroga A-RTOA. Hakorern, 9To0bI pa3nnyaTs HOPMaJIbHOE ITOBEACHHUE U
ompenenuTh crenuduueckyro mpupoay artakd, cuctema NIDS ompenmenser onTHMaIbHbBIC
XapaKTePUCTUKU TIOTOKOB TAKETOB M HCIOJB3YEeT MOJIEb, CO3[JaHHYI0 C Y4YeTOM JTHX
XapaKTCPUCTHK.
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6 cucmemy oOHapyoicenus cemesvix smopicenuil (NIDS).
Fig. 1. Integration of the Proposed Feature Selection Method
in the Network Intrusion Detection System (NIDS).

5. Pesynbmamabi u o6¢cyxdeHue

Kak o0cyxnanoce panee, HaOop nanHeix UNSW-NB15 monsepraercst mnpeaBapuTenbHOM
00paboTke, KOTOpasi Ha OCHOBE MPEJIOKEHHBIX aJITOPUTMOB TO3BOJISIET BBIICIUTE ONTHMAIIbHbIC
npusHaky. Bee sxcriepuMenTs poBoamimcs Ha anmaparype ¢ 16,0 I'b O3V u nponeccopom Intel®
Core™ i7-9700F ¢ Takrosoii yactoroi 3,00 I'T'r.

Jns 060X HaIMX SKCHEPUMEHTOB B KayecTBE KiAacCH(HUKATOpa MCIOJIB3YETCsl CIy4aiHbIH Jiec.
[IpaBwibHOCTE MoOzenu omnpexaensercs Aias (YHKUUM HPUTOJHOCTH, IIPU 3TOM 3HAYCHUS
napaMeTpoB ycTaHaBinuBatoTcsi kak n, = 10, a = 0.7, f = 0.3, a MakcUMaJbHOE KOJIMYECTBO
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utepauuii ycranasiuBaercss paBHbiM 100. TlepBoHavanbHO CTaBUTCS HKCIEPUMEHT, B KOTOPOM
npeacrasiacHHbIi anroput™M RTOA BBIMOJHACT MAryd OT EPBOTO A0 BOCBMOTO, IMPOIYCKast miar 5.
3aepmas mar 8, RTOA renepupyer 26 ONTHMAaibHBIX MPU3HAKOB, ITOKa3aHHBIX B TaOm. 2.
IMosicuenus k unpekcam fi (i = 1, 2, ..., D) nansl B Tabu. 1.

B skcriepumenre ¢ anroputMom A-RTOA koHdecTBO BRIOHpaeMbIX TPU3HAKOB, 0003HAYEHHOE KaK
S, ycTaHaBJIMBaeTcs pa3paboTunkoM cetd. [IpaBUIBHOCTH MOJIENH C HCHIOJIB30BAHUEM CITy4alfHOTO
neca rpaduuecKky rmoxkasaHa Ha puc. 2 JUIs pa3IM4HbIX 3HaueHui s ot 1 no 43. Puc. 2 nokaspiBaeTt
a¢pdextuBHOCTE A-RTOA, IOCKOIBKY IPaBUIBHOCTD ISl S = 9 HMOYTH TaKas ke, KaK IS CITydacB
s > 9. 070 03HayaeT, 4To NpH BBHIOOPE TONBKO 9 NPH3HAKOB C HUCIOJIB30BAHHEM anroputma A-
RTOA BMecTO WCHONB30BaHUSA OOJBIIETO KOJNUYECTBA MM JaKe BCEX MPHU3HAKOB
MIPOM3BOIUTENBHOCTh COXpaHseTcss 0e3 3HAYMTENILHOM IMOTepH NPaBHIBHOCTH, YTO IO3BOJISET
ObICTpee MPOBOAWTH MPABUIIbHYIO AeTekuuio. B konme mara 8 amroputm A-RTOA Brigaer 9
ONTHUMAJIFHBIX MTPU3HAKOB, IIOKA3aHHBIX B Ta0M. 2.

arfiolll —— To4HOCTb |

80

60

40

ToyHoCcTb (%)

20

0 . 1 . 1 . 1 . 1 .
0 10 20 30 40 50

KONNYeCTBO NPUN3HAKOB

Puc. 2. CpaeHeHue GNIUAHUA KOoJlu4ecmed NPpUsHaKoe Ha npasulibHocms maccud)ukauuu.
Fig. 2. Comparison effect of feature selection on classification accuracy.

Taon. 2. [Ipusnaxu, 6bl0partble aneopummamu.
Table 2. Selected features by proposed feature selection algorithms.

[Ipennaraembie METOABI KonnyectBo
[Ipusnaxu
BBEIOOPA NPU3HAKOB IPU3HAKOB
f1, f3, fs, fo, fs, fo, f11, f12, 13, f14, f15, f16, f17, f1s, f19, 20,
RTOA 26 o1, f22, f23, f24, Fo5, T26, T2s, f2o, f20, fa1
A-RTOA 9 f1, fs, fio, f13, fo5, f2o, fas, fa1, fa3
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Ha puc. 3 mnoka3zaHO cpaBHEHHE BPEMEHHM OOYy4YEHHWS! IIPH HCIIOJIB30BAHHUHM BCEX MPU3HAKOB,
HOAMHOXeCTBa U3 26-TH NPH3HAKOB U 9-TH ONTHMAJBHBIX IPU3HAKOB. Pe3ynbTaThl MOKa3bIBAIOT
3HAYNTEIBHOE COKpAIICHHE BPEMEHH OOYUYEeHHUs IpPU MEHBIIEM KOIMYECTBE MPU3HAKOB, YTO

oTIepKUBaeT 3PPEeKTUBHOCTH BEIOOpA IIPH3HAKOB.

i8
= i6
g 14
< 12
E 10
\g 8
= 6
4
g
@ 2
4 CNYYAH OEPEBO
HbIA KNN PAELR,| CAIEOR) PELLUEHW
T ST %
NEC M
M Bcex Npu3HaKoB 1155 16.03 15.11 12567 1055
B 26 npusHakos (RTOA) 7.51 108 10.32 7.43 801
® 9 npusHakos (A-RTOA) | 5.908 437 7.89 5.67 492

Puc. 3: Cpasnenue spemenu 0byuenust 0Jis 6cex NPU3HAKOS,
0151 omoOpanHbIx 26 NPpU3HAKo8 u 9 ONMUMATLHBIX NPUSHAKOS.
Fig. 3. Comparisons of training time for all features, 26 and optimal 9 features.

Jlist cpaBHEHUSI TPOU3BOANTEIBHOCTH, YTOOBI BEIYMCIIUTD OLIEHOYHBIE METPUKH, MBI HCIIOJIb30BAIIH
kiaccudukaroper CATBoost, XGBoost, KNN, nepeBo peuieHuii n ciy4aiinslii jiec. MeTpuku
MPOU3BOIUTEIBHOCTH OMHApHOU Kinaccupukanuu Moaenn NIDS, moCTpoeHHbIE MO BHIOPAHHBIM
npmsHakaMm RTOA (26 npusHakoB), A-RTOA (9 nmpu3HakoB) U BCeM MpU3HaKaM, TOKa3aHbl B Ta0I.
3, Tabu. 4 u Taba. 5 cooTBeTCTBEHHO. Pe3ybTaThl IEMOHCTPUPYIOT OoJiee BHICOKHE MOKa3aTelH
npousBoautensHOCTh anroputMa A-RTOA, ocoOeHHO mpH CcpaBHEHHH € KiaccH(HKaTOpoM
CIIy4aiHOro Jieca.

Kak ykazano B Tab0i. 4 u 5, neBATh BBHIOPAHHBIX MPH3HAKOB HMEIOT MPOU3BOAUTEIHHOCT,
SKBHBAJICHTHYIO MPUMCHEHHUIO BCEX MPU3HAKOB B OMHApPHOW KIACCH(HUKAINU, YTO JOCTUTACTCS C
MOMOIIBIO CITyYaifHOTO Jieca ¢ TOYHOCThIO 94,69% u 94,73%. AHanormyHo, NMPUBEICHHBIC BEIIIE
Pe3yJIbTaThl HAMJISAHO HILTIOCTPUPYIOT 3(p(heKTHBHOCTE BEIOOpPA MPU3HAKOB B COXPAHEHWH TOYHOCTH
MIPY YMEHBIICHUH Pa3MEpPHOCTH.

YroOb! mposieMoHCTpUpoBaTh 3 (heKTHBHOCTH npeanaraeMbix anroputMoB RTOA u A-RTOA, Mel
CpaBHHMBaeM MX C HBIHE HCIIOJIb3yEMBIMH ITOJIX0/aMH. Pe3yibTaThl 3KCIIEpUMEHTa 10 OMHApHOM
KiacCH(UKAIMN CPaBHUBAIOTCS C CYIIECTBYIONIMMHU METOJIaMH KJIacCH(UKAIMN U KIIaCTepH3aLiH
W3 JUTEpaTyphl (TakuMK Kak HauBHbIN OaitecoBckuit, NSENet, AdaBoost, NB-SVM u 1. 11.) ¢
HCIIOJIb30BAaHHEM BCEro Habopa IPH3HAKOB, KaK IMOKa3aHO B Tabm. 6. OHa JeMOHCTpUpPYET
3(h(eKTUBHOCTh TpeAIaraeMoro HaMH MeETOJa II0 CPAaBHEHHWIO C COBPEMEHHBIMH ITOJIXOIAMH,
KOTOpBIE HCIIOJB3YIOT BCE IpH3HAKU. [IpaBHIBHOCTb, IIOCTHIHYTasi C HCIOJb30BaHHEM 9
MPU3HAKOB, BhIIIE, 4eM ¢ 26 npu3HaKkamu, 1 00a BbIIlIe TOYHOCTH, MOJYUYEHHOH C HCIIOJIb30BaHUEM
MOJIHOTO Habopa MPU3HAKOB. DTO SICHO MOJAYepKUBaeT 3PPEKTUBHOCTD HAIIeH CTPATETHH BHIOOpA
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npusHakoB. Kpome Toro, npomsBogureapbHOCTh anroputMoB RTOA u A-RTOA cpaBHuBaeTcs ¢
CYIICCTBYIOIINMH ITOIX0AaMH K 00epTKaM 1 GpruibTpam (Takumu Kak aaroputmsel PSO, GWO, FFA,
GA u apyrumMu), IpeIoKEHHBIMU Pa3HbIMU aBTOPAMH, KaK MOKa3aHo B Ta0I. 7.

Tabn. 3. Oyenxa npouzsooumerbHOCmU OUHAPHOU KIACCUDUKAYUU C UCHONIbIOBAHUEM ONMUMATLHBIX

npusnaxog (uuciom 26), eviopannsix arzopummom RTOA.
Table 3. Performance evaluation for binary classification using optimal features (26) selected by RTOA.

Merpukn | CATBOOST | XGBOOST | KHH ngggy?ﬁ CHV‘J{I‘E%HBM
[MpasuisHOCTH (%) 87.26 88.22 87.31 93,55 94.12
Tounocts (%) 87,71 85.93 86.75 9328 93,87
Ot3biBath (%) 87.26 88.22 87.31 93,55 94.12
Ouenia F1 (%) 87.07 88.13 86.48 9335 93.92

Tabn. 4: Oyenxa npouzsooumenbHOCmu OUHAPHOU KIACCUDUKAYUU C UCNOTbI0BAHUEM ONMUMATLHBIX
npusnakos (uuciom 9), sviopannsix aoanmusnsim arzopummom A-RTOA.
Table 4. Performance evaluation for binary classification using optimal features (9) selected by A-RTOA.

Metpman | CATBOOST | XGBOOST | Kkhu | AEREBO. CHV?I’E%HBM
TpaBuisHOCTS (%) 88.22 89.12 90,75 94.18 94.69
Tounocts (%) 88.73 89.97 90,69 93.97 94.51
OrsbiBats (%) 88.22 89.12 90,75 94.18 94.69
Ouenka F1 (%) 88.18 89.05 90.26 94.01 94,54

Tabn. 5: Oyenxa s¢hpexmusnocmu GuHaApHOU Kiaccupurayuu ¢ UCHOIb308AHUEM BCeX NPUSHAKOS.
Table 5. Performance evaluation for binary classification using all features.

Mertpuku CATBOOST | XGBOOST KHH pﬂﬁf&?{?ﬁ CHY?I%%HHH
IpaBunbHoCTs (%) 88.68 89.69 90.32 94.24 94.73
Tounocts (%) 89.16 90.44 90.21 94.02 94,54
OrsbiBats (%) 88.68 89.69 90.32 94.24 94.73
Ouenka F1 (%) 88.69 89,68 89,75 94.07 94.58

Tabx. 7 moka3zeiBaeT 3¢ ekTHBHOCTE npemiaraeMbix Hamu MetooB RTOA u A-RTOA. BumHo, uto
agantuBHEI anroput™M A-RTOA mpeBocxoauT kak anroputM RTOA, Tak u apyrue coBpeMEHHBIE
METO/IbI C TOUKH 3PEHUSI KaK MPaBUIBHOCTH, TaK U 10 KOJMYECTBY MPU3HAKOB.

ockoneky UNSW-NB15 npencrasmisier co6oit Habop TaHHBIX ¢ MHOTOKJIACCOBOW Pa3METKOM, IJIs
MHOTOKJIACCOBOI  KNACCH(UKAIMM  UCIONB3YeTCsl  NpeIBapUTeNIbHO  00paOOTaHHBIH M
HOPMaJIM30BaHHbIH HAOOp TaHHBIX. MeTpHKa IPOU3BOAUTEIBLHOCTH (IPABHIBHOCTE) MPEAIaraeMbIX
Hamu RTOA (26 mpusnakoB) u A-RTOA (9 mpu3HakoB) sl MHOTOKIIACCOBOM KiacCH(MUKAIMHU C
HCIIONIF30BAHHEM KIIACCH(HKATOPA CIYYAWHOTO JIeca CPAaBHUBACTCS C METOIaMH M3 JIUTEpatypsi [9,
26, 37 u 39], kak mokaszaHo B Ta0J. 8. BumHO, KaK npejraraeMble METO/IbI MOBBIIIAIOT MPABUIBHOCTD
u 3¢ dexruBHOCTE NIDS B cpaBHEHUH ¢ CYIIECTBYIOIIUMHE ITOIX0IAMH.

Ha ocHoBaHMM pe3yJbTaToB W OOCYXKIEHHI MOXHO CZEJIaTh BBIBOJ, YTO Mpe/araeMblii MeTO
RTOA pabotaert nyuiie ¢ npBuiibHOCTbIO0 94,12% 110 CpaBHEHHMIO C CYIIECTBYIOIIUMHU aJrOPUTMaAMH
(68,18% mpotue 93,01% c Gosee uem 9 npusHakamu) u3 aureparypsi [11, 15, 17, 22, 24, 27, 29, 34-
38]. boiee Toro, agantuBHas crparerust A-RTOA moctrraer Hamimydiieil MpOU3BOIUTEIBHOCTH C
TogHOCTHIO 94,69%, mpesocxomst RTOA (94,12%) u npyrue riepedncieHHbIe COBPEMEHHbBIE METOIbI
Juisl OMHApHOM KiaccHM(UKalMH. ODTOT BBIBOJ TAK)XKE PACHPOCTPAHSIETCS Ha MHOTOKJIACCOBYIO
knaccudukanmo. AnantupHas ctpaterust A-RTOA mocturaetr Hawrydiiei mpou3BOAUTEIEHOCTH CO
cpenneii npaBmibHOCTRIO 94,03%, mpeBocxons RTOA co cpenneit npaBminsHOCTEIO 93,92% nuist
MHOTOKJIACCOBOH KITaCCH(HUKAIIHY.
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6. 3aksroyeHue

B ar0ii crarbe mpeasiokeHa HOBBIH METa’BPUCTHUUECKAs ONTHMH3ALMS aJTOpPUTMA «deperaxa H
sas» (RTOA), a Takke ajganTHBHAs CTpaTerws Ha OCHOBE B3aUMHOW MH(OPMALUH C 3TUM
ITOPUTMOM ONTUMHM3aIMH, HasbiBaeMass A-RTOA. DTu MeToasl BBHITOJIHAIOT OTOOP NPHU3HAKOB
NpY OOHAPYKEHUH CETEBBIX BTOP)KEHUI. MeTOoIbI peai30BaHbl C HCIIOJIb30BaHHEM Ha00pa JTaHHBIX
UNSW-NBI15. NIDS noctpoeHsl Ha ABYX ONTHUMAaIbHBIX HabOpax MpPU3HAKOB: 26 MPU3HAKOB,
BeIOpaHHBIX ¢ momompio RTOA, m 9 mnpusHakoB, BbeIOpaHHBIX c mnomompio A-RTOA.
IIpomsBoautensHOCTs NIDS ompenensercs W CpaBHHUBACTCS C IMPOU3BOIUTEIBHOCTHIO NIPYTHX
anroputMoB NIDS. CpaBHeHne OWHApHOW KiIacCH(PHUKAINN, MHOTOKIACCOBOH KIaCCH(HUKAIINHA U
BR)XHOCTh COKPAIICHHBIX ONTHMAIBHBIX IPU3HAKOB MPOBEICHO B pa3Jelic pe3ylIbTaToB H
noka3zeiBaet, 4To RTOA npeBocXoanT CyIIecTBYONINE METOIBI 0TOOpa MPU3HAKOB, B TO BPEMS Kak
A-RTOA pabotaer eme myume, geM RTOA. Cucrema NIDS, coznanHas ¢ UCTIONB30BaHUEM A-
RTOA, HanexxHa M uMeeT OOJNIbILIOE 3HAYEHHE IS JOCTHKEHUS HaJeKHOTO M 3()(EeKTHBHOIO
OoOHapy)XEHHsI CETEeBBIX BTOpXKECHUH. [Ipe/ioskeHHBIE METOJbl YCHJIMBAIOT CETEBYIO 3aIUUTy U
MOMOTaIOT CIIPaBUTHCS C MpodieMaMu, CBSI3aHHBIMU C pacTylmIMMHu KuOepyrpo3amu. B Oymymem
MOJKHO HCCJIEIOBATh JaJbHEHIINE YCOBEPUICHCTBOBAHUSA M METOMABI U PA3BUTHUS MOIYyYEHHBIX
pe3yJIbTaTOB M YIyYIIEHHsS BO3MOXXHOCTEH MHOTIOKJIACCOBOW KiaccHUdUKauu oOHapyKEeHUs
CETEBBIX BTOPKECHUI.

Tabn. 6. Cpasnenue GUHAPHBIX KIACCUDUKAMOPOB C HECKONLKUMU MEMOO0aMU
rkaaccugurayuu/knacmepusayuu, a maksxce RTOA u A-RTOA.

Table 6. Comparison of binary classifiers with a few Classification/Clustering methods and RTOA/A-RTOA.

Mertop! KITaccupUKaIUN/KIACTEPU3ALUT Komauectso | Tounocts
hyHKIH (%)
Crusiane NSENet 1 LSTM na ocroe SENet [12] 82.14
Jlepeso pewenuii [14] 90.15
Anabycr [14] 90,51
JlepeBo ycunenus rpaauenta [14] 87,56
MHorocioitHbli epcentpoH [14] 84.11
AdaBoost, nonro-kparkoBpeMeHHas namsth [14] 87.90
3aKphIThIN peKyppeHTHBIi 6110k [14] 82.87
Monenu ancam6is [17] 90.98
Heuerkue C-cpennue [18] 73,62
B murepatype Jlepeso peennii [45] Bee pynkuun 85,56
Jloructuueckas perpeccus [45] 83.15
HausHeii Baitec [45] 82.07
HckyccTBenHas HelipoHHast ceTh [45] 81.34
Kuactepuzanust oxugannii-makcumusanun [45] 78.47
Mogenb ancamb6iist ['oocosanme [47] 89.29
JlepeBo perpeccuu ¢ rpajiieHTHBIM yeuieHuem [48] 91.31
NB-SVM [49] 93,75
CATBOOST 87.26
Tpenmnaraemsrit XGBOOST 88.22
meroq RTOA KNN = 2% 87.31
JIEPEBO PEHIEHUU 93,55
CJIYYAUHBIN JIEC 94.12
CATBOOST 88.22
Mpevraraesi XGBOOST 89.12
veron A-RTOA KNN - o 90,75
JEPEBO PEIIEHNU 94.18
CIIYYAUHBIN JIEC 94.69
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Tabn. 7. Cpagnenue pasnuiHbix cyuecmayouux memooos u npeorazaemuvix memooos RTOA u A-RTOA.
Table 7. Comparison between different existing methods and our proposed methods RTOA and A-RTOA.
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Ne | JIntepatypa |Mertox BEIOOpa XapaKTEpUCTHK Hucno Hcnonksyemsie Tounocrs
B MPHU3HAKOB | KJIACCH()UKATOPHI (%)
JlepeBo pemeHuit 93.01
. Apabycr 90,51
IMoaxox ¢uitbTpa — B3BEIICHHBIH GBT 87.08
1 |[duwa u ap. [14] | ciayuaiiHbiii nec Ha OCHOBE pUMecei 20
Joxunu (TUBPD) MLP 87.26
LSTM 88.99
GRU 90.11
TToxxom 06epTKH — ONITUMM3ATOP,
2 Anassam u zip. B,D,OXHOBJ]SiHblﬁ Pigeon (PIO):p 14 Iepeso peuennii (DT) 91.30
[19] Sigmoid_PIO
MeranTtapa u | Iloxxon 0O0epTKU: THOPHIHBIA METOX o
3 Axmaj [gl] Mau.u]:nﬂoro 06];/%111451 1 Hepeso pemennii 91.86
o [eomcannan | Homon commpnossman |y | Kb 0T
[28] QJITOPUTMBI X2 U «IETY4asi MBIIIIbY
MalliH
Kaconro u ap. Hopmanuzanus KLui ¢ o
5 [30] P rl)TOMomL}o ng;oost 19 JlepeBo peieHuit 90,85
ATBMOMAHH 1 IMoxxon obeprku: PSO, GWO, FFA 13 3 89,58
6 u GA, GHOUHCTIUPHPOBAHHBIE JlepeBo perueHuit
2p- [35] anroputmsl 1 Ml 30 90.48
Br100p npu3HakoB Ha OCHOBE YMeHbllIeHHne ouOoK
7 |Bemyx u zp. [37] ¢unbrpa (IG) ¢ nByxTanHEIM 20 o0pe3ku epeBa 88.95
MIOJIXOIOM K KJIACCU(HKALMN (RepTree)
®unbrpatmonssiii nogxoxn (PCA) ¢
8 MyCTagE)a HAp- I‘COIIJVIeTpPI‘{eCKPIM aHaJm(30M : 15 JlepeBo penieHuit 92.80
[50] miomaan (GAA)
Knacrepusanus
. OXKUJIaHUIH- 77.2
T'uGpuHbIA BEIOOp MPU3HAKOB C
9 Mycrada u zp. HCII0JIb30BAHUEM aCCOLIMATUBHBIX 11 MaKCHMHSAUHA
[51] Jlorucruueckas
TIpaBHIT 83.0
perpeccust
Hausnslii baiiec 79,5
Xammacer u 1p IMoxxoxn obeprka: I'eHeTHaecknit
10 [52] ’ AJITOPUTM M JIOTHCTHYECKAS 20 Knaccndurarop C4.5 81.42
perpeccust
Cnyqaiinstii siec (RF) 82.12
Anabycr (ADB) 85,61
I"ayccoBckuii HaUBHBIIN
OaliecOBCKUI 70,62
i asroput™ (GNB),
11 | Ceru u ap. [53] Hoeor, : (;[};(;izzlr{[};:;;z;6quuu 19 k-6nmmxaiimmix coceneit 78.47
(KNN) )
KBanpatnunslit
THCKPUMHHAHTHBII 68.18
anam3 (QDA)
RF+ADB+QDA 85.09
12 KyM[a5p 4;[ 7p- Merox, OCHOBAaHHBIH Ha IPaBUIIaX 13 Hizi?g:;?;:;lés gggi
CATBOOST 87.26
XGBOOST 88.22
13 Ipennaraemplii moaxox k odeprre: RTOA 26 KNN 87.31
JIEPEBO PELIIEHUN 93,55
CJYYAUHBIN JIEC|  94.12
CATBOOST 88.22
Mpennaraemplii moaxox k odeprke: RTOA ¢ XGBOOST 89.12
14 aJanTHBHON cTpaTeruei 9 KNN 90,75
(A-RTOA) JIEPEBO PEILIEHUI 94.18
CJYYAUHBIN JIEC|  94.69
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Ta6n. 8: Cpasnenue nokazamenei npouzgo0umensHocmu (mounocms, %) 0 MHO20KIACCO8OU
Kaaccugukayuu.: npeodnrazaemvie Memoobl U OaHHblE U3 TUMEPAMYPbL.

Table 8. Comparison of Performance Metrics (Accuracy %) for Multi-Label Classification: Proposed
Methods vs. Literature.

[Ipennaraemple alropuTMbl
Xamnamku u 1p., [9] |Medtax u gp.| Ceru u np., Mg(;i(ba
Ne| Xapaxrep arax MH(il"OKOMHOHeHTHaﬂ [26] [37“] 3 [39] ’ RTOA A-RTOA
Heliponnas cetb Ha | C5.0 Jlepeso | Cnyuaiinbrii Hansrsii | (26 dynximit) | (9 dynxuuit)
OCHOBE aHCAMOIIs penIeHuit nec Baiice Corywaitupii | CorywaifHblii
nec nec
1 Anamu3 97.47 21.35 84.67 0 97.76 97.92
2 YepHblit X011 35.56 17.75 83.53 20 97.63 97.62
3 J10C 94.40 10.38 92.12 71.1 91.74 92.33
4 | Dkcrmyaranus 70.17 96.68 79.21 54.6 86.48 89.34
5 Dasszepsl 86.08 79.10 93.43 33.2 87.66 90.35
6 O6wmit 77.27 98.72 96.37 0 93.84 95.21
7 | HopmanbHbrd 32.35 93.73 - 94.3 96.99 97.67
8 |PexornocuupoBka 36.88 76.29 89.45 69.9 95.78 96.46
9 Hlemkoxn 81.75 84.02 92.79 0 96.80 91.67
10 Yepsu 86.96 63.63 65.31 0 94.53 91.68
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AnHoTanusi. PaboTa nocesieHa pa3BUTHIO CMELIAaHHBIX METOJIOB aHaM3a HETOYHOCTEH, BOSHUKAIOIINX TIPH
NPOBE/ICHNH KOMIMIATOPHBIX ONTUMHU3AIMil. Pa3BUTHE 3THX METONOB BaXKHO JUIS IPOLECCOPOB C MIMPOKHM
koMaHIHBIM c10BoM (VLIW), moCTpOeHHBIX Ha apXHUTEKType «DIBOpPYC» CO CTaTHYECKUM IUTAaHUPOBAHUEM.
IIpoananu3npoBaHbI CYIIECTBYIOIINE TOAXOABI K BEIABICHHUIO HETOUHOCTEH B paboTe ONTHMH3AIHIA, BBIICICHBI
WX HEIOCTaTKH. ABTOpaMH pa3paboTaH MeTo]] 0OHApYKEHH HETOYHOCTEH B paboTe ABYX BaKHBIX At VLIW
ONTUMM3AIMIA: KOHBEHEpH3allul LUKIOB C allapaTHOH moxaepkkoi (overlap) m onTuMu3ammuu BBIHOCA
YUYaCTKOB ITHKJIA C MAJIO BEPOSITHOCTRIO HCIIOJHEHHS B CO3/IaBaeMblil OXBAaThIBAIOIINI UK (nesting). Metox
peann3yeTcsi MOCPEICTBOM HHCTPYMEHTHPOBAHUS IIMKJIOB B MOJIb30BATENLCKOI MpOrpaMme M MONy4eHHs
CTaTn4ecKod MHpOpMalMK O paboTe LUKIOB OT KOMIHIATOpa. [IpemnoxkeHHBI MeTo[ ObUT MpOBEpeH Ha
3agauax w3 nakeroB SPEC CPU 2006 u 2017 rate B pexxume base (6e3 Mcronb3oBaHus NMPOQUIBEHOIM
uHpopmarmn) Ha DBM ¢ nporeccopom «mb0pyc-8Cy, Tae mokaszain cBoro 3h(HeKTHBHOCTE. MeTo I MO3BOIUIT
JocTrdb yckopenus 1o 70.7% Ha OTAeNbHBIX 3aadax PH PacCTAHOBKE MOACKA30K K ONTUMU3anUH overlap u
4.71% na 3amage 520.omnetpp npu paccTaHOBKE IOJCKA30K K ONTUMHU3ALUH hesting.

KunioueBble ci10Ba: KOMIWISTOPHBIE ONTHMH3AIMU; IPOrPaMMHAasi KOHBeHepU3alusi, HHCTPyMEHTHPOBAHHE
KO/1a; IIUPOKOe KOMaHAHOE ci10BO VLIW.
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Abstract. This work is devoted to the development of mixed methods for analyzing inaccuracies in compiler
optimizations. The development of these methods is important for “Elbrus” microprocessors with a very long
instruction word (VLIW) because of static scheduling. The article analyzes existing approaches to identifying
inaccuracies in optimizations and highlights their disadvantages. In this article a method is developed for
detecting inaccuracies in the work of two important for VLIW optimizations: software pipeline with hardware
support (overlap) and optimization of moving unlikely executed code into new outer loop (nesting). The method
is implemented by instrumenting loops in the user program and obtaining static information about loops from
the compiler. The method was checked on SPEC CPU 2006 and 2017 rate suites on a computer with an Elbrus-
8S processor and has proven its effectiveness. The method allows to achieve a speedup of 70.7% on test
523.xalancbmk with placing hints for overlap optimization and 4.71% on test 520.omnetpp with placing hints
for nesting optimization. Tests are done in base mode without profile information.

Keywords: compiler optimizations; software pipeline; code instrumentation; VLIW.
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1. BeedeHue

Oco0eHHOCTh MUKPOIIPOIIECCOPOB Ha OCHOBE aPXUTEKTYP CO CTATHUECKUM IUTAHUPOBAHHUEM 3aKITIO-
4aeTcs B TOM, YTO IpoIiecc 0OHApY>KeHHS U UCIIOJIb30BaHUA NapajuieNnn3Ma HHCTPYKIUI Tpou3Bo-
JIUTCS TOJIBKO IIPYU IIOCTPOEHUM MAIIMHHOTO KOJAa ONTHUMU3UPYIOIIUM KOMIWIATOpoM. Takoi nox-
XOJ1 IIO3BOJIIET CYLECTBEHHO YIIPOCTUTh MUKPOAPXUTEKTYPY IIPOLECCOpa 10 CPABHEHUIO € CyIEp-
CKaJISIpHBIMH MUKPOIPOLIECCOPAMH C BHEOUEPEIHBIM HUCIOTHEHUEM, XOTS U 33 CUET ONPENEIEHHOTO
YCIIO’)KHEHUS ONITUMU3HUPYIOIIUX KOMIIWIIATOPOB.

OpHako Takoil apXUTEKTYPHBIH MOAX0 00/IaaeT CBOMMH HeIOCTaTKaMH. B 4aCTHOCTH, KOMITHIISA-
TOp (OIHOIIPOXOJIHBIH) MOKET IPOU3BOANTH ONITUMU3AIIMN TOJILKO HA OCHOBE CTaTHUECKOH nHpop-
Malny, UCTIONb3YsI SBPUCTHKH, TOTJa KaKk JMHAMUYeCcKasi HH(OpMAIHs eMy HEAOCTyIHA. JTO NpH-
BOJIMT K TOMY, YTO IIPUMEHEHHE KOMITHIIITOPOM HEKOTOPHIX ONTHUMH3HMPYIOIINX PeoOpa3oBaHuil K
KOJy BHOCUT HaKJIaJHBIE PACXOJbl, KOTOPbIE BO BPEMs HCIOIHEHUS MOTYT OKa3aThCsl CyIIECTBEH-
HBIMHU U BMECTO YCKOPEHHsI MOJIb30BATEIBCKON POrPaMMBI, B TAKUX CIIy4asiX MOXKET IPOUCXOAUTh
eé 3aMeJIeHuE.

YcTpaHUTh HETOYHOCTH B pabOTe ONTUMM3AIMK MOXKHO C HOMOIIBIO CIICIMAIBHBIX MOACKA30K B
HCXOJTHOM Kozie. IHCTpyMeHT, paccMaTpuBaeMblii B JaHHOH paboTe, MO3BOJISIET ONPENEIHUTD, TIIe 1
KaKre UMEHHO ITOJCKa3KN CIeAyeT MOCTaBUTh MPOTPAMMHUCTY B MCXOIHOM KOJe, YTOOBI H30eXaTh
HETOYHOCTEH B paboTe ONTUMH3ALMHA Ha TOPSYMX yIaCTKax KOZa.

Baxxnast 0coO€HHOCTB paccMaTpUBaEMOI'0 HHCTPYMEHTA COCTOHUT B TOM, YTO HEOOXOAMMO N30€XKaTh
po6iIeM, aHAJIOTHYHBIX PEXUMY IABYXIIPOXOAHOW KOMIWISIMK C HCIONB30BaHHEM IPO(UIBHON
nHpopmarui. B gacTHOCTH, HEOOXOAMMOCTH EPEKOMITIIIALINN U UCIIOTHEHHSI IIPOTPaMMBI Ha Te-
CTOBBIX JIaHHBIX KaXKIBIM pa3, KOTIa IMPOHUCXOANT U3MEHEHHe KoMoBoil 6a3pl. IlosTomy B manHOM
HHCTPYMEHTE OTYET O HaAilIEHHBIX HEONTHMAJIBHOCTIX B pabOTe ONTHMU3AINKA HE TOAXOIUT IS
UCIIOJNIb30BaHMS B KAUECTBE aHasora poQguiIbHONH HHPOPMALIHH.
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2. 0630p cywecmeyroujux Nnooxodoe

CymecTByIOIm#e METOIB B IONCKE HETOYHOCTEH B paboTe ONTUMH3aNNi KOMITWIIATOPA JISISATCS Ha
TpH NOAXOA!

1)

2)

3)

[lepBsIit moAX0M NMpeAIoNaraeT UCIOJIb30BaHUE TOJIBKO INHAMUYECKOH HHpOpMaLuy, Mo-
JIy4€HHO NPH MCIIOJIHEHUH NPOrpaMMBbl. B 1aHHOM IoaXo/e MCIOIb3YIOTCS PE3yNbTaThl,
MOJIyYeHHBIE OT WHCTPYMEHTOB CTaTHCTHYECKOTO NMPOQMINPOBAaHMs, TAaKUX Kak perf nim
dprof. OgHako HHCTPYMEHTHI TPO(UIIMPOBaHHS IIPOrPAMMBI JIUIIL IOMOTAIOT ONPENCIUTh
9acTo MCIIONHAEMbIe (hparMeHTHI KoJla, HO HE TOBOPSAT O IpobireMax B paboOTe ONTUMH3A-
IIUH, TaK KaK UCIOIB3YIOT TONBKO JHHAMUYECKYIO HH(GOPMAINIO U HE YIUTHIBAIOT CTATH-
geckyro HH(popMarmo ot xommwiaropa. [Ipm pabore ¢ TakuMu TPOQUIMPOBITUKAMH
HYKHa BBICOKAs KBaJM(UKAIMA IIPOrpaMMHCTa, KOTOPBIH JTOJDKEH 3HATH yCTPOWCTBO pa-
0OTHI ONITUMH3ATOPa B KOMITIJIITOPE M CAMOCTOSITEBHO OTPEEIATh POOJIEMBI B €TO pa-
6ote. OHAKO MPOTrPaMMHUCTY NPUIETCS CTOJNIKHYThCS C psiioM npobieM. Bo-niepBrix, 10-
OUTHCS HY)KHOTO pe3ylibTaTa HEBO3MOXKHO B CIIydae, €CIIM UCIIOIb3yeTCsl KOMITUIITOD C 3a-
KPBITBIM UCXOJHBIM KOIOM. BO—BTOpI)IX, KOJINYECTBO OHTI/IMH3aHHﬁ CO CJIOKHBIMH B3aUM-
HBIMU 3aBUCUMOCTAMU B COBPEMCHHBIX KOMITUJIATOPAX UCHUCTIACTCA COTHAMMU. Ontumusa-
MM MOTYT CO3[aBaTh KOHTEKCT JJIsi paboOThl Apyr npyra. PasoOparbcs yenoBeky 0Oe3
CpEICTB aBTOMATU3AI[MH OKA3hIBACTCS CIOXKHO. B-TpeThuX, CTOUT Y4YMTHIBaTh MPOOIEMY
J0Bepust NpO(IIIMPOBIIMKAaM. B yacTHOCTH, 110 CBOEMY yCTPOHUCTBY, CTATHCTHIECKHUE MPO-
(UITHMPOBIIMKY MOTYT HIPEIOCTABIATD JIMIIb CTATHIECKYIO HH(DOPMAIIHIO O YaCTOTE UCTION-
HEHUS KOJ1a, HE SIBJISIOUIYIOCS B ITOJIHOM Mepe 1ocToBepHOH [1-2]. B cBOIO 0uepenp ucmnonb-
30BaHUE MHCTPYMEHTUPYIOMINX CPEACTB MPOGHINPOBAHHS OCIOKHEHO TEM, YTO OHH BHO-
CSIT CYIIIECTBEHHBIC HAKJIQAHBIE PACXOABI, YBEIHMINBASA KaK pa3Mepbl HCIONMHAEMBIX (aiiioB
3a cuéT CO3/aHMA CTPYKTYP B CTAaTHUECKH BBIJCICHHON MaMATH, TaK M BpEMEHa HCIIOJIHE-
HUSI IOJTb30BATEIbCKUX MPOTPaMM 32 CUET JIOMOIHUTEIEHO BHEAPEHHOTO KOAA.

Bropoii moaxon onmpaeTcs TOJNBKO HA CTATHYECKyI0 MH(OpMaruio 00 MCXOTHOM KOIE U
nHpopmanuio oT kKomnuisitopa. OH MpexmoIaraeT UCIOIb30BaHUE HHCTPYMEHTOB 0030pa
MIPUMEHEHHBIX ONTUMH3aLui. OCHOBHBIM IPEJICTABUTEIIEM SIBIISETCS PEXHUM pabOTHI Opt-
report, KOTOPBIA MOIAEPKUBAIOT BCE COBPEMEHHBIE KOMIIIATOPHI (“llvm-opt-report” y
LLVM, “-fopt-report” y LCC, “-qopt-report” y ICC, “-fopt-info” y GCC). [laHHbIii pexum
KOMITIUISIIH [TOKA3bIBaeT MPOTPAMMHUCTY KaKHe ONTUMH3AINK IPUMEHHUIINCH U He TIpUMe-
HUJIKCh, ONIEPHPYSI TOJIBKO CTaTHYECKOH nHpopMaluel 6e3 NCIIOTHEHUs] CKOMITHINPOBAH-
HOM I0JIb30BaTENbCKON MporpaMmbl. [isi aHanu3a npobsieM B paboTe ONTUMHU3ALMHI, M0-
JIE3HBIM WHCTPYMEHTOM MOT'YT OBITh IPOrpaMMbI Jisi 0030pa OMHApHBIX (ailyioB, Takue
kak CCNav [3]. I[TIporpamma CCNav m03BOJISI€T COMTOCTABUTH OMHAPHBIH (Al ¢ HCXOMHBIM
KOZIOM BMECTE C COBMECTHBIM OTOOpaXkeHHeM Irpada rmoToka ynpasiieHHs 1 rpada BEI30BOB.
OnHako NaHHBIH HHCTPYMEHT, KaK U B padoTe ¢ MpoHINPOBIINKaMH, [T0JIaraeTcs Ha 3Ha-
HUSI TIPOTpaMMUCTa U HE TPENOCTaBIsIeT HUKAKoH HHpopManuy oT KoMmmwsitopa. C y4é-
TOM TOTO, YTO «INBOPYC» — ITO ApPXUTEKTYpa € MOINCPKKON MTPEANKATOB, Mocie paboThl
ONTHUMU3AIMHY CIINSHUS aJbTEPHATHB BETBICHNS KOZA ITOHATH 110 aCCEMOIEPHOMY TEKCTY,
Kakue ONTUMM3ALNK MTPUMEHWINCh K KOHKPETHOMY IIMKITY, O4eHb TsDKeno. MIMeHHO mo-
aTOMYy pexkuM “-fopt-report” siBIseTCsS MpeanodTHTeabHbIM. OOIUM HEJOCTATKOM DTHX
JIBYX MHCTPYMEHTOB SIBIIIETCSI OTCYTCTBHE HOAACPKKH JMHAMUYECKOH MH(POpPMALNH, I10-
9TOMY JaHHBIE HHCTPYMEHTH HE MOTYT IO/ICKa3aTh, IEPEBEIINBAIOT JIM HaKJIaTHBIE pac-
XOJIBI TIOIOKUTENBHBIN 3(h(DEKT OT MPUMEHEHHS ONITUMH3AINN HITH HET.

Tperunit monxox ABIsIETCS KOMOMHUPOBAHHBIM MOAXO0JIOM, B KOTOPOM HHCTPYMEHTBI I10JI1a-
raloTCs ¥ Ha CTaTHYECKYI0, M Ha IMHAMUYECKYI0 HH(popMaruio. JJaHHBIH OIX0A Mpearno-
JlaraeT MCIOJh30BaHNE KOMIUIEKCHBIX CHCTEM aHalN3a MPOU3BOIUTEIBHOCTH, TAKUX KaK
Intel Advisor [4]. OH ncnonb3yeT OTIaA0YHYI0 HH(OPMAIHIO, KOTOpask MPEeI0CTaBISIeTCS
KOMITIIIATOPOM B pexume “-O2 -g”, HHPOPMAIHIO OT CTATUCTUIECKOTO MPOQIIINPOBAHHS
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1 MHPOpMAITHIO 0 COOBITHAX B Tpolieccope. biarogaps stoit madopmanmu Intel Adviser
MOXKET OIpEIENATh MPOOIEMbl C BEKTOPU3ALMEH HHUKIOB U COOOIIATH MOJI30BATEIIO
HanOoJiee BEPOSTHYIO MPUIMHY OTCYTCTBHSI BEKTOPU3AIUH U CIIOCO0 UCTIPABJICHUSI CUTYa-
1un. OTHAKO, TAHHBIH MTOIXOJ JIUIIh KOCBEHHO YCTaHABIMBACT MPUYHUHBI OTCYTCTBHSI BEK-
TOPU3AIMU, HO HE JIPYTUX ONTUMH3AIMMA, TaK KaK 3TO HE SBISCTCS aKTyaJbHBIM JJIS TIPO-
I[ECCOPOB C TUHAMUYECKHIM TUTAHUPOBAHUEM.

3. Memod noucka HeonmumasibHocmeu

[peanaraemelii B CTaThe METOJ MOUCKA HEONITUMAILHOCTENH OTHOCHTCS K TpeTheMy noaxoay. On-
HAKO pa3liMyKe C YK€ U3BECTHBIMH MMOXO0IaMU 3aKJIHOYAETCS B TOM, YTO B KQUECTBE CTATHUECKOM
uHpopmanuu Gepércs He OTIan0uHas HHGOPMALUS O BCEM MCXOMHOM KOJIE, & TOJBKO MPUYMHBI
npo6JieM MPUMEHEHUS ONTUMH3AIHIA K KOHKPETHOMY UKy, O0 3THX MPUYHHAX MOKET COOOIIUTH
KOMITHJIAITOP B MPOIIECCE OLEHKHM BO3MOXKHOCTH MPUMEHEHHSI ONITUMU3aIi. B qaHHoO# cTaThe pac-
CMOTpPEHBI CIIOCOOBI OTIPE/IeTICHHsT HETOYHOCTEH B ONTUMHU3AINN KOHBEHEpH3aiK [IUKJIOB C ara-
patHo# mogaepxkkoi (overlap) [5] u onTrMU3anKK BEIHOCA YYACTKOB KOJIA C MAllOH BEPOSITHOCTHIO
HCIIOTHEHHSI B CO3/1aBacMBIi OXBaTHIBAOIIHIA UK (Nesting) [6]. JlaHHbIe ONTHMHU3AINA MOTYT Cy-
IIIECTBEHHO IMOBBIMIATH TPOM3BOIUTEIHHOCT KOJA IUKJIOB TPH KOMITWIAIMK TOX apXHTEKTyPy
«QuBopyC».

3.1 Obwan cxema paboTbl

AHanu3 HeONTUMaJIbHOCTEH B paboTe ONTUMH3AIMK IPOBOAUTCS B J1Ba dTala.

IepBsIii 3Tan — 370 Tan KomnuasAnuy. Ha 3ToM 3Tane, mo ykasaHuro, CICIaHHOMY HOJIb30BaTeNeM,
CTPOMTCS IOMOIHUTENbHAS CTPYKTYpa JAHHBIX, COAEpIKaIlas MacCHBBI AeCKpUNTOpoB. Takxke, B
MOJIb30BaTENbCKUI KO BHEAPSAIOTCS HHCTPYKIMU YBEINYECHUS 3HAYEHUH ONPENeIEHHBIX CYETUMKOB
B YKa3aHHBIE JIECKpUNTOPHI. B naHHOi paboTte moa qeckpuntopom OyneM HOHHUMAaTh CTPYKTYpY, KO-
TOpast ONKCHIBAET OAMH LUKI. B Heil copepxutcs Takas nHGopMaLus OT KOMIHIIATOPA, Kak:

e IpHBs3Ka K (paiily HCXOTHOTO KOJIa;

e [IpefcKa3aHHOE IBPUCTHUKAMHU CpeIHEE YHCIO UTEpalni;

e CYETYHK 3aX0JI0B B IPEIIHKI;

e CuéTYMK KOJMYECTBA UTEPALIUI TeJla ITUKJIA,;

e pHpOpPMANHUSA O IPUMCHEHHBIX ONTHMHU3AIIIX;

® pas3nuYHbIE CITy>keOHbIe (Iaru JJisi KOHKPETHON peau3alny.

BaxHo, 4TO BCTaBKa JIOMOJHUTEIHLHOTO KO/Ia I0JDKHA BHOCHTh KaK MOYKHO MEHbIIE TTOOO0YHBIX (-
(heKTOB, Tak Kak IIEJbIO SIBJSIETCSl MHCTPYMEHTUPOBaHHE paboThl onTUMHU3aluid. BecraBka nHCTPY-
MEHTHPYIOIIETO KOJ[a MOKET BHECTH BO3MYIICHHSI, KOTOPBIE TPUBEAYT K HHOMY ITOBEJCHUIO PaOOTHI
ontuMusanuil. Ilo3ToMy HMHCTPpYMEHTHMPOBaHME ONTHUMM3ALMH JOJDKHO BHOCUTH KAaK MOXKHO
MEHBIIIE BHI30BOB OMOIMOTEUHBIX (DYHKIMH 1 TI0JIaraThCsl Ha BCTaBKY JIMHEHHBIX Y4aCTKOB KO/Ia.
[Ipu MHCTPYMEHTHPOBAHUH LIMKJIOB, BAXXHO IOMHHUTH, 4TO omeparun Load u Store moryr Taxke
BHOCHTB BO3MYIICHHUS U IPUBOANTE K HHOM paboTe ONTUMU3AIIHIA, T03TOMY, HEOOXOANMO CTapaThCs
BBIHOCHUTH 3TH OIEpalHy 3a TeJI0 WHCTPYMEHTHPYEMOTO UK. TOT0 MOXKHO JOCTUTHYTb, €CIIH
TMIOJIOKHUTh O0BEKT-CYETUNK, U3 COOTBETCTBYIOIETO IIUKITY IECKPUIITOPA, HA PETHCTP epe] UCTION-
HEHHEM TeJla [IUKIIA, a 3aIUCh B OOBEKT C/AeNaTh MOCie UCIIOIHEHHS Tela 1ukiia. COOTBETCTBEHHO,
B TeJIe IIMKJIa JOJDKHA OCTaThCsl TOJbKo onepanust ADD, koTopas OyneT BHOCHTh MUHUMAJIBHOE BO3-
MYILEHUE.

Bropoii atan — 310 3Tan ucnonHeHus. Ilonp3oBarens JOMKEH 3aIyCTUTh HHCTPYMEHTHPOBAHHYIO
paHHee nporpamMmy (6e3 Kakux-JI100 JOMOIHUTENbHBIX onuuii). CTONT OTMETUTb, UTO 3aITyCK J0JI-
JKCH IIPOBOJAUTHLCS HA PENPE3CHTATUBHBIX JAHHBIX, OTPAXKAIOIIUX TUIIMYHBIE BAPUAHTBI UCIIOIb30-
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BaHMS MporpamMMbl. Bo BpeMst 3Toro ucronHeHns Oyaet HabpaHa CTaTUCTHKA 3a CYET paboTHI ore-
panuii yBenmudeHHs 3HaueHW cuéTumkoB. Ilociie okoHYaHWsI pabOTHI TOIB30BATEIHCKOH MPO-
TpaMMBI BEI3BIBAaCTCS (PYHKIHMS OMONMMOTEKN MOMNIEPIKKH, B KOTOPOIl IPOUCXOANUT YTEHHE JECKPHII-
TOpPOB, MPOBEICHUE aHAJIM3a U BBIBOJ OTUETA IPOTPAMMHUCTY.

3.2 NUHcTpymeHTMpOBaHMe onTumusauum overlap

Ontumuszarus overlap B kommuisarope LCC mpezncrasisieT co00i mporpaMMHO-aNapaTHyro KOH-
BEeHEPHU3aLMIO IIMKIIOB, KOTOPAsi MO3BOJISCT UCIIONHATH HECKOJIBKO UTepalliii COBMECTHO, KaK IOKa-
3aHO Ha pHc. 10, apdexkTHBHO MCMONB3ys anmapaTHble BOZMOXXHOCTH apXUTEKTYpPhI «DIb0pycH.
Bbnaronaps eit, MO>xHO 3()()eKTUBHO HCIIOIH30BaTh UCIIOMHSIONIME YCTPOIMCTBA B IIPOLIECCOPE U yBe-
JIMYHUTH CTETICHb 3aII0JIHEHUS IIMPOKOH KOMaH/bl. DTO OJIHA M3 CAMBIX BaKHBIX [TUKJIOBBIX ONTHMH-
3aLUi IS ApXUTEKTYPBI «IIBOPYC», KOTOPasi MO3BOJISIET YCKOPUTH IIUKIIBI B HECKOJIBKO pa3. HeoO-
XOJUMOCTh €€ WHCTPYMEHTHUPOBAHUs BBI3BaHA TEM, 4TO, IIPH MAJIOM YHUCJIE UTEpalUi B IHKIE,
HaKJIaJHBIE PACX0Ibl MOTYT MPEBBIIIATH OJIB3Y, KOTOpas NaéT AaHHas onTuMH3anusa. CaMble 4acTo
3aMEUCHHBIC PUMEpPHI — 3TO HENPAaBWIBHOE MPEICKa3aHNUe KOJIMYECTBA UTepaliidi IpH o0xoae IH-
HaMHUYECKUX CTPYKTYP, TAKUX KaK AE€PEBbs WU CIIUCKHU.

Iu

i Utepauua 2

Utepauma 1 Utepauma 1

Utepauna 3

Utepauma 2

OVL (CteneHb HanoxeHwus) Utepaupa N
TaKTbl i ¢ >

}

Utepauma N

a) 6)
Puc. 1. a) [locnedosamenvroe ucnonrHenue yuxkia.
6) Ucnonnenue YUKJIA C HAJloJHCeHuem umepauuﬁ nocie onmumuzayuu 0V€Vl(lp.
Fig. 1. a) Sequential execution of a loop.
b) Loop execution with overlapping iterations after overlap optimization.

[Ipu mpoBeneHNH oNTUMU3AIMK overlap MPOUCXOAUT co3maHue MyOnuKara Iukia. Jius omHoW U3
KOITMH IUKJIa TPOU3BOJUTCS MPUMEHEHNE ONTHMHU3AINH. 3aTeM, K KaKIOMY U3 IIUKIIOB OYIyT IpH-
MEHEHBI Pa3JInYHbIe ONTUMI3ANU. B 00miei cioskHoCcTH MOskeT poiTu 10 200 a3 onTrMuzanuit
BIUTOTH JIO TUTAHUPOBAHUS KOJIa U pacIipenenieHus peructpoB. Ha dase mmanupoBaHus Koaa moIcuu-
TBIBACTCS BPEMsI HCTIOTHEHUS (C TOYHOCTBIO 10 MIHPOKOW KOMaHMIBI Oe3 yduéra OIIOKHPOBOK KOHBEH-
epa) kaxaoi kornuu. [Ipu mratHO# paboTe KOMIUIIATOPA, KOMUS UKIA ¢ OOJIBIIHM OlEHEHHBIM
BpEMEHEM UCTIOJHEHUS yaajseTcs u3 koaa. OqHaKo Uit IPOBEJACHUS HHCTPYMEHTHPOBaHUS HE00-
XOMMO OCTaBHTh 00a ITUKJIIa, YTOOBI, KOTr/ia OyAeT U3BECTHO TOYHOE YHUCIIO UTEPAIIUi BEIYNCIHUTD U
CPaBHHUTH BpEMsI MCIIOJIHEHHUs. Takxke, HEOOXOIUMO YUEeCTh, YTO ONTUMHU3AIMS PACKPYTKH ITHKIIA
(unroll) MOXeT U3MEHUTD (HaKTUIECKOE YUCIIO UTEPALIUH.

BaxaeiMu napaMeTpamu, KOTOpbIe HEOOXOMMO MOTYYUTh OT KOMIMIIATOPA BO BPeMsI TIPOBEACHHUS
ONTUMU3AIHH overlap sBISIOTCS:

e BpEMEHa WCHOIHEHUS MpeAlrKiIa, MOCTIUKIA W Tela NHUKIa (JUIS KOIHMH, K KOTOpoil He
IIPUMEHWIach ONTHMU3aNus) B TakTax 0e3 yuéra OJI0KUPOBOK;

e I (initiation interval) — st KONMH, K KOTOPOH NMPUMEHHIIACH ONTHMH3ALMUS PACCTOSHHE
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MEXIy COCETHUMHU UTEPAMUIMH (C TOYHOCTHIO 10 IIMPOKOH KOMAaHIIBI);

e OVL - JJId KOIIMH, K KOTOpOﬁ NpuMEHNJIaCh ONTUMMU3AIUA, KOJIUYECCTBO OJHOBPEMCHHO
HCIIOJTHACMBIX HTepaHHﬁ.

Ha ocHOBe MpoOBeJICHHOM MOTOTOBKH MOXKHO BBIYHCIIHTH BPEMsI HCIIOJHEHUS 00CHX KOIUH IMKIIa
C TOYHOCTBIO JI0 IIMPOKOI KOMaH/bl 0e3 yuéra ONOKMPOBOK. 3HAYCHUS Toxec(overiapped) B Texec — ITO
BpPEMCHA HCIIOJTHCHUH IMKJIA, K KOTOPBIM MPUMCHHUIACH ONTHMU3aIUs overlap u He MpUMEHWIIach
COOTBETCTBEHHO.

Tevectoverappets = Tyre + Tpous + 11 % (N + OVL — 1) (1)
Texee = T’p,-(, + T'posz + Tloop x N' (2)

rae N — cpenHee 4ncio UTepaluil HUKIIa, KOTOPOE MOKET pa3inyaThCs U KOIUM LUKIIA U3-3a pa3-
HOTO (haKTOpa PACKPYTKHU.

B ¢opmyne (1) mone3HsIM BpeMEeHEM UCTIONHEHHS canuTaeTcs 3HadeHue [/ X N. OcTaibHbIe YWICHBI
OyIyT CYMTATHCS HAKIATHBIME pacxogaMu. BumaHo, 9To ueM MeHbIe N, TeM OOJBITY0 POIIb HTPAIOT
HaKJIaTHBIC PACXOAbl. DMITUPUICCKH YCTAHOBICHO, 9TO p N < 6 IPUMEHSATh ONTHMH3ALNIO0, KaK
HpaBI/IHO, HEBBITOOHO.

WHCTpyMEHTHpPOBaHUE ONTUMU3AINHN OvVerlap MpOM3BOAUTCS C IETbI0 Y3HATH CPEIHee YHCIIO HTe-
pammii. 3aTeM MPOUCXOAUT CPAaBHEHHE CPEIHET0 BPEMEHH WCIIONHCHUS KOIHU KA, K KOTOPOH
HpI/IMeHI/IHaCL OIITUMU3alUA, U BpeMeHI/I HUCIIOJITHCHHUSA KOITMH, K KOTOpOﬁ OITUMMU3AIIUSI HE anMe—
HUIAch. UTHCTpyMEHTHpOBaHIE MIPOMCXOIUT B 3 HTama:

1) Ha nepBom 3Tane oT pa3iaH4HBIX (a3 KOMIMLSIIUA BO BHYTPSHHUE CTPYKTYPBI KOMITUIIS-
TOpa MPOUCXOAUT cOOp MH(OpPMAIMK O NMPUMEHEHWH K LUKJIAM ONTHMHU3aIMu overlap.
Hanpuwmep, nadopmarmro o daiine HCXogHOTO Koia MOXKHO MOIYYUTH OT (a3sl Tyonmpo-
BaHMs LUKJIOB, TOIZA KaK TOYHOE BpeMS MCIIOIHEHHUS MPEALUKIOB, MOCTHHKIA U Teja
[UKJIAa MOXKHO TOJYYUTh TOJBKO OT (Da3bl IJIAHUPOBAHMS KOJAa M PaclpeieseHUs] peru-
CTpOB.

2) Ha BTOpOM 3Tare NpouCXOIUT CO3/IaHHE IECKPUIITOPOB KAXKIOTO HHCTPYMEHTHPOBAHHOTO
mUKIa. B cTatmueckoll MaMsaTH TOJB30BaTEIbCKOW MPOTPaMMBI CO3IAaéTCsl TITOOANbHBIN
MaCCHB JECKPUITOPOB LTS KaxI0# (QyHKIUH.

3) Ha TPETHEM ITAIIC B Ka)I(,I[Hﬁ IITHUKJI U3 (I)yHKL[I/II/I BCTaBJIAKOTCA OlI€pallii YBCIIMYCHUA 3HA-
YeHHUI C‘IéT‘II/IKOB, PACIOJIOKCHHBIX B COOTBECTCTBYOIIUX AJCCKPHUIITOPAX HUKIIOB.

ITocne ucnonHeHUs MPOrpaMMBbl BHITIOJIHAETCS aHAJIU3 PE3yIbTaTOB U MOJArOTOBKA OTYETA TPOrpam-
MHUCTY C TIOZICKa3KaMH, KaK UCIIPaBUTh OOHAPYKEHHBIE B XOJI€ aHAJIM3a HETOYHOCTH B pabOTE OMNTH-
Mu3arud. J{Js onTHMHU3aIie overlap paccMaTpuBaeTcs TP KaTeTOPHH MPOOIIEM:

1) Huxnwl, k komopvim npumenunacey onmumuzayus overlap. JIias TaKux IUKIOB PACCUHTHI-
BaeTCs BpeMs HCIIOJIHEHHUSI KOMUH, K KOTOPBIM MPUMEHUIACh ONITUMU3AIINSA, U K KOTOPBIM
OHa HE NMPUMEHWIACh. BpeMs BBICUMTHIBACTCSA C TOYHOCTBIO JIO IIMPOKOM KOMaHIBI Oe3
yu€ra GIOKHPOBOK. BpemeHna paboThl CpaBHUBAIOTCS, U JIENAETCS BBIBOA O TOM, HY)XHO
OBLTO IPUMEHSTH ONTUMHU3AIHIO WK HeT. Ha puc. 2 mpuBeaéH npumMep u3 oT4€Ta Mporpam-
MHUCTY, TJIe IPUMEHEHNE ONTUMU3AINY overlap Mpu3HAHO HelerIecoo0pa3HbIM C BhIAAYEH
MOZCKA3KH, KAaK MOXXHO MCIIPABUTh CUTYAITHIO.

2) [Juxavl, K KOMOPLIM He NPUMEHUNACH onmumusayus overlap. J{Jis TaKuX IUKIOB HEOOXO-
JIUMO OTPeNeNnTh (PaKkTHIeCKOe KOJIMUeCTBO utepanuii. Eciau oHo Gosnbie 6, To mpeacka-
3aresb NPOoQHIIsS B KOMIMIISITOPE AOMYCTHI OMIHOKY, ¥ HEOOXOAMMO ITOMOYBb KOMITUIISITOPY
C TIOMOIIBIO TTOZICKA3K| #pragma loop count. IIpumep Takoro neckpunropa NpuBEAEH Ha
puc. 3.

3) Luxnvi, kK KOMOPLIM NPUMEHUNACH onmuMuzayus unroll ¢ HeonmumanbHbiM paxmopom
packpymku. JlaHHas ONTHMH3AIMS MOXET YMEHBIIUTHh (HaKTUIECKOE YHCIO WTEparuid
HUKE SMITMPUYECKH YCTAaHOBIEHHOTO mpeneia. Ha maHHOe moBeleHHEe B MHCTPYMEHTE
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TaKXKe CYIIECTBYET MPABUJIO NPOBEPKH. B IaHHOM ciiydae HEOOXOJMMO BBICTABHUTH IMOJI-
CcKa3Ky KoMmuisTopy "#pragma unroll (Kyew)", T€ Kyew — HANOOMBIINN (HaKTOP PACKPYTKH,
IIpH KOTOPOM YHCII0 UTepanuii OymeT 6oipiie 6.

Nmean X Kold

6 <
Knew

r71€ Nipean — CPEIHEE YUCIIO UTEpANHi B IHKIE, Koy — HAaKTOp pacKpyTKH, KOTOPBIN TIpea-
JIOKMJT KOMITHIISITOP.

src: see.cpp 166-175
preloop counter: 536470178
body counter: 867999569
average iterations: 1.62
predicted iterations by compiler: 10
average loop exec time: 19.00
[ Overlap ]
Tpre = 7.00, Tpost = 3.00
I1=30VL=3
exec time: 19.00
OVERLAP APPLIED
Twin loop info:
Tpre = 0.00, Tpost = 6.00, Tloop = 6.00
average loop exec time: 12.00
[SUGGESTION] overlapped loop is slower by more than 25%.
Use "#pragma noswp" to disable overlap optimization.

Puc. 2. Illpumep omuéma onmumuzayuu overlap ons 00H020 yuxia
¢ 60bUUMU HAKTAOHBIMU PACXO0AMU HA NPUMEHEHUE.
Fig. 2. Example of a loop report for overlap optimization with large overhead.

src: ComputeNonbondedBase.h 745-1894
head counter: 9360
body counter: 474630
average iterations: 50.71
predicted iterations by compiler: 1
average loop exec time: 52317813.58
[ Overlap ]
Tpre = 26.00, Tpost = 0.00, Tloop = 1046355.75
OVERLAP DIDN'T APPLY
[SUGGESTION] because of low predicted iterations num: 1
overlap optimization didn't apply.
To apply overlap optimization try "#pragma loop count(N)"
Suggested N: 51
[ ]

Puc. 3. Ipumep omuéma no onmumuzayuu overlap 01s 00H020 YuKia
C HEeBEePHO NPEOCKA3AHHBIM KOTUYECEOM UMepayul.
Fig. 3. Example of a loop report for overlap optimization with incorrect predicted loop iteration number.
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3.3 UHcTpymMeHTMpOBaHMe onTuMusaumm nesting

OnruMu3anys nesting Mo3BoJisieT BEIHECTH U3 TeJla IIMKIIA YCIOBHBIA KO, KOTOPBIH UMEeT Majylo
BEPOSITHOCTH WCHOJIHEHHS, B CIICIIMAIbHO CO3JaBAEMbI OXBATHIBAIOIMNA HUKJI. ONTUMH3ALUA
HalpapJieHa Ha MOBBIICHHE Y()(EKTHBHOCTH KOHBeHepH3aluy [UKJIa, TaK KaK MPH KOHBeiepusa-
UM [UKJA C YCIOBHBIM KOJIOM BCE YCIIOBHBIEC OIEpaly OyIyT 3aHMUMAaTh PECYpPChl IIMPOKOH KO-
MaH/IBl, a nesting NO3BOJIAET MX BHIHECTH M3 Tela IHKiIa. ONTUMHU3ALUS TAKKe MOXKET BEIHECTH U3
nukota onepanuu Load/Store, 9To yimydmuT paboTy MOCIEAYIOMHUX ONTHMHA3AINA KOHBEHepHU3aIiii
U TI03BOJIMT CIUIAHUPOBATh WCIIOJHEHUE LIMKJIA C MEHBIIUM 3HaueHueM Il m Oomblueil creneHbro
HanoxeHus. [Ipumep paboTel onTUMHU3aLUK NPUBEAEH HA PUC. 4.

| '

E E

1 1

p=0.01
p =001

2 2
, v
3 3 3!

‘ wJ ‘
4 4 4
. —_— @ [ |

o=
a) 6)

Puc. 4. a) Luxn, umerowyuii nepexoo ¢ nuskou eepoammuocmoio. 6) Ilpumenenue onmumusayuu nesting.
Fig. 4. a) A loop with low branch probability. b) Example of nesting optimization applying.

Ha puc. 4a npusenén npumep rpada noroka yrnpasieHHs IUKIa, B KOTOPOM UMEETCs YCIIOBHAsI KOH-
cTpykuus if, Te oHa U3 albTEPHATUB UMEET HU3KYIO BEPOSTHOCTD Iepexoa. Y3eil £ — BXOIHOU
y3en uis nukia (entry). ¥Y3uel 1, 2, 3, 4 o6pa3sytot nuki. B kpyrax 1 u 2 nmokazaHsl HoMepa BBIXOJ0B
n3 nukia. Ha puc. 46 npuBenéH pesynsrar pUMEHEeHHUs 3Toi onTuMu3anni. OnTuMu3anms nesting

58



Epmonuukuit A.B., Jlepuenko JI.H., Heiiman-3ane M.U. OnpeneneHre HETOYHOCTEH B paboTe HEKOTOPHIX CIIEHHATH3HPOBAHHBIX IIUKIOBBIX
ontumusanuii B kommusatope LCC mist apxutektypsr «nsopycy». Tpyost UCIT PAH, 2025, Tom 37 Beim. 4, gacts 1, ¢. 51-64.

MIPOM3BONT BBIHOC QJIETEPHATHUBEI (y3€1 2) B OXBATHIBAIONIUH ITUKI (IITPUXOBKA TOYKOM), & TaKKe
IyOIMpyeT HEOOXOIUMBIE Y3IIbI, YTOOBI COXPAHUTH JIOTHKY M CTPYKTYPY HCIIOTHEHHUS MPOTPaMMBI
(y3me1 3' m 4"). Y BHyTpeHHETO IHUKIIA (IITPUXOBKA KBaJpaTaMi), TOMHUMO BEIXOIOB | u 2, OSIBIIS-
eTcsl emé OJMH BBIXOJ MO JIyre ¢ HU3KOW BEPOSITHOCTHIO. Terneps y3en 2 He OTHOCHTCS KO BHYTPEH-
HEMY LIUKJIy U ONTHMH3aLUH, KOTOpbIE OYIyT IPUMEHSATHCS Jajibllle, He OyAyT yYUTHIBATh HEPEX0]]
Ha JaHHBIHA y3€eJ1, 4TO I03BOJIUT CIUIAaHUPOBATH LIUKII C OOJIbILEH CTENCHBIO HATOKECHUSI 1 MEHBIINM
3HayeHueM II.

Jns orpenerneHUss 4acTOTHl MCIOJNHEHUS TOTO WJIM MHOTO ydYacTKa MPOTPaMMBbI, ONTHMH3aLUs
nesting cylieCTBEHHO ToJIaraeTcsi Ha HHPOPMAIHIO O Mpoduiie UCTIOTHEHHS TporpaMMsl. [ToaTomy
IPU OJHONPOXOAHON KOMIWJISIIMKM ONTHMHU3AIMs nesting MpakTU4eCKH He NMPUMEHSIETCS M CUMTa-
eTcst Hed(PPEKTUBHOU TEXHUKOI [7].

Lenpto MHCTPYMEHTHPOBAHMSI ONTHMHU3AIMU Nesting SBISETCS HAXOXK/ICHHUS OTHOIICHMS KOJIH4e-
CTBa IIEPEXO/IOB I10 Ayre B OXBATHIBAIOIIMI LUK, KOTOPYIO CO3Jlajla ONTUMHU3AIMs nesting, kK 00-
IeMY YUCITy UTepalyi Tesa HUKIa. Tak Kak OXBaThIBAIOIIMH UK MPEIBAPUTEIHLHO CUNTAETCS KO-
JIOM C HU3KUM YHCJIOM HTEpauuii, 3TO YUCIO MOXKHO MPOBEPUTH HA MPAKTHKE, YTOOBI YOEAUTHCS,
YTO yCIIOBHE BBIXO/a OBIJIO OTIPEICIICHO BEPHO, a UK HE SBJIACTCS KOZOM C OOJIBIIINM KOJTHIESCTBOM
uTepanum.

Ha puc. 5 npuBenén npumMep MHCTPYMEHTHUPOBAHUS IHKIA. Ykazanue p=(.0] npuBeaeHo, 4ToObI
BBIJICNIUTH YTy Tpada IMOTOKa YIpaBICHHUI, KOTOPYIO OCTPOMIA ONTHMH3anus nesting. MHCTpyY-
MEHTHPOBaHHE MPOBOAUTCS ITyTEM BCTABKH WHCTPYKIWN yBEIMUYCHHS 3HAUCHHUH CUETUMKA HTEpa-
i nukia (cntl) U ca€Tynka mepexomoB 1Mo IyTe B OXBATHIBAOIINI UK, KOTOPBIH TIOCTPOCH IpH
MPOBEICHUH ONITUMM3AIINH nhesting (cnt2).

OTmeTnM, 9TO 37€Ch €CTh OTPaHHYCHHUE IS IYT, KOTOphIe BEAyT Ha OJIOKH C TapaHTHPOBAHHBIM
3aBeplIeHHEeM. B ciydae, ecim ontuMm3anys nesting mocunTana mepexos Ha catch-0J0k MaroBepo-
SATHBIM ¥ BEIHECTIA €T0 B OXBATHIBAIOIIHH ITUKII, TO IIOCTPOCHNE HHCTPYKIMHA HHKPEMEHTAITUH CUET-
YHKOB Ha TaKOW Iyre MPUBEIYT K pa3pbIBY KOHCTPYKIHNH try-catch u kK HEKOppEKTHOH paboTe Tpo-
TrpaMMBI.

[ocire paboTH HCTPYMEHTHPOBAHUS M MCTIONHEHUS TTOJIb30BATEIECKON TPOTPAMMEI, TIONTYJaeTCs
OTYET C MOJCKA3KaMH, KOTOPBIE IPOTPAMMHUCT MOXKET PACCTABUTH B KOZE JUISI IIOMOIIIHA KOMITHIIATOPY.
IIpumMep Takoif MoACKa3KK MPUBEAEH HIXKE HA puC. 6.

4. Memoduka usmepeHusi npouseodumesibHocmu

[ m3MepeHus yCKOPEHHs OT TO/ICKAa30K MHCTPyMEHTa ObLT BEIOpaH HAOOp TECTOB JJIS M3MEPEHHUS
npousoaurensHoctd SPEC CPU [8] 2006 u 2017 rate. bbuio u3mepeHo BpeMsi HCIIOTHEHUS KaX-
JIOTO M3 TECTOB B cocTaBe Habopa. 3areM coOpaHbl OTYETHI 110 MOACKa3KaM K KOMITHIISITOPY C ITOMO-
IIBIO MTPEAJIOKEHHOTO HHCTPYMEeHTa. B rcXoiHOM Kozie HaMy ObIITM BHECEHBI MONPABKH B BUE IO/
CKa3oK #pragma {loop count, nonesting, noswp,}. 3aTeM IpoOU3BOMIIACH IIOBTOPHAsS cOOPKa TECTOB,
3aMepsl BpEMEHH UCITIOJIHEHHS U CPaBHEHUE BPEMEHH HCTIOJIHEHHS C BAPHAHTOM 0e3 MOJICKa30K.

3amepsl nporcxoauan B 6a30BoM (base) peskume. DTOT PeKUM TIPEINOIaraeT, YT0 BCe TECThI KOM-
MUIUPYIOTCS ¢ OJMHAKOBBIMHU OIIUSME, HE YYUTHIBAIOIIHE OCOOCHHOCTH TECTOB. B maHHOM pe-
’KMME UCIToIb30oBaanch omnmun "-O3 -fwhole".
5. Tecmoenbili cmeHd
B kadecTBe TeCTOBOTO CTEHIA NCTONB30Baack DBM co cienyrommmMn XapaKTepUCTHKAMU:

e CPU: Das6pyc 8C, apxutektypa elbrus-v4, 8 simep, gactora 1.31T.

e RAM: 3216

e OS: Dnpbpyc JIunyke 5.4.0-2.3-nn-e8c

59



Ermolitsky A.V., Levchenko D.N., Neiman-zade M.I. Detection of Inaccuracies in Some Specialized Loop Optimizations in the LCC Com-
piler for “Elbrus™ Architecture. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025. pp. 51-64.

E
1
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2
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Puc. 5. Uncmpymenmuposanue yuxna u3 puc. 4.
Fig. 5. Loop instrumentation from Fig. 4.

Src: physics_types.fppized.f90 547-551

nozicTaBieH B physics_types.fppized.f90 582

Nesting counter: 19989504

Body counter: 19989504

Ratio: 100%

[SUGGESTIONT]: nesting optimization seems unprofitable.
Try to use “#pragma nonesting”

Puc. 6. [Ipumep omuéma 0ns 00HO20 YUKIA NO ONMUMUZAYUY NeSTIng.
Fig. 6. Example of a loop report for nesting optimization.

6. 3amepbI npou3zsodumesibHoCMu
6.1 OnTumnsauumsn overlap
Ha nuarpammax puc. 7 u puc. 8 npuBenieHsl 0 3aUKCUPOBAaHHOM YCKOPEHUH UCIIONHEHUS 3a/1a4 U3

nHabopoB SPEC CPU 2006 u 2017 rate. B aTit quarpaMmsl He NONaiI 33a1a4u, y KOTOPBIX JINOO HET
MOJICKa30K, JTH00 3P (PEKT OT X pacCTAaHOBKH HE JJAJT HU YCKOPEHUs, HU 3aMeIJICHHSI.
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YckopeHue 3agau SPEC CPU 2006 npu paccTaHOBKe NOACKAa30K K

onTMMmu3sauuu Overlap B pexxume base
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Puc. 7. Ycxopenue 3a0ay SPEC CPU2006
Nnpu paccmanoske NOOCKA30K K onmumusayuu overlap 6 pesxcume base.
Fig. 7. Speed up of SPEC CPU 2006 benchmark
with placement of hints to overlap optimization in base mode.
YckopeHue 3agad SPEC CPU 2017 rate npu paccTaHOBKe NOACKA30K K
ontumusauyum overlap B pexxume base
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Puc. 8. Yexopenue 3aoau SPEC CPU 2017 rate
npuU paccmanoske NOOCKA30K K onmumusayuu overlap é pexcume base.
Fig. 8. Speed up of SPEC CPU 2017 rate benchmark
with placement of hints to overlap optimization in base mode.

61



Ermolitsky A.V., Levchenko D.N., Neiman-zade M.I. Detection of Inaccuracies in Some Specialized Loop Optimizations in the LCC Com-
piler for “Elbrus™ Architecture. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025. pp. 51-64.

6.2 OnTumunsaumsn nesting

B na6ope tecroB SPEC CPU 2006 o0Hapy»uiIack TOJIBKO OHA 3aja4a, re nposiBuics apdexr ot
MOACKa3KH “#pragma nonesting”. O1o 3amaua 458.sjeng, yckopeHue oT KoTopoii coctasmio 1.43%.

B mabope rectoB SPEC CPU 2017 rate oOHapy»Xiiach TOJIBKO Be 3anaun: 54 1.leela u 520.omnetpp.
YckopeHue OT pacCTaHOBKH MOACKa30K cocTaBuio 3.52% u 4.71% COOTBETCTBEHHO.

6.3 KommeHTapum K pesynbsratam

Ha npumepe 3anauu 523.xalancbmk BUIHO, Kak MOTYT OIINOATHCS SBPUCTHKH OLIEHKH KOJINYECTBA
UTepanuii B MUKJIE TIPU OTHOMPOXOAHOW KOMIWIANNHN. B maHHOH 3amade mpeackazaTels mpoduirs
KOMIIIIIATOpa omuoOcs Ooiee, 4eM B IIOJIOBHHE IIUKJIIOB BO BCEH 3amade. B mrore, paccraHoBka 13
MOJICKa30K BUjA “#pragma loop count(N)” nmo3Bosnia yckopuTh 3aaaqy Ha 70.7%.

3amerenne 3anad 450.soplex, 416.gamess n 459.GemsFDTD 00yciI0OBICHO CIOXKHOI B3aUMOCBSI-
3bI0 MEXKITy ONITUMHU3AIIAMH, TaK KaK OJHH ONITUMHU3AINH CO3AI0T KOHTEKCT ISl IPUMEHEHUS T10-
cnenyromux. M maxke ecny mpuMEHEHHE ONITUME3AINU overlap ObUTO M30BITOYHBIM, TO TIOCIEYIO-
IIMe ONTHMHU3AINHA MOTYT BCE paBHO YCKOPUTH IHKI, TOTAAa KakK 0e3 MPUMEHEHHs ONTHMH3AINN
overlap JUISL HUX HE ITOABJIICTCA KOHTCKCTA.

Maroe uncio oGHapyKeHHBIX podieM B paboTe onTHMHU3anuy nesting oObsICHAETCS TEM, UTO 3a-
MEpBI IPOM3BOAMINCE B 0a30BOM pekuMe Oe3 McIoab30BaHus npoduneHoi nHpopmanun. B pas-
Jiernie OIMCcaHust paboThl ONTUMH3ALMH nesting yKa3aHo, 9To 3TO He Beerna YPEeKTHBHO ¥ KOMITHIIS-
TOp NPUMEHSAET ONTUMHU3AINIO OY€Hb OTPAaHUYCHHO.

7. Bb16oObI

B paboTte paccMOTpEHBI CYIIECTBYIOIUE METOIBI HAX0XKICHUS HEONITUMAIILHOCTEH B paboTe ONTH-
MU3AlUN U BBISBICHBI MX HenocTaTKu. [Ipennoxken MeTo HaX0XKIeHUsI HEONITUMAIBHOCTEHN B pa-
6ote onTuMuzanuii overlap u nesting B kommmusarope LCC, myTéM HHCTpYMEHTHPOBAHIS TIOJIB30-
BaTeJIbCKOM MporpaMMBL. B pesyibrare mpoBepKH padOoThl METO/Ia YAAI0Ch YCKOPHUTE YacTh 3a/1a4 U3
naketoB SPEC CPU 2006 u 2017 rate. OTmMeTuM, 4TO JaHHBIM MeTox BHeAPEH B komnuisitop LCC
u OyAeT JOCTYIEH MOJIb30BaTeNsIM HaunHas ¢ Bepcuun 1.31.
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Annotamus. O6HapykeHre MEPTBOTO KOJIa TPAJHIIMOHHO HCIIOJIB3YEeTCsl B KOMIMIIATOPAX Kak OHH U3 BUIOB
ONTHMH3ALK C IETbI0 ero ynaneHns. MEpTBbIE BBI30BBI (YHKIMH MOTYT paccMaTpHBaThCS M KaK BUJ
IIPOTPaMMHEIX JIepeKTOB, KOTOpBIE MOTYT YKa3blBaTh Ha CEpbE3HBIE OINMOKM B peann3aluyl JIOTHKH
IporpaMMel. B cTaThe onmchIBaeTCs peann3anus HOBOTO JETEKTOPa, pa3paboTaHHOTO KaK 4acTh HHCTPYMEHTA
CTATUYECKOTO aHalM3a SVACE, a TakkKe HCCHelyloTcs crenuduueckue ciydad MEPTBBIX BBI3OBOB,
JIEMOHCTPHPYIOINE OCOOEHHOCTH 3a/1aull IOMCKA TAKUX CHUTYalUi B KauecTBE IPOTPAMMHBIX OIIHOOK IO
CPaBHEHHMIO ¢ OPMATBHBIM ONIPEAEICHHEM MEPTBOTO KOJA.
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Gecrone3nslit koa; mobouHsle 3(dEKThI; aHanU3aTop SVACE; s3bIkHM TporpammupoBanus C/C++; si3bIk
nporpaMmupoBanus GO; CHMBOJIBHOE BBIIIOJHEHHE, aHAIU3 IOTOKA JaHHBIX; aHAJIHM3 JKUBBIX IEPEMEHHBIX;
MEXKIIPOLIEAYPHbIN aHAIIH3.
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2025 r., ctp. 65-78 (na anrnumiickom s3eike). DOI: 10.15514/ISPRAS-2025-37(4)—4.

1. Introduction

In imperative programs, functions can be used both in a functional-like paradigm to calculate a return
value, and like subroutines (procedures) to perform actions that will lead to some observable effects
of a function call, i.e., aiming the use of their side effects.

If a function has no side effects, but is called in a way that the result of its calculations is not used,
such a call is useless or has no effect. Since it wastes computational resources, a useless call itself is
a sort of a source code defects, but what is more crucial, this code issue may indicate a serious fault
in the program logic implementation.

Let's consider an example in Listing 1 which is based on a case we observed on an open-source
projects (binutils).

As one can suppose, macro name TO_NEXT _ID might have misled the programmer, so the macro
was used in the way like it would change the value of its argument, but in fact this code does not
change it, despite the possible expectations of its author.

Dead function call is one of the possible kinds of dead code, and the detection of it for the purpose
of its elimination is one of the common compiler optimization techniques [1, 2].

In order to avoid any terminological ambiguity, we would like to point out that use of the term dead
code is often not quite consistent between the area of program static analysis algorithms (as well as
compiler techniques) and source code defects descriptions. In this paper we use the term dead code
to refer to the code that has no impact on the observable program behavior (which corresponds to
its use for program static analysis). This meaning of dead code differs from the one for unreachable
code and is a part of more general classes of useless or redundant code. In contrast, CWE? provides

1 CWE™ — Common Weakness Enumeration
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the following description in the related entry 'CWE-561: Dead Code' [3], quote: "Dead code is code
that can never be executed in a running program. The surrounding code makes it impossible for a
section of code to ever be executed".

In this paper we do not follow the latter definition and treat the issue described in CWE-561 as
unreachable code.

int getNextId(int id) {
if (id < 0 || id >= 256)

return -1;
return id + 1;

#define TO NEXT ID(x) getNextId(x)

QO ~J o U b w N
—

O

void processId(int id,

10 void (*acceptId) (int)) {

11 TO_NEXT ID(id); // dead call to getNextId
12 acceptId(id);

13 |}

Listing 1. Example of a dead call pointing to an erroneous program logic.

The key point of our work is to consider dead function calls as potential source code defects and we
describe an implementation of a detector to search such defect issues using static analysis methods.
Our experience with the detector we implemented for finding such cases demonstrates that not all
the dead calls should be considered valuable as source code defects: very often the calls which are
dead in formal sense and could be eliminated by the compiler during optimization, might appear due
to idiomatic usage of certain programming language constructs (such as C++ templates) or specific
architectural decisions (different function body implementations depending on compilation
settings). Moreover, software developers might rely on the fact that these constructions will be
optimized by the compiler, so an analysis that would provide warnings relevant to the programmer's
perspective needs to be more specific in contrast to dead calls detection in general.

Thus, the essential feature of a detector for dead calls reported as errors is its ability to filter out the
calls, which are dead formally, but have a questionable interest for the programmer (we refer to these
issues as the issues, which are true formally only).

For this purpose, we will use an interprocedural analysis based on summaries, in which the
determination of side effects occurs flow-insensitively. We will check that the return value of a
function is not used using liveness analysis.

A detector for finding such erroneous issues we implemented as a new analyzer within the
framework of SVACE [4, 5] static analysis tool. Our detector supports analysis of the programs
written in C/C++ and Go.

2. Analysis Input Language (Internal Representation)

The low-level language we use as an internal representation for the input programs is the one of
SSA-form?. Its instruction kinds cover different needs, such are, for instance, some programming
languages built-in intrinsics. For clarity purposes we list below only the instructions kinds, which
are relevant to our paper:

2 SSA — Static Single-Assignment Form: a program representation where each variable is assigned
exactly once [6].
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r := alloca() —allocate memory on program's call stack, write the pointer to the allocated
memory to r;

r := load p - read a value from the memory pointed by p, store this value to r;
store v, p — write the value v to the memory pointed by p;

r := vy op vz —apply operation op to arguments v and vy, write its result to r, where op
is one of the following: +, -, *, /, ==, 1=, >, <, >=, <=;

r := call func(vs, ..., va) — call function func and pass the values of the arguments
Vv1...Vn, Where func is either a function name, or a variable (pointer-to-function);

goto L —unconditional jump to label L;

if (vi op v2) { codeirue } else { coderaise } — if bool_expr yields true, then execute
coderre, else execute coderaise, Where op is one of the operations: ==, 1=, >, <, >=, <=,
and codere and coderaise are instruction lists;

return v —terminate the current function execution and return the value of v to the caller's
context.

Listing 2 demonstrates the representation of the program from the example in Listing 1.

1 | def getNextId(id) {

2 tl := alloca()

3 store id, tl

4 t2 := load tl

5 if (0 > t2) {

6 return -1

7 } else {

8 if (256 <= t2) {
9 return -1

10 } else {

11 £t3 = t2 + 1
12 return t3

13 }

14 }

15 |}

16

17 | def processId(id, acceptId) {
18 tl := alloca()

19 t2 := alloca()
20 store id, tl
21 store acceptld, t2
22 t3 := load tl
23 td := load t2
24 call getNextId(t3)
25 call t4(t3)
26 return
27 |}

Listing 2. Example of program representation used for analysis.

3. Analysis for Dead Call Issues

3.1 Analysis Algorithm Overview

If a function execution modifies its local environment only (i.e., has no side effects), the only impact

it may produce on the program execution is its return value, if it has one.

68



Bacunsesa B.U., bopoauu A.E., Bonkos A. E. ITonck MEPTBBIX BEI30BOB (YHKIHI KaK 1e()EKTOB HCXOAHOTO KOa METOAAMU CTATHIECKOTO
ananusa. Tpyowr UCII PAH, 2025, Tom 37 Bem. 4, 9acts 1, c. 65-78.

A dead function call (potentially useless from the perspective of a detector user) is a function call
that has no side effects and whose result is not used further.

We will use a summary-based approach for interprocedural analysis implementation. It analyzes the
functions behavior in the order of a call graph (CG) traversal and starts from its leaf nodes, i.e., the
functions that do not call other functions. As a result of each function analysis, it creates its summary,
which reflects relevant properties of the function's behavior. These summaries are used subsequently
while processing calls to the analyzed functions.

During the CG traversal the engine runs side effect analysis, live variable analysis, and then the dead
call issues detector for each processed function. The latter uses the results of the first two listed
analyses to identify and report redundant calls.

3.2 Function Side Effects vs Function Call Side Effects

If a function has side effects, a particular call to it may have or (in contrast) may have no side effects
as well. The latter can occur as a result of the conditions combination in the callee and the caller
function context. We illustrate it in Listing 3.

A call to xlog function may have (line 12) or may have no (line 13) side effects. This fact depends
on the value passed as verbosity argument and the actual definition of LOG_LEVEL macro
(which is defined in this example explicitly, but may come from the compiler options in projects).
In addition, this example demonstrates a case, where a true dead call issue might not be treated like
a valuable defect issue. That is why in the current implementation we build our analysis to consider
just the called function side effects for any call to it in a context-insensitive way.

1 | enum { NONE=0, ERROR=1, WARNING=2, INFO=3 };
2

3 | #define LOG LEVEL WARNING

4

5 | void xlog(int verbosity, int eventCode) {
6 if (verbosity <= LOG_LEVEL) {

7 printf ("LOG: %d\n", eventCode);
8 }

911

10

11 | void demo () {

12 xlog (ERROR, 123); // live call

13 xlog (INFO, 456); // dead call

14 |}

Listing 3. Calls with and without side effects to the same function.

3.3 Dead Call Analysis
The following cases may occur while analyzing a call to a function without side effects:
e The function does not have a return value. In this case the call is dead.
e The function has a return value, but it is not assigned to any variable. In this case the call is
dead.
e The return value is assigned to an SSA variable. In this case use of live variable analysis
results allows to check, if the variable is used anywhere, and if not, the call is dead.
The implemented detector identifies dead call as above, which are subject to report after additional
checks to filter out issues that are irrelevant from the perspective of source code defects.

3.4 Side Effect Analysis

To determine if a function has no side effects we use a flow-insensitive analysis. A function does
not have side effects, if all its instructions do not have side effects. The following instructions may
have side effects:
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e Function call (non-virtual). To determine if a function has side effects, the analysis uses the
called function summary. If the summary does not specify the absence of side effects, the
call is considered a one with side effects.

e Function call-by-pointer and virtual function calls. SVACE resolves these calls where it is
possible to do [7]. In such cases, SVACE changes call instruction to the one with the resolved
callee, thus the algorithm designed for direct function calls will be used then. In other cases,
analysis conservatively considers these calls as the ones with side effects.

e Use of store instruction to write to memory. The instruction has a side effect, if the write
occurs not to the function's local memory, i.e., memory that is not allocated by the alloca
instruction. SVACE tracks variable aliases [8], this information is used to determine that
variable is local. For cases, where it is not clear, variables are considered as non-locals.

4. Implementation

We implemented the algorithms described in the previous sections as a part of SVACE static analysis
tool. SVACE supports summary-based analysis and provides a data-flow analysis engine [9], which
is used to implements live variable analysis.

SVACE uses SVACE IR —an internal representation (IR) which is the same for all the supported input
source code languages, the key features of SVACE IR were described in Section 2.

An important analysis feature is trace building, especially in the case of interprocedural analysis,
otherwise the defects reported as its result might be unclear to users, and treated as false reports. In
the case of the implemented detector, it might be not obvious, why a function does not have side
effects, if it calls other functions.

The Listing 4 and the Listing 5 illustrate this and demonstrate a dead call issue reported by the
implemented detector on BINUTILS (v2.22) project.

The implemented detector generates a warning as shown in Listing 6, which refers not only to the
reported dead call itself at line 5, but contains information about the called functions.

1 | static void

2 | create obj attrs section (void)

31 {

4 e

5 frag now fix (); // dead call

6 e

T

Listing 4. Dead call at as.c from binutils.

1 | #define obstack next free(h) ((h)->next free)

2

3 | addressT

4 | frag now fix octets (void)

514

6 if (now_seg == absolute section)

7 return abs section offset;

8 return ((char *) obstack next free (&frchain now->frch obstack)
9 - frag now->fr literal);
10 | }
11
12 | addressT
13 | frag now fix (void)
14 | {
15 return frag now fix octets () / OCTETS PER BYTE;
16 | }

Listing 5. Interprocedural side effects absence at frags.c from binutils.
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NO_EFFECT.CALL:
Call to function: 'frag now fix' has no effect at as.c:5.
Function 'frag now fix' has no side effects at frags.c:16

Call to 'frag now fix octets' at frags.c:15

Function 'frag now fix octets' has no side effects at frags.c:10
Listing 6. An example of warning report

Examining the initial detector's results on open-source projects showed us that a big amount of the
detected dead function calls are just the calls to functions with empty and trivial bodies — i.e., the
functions which has no instructions in the body at all or only a single return instruction that returns
a constant or value of one of the formal arguments. Very often these functions look like intended
stubs; their execution obviously consumes almost no computational resources and, above all, the
programmers most likely expect that these calls will be eliminated by the compiler optimizations.
In the case of C/C++ these functions quite often are the result of conditional preprocessing (see
Section 4.2). Thus, reporting these cases as program defects is of a questionable practical interest.
Consequently, we developed additional checks in the detector to filter out the cases mentioned above
in order not to report them. We devote two subsections below to the specifics of the languages
supported in the current implementation of the detector. The specific we described demonstrates that
though the basic detection algorithms are the same, but some language-specific constructions and
widely used idioms of their use, require some additional support, that is why the current
implementations does not yet cover all the languages supported by SvACE.

4.1 Go-specific Support

Go language has channel data type as a built-in language feature. It simplifies implementations
related to goroutines® communications.

Go provides read and write operations (<-) for channels and select statement, which allows a
goroutine to wait for multiple channel read/write operations. For Go-specific support we extend the
Exemplary Language described in Section 2 with the corresponding instructions go_send,
go_receive,and chan_select.

Consider the representation of these instructions in an exemplary language in Listing 7 and Listing 8.

1 | func receive(c chan int) int {

2 return <-c

301

4

5 | func send(c chan int, value int) {
6 c <- value

711

8

9 | func answer (in, out chan int) int {
10 select {
11 case t := <-in:
12 return t
13 case <-out:
14 return 0
15 default:
16 return -1
17 }
18 |}

Listing 7. Example of channels use in Go programming language.

3 Goroutine — a lightweight execution thread
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1 | def receive(c) {
2 tl := go_receive (c)
3 return tl
41}
5
6 | def send(c, value) {
7 go_send(c, value)
8 return;
91}
10
11 | def answer (in, out) {
12 t0 := chan_select(in, out)
13 tl := extract(t0, 0)
14 if (0 !'= tl1) {
15 if (1 == t1) {
16 t2 := extract(t0, 2)
17 return 0
18 } else {
19 return -1
20 }
21 } else {
22 t3 := extract(t0, 1)
23 return t3
24 }
25 | }

Listing 8. IR for the example of Go program with channels use.

Any interaction with channels obviously produces a side effect, so our detector considers the related
instructions of the internal representation (go_send, go_receive, and chan_select) as the ones
with side effects.

Also Go allows to define anonymous functions inside another functions and allows the inner
function to refer to local variables of its enclosing function, which forms a (closure). The captured
variables used in these inner functions are considered as non-local.

4.2 C/C++-specific Support

C/C++ macros and certain idioms macros use introduce their own specifics to dead call issues
detection.

SVACE analyzes the IR built after the source code preprocessing, therefore only a part of the actual
source code might be analyzed because of conditional compilation. So, the calls detected as dead
since the called function has no side effects might be not dead under other compilation conditions,
when the same function produces side effects (see Listing 9). Reporting these dead calls as defect
issues is undesirable. A partial solution for this problem is filtering out dummy functions with empty
bodies, as we mentioned earlier in this paper.

In addition, the C++ language has templates which can be instantiated with different data types. It
may happen that not all of the instantiations of a function body, which has a call to another function,
but only a part of them result to a formally dead call. The analysis, which analyses the IR produced
for each function body instantiation, detects only that a call in a particular instantiation is dead.
However, when a call in a particular template function instantiation to another template function is
dead, some other instantiation may result for the same call invocation of another instantiation of the
called function, which in turn has side effects. So, a dead call in a particular instantiation does not
mean a true defect issue in terms of source code in this case. Therefore, warnings about unnecessary
function calls are not generated by the detector inside templates.

We illustrate the case like described above in Listing 10.
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1 | PRStatus

2 | nssArena_Shutdown (void)

34

4 PRStatus rv = PR SUCCESS;

5 | #ifdef DEBUG

6 rv = nssPointerTracker finalize(&arena pointer tracker);
7 | #endif

8 return rv;

911
10
11

12 | SECStatus
13 | nss_Shutdown (void)

14 {

15 I

16 nssArena Shutdown(); // questionable dead call defect
17

18 |}

Listing 9. Questionable dead call defect because of conditional compilation in nss project.

1| class A {

2 static int field;

3 | public:

4 int foo() {

5 return ++field;

6 }

T}

8

9 | class B {

10 static int field;

11 | public:

12 int foo() {

13 return field + 1;
14 }

15 | };

16

17 | template <typename T>

18 | void bar (T t) {

19 t.foo(); // dead call for T=B instantiation only
20 | }
21
22 | void demo () {
23 A a;
24 B b;
25 bar (a); // live call
26 bar (b) ; // dead call
27 |}

Listing 10. Dead calls to a template function.

Method foo() of class A has side effects, since it changes variable A::field, in contrast to method
foo() of class B. SVACE traverses both template function bar instantiations: bar<A> instantiated
for T=A and bar<B> for T=B. The call t.foo() is dead inside the bar<A> instantiation, but not
inside bar<B> instantiation. So a warning for the call t.foo() at line 19 though true for T=B, but
false for T=A, thus false in general as a defect report.
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5. Similar Works

Most of the static analysis tools (as well as SVACE) provide detectors for a similar from the user
perspective, but different problem: unused (or ignored) return values for a specified set of functions.
The list of the functions to consider is either predefined in the detector, or a tool may provide a
mechanism to specify them: configuration files to describe functions behavior or source code
annotations (through syntax-supported attributes, comments, etc.)

For example, KLOCWORK (proprietary) checks (SV.RVT.RETVAL_NOTTESTED issue kind
[10]) for ignored return value of socket, recv and a subset of pthread-family functions.
Another tool SONARSOURCE [11] (open source) has, for example, rule RSPEC-5308 for C:
“Return value of “setuid” family of functions should always be checked” and rule RSPEC-5277
for C++: “Return value of “nodiscard” functions should not be ignored”.

An open-source SPLINT [12] covers C/C++ cases, documented as: “8.4.1 Statements with No
Effects” and “8.4.2 Ignored Return Values” (in “8.4 Suspicious Statements™). Their approach is
based on source code attributes — ‘pure” attribute in particular.

Note, that a tool may cover this kind of issues not for all the supported languages. For example,
SONARSOURCE (already mentioned above) has a rule very close to the logic of the detector we
implemented: RSPEC-2201: “Methods without side effects should not have their return values
ignored”, but for C# only.

All this makes any noteworthy tools comparison quite complicated.

The closest analog for the detector described in this paper is most likely the one implemented in
COVERITYSCAN. Though it is a proprietary static analysis tool and COVERITY does not provide a free
access even to the list of the defect kinds, which their tool is able to detect, one of the success stories
they published online [13] gives evidence of a USELESS_CALL issue detected by
COVERITYSCAN on ScummV M project (file tattoo_journal.cpp), we quote a tiny part of it in
Listing 11.

Commit95884c¢3 inproject ScummV M [14] with the message “SHERLOCK RT: Actually, clear
screen instead of a useless call. CID 13080977, which fixes this problem, is shown in Listing 12.

<<< CID 1308097: Incorrect expression USELESS CALL

<<< Calling "screen->empty()" is only useful for its return value,
which is ignored.

screen.empty () ;

Listing 11. USELESS_CALL reported by COVERITY.

It is one more example from the open-source projects, which demonstrates that a dead code issue
may indicate more serious logic faults of the analyzed program.

6. Results and Discussion

We tested the detector we have developed on the source code of open-source projects. Our
measurements showed that the contribution of the new detector almost does not affect the total
SVACE analysis time (it is just comparable to measurements precision).

6.1 Results on Go Projects

For the testing on Go projects we used a collection of relatively small- to medium-size projects. The
detector reported 14 issues, 71% are true issues and are potential candidates to fix, while the rest is
most likely of low interest for a programmer though still indicate true dead calls.
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The detailed results for Go projects are displayed in Table 1. The size listed in the table includes the
lines of code of analyzed dependencies (dependency libraries/projects) and for technical reasons is
calculated by SVACE as a total size only.

An example of an actual dead call defect found by the detector in xgb project is shown in Listing 13.
The call to Pad() method at line 12 is dead.

engines/sherlock/tattoo/tattoo_journal.cpp
@@ -66,7 +66,7 Q@ void TattooJournal::show() {

// Set screen to black, and set background
screen. backBufferl.SHblitFrom( (* journallImages) [0], Common::
Point (0, 0)); B
- screen.empty () ;
+ screen.clear();

screen.setPalette (palette);

if (_journal.empty()) {

Listing 12. Fix of USELESS_CALL in ScummVM project.

1 | func Pad(n int) int {

2 return (n + 3) & "3

31}

4

5 | func changeGCRequest (¢ *xgb.Conn, Gc Gcontext, ValueMask uint32,
6 ValueList []uint32) []byte {

7 size := xgb.Pad((8 + (4 + xgb.Pad((4

8 * xgb.PopCount (int (ValueMask)))))))
9 b :=0
10 buf := make([]byte, size)
11 .
12 b = xgb.Pad(b) // detected dead call
13 return buf
14 |}

Listing 13. Dead call detected in xgb project.

Table 1. Reports on Go project.

poper | el | el | e |
oakmound/oak 1 0 0
tikv/tikv 0 2 0
pingcap/tidb 1 0 0
xgb 0 8 0
jaeger-client-go 1 0 0
go-redis 1 0 0

Total: 4 10 0 >3929
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6.2 Results on C/C++ Projects

The detector emitted 125 warnings on the analyzed C/C++ projects. 13 of them are true, 6 are false
positives. Others though true in formal sense, but are of questionable interest for the users.

The warnings that are true formally only, relate to calls to functions, which definitions use macros
and depend on conditional compilation.

False issue reports are the result of the current internal representation specifics for some built-in
functions that lacks some details for them. These details are of no importance for other analysises,
but are crucial in this case for ours. Thus, 6 false reports are caused by live variable analysis which
does not get information to determine that the variables passed to __builtin_alloca are live. We
plan to extend the representation used in SVACE in order to fix it.

The detailed results for C/C++ projects are shown in “Table 2”.

An example of an actual dead call defect found by the detector in binutils (v2.22) project is shown
in Listing 14. The call to _bfd_mips_elf_sign_extend() at line 19 is dead.

One more example was shown in Listing 4 in Section 4.

Table 2. Reports on C/C++ projects.

. true true fix size
project formally candidates false (KLOC)
only

binutils 8 2 0 1078.6
gnupg 3 0 0 157.5
gst-plugins-good 32 0 0 566.2
openssl 1 0 366.7
Xorg-server 2 1 0 602.4
libxml 60 0 0 303.4
nss 0 0 617.6
gtk+ 1 0 915.9
gcc 18 8 6 5390.2
Total: 125 13 6 9998.5

7. Conclusion and Future Work

As the result of our work, we developed a new detector which is a part of SVACE static analysis tool.
The detector is able to find dead call issues relevant as potential source code defects. The introduced
analysis has no observable impact on the overall SVACE analysis time.

We studied the results of the initial implementation versions of our detector and discovered the cases
which are true in the sense of dead call definition, but are of questionable interest for software
developers. Subsequently, as a significant part of the current version of the detector we implemented
the algorithms to exclude the most rubbish cases from the detector output. An important part of these
cases is language-specific and covers now C/C++ and Go languages. The rest of the discovered dead
call cases, which are detected by the current implementation of the detector, but are of low interest
as source code defect issues are the subject for the related future work and the detector
improvements. In addition to that we plan to adjust the detector for other languages supported by
SVACE, since their particular features and use of certain language idioms require specific support as
our preliminary experiments have demonstrated to us.
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1 | bfd vma

2 | bfd mips elf sign extend (bfd vma value, int bits)
3]

4 if (value & ((bfd vma) 1 << (bits - 1)))

5 /* VALUE is negative. */

6 value |= ((bfd vma) - 1) << bits;

7 return value;

81}

9
10 | bfd reloc status type
11 | bfd mips elf gprell6 with gp (bfd *abfd, asymbol *symbol,
12 arelent *reloc entry, asection *input section,
13 bfd boolean relocatable, void *data, bfd vma gp)
14 | {

15 bfd vma relocation;

16 bfd signed vma val;

17

18 val = reloc entry->addend;

19 _bfd mips elf sign extend (val, 16); // detected dead call
20
21
22
23 return bfd reloc ok;
24 |}

Listing 14. Dead call detected in binutils.
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AHHoTanus. PazpaboTka mporpaMMHpyeMbIX U pecypco3(EeKTHBHBIX allIapaTHBIX YCKOPUTENEH I monucka
M0 pEryIsipHBIM BBIPAKEHHUAM IPEACTABIsET CO0OH aKTyalbHOE HaNpaBlIeHHE B O0ONACTH CETeBOH
0e30MacHOCTH, 1€ KPUTHYECKH BaKHBI BBICOKAs MPOITYCKHAS CIIOCOOHOCTH IIOTOKOBOM 0Opa0OTKH TaHHBIX U
ycroiunBocth K arakam Ttuma ReDoS (Regular Expression Denial of Service). B Hactosimeid paGote
npeacrasieH komnuwiatop HOREC, mnpumMensieMblii B LHKIE BBICOKOYPOBHEBOI'O IPOEKTUPOBAHUS
nporpammupyemoro  ammapatHoro yckopureni. B HOREC ucnome3yercs HoBoe — pacuIMpeHue
JETepMUHHPOBAHHOTO KOHEYHOTO aBTOMATa, IIO3BOJIIIONIEE KOMIIAKTHO —OIMCHIBATh HMHTEPBAIBHEIC
KBaHTH(UKATOPH ¢ OONBIIMM UYHCIOM MOBTOPEHW, THHNHYHBIE U TPAaBMII B CHUCTEMaxX OOHAPyXEHHS
BTOPXEHHH. PacCMOTpEHBI anropuTMBI, COKpAINIAIOIINE YHCIO NEPEXOA0B B KOMAHAAX M YMEHBIIAIOIINE
obmee umcino komaun. IlpencraBieHa mporpaMMmHass MOJETbh YCKOPHTENIS HAa OCHOBE HHTEpIIpeTaTopa
COMOCTABIJICHHUSI ¢ CKOMITIIMPOBAHHBIM 00pa3IoM U 3aJaH HaOop IMapaMeTpoB AN MOWCKA B MPOCTPAHCTBE
APXUTEKTYPHBIX BapHAHTOB alIapaTHOTO YCKOPHTENs, B TOM 4YHCIie. 00beM JOCTYIHOI mamsTH, gopmar
KOMaHJ U PEXHUMBl CONOCTaBJICHUS CHUMBOJIOB. DKCIIEPUMEHTAJIbHOE HCCIIEAO0BaHUE MPOBEACHO it 7234
peryJsipHbIX BbIpakeHUH, u3BnedeHHbIX U3 npasuil ET OPEN. Pe3ynbTaTsl OLleHKH 1EMOHCTPUPYIOT BBICOKYIO
pecypcoddPEeKTUBHOCTD MPETaracMoro pelieHus: B maMath oobeMoM 64K KoMaH[ yranock pa3MecTHTh 110
7000 Beipaxkenwmii. [Ipm 3ToM B 60% ciydaeB 4uCIIO MEpexXoA0B HA KOMAHAY HE NPEBHIMIAET 4, a HaIUIHe
TI100aMbHOI TabNUIEI MHOXKECTB CHMBOJIOB IS 256 94acTO BCTPEYAIONIUXCS STIEMEHTOB ITO3BOJISICT OTPaHUIUTh
00beM TaMATH JIOKAIBHOM Tabmumel Bcero 10 MHOXKECTBAMH — CHMBOJIOB  HAa  IIPOTPAMMY.
IIpencraBnennsie pe3ynpTaThl MOATBEpkIA0T puMeHnMocTh HOREC mmst anmapatHo# peanu3aniy moucka
no PB B 3amauax ceTeBoii 6€30MacCHOCTH M IMOKA3bIBAIOT MEPCIEKTHBHOCTH MPEIOKEHHOTO MOAX0Ma IS
BBICOKOYPOBHEBOT'O MPOCKTHPOBAHUSI YCKOPUTENIEH ¢ HU3KMMH allapaTHBIMK 3aTpaTaMH.
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Abstract. The development of programmable and resource-efficient hardware accelerators for regular
expression matching is an important research direction in network security, where high throughput for
streaming data processing and resilience against ReDoS (Regular Expression Denial of Service) attacks are
critical. This paper presents the HOREC compiler, which is used in the high-level design loop of a
programmable hardware accelerator. HOREC utilizes a novel extension of a deterministic finite automaton,
enabling compact representation of interval quantifiers with a large number of repetitions, typical for rules in
intrusion detection systems. Algorithms are described to reduce the number of transitions in instructions and
decrease the total number of instructions. The paper presents a software model of the accelerator based on an
interpreter for matching compiled patterns and defines a set of parameters for architectural design space
exploration of the hardware accelerator, including available memory size, instruction format, and symbols
matching modes. Experimental evaluation was performed on 7234 regular expressions extracted from ET
OPEN rules. The results demonstrate the high resource efficiency of the proposed solution: up to 7000
expressions were accommodated in a 64K instruction memory. Furthermore, in 60% of cases, the number of
transitions per instruction does not exceed 4, and the use of a global symbol set table for 256 frequently used
elements allows each program’s local table to be limited to just 10 symbol sets. The presented results confirm
HOREC's applicability for hardware implementation of regular expression matching in network security tasks
and show the potential of the proposed approach for high-level design of low-hardware-cost accelerators.

Keywords: regular expressions; DSL compiler; network security; hardware accelerator; high-level design;
hardware-software co-design.

For citation: Sovietov P.N. HOREC: a specialized regular expression compiler for designing programmable
and resource-efficient hardware architecture. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025,
pp. 79-96 (in Russian). DOI: 10.15514/ISPRAS-2025-37(4)-5.

1. BeedeHue

Perymspusie Boipaxkenus (PB) sBisforcss OZHMM U3 CaMBIX IOMYJSIPHBIX IIPEAMETHO-
OpUEHTHPOBAHHBIX S3BIKOB. [IOMCK B CTPOKOBBIX JAaHHBIX IO 3aJaBaeMbIM ¢ nomombslo PB
1abJI0HaM IIMPOKO UCTIONB3YEeTCs B TAKMX 00JIaCTAX, KAK OMOMH(OPMATHKA, CHCTEMBI YITPABICHHS
0azaMH JaHHBIX U ceTeBast 6€30IacCHOCTb.

[lepcrieKTHBHBIM HOAXOAOM JUIsi YCKOpEeHHUs rmoucka no PB B Oonmbmmx oObeMax JaHHBIX U B
YCIIOBHSIX JKECTKMX BPEMEHHBIX OTrPAHUYEHUI SABISETCA MCIOJIb30BAHHE CIELHATU3UPOBAHHBIX
arnapaTHbIX PEIIEHUN.

B uactHOCTH, B cucreMax oOHapyxkeHus BTopkeHHA (COB) kK aHanmm3y CeTEeBBIX IIaKEeTOB
MpeabaBIsAeTCA P TpeOOBaHUH, CpeT KOTOPHIX:

e [loTokoBas 06pa60T1<a 3a OJIUH IMPOCMOTP U Ha CKOPOCTU NOCTYIJICHUSA JaHHBIX.

e 3ammra or ReDoS-atak [1], HanpaBieHHBIX Ha 3HAYMTEIBHOE 3aMEJIEHHE DPaOOTHI
CHUCTEMBI TYTEM ITOJJAYU CIICIHUATIBHO C(bOpMI/IpOBaHHLIX BXOIHBIX TAaHHBIX.

e B03MOXHOCTB OnlepaTuBHOTO 0OHOBIIEHHS Habopa PB.

Otu TpeboBaHUS 3aTPYIHSIOT Hcnoib3oBanne uckimounTenbHo CPU nim GPU npu noucke o PB
13-3a HENpeACKa3yeMBIX 3a/epiKeK JOCTyIla K IMaMATH M HEIOCTATOYHOTO paclapajuIeInBaHUIL
ypoBHs 3a1a4 [2]. B cBsi3u ¢ 3THM, 3a1a4a moncka mo PB B ceTeBbIX MakeTax, 3a4acTyro, IOJHOCTHIO
WIN YaCTUYHO, JIEJIETUPYETCs CIeHAIN3UPOBAHHBIM allapaTHbIM yckopuTeasiM Ha 6aze TTJIMC
niu CBUC.
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Jnst mpencraBnenuss PB 8 COB ucmonb3yercss aBTOMATHBIN MMOAXOI, TApaHTUPYIONTHH JTHHEHHOE
BpeMsi paboThl, B OTJIMYME OT MHOTMX YHHBEpCalbHBIX Ombmmorex mnst PB, mcmomp3yrommx
MexaHn3M oTkaTa. [Togxos Ha OCHOBE OTKaTa MO3BOJISAET MOJAEPKATh PACIIUPEHHBIC JUaneKTsl PB,
takue kak PCRE (Perl Compatible Regular Expressions), 6osiee Bopa3suTenbHbIe, Y€M PEryIsIpHbIC
rpaMMaTHKd. [lpy 3TOM MeXaHM3M OTKara MOXKET MpPHBOJUTH K OKCIIOHEHIWAILHOM
BBIUUCIIUTEIBHOM CI0KHOCTH MOUCKA 110 PB.

Tpauncnauust PB B JIKA mo3Bosisier B poriecce MoMCKa XpaHUTh JIMIIB OJTHO TeKyIlee cocTosiHue. B
ciayuae HKA tpeGyercs yxe orciexusanue O(n) COCTOSHHMN, B KOTOPBIX OJAHOBPEMEHHO MOXET
npedsiBath HKA B Tekymuit Moment. HecMmotps Ha npenmyinectBo JJKA B ckopoct 00paboTKH,
UX [PUMEHEHHE COTPSIKEHO ¢ MPOOIeMOi IKCIIOHEHIIMAIBHOTO POCTa YKciia cocTostuit (o 0 (2™)
nocie nerepmuHmzain HKA) 1 coXHOCTBIO TOAEPKKH pacIIMpeHHBIX KoHCTpyKiwi PB. Tlo
9THM NPUYMHAM MHOTHE alliapaTHbIe yCKOpHUTeNn Oa3upyroTcs Ha Moaenn HKA.

B COB Snort u Suricata ucrnone3yeTcs crenuanbHbIii Habop PB, ams kotoporo, B 4acTHOCTH,
XapaKTepHO HAJINYNE MHTEPBAIBHBIX KBAHTH(UKATOPOB C COTHSIMHM ITOBTOPEHUIL, YTO MPUBOINT K
CYIIECTBEHHOMY YBEJIMUCHHUIO YUCIIa COCTOSIHUMN ke B ciryyae HKA.

B nacrosiueit pabore npeacrasier kommustop HOREC (Hardware-Oriented Regular Expression
Compiler), npenrHa3Ha4eHHBIH A8 TpaHCIALMH PB B ONTHMN3MpPOBAaHHBIM KO [UIS pa3IMIHBIX
APXUTEKTYpPHBIX BAPHAHTOB MPOTrPaMMHPYEMOTO aIlliapaTHOTO yCKOpHUTensi. BxomHsle mapamMeTpsl
KOMITIJISITOpA ONPENESIIOT KOHKPETHBIH (hopMaT KOMaHA Uil cKoMImuinpoBanHoro PB, a taxke
WHBIE, aKTyaJbHBIC JUIS MCCJIEAYEMOI'O BapHaHTA IIEJIEBOH apXWTEKTyphl 3HaueHHs. B kadectBe
NPOTPaMMHOH ~ MOJENM  yCKOPUTENS  HCIOJB3YeTCS  YHHBEPCAJIbHBIM  HHTEPIPETATOp,
MOJICP)KUBAIONIMH BBINOJIHCHNE pAa3JIMUHBIX BapHaHTOB (OPMATOB KOMaHZ. Takod LMKI
OPOCKTUPOBAHHUS APXUTEKTYPHI AIMApaTHOTO YCKOPUTENS C MCIOJB30BaHHEM KoMmisitopa [3-4]
npeAarnosaraeT oOpaTHYIO CBSI3b CO CTOPOHBI CHELHAIMCTOB B 00JACTH JIOTMYECKOTO CHUHTE3a U
(hU3MIECKOTO MTPOCKTUPOBAHMUS.

B xommusrope HOREC ucnone3yercs npeacTaBieHre IporpaMM Ha OCHOBE HOBOTO PaclINpeHUsS
JKA, no3BoJsoIero KOMIakTHO ONUCHIBATH BBIPAXKCHHUS C MHTEPBAILHBIMU KBaHTH(HUKaTOpaMH
¢ OOJIBILIM YHCJIOM MOBTOPEHUi. M Crob3y0TCs HOBbIE ONTHMHU3AIIMH, TO3BOJISIONINE COKPATHTh
YHCIIO KOMaH/ U IIEPEX0JI0B B IIPOrpaMMax.

[Monyuennsie ouenkn HOREC Ha ocHoBe Habopa PB wu3 oOnactu cereBoil Oe3omacHocTd
JIEMOHCTPUPYIOT pecypcodDPEeKTUBHOCT, Ha YpOBHE MPOTPAMMHON MOJETH ycKopuTens. B
YaCTHOCTH, pa3pabOTaHHbBIE MOJENH M alITOPUTMbI IO3BOJLSIIOT 3HAYUTEIBHO COKPATHTh 00bEM
MaMsITH, HEOOXOANMBIH Uil XpaHeHUs] CKOMIMIMPOBaHHBIX PB 1o cpaBHEHHUIO ¢ TpaaUIMOHHBIMU
ABTOMATHBIMHM TIPEJICTABICHUIMH, 0coOeHHO a7t PB ¢ mHTEpBaIbHBIMU KBaHTH(UKATOPAMH.
JanpHelmee W3JI0KEHHE HMEET CIEAYIONIyI0 CTPYKTypy. Jlaercs 0030p apXHUTEKTYpHI
kommuisitopa HOREC. OnuceiBarorcst HoBele Mozienu R-HKA u R-JIKA BMecTe ¢ pacuipeHHbIM
QITOPUTMOM  JETEPMHHHU3AIMK Ul KOMIIAKTHOTO  TIPEJCTABJICHHS  WHTEPBAIBHBIX
KBaHTH(HUKATOPOB. PaccMaTpuBalOTCsl BONPOCH! TPAHCISIIMU W3 aBTOMATHOTO IPE/CTABICHHUS B
CIHCOK MAaIIMHHBIX KOMaH]] C HCHOJIb30BaHUEM ONITUMM3AINH [UIsl COKPALIEHUs YUCIIa COCTOSHUN
(8 HOREC »sto ontummsanusi HasbiBaercst Path-opt) u mis cokparieHus 4ducia mepexojioB
(onTumu3anms mon HasBaHueM Trans-opt). OmuceiBaeTCs HPOrpaMMHas MOJENb anmnapaTHOTO
YCKOpUTENS 1 anroput™ Match aist nHTEpIIpeTanny CKOMITMIIMPOBAaHHBIX IporpaMM. [IpuBonsTes
JKcrepuMeHTabHble olleHKH KoMmmmisitopa HOREC. Craresi 3aBepiuaercsi BbIBOJAMH U
00CYXIIeHHEM TEePCIEKTHUB JANBHEHIINX UCCIIEJOBAaHHH.

2. Apxumekmypa komnunsimopa HOREC

Komnmnstop HOREC, apxutekTypa KoTOporo nzobpaxkeHa Ha puc. 1, mpuHumaer Ha Bxox PB Ha
si3pike mogMHOXKecTBa PCRE, B KOTOpOM He TOIJEPKUBAIOTCS, B YACTHOCTH, MPEANMPOCMOTPHI U
3axBaThl MMO/BBIPAKECHUH. 3a1al0TCS TapaMeTPHI, OMUCHIBAIOIINE BapUAHTHI LIEJIEBOH anmapaTHOM
apXUTEKTypHL. Pe3ynbTaToM KOMIHMIISAINH SBISETCS IPOTpaMMa B ITPOMEKYTOUHOM IPEICTABICHUH
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(IR, Intermediate Representation), momojHeHHas TaOIWIIEH MHOXXECTB CHMBOJIOB. Pe3ymbTaT
KOMITWJISILIMY HMCHOJB3YETCsl Uil MOJENUpOBaHus paboThl comoctaBiaeHus ¢ PB mpu momomru
uHTepnperaropa. [loaydeHHass mporpamMma TakXkKe MOXKeT ObITh HpeoOpa3oBaHa B JBOMYHBIN
dbopmMaT [ist 3arpy3KH B IIaMSTh alapaTHOTO YCKOPHUTEIS.

PB

MapameTps
APXHTCKTYPRI

1. Parse

AST

6. Minimize
[
I'pay |radnuua

IR

TabnHma

7. Generate

IR

Tabnuua

Y y

2. Lower 5.R-DFA 8. Trans-opt

[

AST I'pap |rabnuna IR Tabnuua
Y I'pad y IR
3. R-NFA 4. Alpha 9. Path-opt

Tabmmma

Puc. 1. Cxema apxumexmypul komnuaiamopa HOREC.
Fig. 1. Scheme of the HOREC compiler architecture.

Kommunarop HamucaH Ha si3pike Python m mMeeT KOHBEHEpHYIO apXHTEKTYpPY, COCTOSIIYIO U3
CIEAYIOIINX CTaIuM:

1) Parse. OcymiecTBiseTcsi CHHTaKCHYeCKMH pa3bop Tekcta PB ¢ ucnons3oBaHuneM
oubmuoTekn kombunatopoB peco [5]. Mcxomusiii Teket PB mpeobpasyercst B aepeBo
abcrpaktHOTO cuHTakcuca (AST, Abstract Syntax Tree).

2) Lower. IlpoucxoauT TOHWXKEHHE ceMaHTH4eckoro ypoBHs AST. WHrepBaibHbIe
KBaHTU(HUKATOPBI, MOBTOPSIOLINE MHOXKECTBO CUMBOJIOB, TPAHCIUPYIOTCS B ClICLIUAIIbHBIE
R-y3m51.

3) R-NFA. ITo Bxomaomy AST crpoutcs rpad HKA ¢ moanepKoii mOBTOPSIEMbIX MHOKECTB
cumBosioB (R-HKA). Tlpu moctpoeHnu HCMONb3yeTcs MOAXOJ Ha OCHOBE YaCTHBIX
MPOU3BOIHBIX AHTUMHUPOBA U3 [6], paciumpeHHbIi A1t NoANep KKK R-y3710B.

4) Alpha. Ha ocuoBe amropurmMa Minterms u3 [7], ocyluecTBiseTcs peoOpa3oBaHue
angaBuTa IOJYYEHHOTO Tpada aBTOMaTa, COKpallarolee Yucio nepexonos. Gopmupyercs
TabJILA MHOXKECTB CHMBOJIOB.

5) R-DFA. Tlpoucxoaut aeTepMHHHU3ANKS BXOIHOro rpada aBroMara, B Iporecce padoTh
KOTOPOH Mepexolbl, ONHCHIBAIOIINE IOBTOPEHHUS MHOXECTB CHMBOJIOB, IOIIArOBO
PACKPYYHBAKOTCS B IPOMEKYTOUHBIE COCTOSHHUS IO JOCTHIXKSHUSI IeTEPMUHU3MA.

6) Minimize. Tlomy4eHHBIH  JETCPMHHUPOBAHHBI
HCIIONIb30BaHNeM anroputma bprkososckoro [8].

aBTOMar  MHHUMH3HPYETCS  C

7) Generate. I'pad aBTomara TpaHciaupyeTcs B mporpammy B hopmare IR.

8) Trans-opt. IlpumeHsieTcss aaropuTM Ui COKpalICHHs YHCiIa IIEPeXOJ0B B KOMaHAaX
HPOrpaMMBbl ¢ TOMOIIBEO MOTU(DUKALUK TaOIUIBI MHOYKECTB CHMBOJIOB.

9) Path-opt. IIpuMeHsieTCs aarOPUTM JUIs COKPAIIEHHs YHCIIa KOMAH| MPOTPaMMBI 3a CUET
9KOHOMHOTI'O KOJMPOBAHMS [10CIIE0OBATEILHOCTEN CUMBOJIOB B KOMaHJIE.

3. MNocmpoeHue R-HKA

WuTepBanbHble KBaHTH()HUKATOPHI SBISIOTCS OJXHWM U3 OCHOBHBIX HCTOYHHKOB CIIOKHOCTH
nopoxknaembix HKA. Hanpumep, PB Buna [C]{N} naet pe3ynsTaT ¢ He MeHee 4eM N COCTOSTHUSIMH.
Jna cokpamieHus 9ucClia COCTOSHHM, IMOPOXKTAaeMBIX HMHTEPBAIbHBIMHA KBAaHTH()HKATOpaMH, B
xommunsTope HOREC npumenena nosast Mozens R-HKA.

R-HKA npencrasnsieT coboit wacTHbIH ciy4ait 0606mennoro HKA, mepexosl KOTOporo moMeqeHs!
cumBoiamy, sBimomumucs PB. Andasur R-HKA pacmmpen nByMs IOTONHHUTETBHBIMH

82



Coseros I1.H. HOREC: koMOHISTOp CHELHMATH3UPOBAHHbIX PETYISIPHBIX BEIPAKCHHUH JUTS TPOSKTUPOBAHHS MPOrPaMMHUPYEMOii U
pecypcoabexTHBHOI anmapatHot apxuTekTypsl. Ipyost UCIT PAH, 2025, Tom 37 Beim. 4, 9acts 1, c. 79-96.

CHUMBOJIAMH, Ha3bIBaeMbIMU R-cuMBOjamMu. DTO CHUMBOJEI repset u repsetq ¢ apryMeHTamu.
AprymenT C 3a1aeT MHOXKECTBO CHMBOJIOB, & N — YHCIJIO TIOBTOPCHHIA:

1) repset(C, N) mus PB Buma [C]{N}.

2) repsetq(C, N) mis PB Buma [C]{0,N}.
Ha cragum Lower, kak noka3zaHo Ha puc. 2, AST-y31bl [uisl pa3IMuHbIX TUIIOB KBaHTH()UKATOPOB
CBOJSITCSI K YHUBEPCAJIBHOMY Y3Iy rep, MpH 3TOM 4YacTHBIE CIy4ad IOBTOPEHHUH MHOKECTB

CHMBOJIOB OITMCBHIBAIOTCSI ¢ HOMOIIBIO R-y310B repset m repsetq, KOTopble NpH JambHEHIICH
tpaHcisinuy B R-HKA cranoBsitess R-cumBonamu.

star(X) = rep(X, 0, 00)
plus(X) =rep(X,1,00)
opt(X) =rep(X,0,1)
rep(cset(C), N, oo) = seq(repset(C, N), rep(cset(C), 0, 00))
rep(cset(C), N, int(M)) = seq(repset(C, N), repsetq(C, M — N))

Puc. 2. [Ipasuna nepenucvléanus 01 KGAHMUDUKAMOPOS.
Fig. 2. Rewriting rules for quantifiers.

Jnst moctpoenus R-HKA ucnonb3yercs moaxoa Ha OCHOBE YaCTHBIX MPOU3BOJIHBIX AHTUMHUPOBA.
OTOT MoAX0 I, Kak mokasaHo B [9], mo3Bomsger moryunts HKA 6e3 e-mepexonoB, B otiamuue ot HKA
TommcoHa, a Takke OAeT B CPEOHEM pE3ylbTaT ¢ MEHBUIMM YHUCIOM cocTosiHuM, ueM HKA
I'mymkosa.

B opurunansaom anropurtme nocrtpoenuss HKA wu3 [6] kmoueByro posb urpaer ¢yHkuus 1f
(ymHeitHAS popma):

Ifit = {(cy, t1), .. }-

3nech t mpezacTaBisieT coboit Hekotopoe PB B mpenctaBnennu AST, a ouepennas mapa (c;,t;)
OTIMCHIBAET HEJIETEPMUHUPOBAHHBIN MEPEXO] B COCTOSIHUE t; IO CUMBOIY C;.

IMpu nocrpoennn R-HKA wucnone3yercs ¢ynkumsi after, pacmmpsitomas ¢yHkuuto 1f ais
MIOJICPKKA Y3JIOB rep, repset u repsetq. Ha puc. 3 mokaszano onpenenenue ¢pyHkuuu after, a
TaKKe IPUBEICHBI IIPaBIJIa JJIsl BCIOMOTATeIFHOTO IpeauKaTa nullable, Bo3Bpamatomiero 1, eciu
€ro apryMeHT JIOIyCKaeT MyCTyto CTpoKy. bunapHas oneparus (O onpejenena B [6].

after(e) = @ nullable(e) =1
after(rep(X,0,0)) = @ nullable(cset(C)) =
after(repset(C,0)) = @ nullable(rep(X,0,M)) =1
after(repsetq(C,0)) = @ nullable(rep(X, N, M)) = nullable(X), N # 0
after(repset(C, N)) = {(t,e)}, N #0 nullable(repset(X,0)) = 1
after(repsetq(C, N)) = {(t,e)}, N #0 nullable(repset(C, N)) = nullable(C), N # 0
after(cset(C)) = {(c,€) |c € C} nullable(repsetq(C, N)) =1
after(rep(X, 0, 00)) = after(X) ©1 nullable(seq(X,Y)) = nullable(X) A nullable(Y")
after(rep(X, 0,int(M))) = after(rep(X, 1, M)) nullable(alt(X,Y)) = nullable(X) V nullable(Y)
after(alt(X,Y)) = after(X) U after(Y)
after(seq(X,Y")) = after(X) ® Y, -nullable(X)
after(seq(X,Y)) = (after(X) @ Y) U after(Y), nullable(X)
after(rep(X, N, int(M))) = after(X) ©@rep(X, N —1,M — 1), N #0
after(rep(X, N, 00)) = after(X) ®rep(X, N —1,00),N # 0

Puc. 3. @ynxyus after ons nocmpoernus nepexooos R-HKA.
Fig. 3. After function for constructing R-NFA transitions.

B nonygennom R-HKA R-y3mbl repset u repsetq craHOBiTCS R-cuMBOaMu, MO KOTOPBIM
OCYUIECTBIISIIOTCS [IEPEXO0/IbI, KaK MOKa3aHO Ha puc. 4a.

83



Sovietov P.N. HOREC: a Specialized Regular Expression Compiler for Designing Programmable and Resource-Efficient Hardware
Acrchitecture. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025. pp. 79-96.

b{100}

a{e,100}

a) 0)

‘a’ p ht
c>8; o c =0 ¢ >80 c—-

& /_a_\ I "
REPSETQ 0 =

C: T ! —

B)
Puc. 4. Ilpumep mpancrayuu PB a{0,100}b{100}:
a) R-HKA; 6) R-/[KA; 8) ynpasnarowuii epagh c vl0enenHbiM cuemuuxom C.
Fig. 4. Example of translation of RE a{@, 1600}b{160}:
a) R-NFA; b) R-DFA; c) control flow graph with dedicated counter c.

HononuutensHo BbimojHsAeTcst ctaaus Alpha mis cokpamienuns uncna mepexomoB B R-HKA.
Co3pmaercst TabnMIa MHOXKECTB CHMBOJIOB. DJIEMEHTaMU HOBOTO an()aBUTa CTAHOBATCSI MHICKCHI
MHO’KECTB CHMBOJIOB M3 3TOH TaOIHIBL. {715t OydeHHs TabIHIBI CO3aeTCst MHOXKECTBO S, KOTOpOE
COCTOHUT U3 OJHORJIEMEHTHBIX ITOJMHOXXECTB, COAEPKAalINX CHMBOJBI MCXOAHOTO andaBHTa, 3a
UCKJIIOYEHHEM CHMBOJIOB KpAaTHBIX MEpPEXOmoB (IS OXHOH M TOW K€ Tapbl COCTOSHHIA),
00BENHAEMBIX B 00IIEE TOIMHOKECTBO. 3a/1aua CO3AaHIs TAOIHIIBI CBOIUTCS K 33a4€ IOyICHHS
Ha OCHOBE S MHOKECTBa MUHUMAIBLHON MOLIHOCTHU S', 00I8/Iaf0IIET0 CIIEAYIONMMA CBOHCTBAMH:

e DyeMeHTHI S’ MOMApHO HE TEPECcEKAIOTCS.

L] Ka)K,HLIfI 3JICMCHT S Hpe}lCTaBHM KaK O6’beILI/IHeHI/Ie OHOI'0O UJINU HECKOJIBKUX 3JICMCHTOB
!
nS.

Ora 3a1a4a permaeTcs ¢ IOMOLIBI0 anroputMa Minterms u3 [7].

B kommusitope HOREC noanepxuBaetcst pesxuM conocTaBieHus (match), a He mowucka (search) ¢
HEsIBHOH BCTaBKOH *. B Hauasno PB. IToaToMy sIKOpb ~ MOXKET SIBHO pa3MeLIaThCs TOJIBKO B Hadyalle
PB u Hanmuue 3TOro sSIkops B MpoLecce KOMIMUIISLMHA UTHOPUPYETCSI.

Jnst peanuzanuu sikopst $ ucnosb3yercss AST-y3en eof U COOTBETCTBYIOIIMHA €My CHEHaIbHBIH
cumBon pacmupeHHbix  angasutoB R-HKA u R-JIKA. Kommumsiimst eof mpou3BoauTCS
aHaJOrn4HeIM R-y3mam 00pa3oM M TO3TOMY B LENsSX JKOHOMHHM 0O0beMa CTaThU Jajiee He
paccMaTpHBaeTCs.

4. lNocmpoeHue R-[JKA

Jna cokpamieHust BEIYUCIUTEIBHON CIIOXKHOCTH COIocTaBieHUs ¢ PB HeoOxommMo mepeité oT
mozemn R-HKA x R-ZIKA. Onaum u3 crmocoboB 3TO caenaTh ABISETCS MpeBapUTeIbHAs MOTHAS
pacKkpyTKa BCEX COCTOSIHHH, U3BJICUEHHBIX U3 R-CHMBOJIOB, 32 KOTOPOH ClieqyeT NeTepMUHHU3AIMS
noxyuusiuerocst JIKA. Ilocie aToro ocymecTBisieTcsi CBEpTKa COCTOSIHUN 00paTHO B R-cuMBOIIBI
Tam, TJIe 3TO BO3MOXKHO. DTOT CIIOCO0 OTIIMYAETCS BEICOKOH pECypCOeMKOCThI0, 0coOeHHO st PB,
B KOTOPBIX GUTypUPYIOT HHTEPBAIbHBIE KBAHTH()HUKATOPHI C OOJIBIINM YHCIIOM ITOBTOPEHUH.

B xommunsatope HOREC nst nonyuenust R-JIKA ncnons3yercs paciiupeHHbII BADUAHT allrOpUTMa
KOHCTPYKLIUU MOJMHOXECTB, B KOTOPOM PAaCKpPYTKa COCTOSIHUN Uil R-CHMBONOB NpOU3BOAUTCS
MOIIAr0BO ¥ MO HEOOXOIUMOCTH.

Ha puc. 5 nokasan nceBnoko pyHKuuu unroll, kotopast npuHuMaeT Ha BxoJ rpad R-HKA (G) n
¢yHKIMI0 IepexonoB (M), 3a1aHHyO Ul TEKYILIETO COCTOSHMS, pacCMaTpHBaeMoro B Iporecce
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nerepMuHu3aiuu. PesynbraToM unroll siBisieTcss HOBas (YHKIHSA IEPEXOIOB, C BO3MOXKHOM
YaCTUYHOM pacKpyTKou J1si R-cuMBOJIOB.

1:
2

3

4:
5:
6.
7
8;
9

10:
11:
12:
13:

14:
15:

function UNROLL(G, M) 16: function UNROLL _MOVES(G, M)
match dom(M) do 17: M«
case {repset(C, N)} AN > MIN_N 18: for each (c,s) € M do
return M 19: M’ + merge(M’, unroll_char(G, c, s))
case {r} A7 =repsetq(C,N) AN > MIN_N return M’
M« @

for each e € M(r) do

M' < merge(M’, unroll moves(G,G(e)))
if set(C) Ndom(M’) = & then

s+ new_state(G, M’)

return {(r, {s})}

else
return unroll_moves(G, M)
case
return unroll_moves(G, M)

Puc. 5. Ilceedokoo ancopumma packpymxu cocmosinul 0ns R-cumeonos.
Fig. 5. Pseudocode of the state unrolling algorithm for R-symbols.

Jeranu peanuzanuu QyHKIUN unroll:

Cmpoxa 2. ComocTaBjieHue ¢ 00JaCThIO OIIpCACIICHUA M — MHOXECTBOM CHMBOIJIOB, I10
KOTOPBIM BO3MOZKHBI IIEPEXOJbI U3 TCKYLICTO COCTOSAHUA.

Cmpoxu 3—4. Ciyuail, KorJia UIMeeTCsl € IMHCTBEHHBIH Mepexo/1 o CUMBOJY repset.
OTOT nepexo. ABISIETCS IeTePMUHUPOBAHHBIM U JajbHEHIIIeH pacKpyTKU MOBTOPSEMBIX
COCTOSIHUI He IIPOU3BOJUTCS B CIIydae, €CIIM YUCIO UTepaluii He MEHbIIE 3HAUCHUS
apXUTEKTypHOro napamerpa MIN_N. IIpumepom Takoro nepexona sBISETCS MEPEX0] U3
coctosiuus 1 Ha puc. 40.

Cmpoxu 5-13. Cny4aii, KOr1a UMEeTCsl €IUHCTBEHHBIHN Mepexo/ mo R-cuMBoiy repsetq.
3/1ech BO3MOKEH PaHHUI BBIXOJI [0 OJJHOMY U3 CHMBOJIOB, PACIIO3HABAEMBIX B
MHOK€ECTBE IIEJIEBBIX COCTOSHIMIM 13 M ().

Cmpoxu 6-8. Ctpoutcs GpyHkums M' 1 HOBOro 06LIETO LENEBOro cocTosHus. Ipu
3TOM OT/ICTIbHBIE 1IEJIEBBIE COCTOSIHUS C MOMOIIBI0 QyHKIMK unroll_moves
PaCKpy4YHBAIOTCS HA OAWH Iar. OyHKIUs merge 00beIUHSCT ABe (DYHKIMU TIEPEXO/I0B,
TO €CTh JIBA MHOXKECTBA Map (CMMBOJI, MHOYKECTBO I[CJIEBBIX COCTOSHHN).

Cmpoxu 9-11. Ecnu MHOXECTBO CUMBOJIOB U3 apryMeHTa repsetq U MHOXKECTBO
CHMBOJIOB IIEPEX0I0B U3 M’ He IepeceKaroTCs, TO MEPEXo] 1o repsetq, O6e3 nanbHeHIIen
PacKpyTKH COCTOSIHUHN, OCYIIECTBIsIETCS B co3aHHOe (PyHKIMS new_state) obmiee
LEJIEBOE COCTOSIHKE, JUI KOTOPOI'o 3a4aHbl Iepexo sl u3 M'. I1lar pacKpyTKU U CO3/1aHUe
HOBOTO COCTOSIHUSI HEOOXO/IMMBI JIJISl TOr0, YTOOBI HE BO3HHKIIO CUTYAI[MH PAHHErO
BBIXO/1a 110 R-ciMBoITY, TpeOyroliei creruaibHoi 00paboTKy.

Cmpoxu 12-15. Crygan, KorJa MOBTOPSIEMBIE COCTOSHIS PACKPyYUBAIOTCS Ha OJWH IIaT.

Cmpoxku 16-20. ®ynkuus unroll_moves npunuMaet Ha Bxon rpad R-HKA (G) u
¢yHKIMI0 IepexonoB (M) 1 TeKyIero cocTostuus. Pe3ynbraTom sBiseTcst HoBas
GyHKIHs nepexoq0B M', T A1 KaKI0ro CUMBOJIA BO3MOKHBIE TIOBTOPAEMbIE
COCTOSIHHSI paCKpy4€eHBI Ha OJIMH IIar.

IIceBnokon ¢ynkiwm unroll_char mpuBeneH Ha puc. 6. OTa QyHKIUSI IPUHIMAET Ha BXOA Tpad
R-HKA (G), cuMBOXI ¢ 1 MHOXKECTBO IIEJIEBBIX COCTOSIHMU S. Pe3ynpratom paboTsl unroll_char
SABIISIETCA (PYHKITUS IEPEXO0I0B IS CHMBOJIA C, B KOTOPOIl IOBTOPSEMBIE COCTOSIHUS PACKPYUYCHBI Ha
omuH mar. Ciegayer OTMETHTh HCIIOJb30BaHME peKypcuu B unroll_char (ctpoka 13).
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PexkypcuBHBIN BBI30B HYXEH A 0OpabOTKH CiIy4aeB, KOTZIa CHMBOJBI IIEPEXOI0B IIETECBBIX

COCTOSIHUH TOXe ABISIOTCA R-cuMBosiamMu. DTO NpUYMHA MOSABICHUS nepexona 3 5 1 Ha puc. 40.
Cnyyan OecKkOHEUHOH peKypcur Ha HeTHNUYHBIX PB Buma (x{0,4})* BBIABIAIOTCS Ha JTame
KOMIUJISIIHH.

1: funetion UNROLL CHAR(G, ¢, 8)

2 match c do

3 case repset(C, N)

4 if N > 1 then

5 s + {new_state(G, {(repset(C, N — 1),s)})}
6: return {(¢/,s) | € C}

7 case repsetq(C, N)

8 s s

9: if N > 1 then

10: s + {new_state(G, {(repsetq(C, N —1),s)})}
11 M {(d,s)|¢ € C}

12: for each e € s’ do

13: M <+ merge(M, unroll_moves(G, G(e)))

14: return M

15: case

16: return {(c, s)}

Puc. 6. Ilcesookoo ¢pynxyuu unroll_char.
Fig. 6. Pseudocode of the unrol L_char function.

Janee R-JIKA MuHUMM3HpYyeTCsl ¢ mOMoLIbi0 ajroputMma bpykososckoro [8]. Dror mpoctoit
QITOPUTM IPUMEHseTCs 0e3 MOIUMUKALIMIA, B TOM YHCIIE H JUTA IEPEX0A0B o R-ciuMBoOIaM.

B Hexoropeix PB R-cuMmBOn B mpouecce NETEpMUHU3ALUU IIOJHOCTBIO PAaCKpydHUBAETCA B
OTJENbHBIE COCTOSHUS. J[Ba TUIMMYHBIX TpuMmepa PB, rae 3To npoucxoaut:

1) .*a{1e0}.
2) a{e,100}a.
Jlyist IepBOTrO MpHMEpPa BO3MOKHO BBEJEHHME HOBOro THma R-cumBosia. Tem He MeHee, B 00IeM

ciyyae noucka ¢ npedukcom . * mis JIKA 3arpynHurensHO u30exaTh KOMOMHATOPHOTO B3pbIBA
coctossHUM. J{J1 BTOPOTO IprMepa BO3MOXKHO HCIIOIBb30BaHKE MTPABHII NEPEIHCHIBAHMS BH A

C{0,N}C = C{1,N + 1}.

5. FleHepamop KoOda

Ha srane renepanuu kona rpag R-/IKA tpaHcnupyercs B ynpasisiomuil rpad, npuMep KOTOporo
mokasaH Ha puc. 4B. OcymecTBiserca psJ ONTHMH3ALMN yIpaBisdiomero rpaga u Ha
3aKJIIOYUTENIBHOM 3Talle CO3AeTCs CIIUCOK KOMaHI.

Komanna BrirtovaeT B ce0st CiieAyroLIre ToJs:

e op. Ko onepanumn.

e chars. MaccuB KOJOB — HHIEKCOB TaOJUIIbI MHOYKECTB CUMBOJIOB.
e jumps. MaccuB afpecoB NepexoI0B, TOM e ATUHBL, UTO U chars.
e counter. 3HaueHHE CYETUYMKA IHUKJIA JI1 R-CUMBOJIOB.

e breaks. byneB maccuB st KOMaH 6l REPSETQ, B KOTOpOM | 110 HHIEKCY §
CUTHAJIM3UPYET O PaHHEM BBIXOJIE U3 LIMKJIA, IEPEX0/Ie MO KOy U3 chars ¢ TeM xe
WHJIEKCOM 1.

L4 is_end. ®ar JOITYyCKAIoIIEro COCTOAHNA aBTOMAaTa.

IIpumep pesynbraTta Tpancaauuu i PB TO[~\n]{0, 100} \n:
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# op chars jumps counter breaks
@ NEXT [3] [1] o []
1 NEXT [2] [2] o0 []
2 NEXT [e, 1, 2, 3] [4, 3, 3, 3] o0 []
3 REPSETQ [1, 2, 3, @] [5, 5, 5, 4] 98 [0, o,
4 NEXT [] [] e []
5 NEXT [0] [4] []

Komanpa NEXT — nepexon B pexxume o0branoro JIKA. AndaBut 3KOHOMHO 3aKOAMPOBAH, II03TOMY
B CTpOKax 2 W 3 Juisi MHOXECTBa CUMBOJIOB [~\n] umeercsa Toibko 4 mepexona. Tem He MeHee,
konam {1,2,3} B cTpoke 2 COOTBETCTBYET 00N aapec 3, a B CTPOKE 3 Te )K€ KOJBI 33/1a10T IIePeX0/1
1o o01eMy aapecy 5, TO €CTh YHCIIO NEPEX0I0B B HEKOTOPHIX KOMaHAaX 3TOH MpOrpaMMbl MOKHO
COKpATHTb.
Hns ycrpanenus 5Toil m30biTouHocTH B Kommwiatope HOREC wucnonb3yercst aiaropurm,
MICEBIOKO]] KOTOPOTo MoKa3aH Ha puc. 7. KiroueBas ujest aropurma COCTOUT B HAXOXKACHUH CPEaU
3JIEMEHTOB chars Takoro HmoAMHO)kecTBa (, 3JIEMEHTHI KOTOPOTO 3aJal0T Iepexoj Mo oO0memMy
aapecy j. Ilpu 3ToM 3ameHa MHOxecTBa C €IWHCTBEHHBIM KOJOM M JOJDKHA MPUBOAMUTH K
COKpAICHUI0 MaKCUMaJIbHOW JUIMHBI NOJst chars Bcedl mporpammbl. TakuM oOpa3oM coziaercs
BO3MOJKHOCTB TI€pexo/ia Ha popMaT KOMaH/Ibl MEHBIICH JITHHBI.

1: function REDUCE_TRANS(P, A)
2 loop 9:
3 C,n + group_cset(P, A) 10:
4: if |C'| < 2 then 11:
5 return P, A 12:
6 P + replace_cset(P,C,n) 13:
7 An]« | A 14:
vieC 15:

23:

8: function GROUP_CSET(P, A)

W 4 max({|p.chars| | p € P})
S+ o
Co+ @
for each p € P do
if |p.chars| = W then
J 4+ most_{req(p.jumps)

S+ SuU{{p.chars[i]|i € {0,..

else
C, « C, Uset(p.chars)
C+ ) s
VseS

U+ C—-0C,
n 4+ |A|
if |UU] # 0 then

n + min(U)
return C, n

Puc. 7. I[Iceeookoo ancopumma Trans-opt.
Fig. 7. Pseudocode of the Trans-opt algorithm.

. W — 1} A p.jumps[i] = j}}

O®yHkMs reduce_trans INPUHUMAET Ha BXOJ IporpamMmy P B BHUJE CIMCKa KOMaHJ, a TaKkKe
TabJIUIy MHOXECTB CHMBOJIOB A, MONydYeHHyR Ha cragud kommwisimu Alpha. Pesympratom
paboThI ATOM (yHKIMHU ABIAIOTCS HOBast porpamMma P’ u HoBas Tabnuna A’

Jeramu pabotel pyHKIMM reduce_trans:

Cmpoxu 3-5. @yHknus reduce_trans sBISETCS UTEPATUBHOW U BBIIOIHIETCS JI0 TEX
op, TIOKa o4epeIHoe MHOXKECTBO C, HaliIecHHOe QYHKIMEH group_cset, 1ieecoo0pa3Ho

(IC] > 1) 3amenuts KOIOM N.

Cmpoxa 6. B byHkimu replace_cset ocymecTBiseTcs 3aMeHa MHOkecTBa C,
HalJICHHOT'O CpEeU 3JIEMEHTOB T0JIsl chars KOMaH 1 IporpaMMbl, Ha KO M.

Cmpoxa 7. B Tabnuity A 10 MHIEKCY N 3aHOCHTCS] MHOKECTBO BCEX MCXOIHBIX
CHMBOJIOB, COOTBETCTBYIOIIKX KoJaM u3 C.

OyHKLMS group_cset:

Cmpoxa 9. 3nauenne W — makcuMaibHas ATHMHA chars cpein BCeX KOMaHA MPOTPaMMEI,
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3Ty IJIMHY TpeOyeTcs] yMEHBIIHUTb.

o Cmpoku 10-11. S u C — 1Ba MHOXKECTBA, TTOJTydaeMbIe Jajiee U3 AJIEMEHTOB chars
OT/EJILHBIX KOMaH/I.

e  Cmpoxu 12-17. OcymecTBIIeTcs MPOCMOTP BCEX KOMAH[ IIPOTPaMMBIL.

e Cmpoxu 13-15. Eciin mrHA chars oka3anack MaKCHMAIBHOM, TO B S 10o0aBiIIeTCs HOBOE
MHO>KECTBO, KOTOPOE COCTOUT U3 T€X KOJOB chars, KOTOpbIC YKa3bIBAalOT HA OAUH U TOT
ke anpec repexona j. [lpu aTom j ompenensercs, kak HanOoJiee YacTO BCTPEUAIOIIHICS
aznpec B jumps (dpyHKIms most_freq).

e Cmpoku 16-17. B npoTUBHOM Clly4ae MHOXeCTBO U3 chars nobasinsiercs B C.

e Cmpoka 18. MHO)ecTBO C COCTOUT U3 T€X KOJIOB, KOTOPbIE (PUTYPUPYIOT BO BCEX
JJIEMEHTax S.

e  Cmpoxku 19-23. Tlomyuns C, ocTaeTcst BRIOpaTh HOBBIH KOJ UL . DTO MOXKET OBITh
TIepBEI cCBOOOMHBIN HHACKC B A. JXKenmarenpHO MOBTOPHO UCIIOIB30BATH OJMH U3 KOJOB B
C, ipu ycIOBUH, UTO 3TOT Ko Ooiiee HUTHE HE purypupyet (cTpoka 21).

HoBelii BapraHT nporpamMmsl 171 Toro sxe PB, HO ¢ mprMeHeHHbIM peoOpa3oBaHueM Trans-opt:

# op chars jumps counter breaks is_end
@ NEXT [31] [1] o [] 0
1 NEXT [2] [2] o [] 0
2 NEXT [0, 1] [4, 3] o [] 0
3 REPSETQ [0, 1] [4, 5] 98 [1, 0] )
4 NEXT [ [] 0 [] 1
5 NEXT [e] [4] 0 [1] )

B pesynbraTe MakcHMalbHOE YHCIIO NIEPEX0JI0B B KOMaHIaX COKPAaTMIIOCh ¢ 4 10 2.

B paccmarpuBaemoM mnpumepe komaHabl ¢ aiapecamd 0 um 1 3ajgaroT MoclIenoBaTEIbHOCTD
COIIOCTABJICHUS CO CTPOKOH TO. B 3TOH CBSI3M MOJIE3HO BBECTH JIOMOJIHUTEIBHOE ITPEe0Opa30BaHIe
Path-opt, B pe3yipTaTe KOTOPOrO IOJOOHBIE IYyTH CBOPAYMBAIOTCS B HOBYIO KOMaHIy PATH,
paboTaronyro cXoIHbIM 00pa3oM ¢ REPSET:

# op chars jumps counter breaks is_end
@ PATH [2, 3] [1] 1 ] 0
1 NEXT [0, 11 [4, 2] 0 [] 0
2 REPSETQ [0, 1] [4, 3] 98 [1, 0] 0
3 NEXT [e] [4] 0 [] )
4 NEXT [] [1] o [] 1

B PATH kOB TIepeYHCICHBI B 00paTHOM IMTOPSAKE IS MCIIONIB30BAHMS IIPH HHICKCAIIMH CUCTUHKA
nukina. [IporpaMma teneps COAEP)KUT Ha OJHY KOMaHIy MEHBIIIE.

Jlnst cokpatieHus: yuciaa nepexo/loB B KOMaHJaX BO3MOXKHA TaKKe TPAAMLIMOHHAS ONTHUMM3AIMs
BETBJICHUI, IPU KOTOPOI1 IIEpeXo1 10 ajipecy CleAyIoIel KoMaH bl (pC + 1) IBHO HE YKa3bIBAETCSI.

6. MpozpamMmHasi MoOesib annapamHo20 yCKopumess

[IporpammHOe MozenupoBaHMe comocTaBileHus ¢ PB  ocymectBigercs ¢ IOMOIIBIO
uHTEpIpeTaropa match, INceBIOKOX KOTOpOro mokasaH Ha puc. 8. Ha Bxox ¢ynkmum match
HoJIaeTcs CKOMITIIIMPOBaHHas iporpamma P B popmate IR, Tabiniia MHOXKECTB CHMBOJIOB A M TEKCT
T. ®ynkuust Bo3BpamiaeT OyJeBO 3HaueHHE pe3yibTara COIOCTaBIeHMsA. B peamuzanuu Match
UCTIONB3YIOTCSL  JIETKOBECHBIE OMEpaluy, JOMYyCKAIOUIHMEe HEMOCPEACTBEHHYIO —amapaTHYo
peanu3anuo.
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1: funection marcH(P, A, T) 17: match p.op do

2 pos, ¢, pc,in_loop + 0,0, 0, false 18: case NEXT

3 loop 19; pe + p.jumpsi|

4 p < Plpc] 20: case PATH | REPSET

5 if p.is_end then 21 if ¢ = O then

& return true 22 in loop « false

7: if pos > [T| then 23: pe + p.jumps|0]

8: return p.is_eof 24: else

9: if pop € {PATH,REPSET,REPSETQ} A 3. cec—1
—in_loop then 26 case REPSETQ

10: ¢ ¢ p.counter 27 if ¢ = 0 V p.breaks|i] then

11: in loop 4+ true 28: in_loop <+ false

12: C' « p.chars 29: pc < p.jumpsi]

13: if p.op = PATH then 30: else

14: C«Clc:ec+1] 31 c—c—1

1s: if (i := get_index(A, C, Tpos)) = L then 3z pos < pos +1

16: return false

Puc. 8. llcesooxoo gpynxyuu match.
Fig. 8. Pseudocode of the match function.

[Moapo6HoCcTH paboThl hyHKIMH match:

e Cmpoxka . IHUIManu3anys COCTOSHUSA UHTEPIIPETaTOpa: MO3ULHUA pos B T, CUSTUHK
IIUKJIA C, CYSTYMK KOMAHA pc U (Jar pe’kuMa BBIIOJHEHNS UKiIa in_loop.

o  Cmpoxu 3-5. Beibopka ouepeHO KOMaH/IbI p U YCIICIIHBINA BBIXOJ IPH JOCTHKCHUU
JIOITYCKAIOIETO COCTOSHUSA (is_end).

o  Cmpoxu 7-8. BBIX0[I ITO 3aBEPIIECHUIO IPOCMOTPa T. ITOT BBIXOJI ABJISETCS YCIIEIIHBIM,
€CIIM TEeKyIIasi KOMaH/Ia COAEPXKHUT MEPEXO01 1Mo Ikopio $ (is_eof).

e Cmpoxu 9-11. IloaroToBKa HOBOTO IUKJIA.

e Cmpoxu 12-16. Conocrasnenue BXoHOro cuMBoJia Tpog € 21eMeHTamu chars. B ciydae
KOMaHJIbl PATH JUIsl CONOCTaBIICHUS TIEPEIACTCsI SIUHCTBEHHBII JIEMEeHT chars 1o
HHJCKCY, YKa3aHHOMY B cueT4yrke nukiaa. OyHkuus get_index Bo3BpamaeT HHACKC i B
maccuse chars, ecimn Tpo5 € A, 1 n = chars[i].

o  Cmpoxu 18-19. Komanna NEXT. be3ycroBHEIH mepexo.

o  Cmpoxu 20-25. Komanapl PATH 11 REPSET (yHKIMOHHPYIOT OJIMHAKOBO, MOCKOJIBKY KOJIbI
chars B cirygae PATH pa3MeIIeHBI B 00paTHOM IOPSIIKE.

o Cmpoxu 26-31. Komanna REPSETQ aHanorn4na REPSET, HO OJICP)KUBAET TAKXKe
panHuit BeIx0 u3 nukna npu breaks[i] = 1.

Oco0eHHOCTRIO alNapaTHO# peanu3anun get_index sBisieTcs mapajuiesbHas IPOBEPKA BXOAHOTO
CHMBOJIa Ha NPHHAUIEKHOCTh OJHOMY M3 MHOKECTB, MHAEKCHl KOTOPBIX yKazaHbl B chars. [Ipu
9TOM JIA MPEACTABIICHUA MHOXKECTB B Ta6m/me A HCIIOJIB3YIOTCA OHUTOBBIE BEKTOpA.

Ha puc. 9 npezncraBieHbl OCHOBHBIE KOMIIOHEHTHI apXUTEKTYPHI allapaTHOTO YCKOPHUTEIS C TOUYKH
3peHust pa3paboTyMka KoMmmwisiTopa. Ha BXox yckopuTens IOCTyHaeT IIOTOK JaHHBIX, a
COIOCTABJICHHE OCYIIECTBIISIETCS ¢ MOMOIIBIO MapajlieibHo padoTaromux saep Match, kaxmnoe u3
KOTOPBIX OCYLIECTBIISIET COMOCTABICHHE OHOTO CKOMIMIMpoBanHoro PB. ¥V sxpa Match umeercs
JOKJIbHAs NaMATh Ul XpaHEHHS CKOMIWINPOBaHHOTO PB u XpaHeHMs TaOJIUIBI MHOXECTB
cUMBOJIOB. B cocTaBe YCKOPHUTEIIA HAXOUTCA TAKKE riao0anbHas MaMsITh JUTA 4aCTO UCIOJIB3yEMBIX
Tabmu MHOXKECTB cHUMBOJIOB. Co ctopoHsl CPU ocymecTBusercss HacTpoiKa YCKOPHTENS H
oOHOBIIeHHE HabOpa CKOMIMJIMPOBAHHBIX MMPOTpaMM, a caM yckopurens curHanusupyer CPU o
(hakTe yCHENIHOrO CONOCTABICHHS.

89



Sovietov P.N. HOREC: a Specialized Regular Expression Compiler for Designing Programmable and Resource-Efficient Hardware
Acrchitecture. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025. pp. 79-96.

Jloxanbnas
Match [+
naMATh
Hacrtpoiika, onoperenne
Taxubie Match || JloxkampHas
Tnobansuas namMATh CPU
] - -
namsTh
JlokanbHas
Match
TIAMATD

Puc. 9. Cxema ocHO8HBIX KOMNOHEHMOB8 ANNAPAMHO20 YCKOPUMEL.
Fig. 9. Scheme of the main components of the hardware accelerator.

IIpencraBneHHOM apXUTEKType ammapaTHOrO YCKOPUTENIS COOTBETCTBYET MHOXECTBO BapHaHTOB
€ro BO3MOYKHOM MUKPOApXHUTEKTYPBI. IIpr 5TOM MUKPOapXUTEKTYpHOE MPOEKTUPOBAHUE OKA3BIBAET
oOpaTHOE BIMSHHUE HAa apXUTEKTYpy. B 3TO CBA3M BaXKHO NMPOM3BOAUTH C IIOMOIIBI0 KOMITMIATOPA
MIOUCK B IPOCTPAHCTBE aPXUTEKTYPHBIX BAPHAHTOB NIPOrPAMMHOI MOJIENIH YCKOPUTEIS.

Cpenn mapaMeTpoB, ONKCBHIBAIOLINX APXUTEKTYpPHBIA BapHUaHT YCKOPUTENS, MOXHO BBIIEIUTH
CIeLyIoUue:

e Pasmepsl T0KaIbHOM ¥ TTI00ATEHON TAMSTH IS TPOrPaAMM U TaOJIHIIL.
e Pa3Mepsl nojei KoMaH/I.

e MakcuManpHOe 3Ha4eHUE CUSTYNKA UKIIOB. [{MKIIbl, MMeromue Oolibliee YHCIIo
UTEpaLHid, MOTYT OBITh Pa30MTHI HA HECKOJIBKO KOMaH]I.

e ®dopwmar komanasl. Ha ypoBHe IR xoMaH1a MOKET UMETh HEOTPAaHUYEHHOE YUCIIO
HNEPEX0A0B, KOTOPBIE ONPEAEIAIOTCA B NOIAX chars, jumps u breaks. IIpu anmaparHoit
peanu3anyy HeoOX0 MO 3a(h)MKCHPOBATh MAKCUMAJIBHO JOIYCTUMOE YHCIIO NTEPEX0/I0B.
Bo3moxeH Takke BEIOOp M3 HECKOJIBKUX (pOPMATOB KOMaHb! (PUKCUPOBAHHOM JITHHBI.
Hanpumep, juist komanp1 NEXT MOTYT OBITH CO3JJaHBI €€ alapaTHbIe BApHAHTHI B BUIE
NEXT4 (10 4 mepexo10B B KoMaH ie), NEXT8 (10 8 mepexo/10B) U Tak Jaliee.

e PexuM nocnenoBatensHOro conocrasienus. [Ipu koTopom, Hanpumep, 1Be
MOCJIeI0BaTeNIbHbIe KOMaH/{bl NEXT4 MOTYT OBITh HCHOJIb30BaHbl BMECTO OJJHOW KOMAHIbI
NEXT8. HeynauHoe comocraBiieHHe B IepBoil NEXT4 mpu cOpOIIEHHOM CIIeIHAIEHOM
(hmare final_match mo3BosgeT mepeiTH K BHITOIHEHUIO BTOPO KOMAH/IBI.
AHaIOTMYHBIA HOAX0H MOKET UCIIOIB30BATHLCS TSI KOMaHALI PATH.

7. QkcnepumMeHmMarnbHble oueHKku komnunsmopa HOREC

B pamkax skcrepMMeHTa HCIIOJB30BaH OTKPBITHIM Habop mpaBwil aiust oOHapyxeHus yrpo3 ET
OPEN [10], u3 xotoporo ussneuersl PB, HaunHatotuecs ¢ ~. Moaudukatopsl PB HrHOPHPYIOTCS.
Kommusitop HOREC onenuBacs B TecToOBO# KoH(pHUTypali ¢ Ha ocHoBe mnporeccopa Core 17-
37703.40 I'Tu, 32 I'b O3V u Python 3.13.1.

Ob6uue ceenerns 06 n3pnedeHHOM Habope PB m pesyipraTax KOMOMISAINY NPUBEICHH! B Tabm. 1.
CrnenyeTr OTMETHTh, YTO WHTEpBaJbHBIE KBaHTHU(HUKATOpHl B Habope PB, 3a mckmouennem 13
CJIO)KHBIX TOJBBIPAXCHHUH, MOBTOPSIOT TOJHKO MHOXECTBa CHMBOJOB, TO €CTh BBICTYIAIOT B
Ka4yecTBe KaHIUIaToB B R-CHMBOJIBI.

Kak mokazano ma puc. 10a, B Bapmante wncmoip3oBaHus R-JIKA c onrtummsanumeii Path-opt
JIOCTATOYHO JIOKAJFHOM MaMATH Koja Ha 16 komaHz, uToObl momuepxatb 75% PB. Ilpu stom
ucromnb3yeTcs B 3 pasa Oosbliie mporpamm, 4em jurs 6azosoro KA.

Ha puc. 106 BeiOpans! PB, comepkamue nHTepBanbHbIe KBaHTH(PHUKATOPEL. 31ech Ooyee 3aMeTeH
a¢pdext ot mpumeHerns R-JIKA, gem Ha mpensiaymeM rpaduke: NMpH OTpaHHYEHHUH O0OBeMa
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JIOKJIBHOHM MaMsTH Koja B 32 KoMaHbI ucronb3oBanue R-JIKA mo3BomnseT momaepxaTrsh B 2 paza
Oosnbiie mporpamm, yeM 6a3oBbii JIKA.

Tabn. 1. Pesynomamuor komnunsayuu PB u3 nabopa npasun ET OPEN.
Table 1. Results of RE compilation from ET OPEN ruleset.

IMapamertp 3HaveHue
Bcero PB 7647
JIumut Ha KoMmuutsmio ogHoro PB, ¢ 10
CxomnunupoBanHbix PB 7234
CxomnunupoBanHbix PB ¢ {} 1455
CxommnunupoBanubix PB ¢ [1{} 1442
Bcero MHOXecCTB B Tabaumax 101473
VHUKaJIBHBIX MHOXECTB B Ta0JIAIAX 4220
Makc. 3HaUYeHNE CYETUYNKA [IAKIIA 999
70001 (— kA I aKa
6000 1 =1 R-IIKA — 00 1 3 R-JIKA
[ R-JIKA, Path-opt [ R-JKA, Path-opt
g 5000 A Z
g
g g 600
S 4000 s
j=9 (=%
= =]
2 3000 A £ 400 -
3 3]
= =
2000 -
200 A
1000 H_I
0 '_'I—. T T T T 0 |Tl T T T T
2 4 8 16 32 2 4 8 16 32
Makc. JUIMHA NMporpaMMsbl, KOMaH{ Makc. JUIAHA TIporpaMMbl, KOMaH/g
a) ©)

Puc. 10. Pacnpeoenenue onun npoepamm:
a) ons obwezo nabopa PB; 6) ons PB ¢ unmepeanbhblMu K6aHmMu@dukamopamu.
Fig. 10. Distribution of program sizes:
a) for the whole set of REs; b) for REs with interval quantifiers.

Bapuant R-JIKA ¢ Path-opt, xak noka3zaso Ha puc. 11a, mo3Bossiet pasmectuts 6728 PB B 00beMe
naMsTH Koja B 65536 komana. Oto B 1,7 pa3 Gonbine, yeM st ciay4dast 6azosoro KA.

B onenkax oObema Koja HEOOXOIMMO YYHMTHIBATH HE TOJIBKO YHCJIO KOMaHJ, HO M LIMPHHY
KOMAaH[BI, KOTOpasi OIpeAesieTcs], B IEPBYIO OYepeIb, YUCIIOM ITOJIEH I BO3SMOXKHBIX IIEPEXO0JIOB.
N3 puc. 116 BugHO, uTo ontuMusanmuu Minterms u Trans-opt CYIIECTBEHHO COKPAIIalOT YHCIIO
Mepexo0oB B KOMaHAax. B dacTHocTH, /uis orpaHndeHuss B 4 mepexoma (menecoobpazHoe
OTpaHMYEHHE MIMPUHBI KOMAHIBI C TOYKH 3PEHHS ammaparypsl) BBeneHHe Minterms mo3BOJSET
pa3mecTuTh Ha yckoputele B 7 pa3 Oompmie PB, wem B 0a30BOM BapHaHTe, a COBMECTHOE
npumeHenne Minterms u Trans-0pt — B 21 pa3. [IpumeHeHne 3TUX onTUMH3AaLUK I popMara
KOMaHJbl C 4 MOIsIMM IEPEXOA0B JaeT BO3MOXKHOCTB pasMmecTuTh 60% PB. Jlna momaepixku
6oJBIIero Yrcia MpaBui MOKET OBITH MCIIONB30BAH PEKUM ITOCIIEIOBATEIHHOTO COTIOCTABIICHHUS.
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Puc. 11. Brusinue onmumuzayuii:
a) Ha obwuil 06vem Koda, 6) Ha pacnpedeneHue YUcia nepexo008 8 KOMAHOAX.
Fig. 11. Effect of optimizations:
a) on the total code size, b) on the distribution of the number of transitions in instructions.

Pacnpenenenne uucna mnepexomoB (0e3 ontumuzauuu Path-opt) B komanmax Ha puc. 12a
MOKa3bIBACT, YTO HAHOOJIEe YacTO B MPOTrpaMMax HaXOMATCs KoMaHnel ¢ 1 u 2 mepexomamu. s
9THUX TOMYJSIPHBIX CIy4aeB MOTYT OBITh CIPOEKTUPOBaHbBI CIICIHANbHbIE BapHaHThl (opmara
KOMaH/IBI.

Pacnpenencaue pasmepa TaOJHUIBI B TpOrpaMMax, MPUBEACHHOE Ha puc. 120, MOKa3bIBaCT, 4TO
HanOoJIee YacTo BCTPEUaroTCsl TAOIHIBI 3 16 MHOXKECTB, ITPH 3TOM Ta0IuIBl peako coxepxar 30 u
6onee MHOXeCTB. Ha ocHOBE 3T0i HHPOPMAIIMK MOXKHO OIPEIEINTD 00BEM JTOKUTFHOM TaMSITH JUIs
XpaHeHUs TaOIHUIIBL.

B rno6anpHON mamsTH BO3MOXKHO pa3MelieHHe TaOJuIbl ¢ HanboJiee 4acTo BCTPEUAIOIIUMHKCS B
mporpamMmax MHokecTBamH. Eciu, kak mokazaHo Ha puc. 13, riiobanpHas TabIuIa coaepxuT 256
3JIEMEHTOB, TO Pa3Mep JIOKAJIbHON MaMsATH TaOIUIIBI MOXKET OBITh COKpaiieH ¢ 62 10 10 MHOKECTB.
B nenom, Takoro poja CTaTHCTHKA, NOTydeHHas co cropoHbl koMmnuisitopa HOREC, moxer ObITh
UCTIONIb30BaHA pu TIPOEKTUPOBAHNH APXHUTEKTYPHI anmnapaTHOro YCKOPHUTEIS,
CIeIMATM3UPOBAHHOMN /17151 BEIOpaHHOTO Habopa PB.

8. 0630p cywecmeyrowjux peweHuu

B nuteparype mpeuiokeH psi MOAENeH KOHEYHOro aBToMara C J00aBIEHHBIMH CUYETYMKAMHU
LUKIJIOB JUIS COKPAIIEHUS YHCIIa COCTOSHUM, MOPOKICHHBIX HHTEPBAIBHBIMU KBaHTH()HUKATOpaMHU.
B wactHOocTH, B [11] mpennmoxkena moaenb NBVA (Nondeterministic Bit Vector Automaton),
KOTOpas, B OTIMYHE OT HacTosmed paboTsl, ocHoBana Ha HKA, TpeOyromem Oonbinero 4mcia
BBIYHCIIUTENbHBIX pecypcoB, uem [IKA. B [12] paccmarpuBaercs mozens XFA (Extended Finite
Automaton) Ha ocHOBe JIKA, He1oCTaTKOM KOTOPOH SIBIIIETCS] HU3KOTIPONU3BOAUTEIFHBIN aTOPUTM
JIETEPMUHM3AIMN, B Tpolecce paboThl KOTOpOro, B OTiaM4Me OT nerepMuHm3anmun R-HKA,
IIPOM3BOJIUTCSL TOJIHAsl pacKpyTKa cocTosHWM ¢ mukigamu. B [13] mpemmoxkena moxmens CsA
(Counting-set Automaton) ¢ HCIOJIB30BAHHEM CIOXKHOIO aJrOpUTMa JETEPMUHMU3ALNY, KOTOPBIA
npu nonyuyeHnn JJKA He Bcerna coxpanser ceMaHTHKy ucxonHoro HKA, uro He uMeer mecra B
ciydae gerepmunusanu R-HKA. B [14] onucan ynporienHsiii BapuanT CsA mox HazBanuem MCA
(Monadic Counting Automaton), B KoTopoM, kak 1 B R-JIKA, moBropeHne BO3MOXHO TOJIBKO JUIst
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KJIACCOB CHMBOJIOB. B0 BCeX 3THX MOAETAX MperonaraeTcs paboTa co MHOKECTBOM CUETYHKOB, a
HE C OJTHUM TJI00QJIbHBIM CUCTYMKOM, Kak B ciiyyae R-JIKA.
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Puc. 12. Pacnpeodenenue:
a) uucia nepexo0os 6 komandax bes ucnonvzosanus Path-opt, 6) pazmepos mabauy 6 npoepammax.
Fig. 12. Distribution of:
a) number of transitions in instruction without using Path-opt, b) table sizes in programs.
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Fig. 13. Variants of global and local table memory sizes.

MHorue CoBpeMCHHBIC aIapaTHBIC YCKOPUTEIH s PEryJSIPHBIX BBIPAXCHUH MOIICPKUBAIOT
Toinbko BapuanTtsl Mojenu HKA. [Ipu stom mnst pemennii Ha FPGA, Taknx kak [15], xapakrepen
MOJX0I Ha OCHOBE KOH(QUTYPHPYEMOCTH, a HE MPOTPaMMHPYEMOCTH, TO €CTh HCIIOJIb30BaHHE
npsamoit Tparcisimuu rpada HKA B mpencrasmenue yposus RTL. HemocraTtkoMm 3Toro moaxoma
SABIISICTCS NIUTEIbHOE BpeMs CHHTe3a KoH¢urypanuun FPGA, 4To mpemsTcTByeT OnepaTUBHOMY
0OHOBJIEHHIO Habopa peryJspHBIX BBIPAKEHWH B 3ajadax HHDOpPMAIMOHHOW 0€30MacHOCTH.
CymecTByIOT Tak)Ke aBTOMAaTHBIE IPOIECCOPHI, IIMPOKO HCHoib3yronme napamienniM HKA Ha
OCHOBE BBIYHCIICHHH B MaMATH (in-memory computing). B wacTHOCTH, apXHTEeKTypa aBTOMAaTHOTO
nporieccopa BVAP (Bit Vector Automata Processor) w3 [16] wmcnone3yer momens HKA c
CYETYNKAMU IIUKIIOB.
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[Iporpammupyembim siBisiercst  criertnporieccop Cicero u3 [17], B KOTOpOM UIsi MalIMHHOTO
MIPEACTaBICHUS PETYJISPHBIX BRIPAKEHUH MCIIONB3yeTCs OTIePaTHBHO OOHOBIISIEMBIN MPOTPaMMHBII
kox. Opnako, B ornmuume or HOREC, Cicero mcmomb3yer HaOOp KOMaHI JJIS amIlapaTHOTO
einonHeHus: HKA, a ve JIKA.

[Ipumepom ammapaTHOW apXuUTEKTYpbl, Hcmons3ytomeit IKA, sBisercs pabdora [18], B koTopoit
ommmcad mporeccop LAP (Lightweight Automata Processor), ocHoBaHHbI Ha Mozemn A-DFA
(Amortized time/bandwidth overhead DFA). Henocratkom LAP siBisieTcst oTCyTCTBHE anmnapaTHon
MOJJIEP)KKH LIMKIIOB JJIsl MHTEPBAIBHBIX KBaHTH(UKaTopoB. B [19] ommcana apxurekrypa XAV
(Xor filter, Anchor DFA, Verification). B pamkax 310l apxutektypsl cioxHsle PB pasousatorcs
Ha MHOXecTBO AKOpHbIX [IKA (Anchor DFA), copMHpOBaHHBIX U3 peryJsIpHBIX [TOBBIPaKEHUN
¢ JnobaBneHHeIM B Hawyano cumBosioMm . B HOREC Ttakue PB Takke sBustorcs
MPEATIOYTUTEIBHBIMY JUISl TPAHCISIAN, HO OHHU IPE0Opa3yoTcs B KOMIIAKTHBIE IPOTPaMMEI, a HE B
Tabmuip! JJKA.

9. 3aknroyeHue

B nacrosteit cratbe pacemotper komnwisitop HOREC, ncnonb3yeMslil B LUKIIE TPOEKTUPOBAHUS
apPXUTEKTYPBI IPOrPaMMHUPYEMOT0 allapaTHOro yckopurens noucka no PB. Onucana apxurextypa
koMmnuisTopa ¥ HoBble Mozenu R-HKA u R-JIKA, no3Bossioliye cynecTBEHHO COKPaTUTh YUCIO
COCTOSTHAH aBTOMATOB IIPH HAIWYHMH WHTEPBAIBHBIX KBAaHTH(HUKATOPOB. PaccMOTpeHBI BOIPOCH!
ONTUMU3UPYIOIIEH T'eHepaluy KoJa C HCIOJb30BaHHEM, B YACTHOCTH, HOBOI'O aJTOPUTMA I
COKpaIlleHUsI 4Hhcia IepexogoB B  KomaHjgax. OmucaH  anroput™M  HHTEpPIpETaIiy
CKOMIIMJIMPOBAHHBIX MPOTpaMM M TIPEACTaBIEH HaOOp AapXUTEKTYpPHBIX IapaMeTpoB Ui
IIPOEKTUPOBAHUS aINapaTHOTO ycKoputes. I[puBeeHsl pe3ynbTaTsl SKCIEPUMEHTAIBHON OLIEHKI
pa3paboTaHHOTO  KOMIHWJISITOpA, MOATBEPXKIAmOUIHMe pecypcod(PEeKTUBHOCTh Ha  YpOBHE
MIPOrpaMMHOM MOJIENN YCKOPUTEIS.

B nmanbheitmem mmanupyetcst pacimupenue moaeinn R-JIKA mms oOpaboTku 0OoJiee CIIOKHBIX
CIydaeB CBOpPAUMBaHUS IOBTOPSEMBIX COCTOSHUH B R-CHMBONBI, a Taike Ui TOMICPIKKH
JIOTIONTHUTENbHBIX KOHCTpYKIM PB. HMHTepec mnpenctaBiseT BO3MOXKHOCTh OOBEIMHEHUS
HECKOJBKUX aBTOMAaTOB M MOJAEP’KKAa BBI30BOB MPOLENYpP B CKOMIMIMPOBAHHBIX MpOrpaMmax.
HakoHen, mnepcrnekTHBBI HMeeT THOpHIHAs apXUTEKTypa alllapaTHOTO YCKOPHTEJNs, YacTb
MPOLECCOPHBIX 2JIEMEHTOB KOTOPOTO MOANEPKUBAET BhIoIHEHHE HA ocHOBe HKA, s crnoxHbIx
cinyyaeB PB.
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1. Introduction

In the modern world, software audit for certification purposes is becoming increasingly important.
When conducting an audit on a large amount of code, it is essential to understand the functionality
of the software under study.

However, there are often limitations:

1. The customer may not be willing to provide access to the source code for analysis due to
the fact that sections of the code are proprietary.

2. Not all functionality of the code is documented.

Due to these limitations, code analysis can be time-consuming, and there is a need for automated
methods to extract program functionality. The constraints define the object of analysis: it is binary
code.

There are many different approaches to extracting a description of the functionality implemented in
binary code. These include semantic pattern mining, semantic code clone mining and methods based
on the application of neural networks. However, existing methods have limitations due to the need
to keep databases of patterns or programs up to date for comparison, the need for debugging infor-
mation or other facilities, and the amount of time required.

This paper will investigate a method based on static and dynamic code analysis and the use of large
language models, which will allow the extraction of functionality from binary code without the need
for debugging information or pattern bases. The following sections will provide a more detailed
description of existing solutions, an overview of the method, comparison with analogues, experi-
mental results, and applicability of the method to real-world problems.

2. Related Work

One method of extracting functionality from binary code involves the identification of semantic
patterns. CAPA [1] is a well-known tool for identifying malicious code that relies on a similar data-
base of patterns referred to as "rules". CAPA facilitates the identification of the semantic character-
istics and functionality of binary code without necessitating full reverse-engineering. The tool em-
ploys a mapping process that translates low-level code attributes into high-level actions, such as
'makes a network connection', 'performs encryption’ and 'code injection’. The primary benefit of this
approach is that it enables lightweight analysis of the program. However, the approach is inherently
limited by the finite size of the rule base and the laborious process of creating such rules for complex
algorithms.

Another method of functionality extraction is the search for semantic code clones. By comparing
the program under study with code that has been shown to have known functionality, the semantics
of program fragments can be determined. Modern methods for finding semantic clones of binary
code include various approaches such as symbolic execution, graph methods, use of intermediate
representations (IR), as well as methods based on vector representations and machine learning. Tools
such as BinDiff [2] and BinHunt [3] leverage heuristics and graph representation of code to compare
its structure; however, these tools often encounter challenges when dealing with high levels of code
optimization and obfuscation. In contrast, SAFE [4], which utilizes function vectorization, has ex-
hibited both high accuracy and expeditious execution times, particularly in the context of comparing
functions compiled with disparate compilers and on disparate architectures. However, even the most
advanced methods, such as Gemini [5] and Asm2Vec [6], encounter limitations when dealing with
heavily obfuscated code. The utilization of semantic code clone mining is warranted in scenarios
where the objective is the retrieval of particular functionalities; however, the limitations that emerge
in the context of a semantic pattern database also pertain to this approach.

The following discussion will proceed by way of a further examination of methodologies associated
with the implementation of neural networks. The article "How Far Have We Gone in Stripped Binary
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Code Understanding Using Large Language Models" [7] reviews tools intended for semantic anal-
ysis of binary code using large language models and also creates a dataset to test the quality of these
tools' performance. The article describes the sequence of steps most commonly used in the studied
tools, which includes disassembling, decompiling, and neural network analysis stages. The authors
note that the most common tasks in semantic analysis at the moment include function name recovery
(tools for this task include NERO [8], NFRE [9], and SymLM [10]), and natural language generation
for binary code segments (BinT5 [11] and HexT5 [12]). As outlined in the aforementioned article,
all methods described involve a decompilation process. The employment of large language models
on decompiled code has been demonstrated to yield results that surpass the accuracy of alternative
methods by 10%. The utilization of language models on decompiled code demonstrates considerable
promise for the purpose of learning binary code. However, the granularity of the current tasks (tools
performing function-level analysis) may not be sufficient in some cases. Many binary files contain
several thousand functions, and even with correctly recovered function names and generated de-
scriptions, analyzing a binary file can take a long time. As a result, it is necessary to select semantic
kernels (code areas) that implement a certain functionality in the binary code being studied.

The authors of the tool XRefer [13, 14] perform Gemini-powered cluster analysis for the binary file
based on the metrics contained in the code. Like CAPA, XRefer is designed to analyze malware. It
is based on the use of large language models and no longer has the constraints of a rule base. The
tool can highlight any functionality. But, as mentioned, XRefer uses code metrics to analyze seman-
tics, which may not be enough to recover functionality.

This article will delve into the process of cluster analysis which is equivalent to semantic kernels
analysis, focusing on the method applied to decompiled code.

3. Method Overview

The proposed methodology in this paper is designed to determine the functionality of binary code
by dividing it into sections called semantic kernels. The method is comprised of the following
phases: first, sources for semantic kernels (functions in callgraph) are selected; second, semantic
kernels are extracted and decompiled; third, a query is sent to a large language model for all kernels;
and fourth, the functionality of the kernels is determined. The sequence of steps and the tools utilized
in each step are illustrated in Fig. 1.

Descriptions of
the functionality

Semantic of semantic
kernels kernels
' Large
Ghidra Decompilation language
angr model

Binary |:{> |:>

Fig. 1. General scheme of the method.
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3.1 Code Division into Semantic Kernels

The goal of this stage is to reduce the number of objects required for binary code analysis by dividing
the software into parts that implement specific semantics called semantic kernels. We use two types
of semantic kernels.

Let’s introduce their definitions:

1) Semantic kernel is the tree of fixed depth extracted from program’s call graph, whose
vertex is selected function.

2) Semantic kernel is the set of tracelets (partial traces of executions) that start from selected
function.

In order to accomplish code division, it is necessary to select sources from which semantic kernels
will be created. The selection of these sources is typically determined heuristically. Functions can
be utilized as initial points for the generation of semantic kernels. In this context, semantic kernels
can be considered as subgraphs of the call graph, with the vertices representing the selected sources.
Fig. 2 shows semantic kernels highlighted in different colors, each with a specific functionality. For
example, kernel 1 may be responsible for implementing a network protocol, kernel 2 may be respon-
sible for reading files of a certain format, kernel 3 may be responsible for error handling, etc.

In this paper, we choose large functions with a large number of branches, strings, and comparisons
as sources for semantic kernels. These functions often contain user data processing and are seman-
tically independent from each other.

We use the Ghidra disassembler [15] to compute the metrics required for source selection.

funct @
1

Fig. 2. Example of dividing the code into semantic kernels.

Code division into kernels is achieved in two ways as it listed before:

1. Trees of fixed depth (ranging from 2 to 3) are chosen from the call graph, whose vertices
are the selected sources.
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2. Angr [16] is used to generate artificial execution traces starting at the selected sources.
The process of generating trails is as follows. First, the entry point of the selected function
is taken to create a semantic kernel. Then instructions are taken for this entry point, which
can be executed next in the control flow. The procedure is then continued for the
instructions received in the previous step. Thus, the result is a set of possible execution
paths starting in the function.

These techniques are employed due to limitations related to the context size of the models, as an
entire call graph or large subgraphs cannot be processed by a single query.

3.2 Defining the Functionality of Semantic Kernels

The next step in the method is to define the functionality of extracted semantic kernels using a large
language model. The semantic kernels obtained in the previous step are represented as binary code.
In order to simplify the processing of kernels, decompilation is performed using the Ghidra. The
presence of debugging information is not necessary for the proposed method to function.

A language model was chosen based on the following criteria:

1. Benchmark results. Models that successfully analyze code are of interest.

2. Local execution. This criterion ensures the security of data transmitted to the model, as it
reduces the likelihood of sensitive information being leaked.

3. Outputinrequired format. Since the tool requires an automated run and output generation,
it needs the ability to convert model output into a specific format (JSON was chosen).

4. Training on data containing code samples. Given that the task involved analyzing code
sections, a natural criterion was the choice of models trained on source code datasets.
According to the listed conditions, the Qwen 2.5 Coder model [17] was selected and run locally.
To determine the functionality included in the semantic kernel, algorithms are extracted from de-
compiled code, allowing us to understand the basic semantics of the investigated code snippet. When
generating a query for the model, it was necessary to determine the level of detail in the query.
Common types of queries, such as "Analyze given code snippets and identify all algorithms imple-
mented: {CODE SNIPPET}" led to uninformative answers. A very detailed query listing a large
number of algorithm types led to a longer response time, which was inefficient and unacceptable for
the large number of objects being investigated. The most appropriate query is shown in Fig. 3.

3.3 Working Process
Fig. 4 presents the pseudo-code of the algorithm proposed in the paper.

4. Results

4.1 Quality Assessment of the Functionality Extraction

To evaluate the proposed method, we used TheAlgorithms repository [18], which contains imple-
mentations of various well-known algorithms in C and C++. The corresponding binary files for the
algorithms were obtained from the repository. To ensure the purity of the experiment, we removed
debugging information from the binary files. The algorithms in the repository were categorized. The
distribution of algorithms in repository by category is presented in Fig. 5. Categories with fewer
than two algorithms were excluded from consideration. For all binary files from selected categories,
we performed division into semantic kernels in two ways: by extracting execution traces and by
extracting subtrees from the call graph of binary. The resulting decompiled kernels were sent to a
language model. The names of the algorithms in the model's answer may not exactly match the
names of the algorithms whose implementations are presented in binary files. To speed up the testing
process, we compare the lists of algorithms in the model output with the expected answer using st-
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codesearch-distilroberta-base [19] embeddings. The testing procedure is illustrated in Fig. 6. After
the results were filtered based on the threshold value, a manual validation was performed and the
True Positive rate was calculated. The results for semantic kernels extracted using angr (Table 1).

The best results of the method were achieved for the categories client server, hash, and searching
and sorting. In most cases, the algorithms were recognized correctly.

However, the minimum TP percentages (for math and misc) are related to the limitations of the angr:
the generated execution traces were not long enough to fully detect the algorithms.

Prompt

Analyze the given code traces and identify all algorithms implemented in them
from types: Combinatorial algorithms, Computational mathematics, Computational
science, Computer science, Information theory and signal processing, Software
engineering, Database algorithms, Distributed systems algorithms, Networking,
Operating systems algorithms, Protocol algorithms.

If no specific algorithms are identified, respond with 'No specific algorithms
identified’.

Your response should only contain the dict of algorithms by types or the "No specific
algorithms® message.

Answer must be in form {"Combinatorial algorithms": [algorithml, ...|,
"Computational mathematics": |algorithml, ..], "Computational science":
[algorithm1, ...], "Computer science": [algorithml, ...|, "Information theory
and signal processing": [algorithml, ..], "Software engineering": [algorithml,
-], "Database algorithms": |algorithml, ...J, "Distributed systems algorithms":
lalgorithm], ...], "Networking": |algorithml, ...], "Operating systems algorithms":

[algorithm]1, ...|, "Protocol algorithms": |algorithml, ...|}

Fig. 3. Prompt for model.

Algorithm 1 Semantic Kernels Extraction with Deseriptions
I: Procedure EXTRACTSEMANTICKERNELS (binary, threshold, kernel _type)
2: metrics +— calculate Metrics(binary)
3: kernel _starts < extractStart Functions ByMetrics(metrics, threshold)
4 kernels + 0
5 for fune in kernel  starts do
6: if kernel type == "angr" then

kernel +— extract Angr Kernel( fune)

8 else if kernel _type == "subgraph" then
9: kernel + extractSubgraph K ernel ( func)
10:  end if

kernels.add(kernel)
11: end for
12: kernel descriptions « get Kernel Descriptions(kernels)
13: return kernel _descriptions

14: End Procedure

Fig. 4. Pseudocode of proposed method.
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Fig. 5. TheAlgorithms repository structure.
Descriptions of
the functionality of
semantic kernels
Description of semantic kernel Ne 1 N:'r?tﬁr:ff\
model  ["Embedding of algorithm 1 | 2o
Binary: :> Algorithm 1
Implementation ] | Embedding of algorithm 2 ] model
of algorithm A Algorithm 2
Algorithm 3 [ Embedding of algorithm 3 | [ Embedding of algorithm A

The result of
comparison of

embeddings
Fig. 6. Testing scheme.
Table 1. Results of using angr for semantic kernels extraction.
Category of algorithms True Positive (%)
client_server 77,78
conversions 56,25
games 50
hash 80
math 45
misc 45,45
numerical_methods 50
searching 77,78
sorting 81,48

Similar testing was also conducted to extract semantic kernels using fixed-depth trees. The results
are presented in Table 2. In some cases, the language model did not recognize the expected algo-
rithms. However, in most cases, the low percentages are due to the fact that the names of the expected
algorithms have a specific look (such as remote_command_exec_udp_server). And the response of
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the model (UDP, for example) turned out to be not similar enough to the response string to be in-
cluded in True positive.

Table 2. Results of using subtrees for semantic kernels extraction.

Category of algorithms True Positive (%)

client_server 50

conversions 57,14

games 66,67

hash 83,33

math 52,17

misc 68,75

numerical_methods 44,44
searching 100

sorting 97,06

4.2 Application to Large Code Volume Analysis

As part of our research, we tested our tool on binary file of Microsoft Access 97 DBMS [20] con-
taining 10,539 functions with no debugging information. The size of the binary is 2.9 Mb.

The analysis by the Ghidra took 5 hours, the analysis using a large language model lasted an hour.
This resulted in the formation of 256 clusters, each with their own functionality:

1) Work with databases: configuration, query processing, search, and indexes.
2) User interface.

Additionally, we found a cluster containing the "Magic Eight Ball" game, which was embedded as
an "easter egg" by the software creators.

It was found after a series of additional prompts. The first prompt was used to extract algorithms
from the software documentation. After that, the second prompt was used to compare the results of
our tool with the expected algorithms in the documentation, creating a difference. This process re-
sulted in 30 clusters being extracted. Some of these clusters contained false positives, but some also
had undocumented features. To reduce the number of false positive clusters, a third prompt was used
to check the generated answers. After filtering, only 5 clusters remained. These clusters were then
manually checked. The remaining clusters are shown in Fig. 7.

Thus, functionality was found that was not typical for the software under study. In the future, the
search for undocumented features can also be automated using queries to large language models.
Fig. 8 shows the button that trigger the "Magic Eight Ball" game launch. Fig. 9 shows a function
that contains a decompiled implementation of the game.

4.3 Limitations

When processing large sequences or a high volume of queries, the quality of responses may decrease.
This can occur if the model loses context or is unable to process large amounts of information ef-
fectively, leading to incomplete responses. False positives may also arise as a result of hallucina-
tions. Choosing a specialized model with a larger context size or pre-training may help reduce errors.

4.4 Comparison to Other Language Models

As mentioned earlier, the model selection criteria included the ability to run the model locally and
whether the output matched the specified format in the query. We used TheAlgorithms sample to
compare models that met the requirements, resulting in true positive values (see Table 3).
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The testing process was performed on model CodeLlama [21] too. The output of CodelLlama for a
large number of queries was not in the expected format. Qwen2.5_Coder_32B_Instruct proved to be
the most suitable model for the task.

4 ! i 5

Cluster "Software engineering”: Cluster “Finite State Machines®:
30039472 ["LoadLibraryA’] 301fa5ac ["State Transition Parsing"]

Cluster F'Fﬁ;?é??ﬁ;g:meﬁ : Cluster "Games":
302335ec g 302022ic ["Magic Eight Ball"]

Cluster "Operating systems algorithms":
30108617 (["Dynamic Data Exchange (DDE)")
Fig. 7. Prompt sequence for undocumented features extraction.
€ Microsoft Access

| g gdr vew Inset Tooks window Hee -
[D@d|[EY| ) =R oW hay|% ==l #8540

ElEE A A=k 13

Fig. 8. “Magic Eight Ball” in Microsoft Access 97.

4.5 Comparison to XRefer

As previously stated, XRefer employs code metrics to analyze clusters. In cases where these metrics
contain sufficient information to describe the clusters (e.g., functions with numerous string constants
reflecting the semantics of the code under study), cluster analysis yields satisfactory results. For
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instance, the vlandhcpd [23] analysis resulted in the following set of clusters that effectively demon-
strate the program semantics (see Fig. 10, DHCP Packet Processor functionality is detected). How-
ever, when the code contains few string constants but consists of a set of mathematical operations,
the method is less applicable. This is demonstrated in the example of the code implementing the
calculation of factorial, where XRefer did not reveal the expected functionality. As illustrated in Fig.
11, the function responsible for factorial computation does not contain string constants, leading to
the failure of XRefer to recognize any functionality.

Decompile: FUN_302022fc - (MSACCESS, EXI ¥ aia RO S
2 void FUN_302022fc (void)

{
int 1V
HMODULE
FARPROC
HRSRC hF
HGLOBAL
LPVOID

=
QOO UEW

12| ivarl = FUN_30025868((int *)Ox0);
13 HMod = LoadLibraryA("winmm.d11%);
14| if ((HMODULE)Gx1f < hMod 4

pFVar2 = GetProcAddress (hModule, *sndPlaySoundA®);
16 if (pFvar2 != (FARPROC)Ox0) {
17 ifo = FindResourced (DAT 2
18 if (hResInfo != (HRSRC

hRes i = LoadResou

20 if (hResData != (HGLC
21 ir3 = LockResou ResDa
22 1f (pvva != (LPVOID)OxO) {
23 (*pFvar2) (pvvar3,7);

3518, (LPCSTR)0x 320, 8DAT_3028d3h0) ;

Info);

25 FreeResource (hRe ta);

26 FreeLibrary (hModule);

27 FUN_300b332d ((uint *) (&PTR_s_Most_likely_3028d1fg)[ivarl % Ox12],

2B {uint *)"The Magic Eight Ball says:”, (HWND)&DAT 0O000G40,0,0, (uint *)0x0,0);

33 return;

Fig. 9. Function from cluster with “Magic Eight Ball” in Ghidra.

Table 3. Model comparison.

Model True Positive (%)
Phi3min_f16 [22] 55,56
Qwen2.5_Coder_32B_Instruct 77,78

The method proposed in the paper identified the required functionality in both vlandhcpd and
factorial computation examples. This was due to analyzing the code in decompiled form. This form
allows us to find code patterns that are not tied to specific metrics.

5. Conclusion

The use of large language models for semantic analysis of binary code can significantly speed up
the process of understanding the functionality of a program under study. By transitioning to the level
of decompiled code, large language models can help with this process. This method can be used for
extracting semantic kernels from binary code, which can then be applied in software certification
tasks, as well as for studying large volumes of binary code.

106



Wnbuna A.A., Kypmanranees 111.®. M3Bneuyenne GpyHKInOHaIbHOCTH U3 GuHapHoro kona. Tpyoder UCIT PAH, 2025, tom 37 Bbim. 4, vacTs 1,

c. 97-110.

This function serves following roles in clusters:

As root node in:

® cluster.id.0005 - DHCP Packet Processor

[-] DIRECT XREFS
Lookup successful 0x52ea
Lookup of MAC %x:%x:%x:%x:%x:%x in VLAN %d 0x5283
ERROR: Unknown DHCP Option Tag: %d 0x51cd
DHCP options: 0x5131
Server Identifier: %d.%d.%d.%d 0x511b
Malformed len in server identifier tag: Should be 0x5041
MSG TYPE: %s 0x5014
MSG TYPE: %d Ox4fe5
Lease: %1d 0x4£92
Requested IP: %d.%d.%d.%d 0x4£45
Malformed len in requested IP tag: Should be 4 but 0x4e6b
Hostname: %s Ox4e31
DNS Server %d: %d.%d.%d.%d Ox4dba
Malformed len in DNS tag: Should be a multiple of Ox4cb2
Malformed len in DNS tag: Should 4 or greater but Ox4c7d
Router %d: %d.%d.%d.%d 0x4c36
Malformed len in router tag: Should be a multiple Ox4b2e
Malformed len in router tag: Should 4 or greater b Ox4af9
Subnet Mask: %d.%d.%d.%d Ox4acc
Malformed len in subnet mask tag: Should be 4 but 0x49£2
%d.%d.%d.%d 0x4896
Optionslen: %d 0x4822
UNKNOWN 0x5006
DHCPDISCOVER 0x5006
DHCPOFFER 0x5006
DHCPREQUEST 0x5006
Fig. 10. Cluster analysis by XRefer on vlandhcpd.

1 __int64 _ fastcall funcl(int al)

2{

3 if ¢ a1 )

4 return al * funcl ((unsigned int) (al - 1));

5 else

6 return 1LL;

78
XRefer:

I[0x11e9] NO FUNCTION CONTEXT AVAILABLEI

Fig. 11. Cluster analysis by XRefer on factorial computation.
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AHHOTamMsi. Murparys IPHIOKEHUH — 3TO IpoLecc IepeHoca IPOrpaMMHOI0 OOECIeueHus] ¢ OIHOU
1at(hOpMBI I BEPCUH IPHKIIaTHOTO HHTep(deiica Ha ApyTyIo. B yCnoBUsIX GBICTPOro pa3BUTHS TEXHOJIOTHI
U TIOCTOSIHHBIX HM3MEHEHUH B II0JIb30BATENILCKUX MPEANOYTEHUIX 3((GEeKTUBHAS MHUTIpanus HHTepelcoB
CTAQHOBHUTCS HEOOXOJMMOCTBIO Ul IOJUICpP)KaHHS KOHKYPEHTOCHOCOOHOCTH HpHiIoXKeHuil. B crarbe
HpeicTaBieH 0030p COBPEMEHHBIX METOJOB MHIPAl[MM IPOTPAMMHBIX HHTEP(HEHCOB IPHIOKEHHIA,
AKLIEHTHUPYIONMI BHUMAHHE HAa BAXHOCTH aJaNTallid MPOTPaMMHOTO OOECIEYeHHs K H3MEHSIOLIMMCS
YCIOBHAM M TpeGOBaHMAM Monb3oBareieil. CTaTbsi Takke KIACCH(QUIMPYET CYIIECTBYIOIIME MOIXOABI K
MHTpalUK, BKJIIOYAs WCIOJb30BaHUE ABTOMATH3UPOBAHHBIX WMHCTPYMEHTOB, METOJOB aJanTalud ¥
pedakTopuHra Koxa Ha OOBEKTHO-OPHEHTHPOBAHHBIX s3bIKaX IPOrpaMMHpOBaHUs. PaccMmarpuBaroTcs
MNpPEeUMYIIECTBA U HEJOCTATKH PA3INYHBIX METOIOB, TAKMX KaK aJanTalys MOoJIb30BaTEIbCKUX HHTEP(PEHCOB K
HOBBIM IUIaTGOpMaM, MHUTpanus Ha OCHOBE INAOJOHOB W HCIOJB30BaHUE aJaNTepoB ISl oOecredeHHs
COBMECTHMOCTH MEXIy YCTapeBLIIMMH W HOBBIMH HHTep(ericamu. OOCYXAat0TCS BBI3OBBI, ¢ KOTOPBIMU
CTAJIKMBAIOTCS Pa3pabOTYMKKM TPH MHUTPALMK, BKIIOYAs MPOOJNEMbI CEMaHTHYECKOrO MPeoOpasoBaHMS U
HEOOXOJMMOCTh YUeTa CHeHUPHUKH LeJIeBIX aTGopM. JJaHHEIH 0030p OyAET IMoJIe3eH KaK NCCIeI0BATENIM,
TaK M MPaKTHKaM, Pa0OTArOIINM B 001aCTH pa3pabOTKH MPOTPaMMHOTO 00eCTIeUeHH s, TPEJOCTABIISISI 3HAHUS O
METOJIaX ¥ MOAX0/1aX K YCHEeNIHOW MUTPAIMU MTPOTrPaMMHBIX HHTEP()EHCOB IPHIIOKEHUH.

KnroueBbie ciioBa: mporpaMMHBIH HHTepGENC MPHIOKEHUS; MHUTPALs IPOrpaMMHOTO KOJa; MHIPaLus
unrepdetica API; ctatndeckuii ananu3; TpaHcopMarys IPOrpaMMHOT0 KOJa; MUTpanusi OMOIMOTEKH.
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HUHTEpEHCOB MPUITOKEHUH AT 00BEKTHO-OPHEHTHPOBAHHBIX 13bIK0B. Tpynsr ICIT PAH, tom 37, BeIm. 4,
yacte 1, 2025 r., ctp. 111-146. DOI: 10.15514/ISPRAS-2025-37(4)-7.
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Abstract. Application migration is the process of moving software from one platform or API version to another.
With rapid technological development and constant changes in user preferences, effective interface migration
is becoming a necessity to maintain the competitiveness of applications. This article provides an overview of
modern methods of application programming interface migration, focusing on the importance of adapting
software to changing conditions and user requirements. The article also classifies existing approaches to
migration, including the use of automated tools, adaptation and refactoring methods for code on object-oriented
languages. The advantages and disadvantages of various methods, such as adapting user interfaces to new
platforms, template-based migration, and using adapters to ensure compatibility between legacy and new
interfaces are considered. The challenges faced by developers during migration are discussed, including
semantic transformation issues and the need to take into account the specifics of target platforms. This review
will be useful for both researchers and practitioners working in the field of software development, providing
knowledge about methods and approaches to successful migration of application programming interfaces.

Keywords: application interface API; code migration; APl migration; static analysis; code transformation;
library migration.

For citation: Churkin Y.A., Melnik D.M., Buchatskiy R.A. Survey of Application Program Interface Migration
Methods for object-oriented languages. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025. pp. 111-
146 (in Russian). DOI: 10.15514/ISPRAS-2025-37(4)-7.

1. BeedeHue

B macrosmee Bpems paznnuHble onepannoHHble cucteMsl (OC) OBICTPO 3BONIOLUOHUPYIOT, YTO
MIPUBOAUT K BHEIPEHHUIO HOBBIX BO3MOKHOCTEH, 3JIEMEHTOB MOJB30BATEIBCKUX HHTEp(EiicoB u
KapKacoB JUI pa3pabOTKH MPOTrPaMMHBIX IPUIOKEHHUH, TTO3BOJISIONINX HCIOIb30BAaTh HOBEHIITYIO
(YHKIMOHAIBHOCTD. JTH U3MEHEHUSI HEM30€KHO BJIEKYT 3a cO00i OOHOBIICHHSI B MPOTPAMMHBIX
unrepdeiicax npuioxenuid (APl — Application Programming Interface) [1]. B Takux ycioBusix
B2)XHBIM CTaHOBHTCSI COXpPaHEHHE COBMECTHMOCTH TPHIOXKEHHH, pa3paboTaHHBIX Ui Oojee
CTapbIX BEPCUI ONEPAIIMOHHBIX CHCTEM. ANANTAIMs HPOTPAMMHBIX NPHUIOKEHUHA K Pa3IHIHBIM
IIPOTrpaMMHBIM cpeniaMm npu u3MeHeHnn API, Ha ocCHOBE KOTOpPOTO OHM HamMcaHbl, IpHOOpeTaeT
0CcO0yI0 3HAYUMOCTb.

Pa3paboTunku NpUIOKEHUH OO0s3aHBl YUHTHIBATh HE TOJNBKO M3MeHeHus: B APl omepannoHHBIX
cucreM, HO U u3MeHeHust B APl 6ubimorek, Mcnonap3yeMbIx B Ipolecce pa3paboTKu, U3MEHEHHs
unTepdeiica cucremsl cbopku (Hampumep, CMake [2]) a Taxke OOHOBIICHHMS WM JOTIOJHEHHS B
S3bIKax MPOrpaMMHUPOBAHMS, Ha KOTOPBIX HAaIMCaHbl 3TH NpWiIOKeHus. IIpuMeHeHne HOBOTO
¢yHKIMOHANTa OMONMMOTEK WM KOHCTPYKLIHMH SI3BIKa MPOTPAMMHUPOBAHHS MOYXKET CYIIECTBEHHO
MOBBICUTD 3((PEKTUBHOCTh paboTsl npmiokenus. OgHako m3MeHerns B APl 6mbnmnorekn mMoryt
MIPUBECTH K TMOJHON HECOCTOSTEIHLHOCTH CTApOTO KO, HAMMCAHHOTO MO MPEABIIYIINe BEPCHH
API.

Murpanust IporpaMMHOTO KOJIa — 3TO TPOLECC aJanTaIiy IPOrPaMMHOTO KOZa K OOHOBICHUSIM
OIHOTO WM HECKOJBbKHX HCHOJNB3YeMbIX WM IPOrPaMMHBIX KOMIIOHEHTOB IIyT€M €ro
TpaHchopMmarmy. B 3aBHCHMOCTH OT CIIO)KHOCTH MUTPAIM{, €€ PYYHOE OCYIIECTBICHHE MOXKET

112


mailto:yan@ispras.ru

Yypxun S.A., Mensuuk .M., Bywaukuii P.A. O630p MeTOI0OB MHrpamHy NMPOrpaMMHBIX MHTEP(EiCOB MPHIOKEHHIT JUIsi 0OBEKTHO-
OPHEHTHPOBAHHBIX I3bIKOB. Tpyost UCII PAH, 2025, Tom 37 Beim. 4, 9acts 1, c. 111-146.

OBITH TOCTATOYHO JOJTHM U TPYA03aTPaTHBIM MPOIECCOM, OCOOESHHO JIJIsi OOJBIITNX KOJIOBBIX 0a3.
B cBs13U ¢ 3THM OCTPO BCTAET BOIIPOC O CIOCO0aX aBTOMATH3aLUK 3TOTO Ipolecca.

Hensmu wmccnenoBaHust SIBISETCS KiIacCH(UKANWs THUIOB MHIPAlMM KOJa Ha OOBEKTHO-
OPHEHTHPOBAHHBIX S3BIKAX (pasfen 2), a Takxke 0030p HHCTPYMEHTOB U METOZOB aBTOMAaTHIECKON
U aBTOMATU3UPOBAaHHOIN MUTpaiuu koja (paszaen 3).

JloCTyITHOCTh MPOTPaMMHBIX PEIICHUH W MCCIIEAOBAHUH, KAcAIOIIUXCs aAaNTallK IIPOrPaMMHBIX
MPWIOKEHUN MOJ pa3iuyHble Bepcuu KOHKpeTHOro API, ocraercs orpanndyeHHoil. B nanHOi
pabdote OyAyT pacCMOTPECHBI OCHOBHBIC M3 HHUX.

OCHOBHBIE PE3YJIBTATHl UCCIECJOBAHNS MOTYT OBITh MCIOIB30BaHbI Pa3pab0TIMKaMK MPHUI0KEHUN
JUISL OTIPEIICTICHUS] BO3MOKHOCTH OCYIIECTBICHHS HEOOXOAMMBIX MHUTPAalMi HMX KOJOBBIX 0a3
AaBTOMATHYECKUM HJIM TTOJYaBTOMATHYECKHM CIIOCOOOM M IOMOYb C BBIOOPOM HMHCTPYMEHTA IS
OCYILIECTBIICHHSI HEOOXOIMMBIX MUTPALIUH.

2. Knaccbl Muepayuu npoepaMMHbIX UHMepghelicoe rnpusoxeHuu

CornacHo onyOnukoBaHHO# crarucTuke [3] Menee 40% pa3paOOTUMKOB NPHIOKCHUH IOX
olepauoHHyI0 cucteMy Android MoJHOCTBIO aJanTHPOBAIU CBOW MPUIIOKEHHS IOX Bepcuto 14
(Bepcust API 34). TTox akryansnyto Bepcuto Android 15 (Bepcust APl 35) amanranust IpriokKeHu
cocraBisiet Meree 2%. Mzmenenue Bepcuu Android u ero APl mpoucxXoasT eXeroaHo 1 MONTUTHKA
BBIITyCKa HOBBIX Bepcuil APl B OCHOBHOM HarpaBjeHa Ha J100aBJICHHWE HOBBIX ()YHKIIMOHAIBHBIX
BO3MOXKHOCTEH, yiy4llleHHe 0e30MacHOCTH M 3Heprod(HeKTHBHOCTH pabOThl MPUIIOKEHUI U HE
rapaHTHpyeT 00paTHOH COBMECTUMOCTHU. DTO O3HAYAET, YTO PAHO WIIH MO3/HO MPUIOKEHHUE MOKET
nepectarh KOPPEKTHO paboTarh WK paboTaTh He Tak 3P(PEeKTUBHO Ha HOBBIX Bepcusax Android.
PazpaboTunku, KOTOpbIe ZOITO HE 0OHOBIAIOT Bepcrio APl cBOMX MpHIIOKeHNH OABEPTAIOT PUCKY
noyip3oBaresied. Tak Kak MPUIOKEHMH, HamucaHHBIX st Android m1ocTaToYHO MHOTO M CMEHa
Bepcuii APl mpoucxomut 4acto, npodiema murpauun Android npumoXKeHuid moji HOBbIe BEPCHH
API crout ocobenno octpo [4]. CornacHo cratuctuke [5], Java siBisiercss Hanboliee MOMmyIsiPHBIM
A3bIKOM Ui HamucaHus Android npunoxeHuid. [1osToMy OBUIO HPHHATO pEIICHHE OTOMPAThH
NpUMepbl MUTPALMU M3 MPUIOKEHUH, HamMCcaHHBIX o Android Ha s3eike Java. DT nmpuMepbl
MOTYT OBITH OOOOIIEHBI IS TPUMEHEHHs K JI000MYy OOBEKTHO-OPHEHTHPOBAHHOMY SI3BIKY
MPOrpaMMHUPOBAHUSI, TAK KaK SIBISIOTCS 000COOJCHHBIMU U HE MPUBSA3aHBI K OCOOCHHOCTSM SI3bIKa
Java.

OT0Op NpPUMEpPOB MHUTPALMM HCXOJHOTO KOJa MPOBOJAMIICS W3 OTKPBITBIX PENO3UTOPHEB
MOMYJISIPHBIX NPWIOKEHUI M POrpaMMHBIX IIaT(OPM, HANMCAHHBIX HA SI3bIKE Java ¢ OTKPBITHIM
MCXOAHBIM KoioM Ha ruiatdopme GitHub [6]. [Touck ocymiecTBIsIICS MO 3alKCAM U3MEHEHHH KOa
(commits), comeprkaryuM B 3ar0JIOBKE MJIH COAEPKAHUKM HH()OPMALIUIO O TIEPEXOJIE C OJJHOM BEPCHU
Android API Ha npyryto, Hanpumep, ¢ ABaALATh IIECTOM BEPCHH Ha JBaJIIaTh BOCBMYIO U JIpyrHe.
B pesynbrare maHHOTO TMpolecca ObUIO HaineHO mopsaka 60 pasITMYHBIX MPHUMEPOB M3MEHEHUH
MPOTrPaMMHOI0 KOJIa.

[Tocne 3aBepuieHust 0TOOpa MPUMEPhI OBUTH NOABEPTHYTHI aHAJKM3Y C IEJbI0 BBISBICHUS CXOXKHUX
NPU3HAKOB U3MEHEHHH B MIPOTPaMMHOM KoJie. B pe3ynbrare Bce mpuMepbl ObIIM pa3jieneHbl Ha 2
OCHOBHBIX Ki1acca murparu API:

1. Murpanusi ¢ COXpaHEHHEM CEMAHTUYECKOW SKBUBAICHTHOCTU (HU3KOYPOBHEBBINA KIIACC
murpanun API).

2. Murpanus 6e3 COXpaHEeHUS] CEMaHTHYECKOW SKBHBAJICHTHOCTH (BEICOKOYPOBHEBBIH KIacc
murparmu API).

HepBbIﬁ Kjacc ObLI JAONOJIHUTCJILHO Pa3JiC/ICH Ha 5 MOJAKJIAaCCOB H3-3a BO3BMOKXHOCTU I'PYHITMPOBKU
0 CXOKECTH HAMACHHBIX NIPUMEPOB MUTpALIMH, IIPUHAJIC)KAIMX JAHHOMY KJIaccy:

1. 3ameHa BbI30Ba METOoaa UIIN q)yHKIII/II/I OCJICA0BATCIIbHOCTBIO PIHCprKIIHﬁ;

2. 3aMeHa OMOJTMOTEKH HA CXOXKYIO MO (PYHKIIMOHAIHHBIM BO3MOXKHOCTSIM;
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3. meperMEHOBaHHE METOJIA Kilacca WK (QYHKIIHH;
4. 3aMeHa CHUTHATYPBI METOZA Kilacca WU (PYHKIUH;

5. 3aMeHa HECTaTUYECKOTO MCTOAa CTATUYCCKHUM U HaO60pOT.

[Tpumeps! MUTpanyy, MpUHAUIeKAIINE BTOPOMY KJIacCy, He ObIIIH JONOJIHUTEIBHO CIPYIITHPOBAHBI
W3-32 YHHUKAJHHOCTH Ka)XIOTO HalIeHHOTO mpuMepa. B crmemyrommx mompasgenax Oynmer
Ipe/ICTaBICHO OoJiee MOAPOOHOE ONMMCAHUE KAXKOT0 U3 3TUX KiaccoB Murparuu API.

2.1 Mwvrpauma ¢ cOXpaHEHMEeM CeMaHTU4YEeCKON IKBUBANEHTHOCTU
(HM3KoypOBHEeBbIN Knacc murpauum API)

Jannbiii knacc mMurpauun APl oTHOCUTCS K cHUTyaluM, KOTJa TapaHTUPYETCs CEMaHTHYecKas
9KBUBAJICHTHOCTh KOZJA 1O W mocine murpanuu. Jlamee Oymer maHO moapoOHOE OIMCaHWE
MOJIKIACCOB JaHHOTO KJIacCa MUTPALUU.

2.1.1 3ameHa Bbi3oBa meToaa/pyHKUMHN/YacTu Koga nocrnenoBaTeribHOCTbIO
MHCTPYKLMN

Jannblit noaknace murpauun APl onuceiBaeT cutyanuro, Korjia BbI30B METO/a Kiacca, GyHKIUU
WIN 4acTh KOJAA JOJDKHBI OBITh 3aMEHEHBI MOCIIEA0BATEILHOCTBIO MHCTPYKLUI C COXpaHEHHUEM
CEMaHTUYECKOH SKBHBAaJIEHTHOCTH.

Ha muctunre 1 mpezpcraBieH mpuMep 3aMeHBI BbI30Ba Merona getAllNetworkInfo Java-
Kinacca ConnectivityManager Ha MeToa getAl1lNetworks Toro e kinacca. Hobrit meTon
MMEeT WHOW BO3BpalllaeMblii THUI O0OBEKTa, KOTOPBIH COXpaHSETCs B IMEPEMEHHOH C JApyrum
uaeHTupuKaropoM. Mcrnons3oBaHue CTaporo HACHTH(OUKATOPA TaKKe HEOOXOAUMO 3aMEHHUTh Ha
HOBBIH C YIETOM €ro 0COOEHHOCTEH, YTO M IPOUCXOJUT B CIEIYIOIIEM IuKiIe. B naHHOM mpumepe
MHUIpalus OCYLIECTBIIAETCS IIPOCTO, YYUTHIBASA, YTO Y JAHHBIX METONOB OJMHAKOBOE KOJUYECTBO
apryMEHTOB H M3 BO3BPAIla€MOTO THIIA BO3MOXKHO M3BJIEYb HEOOXOANMYIO HH(OPMAIINIO, YTOOBI
COXPaHHUTh CEMAaHTUYECKYIO KOPPEKTHOCTD.

ConnectivityManager connectivity =
(ConnectivityManager)context.getSystemService(Context.CONNECTIVITY_SERVICE);
if (connectivity != null) {
NetworkInfo[] info = connectivity.getAllNetworkInfo();
for (int i = @; i < info.length; i++)
if (info[i].getState() == NetworkInfo.State.CONNECTED)
return true;

ConnectivityManager connectivity =
(ConnectivityManager)context.getSystemService(Context.CONNECTIVITY_SERVICE);
if (connectivity != null) {
Network[] networks = connectivity.getAllNetworks();
for (int i = @; i < networks.length; i++) {
NetworkInfo info = connectivity.getNetworkInfo(networks[i]);
if (info.getState().equals(NetworkInfo.State.CONNECTED))
return true;
}

Jlucmune 1. Ipumep npocmoii 3amenvt memooda knacca. Koo 0o (ceéepxy) u nocne (chusy) 3amenoi.
Listing 1. An example of a simple class method replacement. Code before (top) and after (bottom)
replacement.
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B nononHeHwe, K 5TOMY MOIKIACCY OTHOCATCA CHUTYallMH, B KOTOPBIX OCYIIECTBIISACTCS
TpaHcopMays ONOKOB C LHUKIAMH, B KOTOPBHIX IPOMCXOTHUT NOCTYI W M3MEHEHHE JJIEMEHTOB
MaccuBa WM KOHTeHHepa (B ToM ciydae, korma B APl pacmmpumncs maTepdelic moctyma k
KOHTEHHEPY ¥ LIMKJI MOXKHO C/IeNIaTh Kopode U d3pQeKTuBHee), Harpumep, ¢ while Ha for Wi
foreach, a Takke, B o0meM ciydae, TpaHC(OPMALMH OIIEPATOPOB YNPABICHUS Ha HHBIC C
COXpaHEHHEM CEMaHTHYECKOI SIKBHBAJICHTHOCTH.

B GonbimHcTBE ciiydyaeB npeoOpa3oBaHMsl MPOrPaMMHOTO KOJia, OTHOCSIIUECS K JAHHOMY KJIaccy
murparmu APl sSBISIOTCS TPUBHAIBHBIMH, TaK KaK MMPEATOJararoT yu4eT HeOOIbIIOTO JIOKaJIbHOTO
KOHTeKcTa Mecta TpaHcopmanuu. COOTBETCTBEHHO, TaKOW THUI TpaHCHOPMALMM MOXKHO
OCYIIIECTBUTH ABTOMATHYECKUM CIIOCOOOM.

2.1.2 3ameHa 6MGNNOTEKN HA CXOXYH0 NO (hYHKLMOHANbHbLIM BO3MOXHOCTAM

Jannbrit nonknacc murpanuu APl oTHOCHTCS K CUTyaluy, KOTAa MeTo Kiacca, (DyHKIHS WK 4acTb
MCXOZHOTO KO/1a JOJDKHBI OBITh 3aMEHEHBI APYTUM METOJI0M, (PYHKIMEH HITH 4aCThIO KOJIa U3 HOBOI
OMONMMOTEKM WM MNPOTPaMMHONM IIaT(GOpMbI, OOecreurnBas COXPAHCHHE CEMaHTHUCCKOW
SKBUBAJICHTHOCTH.

Ha snuctusre 2 mpeacTaBieH MpUMEp MUTpAallMd HPOTPaAMMHOTO KOJa, HCIONbB3YIOLIETO
oubmmoteky Java «Apache Network», npenocraBnstonyto QyHKIMOHATbHbIE BO3MOXXHOCTH ISt
paboThl C CeTeBBIMH MpOTOKONamu, Ha Oubmuoreky «Java Internal Network» sBisromryrocs
CTaH/IApTHON OMOMMOTEKOH s3bIka Java M Takke MPEAOCTaBIMIONIYI0 (YHKIMOHAIBHOCTD A
paboTBl C CETEeBBIMH MPOTOKONAMH. BHIHO, YTO MHUrpanus CONPOBOXKAACTCS 3HAYMTEIbHBIMH
M3MEHEHHSAMH B IIPOTPAMMHOM KOJIE, TOCKOJIBbKY ()yHKIMOHAIBHBIE BO3MOXKHOCTH 3THX ONOIHMOTEK
pas3IyaroTCs.

HttpClient client = new DefaultHttpClient();

HttpGet request = new HttpGet(url);

HttpResponse response = client.execute(request);
InputStream content = response.getEntity().getContent();

URL urlObj = new URL(url);
HttpURLConnection conn = (HttpURLConnection)urlObj.openConnection();

conn.setRequestMethod ("GET");
conn.setDoInput(true);
conn.connect();

InputStream content = conn.getInputStream();

Jlucmune 2. Ipumep 3amenvt memooda knacca. Koo 0o (ceéepxy) u nocie (chu3sy) 3ameHoi.
Listing 2. Example of replacing a class method. Code before (top) and after (bottom) replacement.

[TpeoOpa3oBaHKsi NPOrpaMMHOTO KOJa, OTHOCSIIMECS K JAaHHOMY Mojkiaccy murpauuu API,
BO3MOXKHO OCYIIECTBHTH AaBTOMATHYECKHM CHOCOOOM C TIOMOIIBIO 3aJaHUS CHENHAIbHOTO
MeXaHW3Ma COOTBETCTBHsS (HampuMmep, MPHU MOMOINH crennaiusupoannoro DSL) APl oxxoit
6ubmmorekn apyroii. OgHAKO TOCTPOCHHWE TAaKOTO COOTBETCTBHA TpebyeT oT pazpaboTumka,
OCYIIECTBIISIONIETO MUTPAIIHMIO, YIITYOJIIEHHBIX 3HAHUA KaK HOBOMW, TaK U cTapoi OMOJIIMOTEKH, UTO
CYIIECTBEHHO YCJIOKHSET Tporecc Murpamuu. be3 3agaHuMs CHenuaJbHOTO MEXaHH3Ma
COOTBETCTBHS, YYHMTBHIBAIOIIETO BCE OCOOEHHOCTH MHUTPHPYEMBIX OMOJIMOTEK, aBTOMAaTHYeCKas
MUTpanys HEBO3MOXKHA.

2.1.3 NepenmeHoBaHMe MeToAa Krnacca unm (yHKUum

Jannenii nmogkiaace murpamuu APl oTHocuTCs K cuTyanmu, KOrJa METOI Kiacca WiH (DYHKITHS
JOJDKHBI ~ OBITh ~ TIEPCHIMEHOBAHBI IMPH  COXPAHCHUH CEMAHTHYECKOH JKBHBAJICHTHOCTH.
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[IpeoOpa3oBanuss MPOTPaMMHOIO KOJIa, OTHOCSINHECS K JaHHOMY Tojkiaccy mwurpamun API,
MOJKHO OCYIIECTBUTh AaBTOMATHYCCKHM crocobom. Ilpm ocymecTBieHun TpaHchopMarnii
HEOOXOIMMO YUUTHIBATh 3aMEHY KaK OIIpeNeIeHHi MeTo1a, TaK U €r0 HCIOJIH30BAHUH.

2.1.4 3ameHa curHaTypbl MeToAa Krnacca nnum (yHkummu

Jannbiii noaknacc murpanuu APl oTHOCHTCS K CHUTyaluu, KOrja CUTHaTypa METoJAa Kiacca Win
(YHKIMY TOJDKHA OBITH M3MEHEHA IPH COXPaHEHUH CEMaHTHUECKOI SKBUBAJICHTHOCTH.

Ha nuctunre 3 npencrasiieH IpuUMep HCXOIHOTO KOJa, B KOTOPOM HEOOXOIUMO BBIIIOTHUTH 3aMEHY
CUTHATyphbl METOJIA IIYTEM yAalieHusd aprymenra mContext y meroga setTextAppearance.

if (b.getTag().equals(mSelectedNumber)) {
b.setTextAppearance(mContext, android.R.style.TextAppearance_Large);
b.getBackground().setColorFilter(null);

}

if (b.getTag().equals(mSelectedNumber)) {
b.setTextAppearance(android.R.style.TextAppearance_Large);
b.getBackground().setColorFilter(null);

}

Jlucmune 3. Hpumep 3amenvi cuenamypul memooa kiacca. Koo 0o (ceéepxy) u nocie (cHu3sy) 3ameHul.
Listing 3. Example of replacing a class method signature. Code before (top) and after (bottom) replacement.

[Ipeobpa3oBaHus TPOTPaMMHOTO KOJAA, OTHOCAIMIMECS K JaHHOMY Monkiaccy mwurpamun API,
MOJKHO OCYIIECTBHTH aBTOMATHYECKHM CHOCOOOM B TPHUBHAJBHBIX CIIydasX, KOTAa KOJUIECTBO
mapaMeTpoB J0 W TOCIe NMPeoOpa3oBaHUS COBMANACT WM U BBIYHCICHUS HOBBIX MapaMETPOB
IOCTATOYHO HCIIONIB30BaTh HEOONBIION JIOKANBHBIM KOHTEKCT BBI30Ba. [IpW oOCyIIecTBICHHU
TpaHchopManmii HEOOXOAMMO YYMTHIBATH 3aMEHY KaK OIpeNeNIeHMA MeToja, Tak M ero
HMCIIOJIL30BaHUM.

2.1.5 3ameHa HecTaTU4eCKOro MeToga ctaTM4eCKMmMm M HaobopoT

Hannbnii moakmacc murpanuud APl oTHOCHTCS K CHUTyalmu, KOTrJa HEOOXOJUMO 3aMEHUTH THII
BBI30Ba METOJa C HECTAaTUYECKOTr0 Ha CTAaTUYECKHUH TpPU COXpaHEHWH CEMaHTHYECKOH
SKBHUBAJIEHTHOCTHU. [IpeoOpazoBaHusi MpOrpaMMHOTO KOJa, OTHOCAIUIUECS K JaHHOMY TOJKIACCY
murpanud  API, MOXHO OCYIIECTBUTh aBTOMATHYECKHM crocobom. IIpu  BBIMOTHEHUH
TpanchopmalMii HEOOXOAMMO YUYHTHIBATH 3aMEHY KakK OIpEICICHUHA MEeToJa, TaK M ero
HCITOJIb30BaHU.

2.2 Mwurpauma 6e3 COXpaHEHMA CEeMaHTU4YeCKOM ISKBUBANEHTHOCTU
(BbICOKOYpPOBHEBbIN Knacc murpauum API)

K nannomy knaccy murpanuu API Obuim OTHECEHBI HaiileHHBIE NPHMEPHl MHUTPAlNH, KOTOPHIE
HM3MEHUIIM CEMAHTUYECKUE CBOMCTBA KOJA I10CIIE €€ TIPOBEACHHUS.

Ha nuctuare 4 mpencTaBieH NMpUMeEp 3aMEHBI CO3/IaHUS M HCIIONB30BaHMSA 0OBEKTa Java-kKiacca
ListView Ha cO3JaHME M HUCIIOJIBL30BaHHE OOBEKTOB Jpyroro Java-kinacca RecyclerView.
ITocne mpoBeneHns: TpaHCHOPMALIMN CEMAaHTHYECKHE CBOMCTBA KoJla OyAyT OTIMYATHCS, TaK Kak
00BEKTHI PEJICTABIEHHBIX KJIACCOB HE 00J1a1al0T SKBUBAJICHTHBIM [TOBEICHHEM.

[IpeobpazoBanus MPOrpaMMHOTO KOJa, OTHOCSIIHNECS K TaHHOMY Kiaccy murpamuu API, cioxHo
OCYIIECTBUTH aBTOMATHYECKUM crocoboM. CIO0XHOCTD MHUTPAlMM MOXKET 3aKII0YaThCS B
HM3MEHEHHWH HepapXuH THIIOB KJIACCOB, IPeoOpa30BaHUH METOJIOB U (DYHKIMHA B APYTHE METOIBI U
(GYHKINN TIpU HaJTMYUHU 0oJiee OJHOTO IMOJIXOMAAIIETr0o KaHAWAATa Ha 3aMEHy, a TakXkKe B JPYTuX
acIleKTax.
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ListView listView = (ListView) findViewById(R.id.list_view_announcement);
listView.setAdapter(new ListAdapter(AnnouncementActivity.this, list));
listView.setOnItemClickListener(new AdapterView.OnItemClickListener() {
@Override
public void onItemClick

(

AdapterView <?> parent,

View view,
int position,
long id
) {
startActivity(new Intent(AnnouncementActivity.this,
AnnouncementContentActivity.class));
¥

s

RecyclerView mRecyclerView =

(RecyclerView) findViewById(R.id.recycler_view_announcement);
mRecyclerView.setLayoutManager(

new LinearLayoutManager(this, LinearLayoutManager.VERTICAL, false));
mRecyclerView.addItemDecoration(

new DividerItemDecoration(this, LinearLayoutManager.VERTICAL));
mRecyclerView.setAdapter(new ListAdapter(this, list));

Jlucmumne 4. HpuMep 3aMeHbl UCNOIb306AHUS 00BEKMO8 KIACCd.
Listing 4. Example of replacing the use of class objects.

2.3 BbiBoAbI

B 1abn. 1 npeacTaBieHO paHXMPOBaHWE HaWACHHBIX ITPUMEPOB KO/A IO BBIJICJICHHBIM KilaccaM U
nojkiaccam Murparnuu API.

W3 tabnuubl BUIHO, 9TO OONBIMHCTBO puMepoB (>90%0) BO3MOKHO OCYIIECTBHUTDH C IIOMOIIBIO
ABTOMATHUYECKOTO (C MCIOJIb30BAHMEM IIPOTPAMMHBIX CPEJICTB MUTPALIMH) U ITOJTyaBTOMATHYECKOTO
(c ucronp30BaHMEM NPOTPAMMHBIX CPEJICTB MHUIPAllMd M HEOOJIBIINM ydacTHEM pa3paboTyuka,
KOTOpOE 3aKIII0YaeTcss B BepU(UKAIMU pe3yJIbTaTOB aBTOMATHYECKOH MHUTPALUM WM py4Has
J0paboOTKa CIIOKHBIX CliydaeB) crnocoba murpamuu. OctaBmmecs 8% HalJIeHHBIX MPUMEPOB,
OTHOCSIIIIMECS] KO BBICOKOYPOBHEBOMY KJIACCYy M KO BTOPOMY IOJIKJIACCY HMU3KOYPOBHEBOTO Kilacca
murpannu  API, TpebyroT mnpsmMoe ydacTHe pa3paboTuMka WIM THOKO HacTpamBaeMble
MHCTPYMEHTBI, C IOMOIIbIO KOTOPBIX BO3MOXKHO 33/1aTh CEMaHTHYECKOE COINOCTaBJICHHE KOJa /10
WJIY TIOCJI€ MUTPAIHH.

3. 0630p cywjecmeyrowux UHCMPYMEHMoe8 u uccnedosaHull

ITo paccmarpuBaeMoii MpobeMe afanTaluy IPOTPAMMHBIX MPUIOKEHHUH 0] pa3IHYHBIC BEPCHU
ompenenenHoro APl cymiecTByeT OrpaHMYCHHOE KOJHYECTBO MPOrPAMMHBIX PEIICHHA U
WCCIICIOBAaHUH, KOTOpPBIC OITyOJIMKOBAaHBI W MOTYT OBITh HAMIEHBI B OTKPBITOM JOCTYIIC.
WHCTpyMEHTOB, NPUMEHUMBIX Ui MUTpaludd Java KoJa eme MEHbBIIE, [TO3TOMY ITOMHMO
WHCTPYMEHTOB MUTparuu Java koga OyAeT pacCMOTPEHBI KaK MYJbTUSI3bIYHBIC HHCTPYMEHTHI (HE
MPUBS3aHHBIC JUII MHUTPAIlMH KOJa Ha OIPEACICHHOM s3BIKE), TaK WM JJI1 TaKHX SI3BIKOB Kak
C/C++/JavaScript u T.1. [To1x0/1bI, HCTIONB3YEMbIE KAXKBIM U3 HHCTPYMEHTOB, MOXKHO 0000OIINTH
KaKk Ha s3bIK Java, Tak W Ha Jr00OW Jpyroil OOBEKTHO-OPHUEHTHUPOBAHHBIA s3BIK. Kaxmoe
MPOrPAaMMHOE PEHICHHE WIIM MOAXO0J] OyAeT pacCMOTPEHO B MOPSIKE 3HAYMMOCTH (KOJIMYESCTBA
[UTHPOBAHHUI PabOT, OMUCHIBAIOIINX €r0), @ TAKIKE C TOYKH 3PEHHUS BO3MOXKHOCTH OCYIICCTBICHHUS
OTIMCAaHHBIX B MpeAbIAYyNIeM pasfene KiaaccoB murpanuil. [Ipu 0630pe ocoboe BHUMaHUE OyneT
YIAEJICHO yA0OCTBY IpeaaracMbiX HHCTPYMEHTOM CIIOCO0O0B OMMCAaHUs TpaHCHOpMAaIii Koaa IIst
KOHEYHOT'O I10JIb30BATE.
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Tabn. 1. Panswcuposanue HAtlOeHHBIX NPUMEPO8 NO 8bl0eNeHHbIM Kaaccam u nooknaccam muepayuu API.
Table 1. Ranking of found examples by selected API migration classes and subclasses.

Houst ot o011ero IIpoduemsl,
Knacc murpanun API | yncaa Haiinennbix |  Cnocod Murpanuu BO3HHKAIOIIHE B X0/1€
murpanuii API MUTPaUA
HuzkoypoBHeBblii:
3aMeHa MeToza o
30% ABTOMaTHYECKHUH OTCyTCTBYIOT
kiacca/yHkiun/
YacTH Koza
- . OtcyrcTBHE
HuzkoypoBHeBblii: 0 IlomyaBTOMaTH4ECKUit
4% N COOTBETCTBHUS MEXKIY
3amena OUOITHOTEKH WIN pyYHOH
CTapbIM U HOBBIM KOJIOM
HuzkoypoBHeBblii:
IlepenmenoBanue Merona 15% ABTOMaTHYECKHUH OTCyTCTBYIOT

KJIacca Wid QyHKIHH

HuskoypoBHeBblii: o HerpusuanbHble 3aMeHBI
o ABTOMaTHYECKUH WU
3amMeHa CHTHATypBl METOa 43% . | mapaMeTpoB METOJa U
MOTyaBTOMaTHIECKHH
KJacca Wwin GyHKINH byHKIUH
HuskoypoBHeBbIii:
3aMeHa HeCTaTUYECKOro 4% ABTOMaTHYECKUI OTCyTCTBYIOT
METO/1a CTaTUYECKUM
OtobpaxeHue MeToa
. 0 IlomyaBTOMaTH4ECKUiL MHOTHE KO MHOTHUM,
BbicoxoypoBHeBbIii 4% N
WU PYIHOH HU3MEHEHUsI HepapXun

THUIIOB | Jp.

[Tpeamnonaraercs, 4To onucanue TpaHCHOPMAIMI Ha LENEBBIX S3bIKaX MM Ha CX0XKuX ¢ HuMu DSL
HECeT MEHbIIIE Harpy3KH Ha IOJIb30BaTeNsd, TaKk KaK HET HEOOXOIMMOCTH B ITTyOOKOM H3y4eHHUH
BHYTPEHHETO YCTPOWCTBA M MEXaHW3MOB paOOThl MHCTPYMEHTA WM MPEII0JIaraeMoro aBTopamMu
HHCTPYMEHTA MOX0/1a.

3.1 O630p NporpaMMHbIX UHCTPYMEHTOB

3.1.1 Coccinelle u Coccinelle4]

Coccinelle [7] — 3TO OTKPBITBI HHCTPYMEHT Ul aHauM3a W OpeoOpa3oBaHHs MPOrpamm,
HanncaHHbIX Ha s3bIke C, KOTOPHIH HIMPOKO HCIOJIB3YETCs MPU pa3paboTKe M BBITYCKE HOBBIX
Bepcuil sapa omepanMoHHON cuctembl Linux ¢ 2006 roma. VHCTpyMEHT HMeEET OTKPBITHIH
WCXOJHBIH KOJ] 1 IOCTYIEH B Pa3JIMUHBIX BEPCHUAX ONEPAIIIOHHON CHCTEMBI Linux.

Llenbro pa3pabOTKH JaHHOTO WHCTPYMEHTA OBLIO MOBBIIICHNE 3P (PEKTHBHOCTH OOHOBICHHS KO
anapa Linux npu usmenennu APl HeKOTOpBIX OHMONMHMOTEK, MCHOIB3YyEMBIX B MPOTPaMMHOM KOZE
Apa, ITyTeM BBITIOJTHEHHUS OIPEe/ICHHBIX IPe0o0pa3oBaHMid KO/Ia B IIOIyaBTOMATHIECKOM PEXUME.
IIpaBuna ans mpeoOpas3oBaHUS MporpaMMHOro Koja 3amuchiBaioTest B Coccinelle ¢ momorsio
ckpunToBoro s3eika SmPL (Semantic Patch Language — s3bIk ceMaHTHUECKUX MpeoOpa3oBaHmii),
KOTOpPBI WMEET CHHTaKCHC, MOoMO0OHBIM cuHTakcucy s3bika C. B s3pike SmPL wmToroBbie
mpeoOpa3oBaHus IETEBOr0 KOJA BBIPAXKAIOTCS C UCIIOIB30BAaHIEM CTPOK KO/, MPEICTABICHHBIX C
npepuKcamMu «—» 1 «+». [1epBbIi npeduKc nmpeaHasHayeH JyIsl yAalIeHHs COIIOCTAaBICHHOTO Ko/a, a
BTOpO# — y1st ToOaBiieHns HoBoro koma. Coccinelle HeuyBcTBHTEIEH K KOMMEHTapHSIM U Ipoberiam,
a TaKkXKe YIUTHIBAET IMOTOK YIPABICHHS W HHGOOPMAIMIO O THIAX MEPEMEHHBIX, YTO CYIIECTBEHHO
TIOBBIIIAET BO3MOXKHOCTH /IS OTIMCAHUS CIIOKHBIX TpaHcdopmanumii Ha SmPL.
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Ha nucTunre 5 npuBenieH npyMep ONMMCaHUS CEMAHTHYECKOTO NPeoOpa3oBaHus Ul HHCTPYMEHTa
Coccinelle ma SmPL.

[IpencraBieHHOE OIMMCaHHE CEMAaHTHYECKOTO IpeoOpa3oBaHMs NpearoiaraeT —yaajeHHe
OOBSBICHUS IIEPEMEHHOW TOJBKO B TOM Ciydae, KOIZa MepeMEeHHas HHHUIHAIU3HPYETCS
KOHCTAaHTOH W HWCHOJB3yeTCsl TOJIBKO B oIlepaTrope Bo3Bpara (omeparop return sseika C).
Onucanune nmpeoOpa3oBaHMsl COCTOMUT U3 JABYX YacTeil: 0Joka ¢ 00BSBICHUSIMU METallepEMEHHBIX (B
TepMUHAX TEKYILIEro HCCICAOBAHHUS METAllePEeMEHHOH Ha3bIBACTCsl CUMBOJBHBIN HACHTH(UKATOD
1a0JI0Ha FITH ITPaBHiIa TPpaHC(HOPMANNH, KOTOPEIA XPaHUT B ceOe HHDOPMAITHIO O CHHTAaKCHIECKOH
KOHCTPYKLMH $3bIKa), KaKAas W3 KOTOPBIX 3alaeT THI y3Ja M ero CHMBOJBHOE HMS I
COIIOCTABJICHHS, PACIIOJIATAIOIIETOCS MEXIY ABYMs IapaMH CUMBOJIOB « (@@, 1 OJI0Ka C IIpaBUIaMH
npeoOpa3oBaHMs KOJa MOCIIE COMOCTaBIICHUS.

@@

type T;
constant C;
identifier ret;

@@

- T ret =C;
... when I= ret
when strict
return

- ret

+ C

Jlucmune 5. Ilpumep onucanus cemanmuueckozo npeobpazosanus uncmpymenma Coccinelle.
Listing 5. An example of a semantic patch of the Coccinelle tool.

B omnucanHoM mpumepe npeoOpa3oBaHUs OOBSBICHBI TPU METANEPEMEHHBIX C YHUKaIbHBIMU
tunamu — T, C ¥ ret. B Onoke ¢ mpaBuiiamu npeoOpa3oBaHus ONMUCAHO yIaJeHUE O0O0bsBICHHS
MepeMEHHON ret B TOM ciydae, KOTJa OTCYTCTBYET €€ MCIOJIb30BaHHUE JI0 olepaTopa return, a
TaKKe 3aMEHY BO3BPAIIaeMOro BHIPRKEHMS B OIlepaTope return Ha KOHCTAHTy C U3 OOBSBICHUS
nepeMeHHO ret. HenocpeacTBeHHO B Koje, nepeMeHHas sizbika C MOXET HMMeTh 000t
CHUMBOJIbHBIH HMJCHTH(UKATOP, 3HAYE€HHE KOHCTAHTHOTO WHHIMAIM3aTOPa, a TaKKe THIL
Wnentnduxaropsl T, C U ret HEOOXOAMMBI JIUIIb JUIA CCBUIKA Ha 3TH CYIIHOCTH B IPaBHIIAX
peoOpa3oBaHHsI.

Omuum u3 HemocTaTkoB MHCTpyMenTta Coccinelle sBisiercst To, 9T0 OH MOXKeT MPeoOpPa3OBHIBATH
TOJIBKO KOJ BHYTPH Teja Kakoh-mu0o GpyHKimuU s3bika C, 4TO CHIBHO CY)KaeT ero BO3MOYKHOCTH,
KacarolIxecs MOJHOM MUrpaliy UCXOAHOTO KoJa MexXay pazmmuaeiMu Bepcusivu API. Ilonsoxas
UTOT, MOJKHO 3aKJIOYUTh, YTO MHCTPYMEHT MOJXOJUT M OCYHIECTBICHHS OOJBIIMHCTBA
MUy, TPUHALISKANIMX HU3KOYPOBHEBOMY KJIacca MUTPaLlH M3 pasaena 2, B TOM ciydae,
eci TpaHCc(hOpMaIK He0OXO0JMMO OCYIIIECTBUTH B IIpe/iesiaX KOHTEKCTa OTACIbHBIX ONpeAeIeHIN
byHKINH.

Coccinelle4] — 310 WHCTPYMEHT, ONMCAaHHBIH B pabore (8], sBIsArOLIMiCS HAACTPOMKOH Hax
urctpymentoM Coccinelle. OH npegHazHaueH Ui TpaHchopManny Koja Ha si3bIke Java u oOnaaer
TaKUMU BO3MOJKHOCTSIMHM KaK NEPEHMEHOBAHHE METO/A MM M3MEHEHMs €ro CHTHATYpHI ITyTeM
nobasnenus napamerpos. Coccinelle4]) ucnonp3oBancst 1isi MUTpaldd IPOrpaMMHOTO Kona Java
MEXIy pa3nuaHeIMU ycTapeBmmMHu API oneparmonHoii cucrems! Android.

CuHTaKcHC s3bIKa Java CX0% ¢ cHHTaKcHcoM si3bika C, 4To 1 mo3Bosmio paspadorats Coccinelle4]
Ha ocHoBe Coccinelle. Takum o6pazom, Coccinelle4] ucronp3yer TOT e S3BIK CEMaHTHYECKUX
npeoOpazoBannii — SmPL. Kpome Toro, pa3paboTyuku 100aBHIM BO3MOXKHOCTH pabOThI ¢ OJI0KaMu
00paboTKu UCKIIIOYeHUH (OJIOKU try—catch) u ¢ IOATHIIAMH KIIACCOB.

Unctpyment Coccinelle4), kak u Coccinelle, MoxeT ocylIeCTBIATh NpeoOpa3oBaHus KOAA TOJIBKO
B KOHTEKCTE ONpE/ENEHHs OTACIBHBIX METOAOB W HE MOJJICPXKHMBACT TPaHC(HOPMAIMIO ITOJICH
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KJIacCOB.  BBIIICNEPEUNCIICHHOE  OrPAaHWYMBAET  BO3MOXKHOCTH  HCIIOJIB30BAaHUS  JAHHOTO
HHCTPYMEHTA ISl BBICOKOYPOBHEBOM MHUTPAIMK MCXOJHOTO KOJa MEKIY Pa3IUYHBIMUA BEPCHSIMU
APIl, HO nmemaeT TPUTOAHBIM MCIIONB30BAHWE WHCTPYMEHTA AJS OCYIIECTBICHHA OONBIIMHCTBA
HU3KOYPOBHEBBIX MUTPAIIHIA U3 KIACCUPUKAIIMA pa3fiena 2.

3.1.2 PATL

PATL (Patch-Like Transformation Language) [9] — 370 si3bIk TpaHC(OpMaIHii, peTHa3HaYCHHbIH
IUIS OTIMCAaHUS peoOpa3oBaHuil IPOrpaMMHOT0 KOJIa, HAITMCAHHOTO Ha si3bIke Java. Ero cuHTakcuc
CXOX C CHHTaKCHCOM sI3bIKa CEMaHTHYeCKMX mpeoOpasoBanuii SmPL, ucmonb3yemMoro B
nacTpyMmenTe Coccinelle, ornmcaHHOM B MPEIBIAYIIEM pa3ee.

Ha muctunTe 6 ipencTaBieHo onucaHue mpaBuia TpaHchopmanuu koga Ha PATL.

// rule rButton

(jb : JButton -> Button, parent : JPanel -> Composite) {
- jb = new JButton();

- parent.add(jb);

+ jb = new Button(parent, SWT.PUSH);

}

Jlucmune 6. Ilpasuna mpancghopmayuu xooa na PATL.
Listing 6. Rules for transforming PATL code.

Jannas TpaHcopmamus moapa3yMeBaeT 3aMEHy KOMIIO3HWIMH CO3JaHds OOBEKTa Kiacca
JButton u BbI30Ba MeToAa add, IMOMEYEHHBIX 3HAKOM «-», HAa BBI30OB KOHCTPYKTOpa Kiacca
Button, IOMEYEHHOI'O 3HAKOM «1».

[lepen mpuMeHeHHEM TpaHC(HOpPMANWi BBIIOIHACTCS NpeoOpazoBaHme kKoma B SSA-dpopmy, B
KOTOPOH Ka)KI0# IepeMEeHHOH 3HaYeHUE MIPUCBANBACTCS TOJIBKO ONMH pa3. Kox, npencTaBieHHbIH
B SSA-dopme, ob1amaeT HeOOXOANMBIMH CBOWCTBAMH ISl BBIIOJIHEHHS ONITUMH3AINN W YIIPOIIaeT
aHaJIM3 NOTOKA JaHHBIX. DTa HOPMAIHM3AIHS UCIONB3YETCs IS TPOBEPKH MPaBHII IPEe0Opa30BaHMA
Ha COIJIACOBaHHOCThH JPYr € JPYroM Mepe] NMpoBeJeHUEeM TpaHcopMalui, a Takxke s Oojee
TOYHOTO COIIOCTaBJIGHUS C TpaBwiamMu mpeodOpasoBanus. PATL mnpumeHser mpaBuiIo
COTIOCTABJICHUS «MHOTHE KO MHOTHM». IIOCIEIOBAaTEIbHOCTh BBI3OBOB M3 cTaporo API
COTIOCTABIISIETCS C TTOCIIEA0BATENbHOCTHIO BBI30BOB M3 HOBOro API.

OcHoBHbiM TipeumytinectBoM PATL mo cpasuenuto ¢ Coccinelle4] siBisieTcss HOpMamu3alius
HCXOJIHOTO KOJa, YTO TIIO3BOJIAET BBINOJMHATH OOJiee TOYHBIE COMOCTABICHUSA C IPaBHIAMH
TpaHcdopMalny ITyTeM CEMaHTUUECKOTO aHaIi3a AJisl BbIBO/Ia TUTIOB. OIHAKO, C APYTOi CTOPOHHI,
HCXOMHBIA KOJI IIPOrPaMMBbI TIOJIHOCTRIO IIpeodpasyeTcs B TpexaapecHyo SSA-popmy, 4To BieueT
3a co00i MOMONHHUTEIbHBIE CIIOXKHOCTH JUIi pa3paboTyMKa, CBSI3aHHBIE C HEOOXOJUMOCTHIO
00paTHOW TpaHCIAUK NPEOOPa30BAaHHOTO TIPECTABICHHUS B HCXOIHBIN KOJI.

IlomBons WTOr, MOXHO 3aKJIIOYUTh, YTO HHCTPYMEHT MOAXOMUT MJISI OCYIIECTBIEHHUS Kak
HHU3KOYPOBHEBBIX, TaK 1 HU3KOYPOBHEBBIX MUTpAIMii M3 KiIacCHU(DUKAIMU pa3jielia 2, yUUTbIBasi TOT
¢akt, 9T0 TpaHCHOPMAIMK HPOUCXOJAT HAJ NPEoOpPa3OBaHHBIM NPE/ICTABICHHEM, a HE Haj
HCXOJHBIM KOJIOM.

3.1.3 Twinning n SWIN

B pa6ore [10] npexncrasien s3pik Twinning 1uist onucanus NpaByil TpaHC(HOPMAIHI TPOTPAMMHOTO
KOJ1a, HaIlMCaHHOTO Ha Java. OOmuii BUj mpaBuiI TpaHcdopManny Ha s3bike Twinning npeacrasieH
B ucTHHTE 7. B mpuBeieHHOM (hparMeHTe nokaszaHo, 4To THII T 11 NOoImKeH ObITh COMOCTABIICH THITY
T21 nns BceX MHAEKCOB 1, rae Kaxaomy Tuny T11 comocrasinsercs ero tun-napa T2 i. Kaxnprit
naeHTHOHUKATOp X1 3aJaeT MeTalepeMeHHYyI0, KoTopas uMmeeT THIl T1i B HCXOJHOM KOJE H
oTobOpakaeTcs B 9K3eMIurip Tina T2 1 — yi. [llaGion BeIpaXkeHNs, KOTOPOE HE0OX0IMMO 3aMEHUTh
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— JavaExpl sBinsercs BoipakeHHeM Tuna T10, KOTOpOe MOXKET HCII0JIb30BATh METAIIEPEMEHHBIC
¢ nperudukaTopamu x1..xn. JavaExp2 3agaeT BhIpaKEHUE IOcie TpaHC(HOPMALUH C THIIOM
T20, B KOTOPOM METalepeMEHHbIE y1 SBIAIOTCS Pe3yIbTaTOM OTOOPaKEHHS METANCPEMEHHBIX C
uIeHTU(HUKATOPaMH X 1...x1.

IIprmep mpaBuia TpaHchopManuy Ha s3bIke Twinning, MpeacTaBieH B JIUCTUHTE §.

JlaHHOe mnpaBWIO 3aJaeT MpaBWia 3aMEHbl BCEX BBI30BOB MeToja elements () Kiacca
Hashtable u Ha BBI30BBI MeTO/a values () .iterator () kimacca HashMap. Hampumep, Ha
muctuHre 9 mpencTtaBiieH (GparMeHT kona (ClieBa), KOTOPHIA mpeobdpasyeTcs Bo (parMeHT Koja
(cmpaBa).

HecmoTtpst Ha To uro Twinning y4uThIBacT MpaBuiia BbIBOJA Java-THIIOB U TPeOYyeT 0TOOpaKeHHS
TUIIOB OJTUH B OJIMH, OH BCE elli¢ HeOe30maceH ¢ TOYKH 3peHUs peodpa3oBanus TUIoB. [Ipumep Ha
nmucTtuHre 10 WIoCTpUpyeT 3T0.

[
T10(T1i xi, ..., Tin xn) { return JavaExpl; }
T20(T2i yi, ..., T2n yn) { return JavaExp2; }

]

Jlucmune 7 Obwuii 6u0 npasuia mpancgopmayuu kooa Ha Twinning.
Listing 7. General view of the code transformation rule on Twinning.

[

Enumeration (Hashtable x)
{ return x. elements ();}
Iterator (HashMap x)

{

}
]

return x.values().iterator ();

Jlucmune 8. Ilpasuno mpancgopmayuu kooa na Twinning.
Listing 8. Twinning code transformation rule.

void f(Hashtable t ) { void f( HashMap t) {
Enumeration e = t.elements () : Iterator e = t.values().iterator() :

Jucmune 9. [pumep npeobpazosanust memoda. Kod 0o (cresa) u nocne (cnpasa) npeobpazosanusi.
Listing 9. Example of method transformation. Code before (left) and after (right) conversion.

[
Container() { return new Container();}
Composite() { return new Composite ( new Shell(), ©);}

]

[
JList() { return new JList(); }
List() { return new List(); }

]

Jlucmune 10. Ipumep nebezonacnoii mpancghopmayuu munos.
Listing 10. An example of unsafe type transformation.

OncaHHBIC BBIINIEC MpaBiia TpaHC(HOpMAIMK MPH MPUMEHCHWH K Komy Container x = new
JList(); mpuBenyT K ommMOKe TUTIOB Tocie TpaHchopmanuu: Composite x = new List();.
IMomyuyeHHBIH QparMeHT KoJa COACPIKUT OMMOKY, Tak Kak JList sBIsSEeTCS MOAKIACCOM Kiacca
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Container, Ho List TaKOBBIM HE SIBJSETCS, UTO JEJIAET HEBO3MOXHBIM IIPUCBOEHHE CO31aHHOTO
oObekTa Kimacca Li st mepeMeHHo# Tuna Composite.

PaccmoTpeHHBIN mpuMep NOKa3bIBaeT, 4YTO, HECMOTPS Ha To uYro Twinning obecrednBaeT
KOPPEKTHYIO 3aMEHY BBIpa)KCHHH M IpeoOpa3oBaHNE OTACIBHBIX TUIIOB, IPUMEHEHHE 3TUX 3aMEH
MIPUBEIET MOXKET MMPUBECTH K HAPYIICHUIO CEMaHTHIECKOH KOPPEKTHOCTH PE3YINBTHPYIOIIET0 KOJa.
Taxoke MHCTPYMEHT HE IO3BOJIET MCHATH IMOCIEOBATEIBHOCTH MHCTPYKIHMH M OJIOKM KOAa, a
TOJIBKO JIMIIb OT/IENbHBIE BRIPAKEHUS. ITOT (PaKTOp UMEET CYIIECTBEHHOE 3HAYECHHE IPH BBIOOpE
HMHCTPYMEHTA JUIsI MUTPALIMK IPOIPaMMHOT0 KoJla o[ pa3inuHble Bepcun API.

B paborte [11] mpencrasien Oe3omacHBIN ¢ TOYKK 3peHHs MIpeodpazoBanus THHOB s3BIK SWIN,
npeAHa3HAYeHHBIN A7l OnmMcaHus TpaHcopManuii NporpaMMHOIO KOJa, HamMcaHHOro Ha Java,
KOTOPBIH paciuupsieT (hyHKIMOHAIbHbBIE BO3MOKHOCTH HHCTpyMeHTa Twinning. OIHUM U3 TIIaBHBIX
npeumyniects SWIN mo cpasaenuto ¢ Twinning siisieTcs 6€301MacHOCTh IPeoOpa3oBaHuil THIIOB
00BEKTOB.

[Mporpamma Ha s3pike SWIN cocrouT M3 Tpex dwacTtell: mpaBwia npeoOpa3oBaHMs, InalioHa
HCXOJIHOTO KOJIa ¥ IIabJIoHa Koja mociie npeodpaszoBanuid. [Ipumep ucrnosb3opanus SWIN omucan
Hmwxke. Mcxomuelii ko Ha Java:

Ha nuctunre 11 mpencraBnena nporpamma npeoGpasoanus SWIN, rae 1 u 2 — 3to npasuia
mpeobpa3oBaHusl.

Ha mucrtmare 12 TpencTaBieH MCXONHBIM KOX Ha s3bIke Java mo (cieBa) W mocie (CrIpaBa)
mpeoOpa3oBaHus ¢ MPUMEHEHHEM MIPABHJIA U3 JUCTUHTA 7.

P =1, 2]

where

1=()[ new A() : A->newB() : B]
2=(x:A->B,u:A->B)

[ x.h(u) : A -> x.k(u, new B()) : B ]

Jlucmune 11. Ipumep npoepammel npeobpazosarus SWIN.
Listing 11. Example of SWIN conversion program.

(new A ()). h (new A ()) | (new B()).k(new B(), new B())

Jucmune 12. Ipumep mpancghopmayuu evipadicenust na szvike Java. Koo do (cresa) u nocne (cnpasa)
npeobpazo8anus.
Listing 12. Example of transforming an expression in Java. Code before (left) and after (right) conversion.

JlarHOE mpaBmIIO TpaHc(OpManUK ONMCHIBAET 3aMEHY OOBEKTOB KJilacca A Ha OOBEKTHI Kiacca B, a
TaKKe 3aMeHy MeToza h Kiacca A Ha METOX k Kiacca B B IPOrpaMMHOM KOJIE.

Hecmotps Ha Bce npeumytectsa si3bika SWIN, kak n Twinning, oH mo3BoiseT TpaHcGopMUpOBaTh
JIMIIB OT/IEJIbHBIE BBIPQXKEHHS. DTO CYIIECTBEHHO OTPaHNYUBAET €r0 MPUMEHUMOCTD JUTSI MHTpannit
OoNBIHX KOJMOBEIX 0a3 mox pasnuunsie Bepcuu APL. Takke, B oriamuue ot Twinning, omucaHus
tpaHcdopmanuii st SWIN obnanaror ropasno 6osiee HeTpUBHAILHBIM CHHTaKCHCOM, YTO CO3JaeT
JIOTIOJTHUTENBbHYIO Harpy3Ky Ha I10JIb30BaTeIIs.

Iomsons utor, MoxkHO 3akmounth, 9to SWIN, kak 1 Twinning, MOIXOAAT I OCYIIECTBICHUS
TPUBUATILHBIX MUTPAllMi U3 TIEPBOTO, TPETHETO M YETBEPTOI'0 NOAKIACCOB HU3KOYPOBHEBOTO Kilacca
murpanuii API, Tak KaK ¢ TOMOIIHI0 HUX BO3MOYKHO OCYIIECTBUTS JIUIIH TPAHCHOPMAITHIO BHI30BOB
METO/I0B, HO HE UX OIpEEICHUH.

3.1.4 Nobrainer

Unctpyment Nobrainer [12] pa3paboTan Ha OCHOBE MPOrpaMMHOr0 obOecHedeHHs KOMIHIATOPa
Clang [13] w3 xommumsitopHO¥ wuHOpacTpykTypsr LLVM [14] B HHCTHTYTE CHCTEMHOTO
nporpammupoBanus uM. B.I1. MBanankoBa PAH. OH mpennasHadeH qid MoAW(UKAIMM KOJa,
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HamMcaHHoTo Ha si3bIkax C/C++, ¢ HCMOBL30BaHUEM CICIIMALHBIX MTPABHIT IPE0OPa30BaHUS KOJIA.
IIpaBuna ans Nobrainer mumrytes Ha C/C++ 6e3 HCTIONB30BaHUS CHEIHATM3UPOBAHHBIX S3BIKOB
(DSL, Domain-Specific Language — mpeaMeTHO-OpHEHTHPOBAHHBIN s3bIK). Ha muctumre 13
MpeJICTaBJICH pUMEp NpaBWI ipeoOpa3oBaHus s HHCTpyMeHTa Nobrainer.

int NOB_BEFORE_EXPR(ChangeOrder)(Agent a, char *x, char *y) {
return a.compose(x, y);
}

int NOB_AFTER_EXPR(ChangeOrder)(Agent a, char *x, char *y) {
return a.compose(y, X);
}

Jlucmune 13. [lpumep npasun npeobpazosanus Nobrainer.
Listing 13. An example of Nobrainer transformation rules.

B naHHOM mpuMepe MoKa3aHo MPaBUIIO PeoOpa3oBaHus, KOTOPOE U3MEHSET MOPSIOK apryMEHTOB
BHYTpPH BBI30Ba MCTOJla compose KJlacca Agent.

[labmoHbl  TpaHchOpMALMK, IMPEACTABIAONIME (pParMeHT LEIeBOr0 Koja A0 U MOCie
peoOpa3oBaHusl, MULIYTCS KaK OTACNIbHBIC (QYHKIHK. JJsl COIIOCTABICHHS KOAA IIPU IIPOBEACHUN
tpancdopmaruii Nobrainer ucrionb3yetr AST-comoctaBurenu (Abstract Syntax Tree — aberpakTHOE
cuHTakcuyeckoe aepeso) Clang [15] mist moucka moaXomsIHX MAGIOHOB MO IepeBy aOCTPAKTHOTO
CHHTAKCHCA.

Nobrainer npumeHsieT Bce 3aMeHbI WK co3naet ¢daiin B popmare YAML [16] ¢ onucanueM sTux
3ameH. [Iporecc pa6otsr Nobrainer COCTOMT U3 TPEX OCHOBHBIX 3TAIIOB:

1. Amamu3 Bcex CAWHUL TpaHCIAIUU KOJa, IEPCAAHHbIX HWHCTPYMCHTY KOMaHAaMHU
KOMIIMJIALIMK, H q)I/IJ'ILTpaL[I/Iﬂ ma0JIOHOB  COIMOCTAaBJCHUS Ha Z[efICTBPITCJ'IBHBIe n
He,I[efICTBPITeJ'ILHBIe.

2. IlpoBepka Ka)x10r0 MpaBHiia Ha IPEAMET COTIIACOBAHHOCTH M €ro 00padoTKa ISl CO3AaHus
BHYTPEHHET'0 MPEeACTaBIIeHNs MalIoHa peoOpa3oBaHusl.

3. CormocraBneHue Kax/J0ro MpaBuia ¢ UCXOAHBIM KOJOM MPOrPaMMBI.
4. Tenepanwus 3aMeH IO MIA0JIOHY.

Nobrainer Taxxe MoJAepKUBaET HAMMCAHUE 11a0JOHM3UPOBAHHBIX PABUI (CM. JINCTUHT 14).

template <class T> T *before() {
return (T *)malloc(sizeof(T));
}

template <class T> T *after() {
return new T;
¥

Jlucmune 14. IHpumep wabronuzuposannvix npasun Nobrainer.
Listing 14. An example of Nobrainer template rules.

JlaHHBI TIpUMep NOEeMOHCTPHPYET CHUTYaIMio, KOTJa pa3paboTymKy HEOOXOoqMMa dYacTHYHAS
MUTpanus, CBI3aHHas C TUHAMUYECKUM BBIIEICHHEM NaMsT, co cTuid si3bika C Ha C++.

HecomuennsiM  mmocom — Nobrainer  sBmsercss  ¢opmar  omucanusi — mpeoOpa3oBaHHi
HEIIOCPEICTBEHHO Ha weieBbiXx s3bikax (C/C++), 4ro ympoImaeT HCHOJIb30BaHHE MAHHOTO
MHCTPYMEHTa IIeJIeBBIM MoJb30BaTesneM. OnpHako, HECMOTpS Ha Bce (YHKIHOHAIBHEIC
BO3MOXKHOCTH MHCTpyMeHTa Nobrainer, ero ¢opMar ommcaHHs IpaBHI MPeoOpa3oBaHHSA B BHAE
(yHKIMH W WX BO3BpAIlaéMBIX 3HAUYEHWII HE OXBATHIBACT 3HAYHTEIBHYIO YacTh KOHCTPYKIHH
neneBelx s3pIKOB C/C++, a Takke HE TO3BOJSAET MEHATh OJOKM KOAAa EIWHBIM IIPAaBHIIOM
TpaHchopManuu (A7 ATOTO MPUAETCA MHUCATh MHOXKECTBO KOCBEHHO CBS3aHHBIX OTIEIBHBIX
npasui). HampuMep, ¢ MOMOIIBIO JAaHHOIO MHCTPYMEHTAa HEBO3MOXHO 3aMEHATh KOHCTPYKIHU
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nukioB for (..) Ha while (...), 9TO SABISETCS OTpaHUYCHHEM IPH BHIOOPE MHCTPYMEHTA MJIS
MHTpaIUy KoJa MeXAy pa3nnyHbIMu Bepcusimu APIL.

IMoaBoas UTOT, MOYKHO 3aKJIIOYHTh, uTO MHCTpYMeHT Nobrainer moaxoaur i OCyIIECTBICHUS
TPUBUAJIBHBIX MUTPAIUH U3 IEPBOTO, TPETHETO U YETBEPTOTO MIOIKJIACCOB HU3KOYPOBHEBOTO KJlacca
murpanuii API, Tak kak ¢ TOMOIIBIO HErO BO3MOKHO OCYIIIECTBUTH JIHIIIB TPAHCHOPMAIIHIO BBI30BOB
METOJIOB, HO HE UX OINPEAETIEHUM.

3.1.5 MARTINI

MARTINI [17] — 3To HHCTpYMEHT AJIs aHaiHu3a U IpeobpasoBanHus mporpamm Ha si3bikax C/C++,
KOTOpBIN Hcnonb3yeT noaxon uHerpymenta Nobrainer. B MARTINI 3anatorcst mapel 1nrabioHOB
moncka (match) m mabnoHOB TpaHchopMmanuu (replace) COOTBETCTBEHHO. B oTimume oT
Nobrainer, KOTOpPBIH IIO3MLMOHUPYETCS KakK O0€30MacHbii HHCTPYMEHT C TOYKH 3PEHHs
npeoOpa3oBanust TUMNOB, pa3zpaborunkrn MARTINI wHCHONB3yIOT MEHEe CTPOTHH CHUHTAKCHC
onucanus mabnoHoB. HanpuMep, CHMBOJIBHBIE HMEHA BHYTPH IIa0JIOHA HE BOCIIPUHUMAIOTCS KaK
peasibHO CYIIECTBYIOIINE B MCXOJIHOM KOja€. JTO o3HadaeT, uro B Nobrainer (cMm. pasmen 3.1.4)
HEBO3MOXKHO 3aMEHUTH THUII IPOU3BOJIBHOTO BEIPAYKEHUS C TPOU3BOJIEHBIMU UMEHAMU IIEPEMEHHBIX,
Toraa kak moaxolq MARTINI sTto mo3BoisteT.

Ha nuctunre 15 mpencraBieH mpuMmep Koja MIaOJIOHOB MOWCKAa M TpaHC(HOPMAIIUH, KOTOPHIC
3aMEHSIIOT MHULIMAIM3AINIO yKa3aTels MPOU3BOJIbLHOro Tuna ¢ 0 Ha nullptr.

template <typename T>
[[clang: :matcher("nullptr-decl”]]
auto null_match()

[[clang: :matcher_block]]

T *var = 0;

}

template <typename T>
[[clang::matcher("nullptr-decl”]]
auto null_replace()
[[clang::matcher_block]]
T *var = nullptr;

}

Jlucmune 15. pumep wabnona mpancgopmayuu MARTINI.
Listing 15. Example of MARTINI transformation template.

Ha pmaHHBIH MOMEHT MHCTPYMEHT MOIJICP)KMBAET TOJBKO OTPAaHMYEHHOE MOIAMHOMKECTBO
crannaproB C/C++ U HaXOIUTCS B aKTUBHOM CTaJMU Pa3padOTKH, YTO SIBJISIETCS] CYIECTBEHHBIM
OTpaHUYEHHEM IPHU BEIOOpE HHCTPYMEHTA JIUISI MUTPALIMH KOJIa MKy pa3IndHbIMU BepcusiMu API.
ITonBons uror, MoxkHO 3ak0unTh, 4T0 MARTINI mogxomuT s ocyiiecTBICHNS TPUBHAIBHBIX
MUTpanyii U3 IEePBOro, TPETHETO U YETBEPTOTO MOJKIACCOB HU3KOYPOBHEBOTO KiIacca MHIPAIUM
API, Tak Kak ¢ TOMOIIHIO0 HETO BO3MOXKHO OCYIIECTBUTH JIUIIH TPAHCHOPMAITUIO BEI30BOB METOIOB
n QyHKUMH, HO HE UX ONpEeIeHHUI.

3.1.6 Refaster

Refaster [18] — 310 OTKpHBITHINF HHCTPYMEHT, pa3paboTanHblii kKommnanuei Google (BrmociencTBim
nepenMeHoBaHHbINH B Error-Prone), npenxasHadeHusiii it pedakropuara Java Koja ¢ IOMOIIIBI0
1a0JIOHOB KOJIA «JI0» M «I1ocie» ero cornoctasienus. 111abionsl 3anuceiBatoTes Ha si3bIke Java 6e3
crieruanu3upoBanHoro DSL.

B kauecTBe mpumepa paccMOTpuM Tiepexoja Ha HOBbIH API OubGnmuoTexkn konupoBaHus Base64.
Ha muctunre 16 npenctasiieH Ko 10 U IOCIIE MPe0Opa30BaHUS.
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IIpaBuio mpeobpa3oBaHMs KoJa MHCTpyMeHTa Refaster, mozBoisromiee OCYIIECTBHTh JaHHYIO
MUTpALHMIO, IPECTABICHO Ha JIUCTHHTE 17.

[Ipasuna (ma6noHB!) peodpa3zoBaHus, IpUMEHIEMbIe HHCTpYMeHTOM Refaster, BkirouatoT B ceds
KJIacC, COAEpXallMid OJWH WIM HECKOJbKO AaHHOTHPOBAHHBIX METOMOB C IOMETKOH
@BeforeTemplate W OAWH METOH, aHHOTUPOBAHHBIN Kak @AfterTemplate. Kaxapli u3
METOJIOB I1a0JIOHA MOXKET COJEPXKAaTh apryMEHThl, WMEHyeMble IEPEMEHHBIMU BBIPAKEHHH,
KOTOPBIE COOTBETCTBYIOT BBIPAXKCHHSM OIPEACICHHOTO THIIA B IIOJb30BATEIHCKOM KOJE;
HarpuMep, 3TO MOTYT OBITh OalThI, CBS3aHHbIE C KOJAUPOBaHHeM Base 64. Teno Merona mabdioHa
Npe/CTaBIsieT co0OH BBIpaKeHHE, BO3BpallaeMOe ONEepaTopoM return, aHaJOTWYHO IOAXOAY,
ucronb3yeMoMy B mHCTpyMeHTe Nobrainer (cM. pazzmen 3.1.4). Illa6nons! mpeodpa3oBanus Refaster
OIIMCHIBAIOT 3aMEHY JI000T0 BBIPAXKEHHUSI B HCXOTHOM KOJ€, KOTOPOE COOTBETCTBYET OJHOMY W3
BBIPDOKCHUH, BO3BpAIllaeMbIX MeTolaMH (@BeforeTemplate, Ha BhIpaXK€HHE, BO3BpAIIacMOe
€IMHCTBEHHBIM METOAOM @AfterTemplate.

OnHako OTHUM U3 OCHOBHBIX HEIOCTaTKOB Refaster ABIg€TCS OTCYTCTBHE CEMaHTHIECKOTO aHATIH3a
(xoTst OBl [UII KOPPEKTHOTO BBIBOJA THIIOB) KOJA IIEPE] CONOCTaBICHHMEM. [IpHBeneHHbBIA Ha
mactuare 18 dparmenT kona He OyeT mpeoOpa3oBaH B COOTBETCTBUH C yCTAHOBIICHHBIM IIPaBHIIOM.

System.out.println(Base64.encodeWebSafe(Files.toByteArray(file), false));

System.out.println(BaseEncoding.base64Url().omitPadding().encode(Files.toByteArray(file));

Jlucmune 16. IHpumep muepayuu 6ubruomexu Kooa, ucnonv3yrowezo oubauomexy Base64.
Koo 0o (ceepxy) u nocne (chusy) muepayuu.
Listing 16. An example of migrating a code library that uses the Base64 library.
Code before (top) and after (bottom) migration.

class BaseEncodingMigration {
@BeforeTemplate public String before(byte[] bytes) {
return Base64.encodeWebSafe(bytes, false /* no padding */);
}

@AfterTemplate public String after(byte[] bytes) {
return BaseEncoding.base64Url().omitPadding().encode(bytes);
}

Jlucmune 17. [pumep npasuna mpancgopmayuu Refaster.
Listing 17. An example of a Refaster transformation rule.

doPadding = false;
System.out.println(Base64.encodeWebSafe(Files.toByteArray(file), doPadding));

Jlucmune 18. Ipumep npasuna mpancgopmayuu Refaster.
Listing 18. An example of a Refaster transformation rule.

B nannom ciryyae nHcrpymeHT Refaster He cocobeH omnpeaennts, 4to nepemenHas doPadding
nmeet OyneBblii TuI. Tak Kak OH YYUTBIBA€T TOJBKO THIBI CTAHJAPTHON OMOIHOTEKH s3bIKa Java
(IpUMHTHBHBIC U KJIACCHI), @ TAKXKe Kiacchl U3 Java oubdnnorek ot komnanuu Google.
Bonee toro, Refaster mnorma crpemutcst nepenucats peannzanuio HoBoro API. Hanpumep, ecim
MeTox BaseEncoding.base64Url (...) B IpUBEACHHBIX paHee npaBmiax Refaster ncmonsiyer
B CBOE€Hl peamu3anuu MeToJ Base64.encodeWebSafe(..), 3TO MOXeT MPHUBECTH K
BO3HHKHOBEHHIO OECKOHEYHOTO IMKJIa, Korma Refaster mombITaeTcss mepeompeneiuThb
BaseEncoding.base64Url (..) B TepMuHax camoro ceds. Takum oOpa3oM, HHCTPYMEHTY
Refaster HeoOxoamMa mMmoOMOIIb pa3padOTUMKA IS pa3pelieHus OMpPEICNCHHBIX CHUTYaIUi,
CBSI3aHHBIX C MPeoOpa3oBaHUEM KOJia, KOTOPHIE OH HE B COCTOSTHUN PEIINTh CAMOCTOSITENIBHO.
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VYka3aHHbIE BbILIE OrpAaHUYCHHs UHCTpyMeHTa Refaster mpensTCTBYIOT BBIMOJHEHUIO CIIOXKHBIX H
MacmTaOHBIX MpeoOpa3oBaHUi Koja, TPEOYIOIMMX CEMaHTHYSCKUH aHalu3 COIMOCTaBICHHBIX
KOHCTpykumuii. B pomonuenue k stomy, Refaster me crmocobeH TpaHCGOPMHUPOBATH IEMNOYKH
OIepaTopoB, a JHMIIb OT/AENbHbIE BhIpaXeHus. B cBs3u ¢ atuMm, Refaster mogxomur mms
OCYIIECTBJICHHUSI TPUBHAJIBHBIX MUTPALMi M3 TEPBOro, TPETbEr0 M YETBEPTOrO IIOJKIACCOB
HHU3KOYPOBHEBOTO Kiacca Murpauuii AP|, Tak kak ¢ HOMOIIIBIO HETO BO3MOKHO OCYIIIECTBUTD JIMIIb
TpaHc(opMalnio BEI30BOB METOJIOB, HO HE UX OIPEACICHHIA.

3.1.7 Proteus

Proteus [19] — aTo mnpompueTapHbIi HHCTPYMEHT, MpEIHA3HAYCHHBIH U1 aHaiM3a W
npeoOpa3oBaHusi nporpamMm Ha s3blke C/CH++, y4yuTBHIBAaIOIIUI MpOOENbHBIE CHMBOJBI U
KOMMeEHTapuH. VMHCTpYMEHT HCHONB3YeT NMPOMEKYTOUYHOE NpencTaBieHue nporpamMmsl LL-AST
(Literal-Layout AST), KOTOpOe Y4YHTBIBAET KOJMYECTBO MPOOEIbHBIX CHMBOJIOB, TaOYISALUH,
MIOJTb30BATENECKIE KOMMEHTAPHH, a TAK)KE OTACNIBHBIC TUTEPANIbI, TAKHE KaK « (», «) » B KAUECTBE
CaMOCTOSTEIBHBIX 3JIEMEHTOB a0CTPAaKTHOTO CHHTAKCHYECKOTO JIepeBa.

[[Ta6bmous! moncka B Proteus onmceiBaroTest ¢ momotsio paspadoranHoro DSL YATL (Yet Another
Transformation Language), KOTOpbIi CHHTaKCHYECKH CX0K co Stratego [20].

Pa3paboTaHHbIi SI3BIK MO3BOJACT 3aXBaThiBaTh y31MbI LL-AST u comocTaBiATh MX BHYTPEHHUM
nepeMeHHbIM sA3blka YATL ans nanpHeiwero cemantuyeckoro ananusa. SI3eik YATL no3Bossier
UCIIOJIb30BaTh KOHCTPYKIIMH 1IE€JIEBOTO S3bIKa B 33/1aHUK TUIOB y3710B AST, KOTOpBIEe HEOOX0AUMO
COMOCTaBUTh M TpaHCHOPMHUPOBATh, a TAKKE CCHUIATHCS B IMA0JOHAX TpaHchOpMaIuK Ha
HETHITM3UPOBaHHEIEC TepeMeHHbIe si3pika Y ATL, xparsamue B cebe 3HaueHuss AST y31moB.

[Tpumep miabnoHa mowcka U TpaHChOpMAIMK BbI30Ba (YHKIMH boo Ha BbI30B (yHKumu foo
MIpeACTaBJIEH Ha JJUCTUHTE 19.

foreach-match(FunctionCall:{“boo,=*p}) {

on *p {
$_ = new(Id:{‘foo});
}

}

Jlucmune 19. llpumep npasuna mparcghopmayuu Proteus.
Listing 19. An example of a Proteus transformation rule.

daktrdeckn, TpaHCPOpPMAUMM  KOJa, BHINNOJNHSAEMBIE  Proteus MpencTaBisIIOT — cOOOM
HMHTEIUICKTyaJbHbIE MaKpOITOJICTAHOBKH, a CaM WHCTPYMEHT MpPEICTaBIsieT COOO0H mpemporeccop,
VUUTBHIBAIOIINN KOMMEHTApUHU, NpOOeNbHbIe CHMBOJBI M OTCTYIBI, HO, HECMOTpPS Ha O3TO,
WHCTPYMEHT He TMOJJIepKUBaeT TpaHcPopMmaluy, TpeOyolue CEeMaHTUYeCKOro aHalu3a,
HampuMep, ¢ MOMOIIBI0 HETO HEBO3MOYKHO OCYIIIECTBUTH MPEABAPUTENILHYIO MPOBEPKY THUIIOB MEPE
COTIOCTaBJICHHUEM U 3aMeHOH U mpouee. Taroke Proteus obragaeT HETPUBHANBHBIM CHHTaKCHCOM
sI3bIKAa  OMHCAHWS TPABHJI TPAHCPOPMAIMH, YTO MOXKET MOTPeOOBAaTh OT IOJIB30BATEII,
OCYIIECTBIITIONIECTO TPAaHCPOPMALIUIO, TOTIOJIHUTESIHHBIX HABBIKOB I BPEMEHHU Ha €r0 U3yYCHUE.
WHCTpYyMEHT TOIXOAUT AJSi OCYIIECTBIEHUS TPUBHAIBHBIX MUTPAlUH U3 MEPBOTO, TPETHETO U
YETBEPTOTO IOAKJIACCOB HHU3KOYPOBHEBOI'O Kjacca murpanuii APl, Tak kKak ¢ TOMOIIBIO HETo
BO3MOXHO OCYIIECTBUTH JIUIIb TPAaHC(HOPMAIUIO BHI3OBOB METOJOB M (DYHKIMI, HO HE HUX
ONpeeIeHUN.

3.1.8 SPOON

B pa6ore [21] mpencraBieHa otkpbiTas OubOmunoTreka SPOON, paspaboraHHas Ha S3bIKE
mporpaMMHpOBaHus Java. Drta OTKpeITas OHONMOTEKa TWpeAHA3HAYCHA [UIA aHAIH3a W
npeoOpa3oBaHus KoJa MPOrpaMM, HalMCAHHBIX HA s3bIKE Java, ¥ MOXeT OBITh HCIOJh30BaHA IS
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Pa3NIUYHBIX MpeoOpa3oBaHMH, BKITIOYAas M3MEHEHHUS KJIACCOB, METOJOB M THIIOB NEpEMEHHBIX. B
mpolecce aHaJM3a UcXoHoro koma oudmmoreka SPOON co3maer aOCTpakTHOE CHHTAKCHYECKOE
nepeBo (AST), ucromp3yromee uHQOpManuio o Meramonenud o0vexToB SPOON, sBistomiefics
paciIupeHreM CTaHAAPTHOM MeTaMoOJenH s3bIKa Java, KoTopas 3a/lacT HEPapXHUi0 CYIIHOCTEH
(HampuMep, METOJ], KJIacc, MepeMeHHast U T. 1.) Java ¢ uX aTpuOyTaMu W SBISCTCS (paKTUYCCKH
cTpykTypoit Java AST. Meramonens SPOON BKITIOYaeT CHENHMATbHO Pa3pabOTaHHBIC KIACCHI,
umerornue npedpukc Ct. Hanpumep, CtElement sBusercs 6a30BbIM (KOPHEBBIM) KJIaCCOM METa-
momemn SPOON, CtClass mpencraBiser aOcTpakmuio kiacca Java, a CtMethod ciyXuT
abcrpaknueit st o0bsABICHUS MeToa Java.

IIpeobpasoBanue mporpaMmel B KoHTeKcTe oubnmuoreku SPOON mpemxycMaTpuBaeT KOMOMHAIMIO
e€ aHamu3a W mocjenyrmei TpaHchopManuu. ITa KOHIENTyallbHas apa peaan3oBaHa B Kiacce-
o0paborurke SPOON, koTOpsIi POKyCHpYETCs Ha aHATN3E HIEMCHTOB ITPOTPAMMEBI B METaMO/IEITH.
B xauectBe mmmocTpannu, Ha juctuHre 20 MPHUBENEH KOJ, IEMOHCTPHUPYIOIIUN IpoIeccop,
KOTOpBIM aHaJIM3UPYET INPOrpaMMy C LIEJbI0 IOMCKA U 3aMeHbl MeToja getText Kiacca A Ha
HOBBIM MeTO testReplace.

public class MethodProcessor extends AbstractProcessor<CtElement> {
public void process(CtElement el) {
if (el instanceof CtMethod<?>) {
// 3ameHa obbsBNeHUsA meToAa
CtMethod<?> method = (CtMethod<?>)el;
if (... &% method.getSimpleName().equals("getText")) {
method.setSimpleName("testReplace");
¥
// 3ameHa BbI3OBOB MeTOAa
if (el instanceof CtInvocation<?>) {

}

Jlucmune 20. Hpumep xracca-oopadbomuuxa SPOON.
Listing 20. An example of SPOON processor.

B nanHOM npumepe 3axBaThIBaroTCs Bee y3ibl AST, Tak Kak KaX[bIi y3el ABJISIeTCs HPOU3BOIHBIM
or 06aszoBoro kimacca Meramoaenu SPOON — CtElement. Merton process Kiacca
MethodProcessor MNpUHUMAaeT 3alpoIICHHBIA 3JIEMEHT B KayeCTBE BXOJHBIX [aHHBIX U
BBITIOJTHACT aHAJIN3, B PE3YJIbTATE YETO MPOMCXOANT 3aMeHa MIMEHH MeToia get Tex t Kilacca A MpH
0OBSBICHUH M BO BCeX BbI30Bax. [l ucnonb3oBaHus 00paboTurka TpedyeTcst ero 1o0aBieHne B
oubmmoreky SPOON. B Oubnmoreke momyckaeTcss MCHOJIh30BaHUE HECKONBKHX 00pabOTYMKOB
OJITHOBPEMEHHO, TIPH 3TOM MOPSI0K X PUMEHEHHS OIPEAEIIsIeTCs OIb30BaTeNIeM.

TectupoBanme mokazamo, 4to OuOmmoreka SPOON Xopomio pacro3HaeT IeMOYKH BBEI30BOB
¢ynknuii. Hanmpumep, oHa MOXKET paclio3HaThb M M3MEHUTHh MeTox getText Java-kimacca A c
MOMOIIIBIO OMMCAHHOTO BhIIIEe 00paboTYHKa B CUTyallMK Ha JMcTUHre 21.

Class c = new C();
c.getA().getText()

Jucmune 21. Ipumep mpancgopmupyemozo Java xooa.
Listing 21. An example of Java programming code

SPOON crocoOeH pacro3HaTh, YTO BO3BpAallaeMO€ 3HAYEHHE MeToja — C.getA () sBiseTcs
9K3EMIUIAPOM Kilacca A.

OpnHako naHHAst OMOIMOTEKa HE TPEOCTaBsaeT (PYHKIMOHAIBHOCTH JJIsI PA0OTHI CO CTATUIECKUME
METOZaMH KJIACCOB, a TAKXKE HE YYUTHIBACT MTOTOK YIPABICHHS IPOTPAMMEI IIPH TPaHC(HOPMAIUIX
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Koza (aHajW3 MOTOKA YNPaBJICHHS IPH UCIIOJIB30BAHHM JAAHHOTO MHCTPYMEHTa MOXKHO IPOBECTH
BpY4HY!0, 00x0s nepeBo AST caMocTOsTENbHO).

Cpenn npyrux Bo3MokHocTeidl OmOmunoreka SPOON  mpemocTaBisieT BO3MOXHOCTH IS
MOIU(UKAIMK HE TOJBKO HCXOJHOTO II0JIb30BATENBCKOTO KO, HO M IOJb30BATEIbCKUX
komMmeHTapueB. OrpanmdernmsmMu SPOON sBisitoTcss kiaccel Java, KOTOpBIE OIpEAETICHBI BO
BHEITHUX MakeTax Java. B KOHTeKkcTe MpPOCTBIX HMPUMEPOB TpaHC(opmMammy Koja, TaKWX Kak
npeoOpa3oBaHKe KIIaCCOB, METOIOB U IEpEeMEHHbIX, Onbmroreka SPOON neMoHCTpHpyeT XopoIuue
PE3YNBTATHL

Bubmmorexa SPOON ncnonp3yercss BO MHOTHX HHCTPYMEHTaX BOCCTAHOBJICHHS M IIPEOOpa3OBaHUS
Java-kona, BKIo4asi:

1. Genesis [22] — uHCTpYMEHT ISl aBTOMATHYIECKOTO HCIIpaBieHus Komaa Java (joGaBieHue
WITH 3aMEHa TIPEINKATOB B OJIOK C YCIIOBHEM OIiepaTopa i f, 3aMeHa orepaTopoB BO3Bpara
return, a TakxKe JPYTHX TUIIOB OIIHOOK);

2. Elixir [23] — wuHCTpyMeHT misi moucka JeeKTOB B MHPOrPAMMHOM OOECICUCHHUH,
HAITMCAHHOM Ha S3BIKE MPOrpaMMUpOBaHus Java;

3. Cap-Gen [24] — uHCTpYMEHT /ISl aBTOMATHYIECKOM M€HEPAIIMU HEKOTOPOTO OTPAHHYEHHOTO
KJIacca KOHTEKCTHO-3aBUCHMBIX MPEOOpa30BaHHUI;

4. MuCrash [25] — HHCTPYMEHT /ISl BBISBJICHUS YCIOBHIA COOsl BBIMOTHEHUS] IPOTPAMMBI U
TeHepaliy TECTOB JUIs BOCIIPOU3BEICHUS 3THX COOEB;

5. Nopol [26] — uHCTpYMEHT /1Js1 aBTOMATHIECKOT0 UCTIpaBlicHust 6J10koB 1 f-then-else,
KOTOPHI YYUTHIBACT TMOTOK YIPABICHHUS MPOTPAMMbI, HAMMCAHHON Ha  S3BIKE
IIPOrpaMMHUpPOBaHus Java,

6. Astor [27] — OubmuoTeka, mpenHa3HA4YeHHAs Ui MOMCKAa Ne(eKTOB B MporpaMmmax,
HaIMCaHHbBIX Ha A3bIKE IPOrpaMMHUPOBaHUA Java.

[IpencraBincHHbIC B CIUCKE BBIIIC MHCTPYMEHTHI U OMONMOTEKM HMCIOT OTPAaHMYCHHYIO Cepy
MPUMEHCHUSI, KOCBEHHO CBS3aHHYI0O C MHIPAllMeil MPOrpaMMHOIO KOJa, COOTBETCTBEHHO,
HHCTPYMEHTaMH TpaHC(HOPMAIHH TIPOrPAMMHOIO KOJ1a OHH HE SIBJISIOTCS.

SPOON noaxomuT aiasi OCYINECTBIICHHS OOJBIIMHCTBA MHIPAIlldii HU3KOYPOBHEBOI'O Kiacca
murpanuit APl u3 pazmena 2.

3.1.9 Comby

Comby [28] — 3T0 HHCTPYMEHT ISl CHHTAKCHYECKOH TPaHC(POPMAIIHH KO/Ia, KOTOPBIHA HCIONB3YeT
KOHIIeNIIMIO mapcepoB-komOuHaTopoB (Parser Combinators) i MHOTOKpaTHOW 00pabOTKH
CHHTaKCHYECKNX CTPYKTYP SI3BIKOB IPOTpaMMHUpOBaHus. B paboTe aBTOpHI OAPOOHO ONMUCHIBAIOT
APXUTEKTYypy HHCTPYMEHTA, €r0 BO3MOXKHOCTH U IIPUMEHSEMBIE METO/BI.

Comby npemocTaBiisieT KOHTEKCT JIsl BBINOJHEHUs TpaHc(opMalyii Ha OCHOBE CHHTaKCHYECKUX
mabJoHOB M 00NamaeT MOANEP)KKOW MHOXECTBAa SI3BIKOB IIPOrpaMMHpoBaHus. VHCTpyMeHT
MIOJIICP’KUBACT OMMCAHHUE MIPABUI TPAHC(HOPMAIINN Ha SI3BIKE, CXOKHM C IIETICBBIM.
OyHKIIMOHAIBHBIE BO3MOXKHOCTH HMHCTpyMeHTa Comby BKITIOYalOT B ceOs CHCTEMBI ITOWCKA H
3aMEHBI, YTO MO3BOJISIET pa3paboTynkaM 3(p(HEeKTHBHO BHIMOJIHATE pedakTopuHr, oOHOBIeHUST API
U IpyTHe BUABI IPeoOpa30oBaHUs MPOTPaMMHOTO KOJa.

B muctunre 22 cHU3y MOKa3aH MpuUMep 3aMeHbl KN for Ha s3pike Python, koTopsrit BeraucseT
cymmy, Ha pyHknuoo np.sum () u3 APl ombamorekn NumPy. IIpeoOpa3oBanue omuchiBaeTCs
NIPaBUJIOM, TTOKa3aHHBIM B JINCTHHTE 8, B KOTOPOM JIeBasl 4acTh 3aJlacT IaOJIOH «JI0», a MPaBYIo
mabioH «mociey. O0e CTOpPOHBI MpaBuila cojiepkaT oneparops! Python ¢ nepemenHbIMu mabnona
(manpumep, : [ [vO0]]), koTopble cBs3biBatoTcs ¢ y3naMu AST QakTHueckoro MCXOAHOrO Koja
(mampumep, : [ [v0]] cBA3BIBaeTCA C PE3YJLTATOM BBIYUCICHHS). JTH TpPaBHJIAa MOTYT OBITh
UCIIONIB30BAHBI I Mpeo0pa3oBaHusl JIOOOro MENeBOr0 KOJa, KOTOPBI MMEET aHaJIOTHYHYIO
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ctpyktypy AST ¢ K0IIOM, TIPEJCTABICHHBIM B JIMCTHHTE §, HE3aBUCHMO OT Pa3jINYuii B UMEHAX
MePEMEHHBIX.

Xors Comby monmmep)knBaeT MHOXECTBO SI3BIKOB W O0JIaaeT CHHTAKCHCOM IIaOJIOHOB
TpaHC(HOPMAIIMN CXOKUM C LIEIEBBIMH SI3BIKAMH (YITO IIOBBIIIAET yIO0OCTBO €Tr0 MCIIOIH30BAHMA),
ero 3()(heKTUBHOCT CHIKACTCS MPU paboTe ¢ MpoeKTaMu, 00IaqaroIiuMy KPYITHBIMH KOJOBBIMH
6azamu. Tak kak Comby He MpOBEPSET CHHTAKCHYECKYIO W CEMAaHTHUCCKYIO KOPPEKTHOCTE KOJIa
MOCJIe MOJICTAHOBKU, TO B pe3yibTaTe MpeoOpa3oBaHUil MOXKET MOJYYHTHCS HEKOPPEKTHBIA KO,
HaTpUMep, B MIa0JIOH MOWCKA IUKJIA U3 JIMCTHHra 22 MOXET MONACTh UK, UTCPUPYEMBIH IO
CTPOKE. DTO MPHUBEIET K TOMY, YTO B NUMPY . SUM OKAXKETCS CTPOKA U3 MEPEeMEHHOH madioHa —
:[[v2], ¥ BO3HHKHET OmMOKa HECOOTBETCTBHA HMHTEP(EHCOB THIIOB BPEMEHH BBITOIHECHUS
unTepnperatopa python. CooTBeTcTBEHHO, YeM 0okl KOgoBas 6asa, TeM 0osbline OyaeT TaKux
omubok. B Takom ciyuae motpebyeTcst pydHas Bepudukanus pe3yabTaToB NpeoOpa3soBaHuil, 4To
HE CHJIBHO TPOIIE OCYIIECTBICHUS NpeoOpa3oBaHMil BpydHyI0. Takke HE IMONYIHTCS 3a1aTh
JOTIONTHUTEIbHBIE CEMaHTHYECKHe IIPOBEpKH (HampuMmep, THIA) IIEPEeMEHHBIX InabJoHa,
COZIEPKAIIMX COTOCTABISIEMbIC CHHTAKCHYECKHE KOHCTPYKINH, Tak kak Comby paccuntan i
Ha TPOBEICHWE IPOCTHIX TpaHCPOpManuii B BHAE NOWCKAa W 3aMeHEBI. [lepeMeHHBIC mIabioHa
TIPEICTABISIIOT COOOH JIMIG HalICHHbIC CHHTAaKCHUYECKHE KOHCTPYKIUH B HCXOIHOM KOJe, a HE
SIBIIAIOTCS TUNIM3UpoBaHHBIMU AST y3namu.

:[[ve]] = o :[[ve]] = numpy.sum(:[[v2]])
for :[[v1]] in :[[v2]]:
:[[ve]] = :[[ve]] + :[[vi1]]

result = @

- for elem in elements:

result = elem + result

+ result = numpy.sum(elements)

Jlucmune 22. Ipumep ucnonvzosanus Comby.
Ipasuno nepeszanucu «do» (cresa-ceéepxy) u «nociey (cnpasa-ceepxy), Umozosoe npeobpazosanue (CHu3y).
Listing 22. An example of Comby tool usage.
The rewriting rule "before" (left-top) and "after" (right-top), the final transformation (bottom).

N3-3a mepeunciieHHbIX HemocTaTkoB COMDY MOAXOAMT ISl OCYIIECTBICHUS TPHUBHATBHBIX
MUTpaluii U3 MEePBOro, TPETHETO U YETBEPTOr0 MOJKIACCOB HU3KOYPOBHEBOTO KiIacca MMIPAIMH
API, Tak KaK ¢ MOMOIIIBbIO HETO BO3MOXKHO OCYIIECTBHUTD JIUIIb TPAHC(POPMAIIUIO BHI30BOB METO/IOB
1 (QYHKIUH, HO HE UX OTIPEIEICHUI.

3.1.10 OpenRewrite

OpenRewrite [29] — 3TO HHCTPYMEHT C OTKPBITHIM HCXOIHBIM KO, MpETHA3HAYCHHBIA IS
pedakropuHra ¥ MUrpanuM NMpoOrpaMMHOrO Koja Ha si3bike Java. [lpaBuia Murpandd MOMXKHO
3aIMCBIBATh KaK B JICKJIAPATHBHOM, TaK M B MMIIEPaTUBHOM CTHIIE.

JleknapaTuBHBIA CTHIb IPENOJiaraeT HCIOJIb30BaHUE CYIIECTBYIOIIMX IPABWI MUIPALHU C
nmapameTpHu3anueii, KoTopele ONMChBaeTcs B (aire koHpurypanuu Ha si3eike YAML. B nuctunre
23 mpeacTaBieH TpPHUMEp HCIOIB30BaHUS Takoro (aiina KOHQUTypaluu, MPEarnoararnero
murpainuio ¢ oubanoreku Java ApacheClient [30] Bepcuu 4 Ha Bepcuio 5. Takoi THI MUTpanin
IpeAroaraeT CyIIeCTBEHHOS HM3MEHEHHE OITMCAaHMH KJIACCOB M HMX METO/OB, COOTBETCTBEHHO
UCIIOJIb3YIOTCS PAa3HBIX MPAaBUIIA MUTPALH, KaX/Jast U3 KOTOPBIX OCYIIECTBIISICT ONpPE/CIICHHBIN e
BU/I.

OpenRewrite Tak)Ke ITO3BOJSET OMKMCHIBATH ITPAaBHIa MUTPALMH BBIPAKEHUH WIM OTAEIBHBIX
OIepaTopoB B HMIIEPAaTHBHOM CTHWJIE C TIOMOIIbI0 InabinoHoB @BeforeTemplate w
@AfterTemplate 6ubnmorexn nHcTpyMmeHrta Refaster (cm. paznen 3.1.6).

129



Churkin Y.A., Melnik D.M., Buchatskiy R.A. Survey of Application Program Interface Migration Methods for Object-Oriented Languages.
Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025. pp. 111-146.

WHCTpYMEHT MOJJIep)KUBAeT Takke 0oJjiee MHTEIUIEKTYaIbHBIA THII MUTPALMI C UCIIOJIb30BaHHEM
obxomunkoB LST (Lossless Semantic Tree — cemanTuyeckoro aepesa 6e3 moreps) [31], KOTOpbIi
mpencTaBisieT codor BapuaHT peammsanun AST ¢ pacmmpeHHOH HH(OOpMAIHEH O THIIE KaXIOro
y37la JepeBa M COXpaHeHHeM HH(popMauuu o (OPMaTHPOBAHUM HCXOJHOTO Koja (Hajudue
OTCTYNOB M KOMMeHTapueB). Ha nuctunre 24 npeacraBiieH MpuMep ONMMCAHMS IpaBUila MUTPALH
C OMOIIbI0 Java mabIoHOB.

type: specs.openrewrite.org/vibeta/recipe
name: org.openrewrite.java.apache.httpclient5.UpgradeApacheHttpClient_5
displayName: Migrate to ApacheHttpClient 5.x
description: >
Migrate applications to the latest Apache HttpClient 5.x release.
recipelist:
- org.openrewrite.java.apache.httpclient4.UpgradeApacheHttpClient_4_5
- org.openrewrite.java.apache.httpclient5.UpgradeApacheHttpClient_5_ClassMapping
- org.openrewrite.java.apache.httpclient5.UpgradeApacheHttpClient_5_DeprecatedMethods
- org.openrewrite.java.apache.httpclient5.UpgradeApacheHttpClient_5_TimeUnit
- org.openrewrite.java.apache.httpclient5.StatusLine

Jucmune 23. Ipumep dexnapamusnozo wabnona muepayuu OpenRewrite.
Listing 23. An example of a declarative OpenRewrite migration pattern.

@value
@EqualsAndHashCode(callSuper = false)
public class SayHelloRecipe extends Recipe {

public class SayHelloVisitor extends JavaIsoVisitor<ExecutionContext> {
private final JavaTemplate helloTemplate =
JavaTemplate.builder("public String hello() { return \"Hello from #{}!'\"; }")
.build();
@Override
public J.ClassDeclaration visitClassDeclaration(...) {

// MpoBepka moz2o, ymo 6 knacce Hem memoda "hello"
boolean helloMethodExists = classDecl.getBody().getStatements().stream()
.filter(statement -> statement instanceof J.MethodDeclaration)
.map(J.MethodDeclaration.class::cast)
.anyMatch(methodDeclaration ->
methodDeclaration.getName().getSimpleName().equals("hello"));

// fJobaBneHue memoda B onucaHue Kaacca
classDecl = classDecl.withBody(helloTemplate.apply(...));
return classDecl;

Jlucmune 24. Ipumep umnepamusnoeo wabnona mucpayuu OpenRewrite.
Listing 24. An example of an imperative OpenRewrite migration pattern.

B mpumepe Bble omuchIBacTCs NPaBHIIO, J00aBIIIONICe B KaXKAbIH HaWJEHHBIH KJ1acC METOA
hello, ecim METOA C TAKMM HaUMEHOBAaHHEM B 3TOM KJjlacce OTCYTCTByeT. IIpaBmiio Murpanuu
3alKchIBaeTCs B BHJE Java Kiacca, NPOU3BOJAHOTO OT Recipe, KOTOPBHIA MNpEA0CTaBIseT
nHTepdeiic, MOo3BOIAIONIMKA 3a7aTh MMS IA0IOHY MHIPallMH, TEKCTOBOE OIMCAaHHUE, CII0co0
cepranu3anuy, a Takxe Habop o6xoqunkoB LST. B nanHOM nmpuMepe 3aperucTprupoBaH BCETO OTUH
obxomunk — SayHelloVisitor, B KOTOPOM MPEACTABICH 00pabOTYMK OOBSBICHHH Kiacca,

130



Yypxun S.A., Mensuuk .M., Bywaukuii P.A. O630p MeTOI0OB MHrpamHy NMPOrpaMMHBIX MHTEP(EiCOB MPHIOKEHHIT JUIsi 0OBEKTHO-
OPHEHTHPOBAHHBIX I3bIKOB. Tpyost UCII PAH, 2025, Tom 37 Beim. 4, 9acts 1, c. 111-146.

MIPOBEPSIONINI, YTO B KJAcCe MPHUCYTCTBYET METOJ ¢ MMEHeM hello W M00aBISIONINN €ro B
MPOTHUBHOM CIIy4ae.

Co3naHHBIN TaKKMM 00pa3oM Ia0JIOH 3aTeM MOXKHO HCII0JIb30BaTh B (haiinax koHnpurypauun Y AML
BMECTE C IPYTHMH MabJIoOHaAMHU IS IPOBEICHUS O0JIee CIIOKHBIX TpaHC(HOPMAaIHii.

OpenRewrite npenocraBnsieT 3apaHee pa3pa0OTaHHbIC IIA0NOHBI MHUIpalMu Java Koja B BHIE
oubmmoTekn. OJHAKO pe3ynbTaT ero paboThl TPeOyeT MOIOJNHHUTENBHOTO aHalh3a, TaK Kak
OpenRewrite He rapaHTHPyeT CEMaHTHUYECKYHO KOPPEKTHOCTh MpeoOpa3oBaHHOrO Koja. Taroke
3¢ PEeKTUBHOCTH PabOTHl HHCTPYMEHTA JUIsl OTIPEIEJICHHOI0 KO/1a WIIM MIPOEKTa 3aBUCHUT OT Ka4ecTBa
Y TOJHOTBHl JOCTYIHBIX B OMOJIMOTEKHM HIA0JIOHOB MHUrpauuu. J[ns HeTpUBHANBHBIX MUTPALUH
UMEIOIIUXCS ITa0JIOHOB HE OyIeT IOCTaTOYHO, YTO MOTpedyeT oT pa3paboTdmKa H3ydCHUS
6ubmorekn OpenRewrite 171t HaMcaHKWsT HOBBIX U HHTETPALH UX C CYIIECTBYIONMMHE. Y YHTHIBAsK
HEOOXOIMMOCTh BEpUPHUKAIINH PE3YIbTATOB TPaHCHOPMALINH, N3YICHUS ONOIMOTEKH MAOIOHOB H
HallMCAHUsI HOBBIX, 3aTpPaThl BPEMEHH Ha MPOLECC MHUIPAIMU MOTYT OBITH CYIIECTBEHHBI IS
OOJIBIIUX KOJOBBIX 0a3s, YTO CTaBMT I0J COMHEHHE BO3MOXHOCThH MCIOIb30BaHus OpenRewrite
BMECTO OCYIIECTBIICHUS] MUT DAL BPYYHYIO.

Hecmotpst Ha 310 GubMHOTeKa OpenRewrite mo3BoJsIeT OMUCHIBATH CIOXKHBIE TPAHCPOPMAIIMHU C
MIOMOIIBI0 CEMaHTHYECKOTO aHAIN3a, UCTIONB3YS MH(POPMAIMIO O THIIaX W B3aMMOCBS3b Y3JIOB U3
LST, 4ro aBTOMAaTMYECKH [eMaeT €ro WCIOJIb30BAaHWE NPUTOJHBIM JUI OCYIIECTBICHUS
GONBIIMHCTBA MMIpAIlMil HHU3KOYypOBHEBOro kyacca murpanuit APl u3 pasmena 2, a Takke c
MOMOIIIBI0 HETO BO3MOXKHO OCYIIECTBIISATh BEICOKOYPOBHEBBIE MUTPALIUH.

3.1.11 GoPatch

OtkpeiThiit uHCTpyMeHT GoPatch [32] mpencrasiser co6oif yTHINTY KOMaHAHON CTPOKH IS
pocToro peakTopuHra koaa Ha si3bike Go. IIpaBuia TpaHc(hopMaLUK ONUCHIBAIOTCS C OMOILIBIO
mab10HOB (CM. TUCTHHT 25), ¢ ucnons3oBanneM cobcteeHroro DSL, moxoskero Ha dpopmar Unified
Diff [33].

# Replace time.Now().Sub(x) with time.Since(x)
@@

var x identifier

@@

-time.Now().Sub(x)
+time.Since(x)
# Not a description comment

Jlucmune 25. Ipumep npasuna mpancgopmayuu GoPatch.
Listing 25. Example of a GoPatch transformation rule.

[MpaBwio Ha JucTUHTE 25 TMO3BOJSIET HAWTH W 3aMEHUTh BBI3OBHI time.Now () .Sub (x)
BbI30BaMH time.Slice (x), TAe x SBISIETCS MeTallepeMEHHOHM MIa0iioHa TpaHchopMaIuu C
TUnIoM uaeHTudukaropa. GoPatch mpemocraBnseT ABa JAOCTYMHBIX THIA METANEPEMEHHBIX IS
WCTIIONb30BaHUsl B IMa0loHAX — WISHTU(PUKATOp H BBIpakeHHe. I[IOMCK M COMOCTaBleHUE
ocyuiectBisiercst o AST ucxonHoro koga Ha si3bike Go. Myrcest CTpoku, MOMEUEHHBIE «—», TpU
STOM OCYIIECTBIISIETCS TOTBITKA TIPOBEPKH COOTBETCTBHS THIIOB, BIIOKEHHBIX B CTPOKY
MeTanepeMeHHBIX. [Ipy yCTemHOM COTOCTABICHUH T€HEPUPYIOTCS CTPOKH, TIOMEYEHHBIE «+», B
KOTOPBIX PpAacCKpBIBAIOTCS H3JICYEHHbIE 3HAUYEHHUS METAllEPEMEHHbIX B KayecTBE 3aMEHbI
COIOCTaBJICHHBIM cTpokam mabioHa. [locme oOpaboTku Bcero AST reHepupyeTcs ONHMCaHUE
tpancdopmanuu kojaa B popmare Unified Diff.

Ucnonp3oBanue Takoro ¢opmara DSL sBiseTcs yoadyHbIM peEHICHHEM, TaK Kak IIaOJIOHBI
TpaHcHOpMaIH OMHUCHIBAIOTCS JOCTATOYHO MPOCTO C UCIOIL30BAHUEM IIEJIEBOro s3bIka. OHAKO
nHcTpyMeHT GoPatch He MoO3BoOMsIET MPON3BOANTH TpaHC(HOPMAIINHU, TPEOYIOIIHE CEMAaHTHIECKOTO
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aHaJlM3a COIOCTABJICHHBIX Y3JIOB Iepen uX 3amMeHoil. Hampumep, Tpanchopmarmu, Tpebyromue
MIPOBEPKY MEPEMEHHBIX HA COOTBETCTBHUE OIPEICIICHHOMY THITY 10 IPUMEHEHUS IPeoOpa30BaHMiA
K KOZy, UCIoJb3ytomemMy ux. COOTBETCTBEHHO OH MOAXOAUT JUIsS OCYLISCTBIICHUS! OOIbIIHHCTBA
MUTpalui TOJLKO MOJKIACCOB (KpOME BTOPOTO) HH3KOYPOBHEBOro kiacca Mmurpanuii APl u3
pasznena 2.

3.1.12 CodeTurn

Astadia CodeTurn [34] sBiseTcss WHCTPYMEHTOM C 3aKPBITBIM HCXOIHBIM KOJOM, KOTODBIi
OCYIIECTBIISICT MUTPAIlMK MPOrPaMMHOTO Koja Ha si3bike Cobol Ha 00BEKTHO-OpPUEHTHPOBAaHHEIC
(OOII) s3p1ku BBICOKOTO ypoBHS — Java u C#. IHCTpyMeHT ObL1 pa3paboTaH Uil OCYLIECTBICHHS
MUrpanui CTapbIX KoJOBBIX 0a3 Ha s3bike Cobol Ha Gosee pacnpocTpaHEHHBIE S3BIKH C IIENBIO
YIPOILEHUS UX MOJJepKku U pa3BuTHa. CodeTurn mo3BoisisieT MUITpUPOBATh KOJI, UCIIONB3Ys Kak
NpoLeAypHBIE, TaK U OOBEKTHO-OPHEHTHPOBAHHBIN CTHIIb II€IE€BOrO SI3bIKA MPOTrPaMMUPOBAHUS,
Hanpumep, Java. [Ipumepsr murpammm koma Ha si3bike Cobol ¢ mcmomp3oBanneM CodeTurn
MIpEeACTaBJIEHbl HA TUCTUHIE 26.

COBOL SELECT DATFILE ASSIGN TO "test.dat"
*
OPEN OUTPUT DATFILE
ACCEPT W-TIME FROM TIME
MOVE SS OF W-TIME
TO BREAK-VAL
WRITE DAT-REC

Ipouenypuas cobol.open(datfile, "test.dat", FileOpenMode.OUTPUT);
cobol.acceptTime(wTime);

V

Java cobol.move(wTime.ss, datfile.datrec.breakVal); cobol.write(datfile);

001 datfile.open("test.dat", FileOpenMode.OUTPUT);
wTime.setValue(cobol.getTimeAsString());

Java datfile.datrec.breakVal.setValue(wTime.ss); datfile.write();

Jlucmune 26. Muepayus kooa ha COBOL ¢ ucnonvzosanuem CodeTurn. Hcxoouwiit koo na COBOL (csepxy),
Java ¢ npoyedyprom cmune nocie muepayuu (nocepedune), Java ¢ OOII cmune nocie muepayuu (chu3zy).
Listing 26. Migrating code to COBOL using CodeTurn. COBOL source code (top),

Procedural style Java after migration (middle), OOP style Java after migration (bottom).

HecMoTps Ha mMpoKy0 yHKIMOHANBHOCTH HHCTpYMeHTa, CodeTurn He MO3BOJISIET MUTPUPOBATH
pou3BoJIbHBIN Ko Ha Cobol, Tak Kak MOICPKUBAIOTCS HE BCE BUJIBI OTIEPATOPOB JAHHOTO SI3bIKA,
9TO MOTPeOyeT UX PYIHOH MUTPALIUH TTOCIIE TIPOBEICHUS aBTOMATHICCKOH TpaHC(hHOpMAaIIHH.
CodeTurn moaxoAMT Ui OCYLIECTBIEHHS OOJBIIMHCTBA MUTPALMii HU3KOYPOBHEBOI'O Kilacca
murpanuii APl u3 pazmena 2.

3.1.13 TXL

TXL [35] — 10 crienuanu3upoBaHHbIiH A3BIK POTPAMMHPOBAHUS, TIPEIHA3HAYESHHBIH 71T OBICTPOTO
CO3/aHUs TIPOTOTHUIIOB ONMCAHWH TPaMMATHK SI3BIKOB TPOTPAMMHPOBAHMSA, a TaKKe I
BBITIOJTHEHHUS PA3UUYHBIX MpeoOpa3oBaHUM C IJaHHBIMU s3bIKaMH. C TOMOINBIO HET0 MOXKHO
OTIMCHIBATH NPAaBHIIA IPEOOPA30BaHMUS B TOM YHCiIe M 00bEKTHO-OPUEHTHPOBAHHBIX SI3BIKOB.
IIporpammsl Ha si3pike TXL COCTOAT U3 Tpex yacTel:
1. He 3aBucsmeii oT KOHTeKcTa 0a30BOM rpaMMaTHKH JUIS S3bIKa, C KOTOPBIM HEOOXOIUMO
BBINTOJTHSATH MTPE0Opa30BaHMS;
2. Habopa He 3aBHCSAIINX OT KOHTEKCTa IPaMMAaTHYSCKUX TPe0Opa3oBaHuil (pacuIupeHui Wit
M3MEHEHNH) 6a30BOI rpaMMAaTHKH SI3BIKA;
3. KopneBoro Habopa npeoOpa3oBaHuii B 0a30BbIH A3BIK.
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IIpumep mnpaBmina npeoOpa3oBaHUS ONEpalMM CHHTAKCHYECKH JIMHHOTO MPHCBAWBAaHUA B
OTIepaIHI0 CHHTAaKCHYECKH KOPOTKOTO MIPUCBANBaHMsA, ONMMCaHHOTO Ha A3bike TXL mpeacrasineH Ha
nucTtuHre 27.

IIprmmennmocts TXL k pa3muyHBIM KIaccaM MUTPALIUH U3 pa3zesa 2 CyIeCTBEHHO 3aBUCUT OT TOTO
WA HHOTO HHCTPYMEHTA, KOTOPBIE Peajiin3yeT, OMICcaHHbIe B paboTe aBTopoB T XL mexanm3mel. Ho,
MOABOJSL WTOT, MOXKHO 3aKJIIOYHTh, YTO C MOMOUIBIO mojaxona aBTopoB XL BO3MOXHO
OCYILIECTBIISITH JIMIIb TPHBHAIBHBIE MUTPALIMU TOJILKO M3 HU3KOYPOBHEBOTO Kilacca, TaK KaK SI3bIK
OpPHEHTHPOBaH Ha TpaMMaTH4YecKue mpeoOpa3oBaHus 0e3 ydera CEMaHTHYECKOTO CMBICa
KOHCTPYKLIMI LIENIeBOTO sI3bIKa, a Takxke ux TuroB. [logsons urorn, TXL noaxoanT Jyist omucaHus
JIMIIb TPUBHAIBHBIX MUTPAIIM{ U3 IEPBOTO, TPETHET'0 U YETBEPTOTO IOIKIACCOB HU3KOYPOBHEBOTO
kiacca murparuit API.

rule simplifyAssignments
replace [statement]
V [reference] := V + E [term]
by
V += E
end rule

Jlucmune 27. Ipumep npasuna mpancgopmayuu npuceausanus ha TXL.
Listing 27. Example of assignment transformation rule in TXL.

3.1.14 JScodeshift

JScodeshift [36] — 93T0 OTKpBITBII HMHCTPYMEHT, pa3paboraHHblii kommanueidl Facebook,
NpefHa3HAYCHHBIM U1 aHajlM3a NpPOTrpaMMHOTO KOJa, HAIMCAHHOTO Ha s3bIke JavaScript.
WuctpymenT padortaet ¢ AST npencraBieHreM Koa 1 UCHOib3yeT JavaScript Onbmuorexy Reacast
[37] st ananuza u uamenenust AST epeBa mporpamMmel.

Eme omHo#t ocobenHOCTRIO JScodeshift sBisiercss ucmonszoBanme Moxynst AST-Types, KOTOpBIiA
IpenocTaBiasieT aOCTPaKTHYIO HEpapXHi0 THIOB cuHTakcmyeckoro aepesa (AST), BmepBele
npumeHeHHyto B Mozilla Parser API [38].

[IpaBuia wMurpanuuM NporpaMMHOTO KoJa JJsi HHCTPYMEHTa OIMCHIBAIOTCS HA  S3BIKE
nporpammupoBanus JavaScript u opopmirsttorcss B Bune ¢yakumit. Ha muctuare 28 mpuBencH
mpUMep MUTpalHd TporpaMMHOro koma JavaScript Oubmmoreku Avajs4 [39] cpemctBamu
JScodeshift.

Ha nuctunre 28 cBoiicTBO kinacca ok 3aMeHseTcsi CBOMCTBOM truthy, a notOk cBOHCTBOM
falsy.

Jpyrue nporpammMHbie miaThopMmbl U Oubnmorexu, takue kak React5 [40] m Lodash6 [41],
ucnonb3ytoT JScodeshift mis Murpanum Mexay BepCHsIMU.

[ocne BeImoMHEHHS TpeoOpa3zoBannii nHCTpYMeHT JScodeshift rerepupyer AST nepeBo B popmare
ESTree [42], koTOpoe MOXKET OBITH TPAHCIUPOBAHO OOPATHO B BBICOKOYPOBHEBBIN MPOrpaMMHbBII
KOJ ¢ ucmonb3oBanueM APl kommustopa s3eika TypeScript [43]. OrpanuuerneM MHCTpYMEHTa
SIBJISIETCS OTCYTCTBHE BO3MOXHOCTH JTOOABJICHUSI CEMAHTHUUECKHX IPOBEPOK CBOWCTB y31moB AST
(mammpuMep, MPOBEPKH KOPPEKTHOCTH MPeoOpa3oBaHUs O0BEKTa K ONPEACTICHHOMY THILY) A0 U
MOCJIE COIOCTABIICHUS, COOTBETCTBEHHO OH MOAXOAMT JUISi OCYIIECTBICHHS JIUIIb TPUBHAIBHBIX
MUTrpalyii U3 MePBOTO, TPETHETO0 U YETBEPTOrO MOJKIACCOB HU3KOYPOBHEBOIO Kilacca MHUTPALUii
API.

function renameAssertion(name, newName, j, ast) {

ast

.find(j.Callexpression, {callee: { object: {name: ’t’}, property: {name}}})
.forEach(p => p.get(’callee’)
.get(’property”’)
.replace(j.identifier(newName)));
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}

export default function (file, api) {
const j = api.jscodeshift;
const ast = j(file.source);
renameAssertion(’ok’, ’truthy’, j, ast);
renameAssertion(’notOk’, ’falsy’, j, ast);
return ast.toSource();

Jucmune 28. Ipumep npasuna muepayuu bubnuomeunozo koda cpedocmeamu JSCodeShift.
Listing 28. An example of a library code migration rule using JSCodeShift.

3.1.15 Rascal

Rascal [44] — o»ro wuurepmperupyemsiii DSL (Domain-Specific Language — mpeamerHo-
OPHCHTHPOBAHHBINA $3BIK), NpeIHA3HAYCHHBIH AT ONMUCAHMA TpaHC(HOpPMAIUMM KOJAA TPOTPaMM,
HaIlMCaHHBIX Ha Java, KOTOpBI UMeeT CBOW COOCTBEHHBII HA0Op MPHMHUTHBHBIX THIOB JaHHBIX,
TakuX Kak boolean, int u apyrux. Rascal nMeeT MHOXECTBO BO3MOKHOCTEH: COMOCTaBIICHHE C
00pa3nom ucxogHoro koja mo ero AST, 00paboTKka HCKITIOYeHNH, (PYHKITUH, ITpaBHiIa IIEPE3arrich
U IpyTHe.

CormocraBiieHHe ¢ 00pa3loM — 3TO MEXaHH3M IoHcKa (parMeHTOB Koxa mo mabnoHy B Rascal.
Hampumep, cnenyromee BBIpaKEHHE COOTBETCTBHS MOXET HCIOJIB30BAThCS (CM. JIHCTUHT 29),
4TOOBI HAXOIUTH OIlepaTop sA3bika Java while.

whileStat (Exp cond, list [ Stat ] body) := stat

Jlucmune 29. Bvipadicenue coomsememeust 0ist onepamopa while.
Listing 29. Match expression for the whi 1e statement.

Ilepemennbie 11adioHa, Takue kak cond U body, MOTYT ObITh OOBSIBICHBI KaK B 3TOM IpUMEpE,
WJIN OHU MOTYT OBITh OOBSIBIICHBI B KOHTEKCTE, B KOTOPOM OyJIeT CONMOCTABIATHCS 1m1adioH. Takxke
B Rascal ompenenensl mpaBmia mnepe3amnucy, KOTOPbHIE SBISIOTCS €IWHCTBEHHBIM HESIBHBIM
MEXaHM3MOM YIIPABICHUS B A3BIKE U MCIIONB3YIOTCS U1 IOAJNEPKKM HMHBApUAHTOB BO BpeMs
BbruucneHnit. Ha muctunre 30 npencTaBieHo NpaBUiIo, KOTOPOE MEHSIET CTPYKTYPY OnepaTopoB 1 f
s13pIKa Java.

rule
ifStat (neg(Exp cond), list [ Stat ] thenPart,
list [ Stat ] elsePart)
-> ifStat (cond, elsePart, thenPart);

Jlucmune 30. Ipumep npasuna mpancgopmayuu onepamopos if na Rascal.
Listing 30. Example of a rule for transforming if operators in Rascal.

Ecnu 6110k ¢ yciioBreM oreparopa i f COAEP)KUT BhIpaKCHNE HHBEPCHH, TO HHBEPCHS U3 JAHHOTO
BBIPQKCHUS yAIISCTCS M BETBH MCHSIOTCSI MECTaMU. DTO MPaBHIIO OyIeT cpabaThIBaTh KaXIbIi pas,
Koraa O6Hapy)KI/ITC$I oreparop lf, COOTBCTCTByIOH_U/Iﬁ JIEBOM YaCTH IpaBuJja.

Ho, HecMoOTps Ha Bce mNpeuMylecTBa s3bika Rascal, ero CHHTaKCHMC JOCTAaTOYHO JalieK OT
cuHTakcuca Java. COOTBETCTBEHHO, TIOJB30BATENI0, OCYIIECTBISIONEMY MUTPAITUIO, TOTPEOyeTCs
Bpemst Uit ero m3ydeHws. Jlpyrum HemoctarkoM Rascal SIBIsfOTCS OTCYTCTBHE BO3MOXHOCTEH
MIPOBEICHUSI CEMAHTHYECKOTO aHann3a (HampuMep, MpOoBepKa IKBHBAJICHTHOCTH THIIOB) IEpen
COTIOCTaBJICHHUEM, YTO MOXET IMOTPeOOBATHCS MPH MPOBEACHIH BHICOKOYPOBHEBBIX MUTPAIAN IS
00BEKTHO-OPUEHTUPOBAHHBIX SI3BIKOB IPOrPaMMHUpOBaHMs, Tak Kak Rascal opuentupoBaH Ha
CHHTaKCHYeCKoe comocTaBiicHne o AST y3J10B U He MpeloCcTaBiIsieT BO3MOXKHOCTH JJIsl aHAIH3a
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noroka naHueix. CoorBercrBenHo, Rascal momxoamt st mpoBeneHHs  OONBIIMHCTBA
HHU3KOYPOBHEBBIX TPaHC(QOpPMAIHi, ONMMCAHHBIX B pasnerne 2.

3.1.16 ClangMR

ClangMR [45] — ato uHCTpYMEHT, pa3paboTaHHbIi B KoMmanun Google st yrmpoieHus MUrparmit
BHYTpCHHEH KOIOBOH 0a3pl. Peanm3oBaHHBI B MHCTPYMEHTE ITOJIX0/ OCHOBAH Ha MCIIOJIb30BAaHIH
B mabnonax Tpancdopmarmu AST comoctasureneir kommuastopa Clang, kak w B ciydae
paccMoTpeHHoro panee uHCTpymeHta Nobrainer. OcHOBHOE OTJIHYHE COCTOMT B TOM, HTO
Hamcanue mabiaonoB tpancdopmarmu wis ClangMR tpebyer 3nanuit BuyTpentero APl Clang u
CTPYKTYpbl aOCTpPaKTHOTO CHHTaKcH4yeckoro nepeBa. Ha mmctunre 31 mpuBeneH npumep
COIIOCTABJICHMS M 3aMCHBI BRI30BOB METOZIa Bar Kjacca Foo METOIOM Baz H3 TOro Kiacca.
Jn1st ocymiecTBICHN MUTPAliy KOJIA IyTEM €ro TpaHC(OPMALHH, T0JIb30BATEb OMPEACIICT OIUH
WITH HeckobKo comocTasurenei Clang AST (B mpumepe Ha smctunre 31 OIMCaH COTIOCTABUTENb,
NpefHa3HAYCHHBIM U IOMCKAa BCEX BBI30BOB C MMEHEM Bar M3 NPOCTPAaHCTBA MMEH FooO,
00J1aJaroIUX OJHUM apryMEHTOM). Takxke MoJIb30BaTEIII0 HEOOX0AUMO OTPEACIUTh 00PabOTUUKH
pe3ynbTaToB conocrasieHus no AST (B mpuMepe onmcaHa (QyHKIHS, KOTOpas MPOBEPSET, 4TO
COIIOCTABJICHHBIH BBI30B SBJIAETCS BEI30BOM METOJIa B TEPMUHAX si3bIka C++, a 3aT€M MPON3BOIUT
3aMeHy MMEHH BbI30Ba Ha Baz, IIyTeM TPUBHAIBLHOH 3aMEHBI JIEKCHUECKON €IMHUIBI TPaHCIISALUH
(replaceToken)).

StatementMatcher matcher =
callExpr(allof(
argumentCountIs(1),
callee(functionDecl(hasName(
"::Foo::Bar")))))
.bind("call");

void Refactor(const MatchFinder::MatchResult& res) {
Clang: :CXXMemberCallExpr* call =
res.Nodes.getStmtAs<clang: :CXXMemberCallExpr>(
"call");
const clang::MemberExpr *member_expr =
11lvm: :dyn_cast<clang: :MemberExpr>(
call->getCallee());
EditState state(res, call) ;
state.ReplaceToken(member_expr->getMemberLoc(), "Baz");
Report(&state);

Jlucmune 31. Conocmasumens 015 noucka 6vi30606 memoda Bar (ceepxy).
Tpumep peanusayuu npasuna mpanchopmayuu 6130608 memooa Bar c ucnonvzoseanuem ClangMR (cnuszy).
Listing 31. Matcher for finding Bar method calls (top).
An example of a handler for transforming Bar method calls using ClangMR (bottom).

OrpaHuyYeHUsIMH TaKOTO MOAXOJA SIBIAIOTCA: NPUBA3AHHOCTD K s13bIKy (C/C++), HE0OXOAUMOCTb
Haymunst yrryonennpix 3Hanuii AST Clang u ero APl (B otmmame ot Nobrainer, B kotopom
TpaHcGOpMaIKi OCYIIECTBIISIIOTCS HA 1EJIEBOM S3BIKE), HETPUBHAIHLHOCTh TIPOBEJCHUS CIOKHBIX
TpaHcopMaIyii, 4To BJICYET 3a COOOH yBENWYCHHE BPEMEHH MPOIecca MUTPAMH OOJIBIITHX
K0JI0BBIX 0a3. HecmoTpst Ha T0, uTo 6nbnuoteka Clang nmpemocrasiseT nmMpokue BO3SMOXHOCTH ISt
ceMaHTHYeCKOTo aHamm3a mo AST (BKIOYas OPOBEPKY THIOB M MOJEIHPOBAHHE MOTOKA
YIIPaBJIEHUs), KOTOPBIN SIBJSETCS HEOOXOAUMBIM IPH OMMCAHUK BEICOKOYPOBHEBBIX MHUIPAIIH, BCE
xe y Clang ecTe orpaHuueHusl, CBA3aHHBIC C HEBO3MOXXHOCTBIO QHAIIM3a 3aBUCHMOCTEH MEXKIy
Ppa3HbIMU €IUMHUIAMHA TPAHCIIAIIUH.
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IToxBOAS UTOT, MOKHO 3aKJIIOUUTh, YTO MHCTPYMEHT MOAXOAUT JUIS OCYLIECTBICHHUS OOIbIINHCTBA
MHTpaLyid, PUHAIJIEKANX HU3KOYPOBHEBOMY KJIacCy, OIMCAaHHOMY B paszene 2, a TaKkke C
NOMOIIBI0O HEro BO3MOXHO OCYLIECTBIITh  BBICOKOYPOBHEBBIC  MHUIPAlUM, HCIIOJb3YS
GbyHKIHOHANBHBIE BO3MOXKHOCTH Oubnoteku Clang.

3.1.17 ipyrve NHCTPYMEHTbI

B o0030pe He Opur mpexnctaBieH ¢pelimBopk Cubix [46], mpemHa3HAdYeHHBIH [UISI OMHCAHUA
MYJIBTHS3BIYHBIX TpaHchopMarmii. Takke OTCYTCTBYeT YHOMHHAHHE O HEJABHO MPEICTABICHHOM
unctpymenre PoliglotPirahna [47], ocHoBaHHOM Ha (peMBOpKE SI3BIKOBBIX MOA3AIPOCOB tree-Sitter
[48]. DTOT MHCTpYMEHT pa3BHBacT HIEH CBOEro mpeaiiecTBeHHuka — Piranha [49], koTopsrii
onmpaetcs Ha TexHojoruto Error-Prone (cm. pasmen 3.1.6).

Kpome Toro, DMS [50] — HHCTpYMEHT C 3aKpBITHIM HCXOIHBIM KOJOM, KOTOPBIA MOpejiaracT
(pOHTEHI JUIi MHOMECTBA SI3BIKOB W II03BOJSIET OMNKCHIBATH IpaBWiia TpaHCHOpMAlMU B
JIeKJIapaTUBHO-TIPOLIETYPHOM CTHJIE C HCIIOJIb30BaHHEM COOCTBEHHOro si3bika ommcanus (DSL),
00J1a/1a10IIer0 CIOXKHBIM CUHTaKCHCOM. OTrpaHHYeHHEM HHCTPYMEHTA SIBIISIETCS HEOOXOAUMOCTh
YTOYHEHHMsI W peaju3aldd CEeMaHTHKH LIEJIEeBOr0 S3blKa JUIS OCYHIECTBIICHHUS CIIOXKHBIX
TpaHchopMaIHil.

OTnenbHOr0 BHUMaHHS 3aCiy)KMBAlOT WHCTPYMEHTHI, MPEICTABICHHBIE B BHJE PaCHIUPECHUM
nporpaMMmHBIX cpencts paspabotku (IDE), nanpumep, takue kak SemDiff [51] u Catchup! [52],
KOTOpBIE TIOMOTAal0T B TpaHC(OpPMALMHM W aHalIW3e MporpaMMHOro kona. SemDiff sBmsercs
mwrarmaoM it Eclipse IDE [53] u yBemomisier paspaborumkoB 00 m3meneHusix APl Java
OnOINOTEK, HCTIONIB3YEMBIX B MpoekTe. B cBoio ouepens, Catchup! Takxke BBICTyIaeT B KauecTBe
wiarnHa as Eclipse IDE u mpeanaraer ¢yHKnnoHanbHBIE BO3MOMKHOCTH Uil pedakTopHHTa
HCXOIHOTO Koaa Java, BKIFOYas TaKWe OINEpalMi KaK IEePEMMEHOBAHWE THIIOB, IEPEMEIICHHUE
3JIEMEHTOB, U3MEHEHHE CUTHATYP METOJIOB, IIEPEUMEHOBAHIE U M3MEHEHNE TUIIOB [IEPEMEHHBIX, a
TaKKe IepeuMEHOBaHHE TIOJIEH.

Jlanexo He Bce HHCTPYMEHTHI pe(hakKTOPHHTA B TpaHC(OopManuy OpHEHTUPOBAHBI HETIOCPEICTBEHHO
Ha WCXONHBIN kojJ. Hampumep, B pabote [54] ommcan mHCTpyMeHT ASM, KOTOpBIH MO3BOJISIET
MaHUIYJIMPOBATh U TPAHC(OPMHUPOBATH KIIacChl B OMHApHBIX (aiiiax ¢ OaiitkomoMm Java.

Taxoke, CymIeCTBYIOT MHCTPYMEHTBHI, IpeJHAa3HAauYCHHbIE WCKIIOYHATEIBHO JUIL IIOUCKAa W
COIOCTABJICHUSI SI3BIKOBBIX KOHCTPYKLIMIT 03 NpuMeHeHHs: 3aMeH win Tpanchopmarmid. K Takum
HHCTpyMeHTaM oTHocsatcst ast-grep [55] u Semgrep [56]. O6a MHCTpyMeHTa MOAIEPKUBAIOT
MHOKECTBO SI3BIKOB U OCYIIECTBIISIOT COMOCTaBIEHUE MPOrpaMMHOTo Kosia Ha ypoBHe AST. Kpome
Toro, si3bik 3anpocoB CodeQL [57] m ero mHCTpyMeHTapuil MO3BOJISIIOT BBIIOJHATH TMOUCK H
COIOCTABJICHUE KOHCTPYKIMI B TPOrPaMMHOM KOJI€ C MCIIOJIb30BaHUEM JIEKJIApPATUBHBIX 3aIIPOCOB
6€3 ero HerocpeCTBEHHON 3aMEHHBI.

3.2 O630p uccnegoBaHNMn

B nganHOM m0/Ipasesnie npeacTaBicH 0030p ucciaenoBanuii Ha Temy Murpamuu APl, onuceiBarommx
MpoOJeMbl, BO3HHUKAIOMIME KaK IPH ONpeAeNCHMH HEOOXOOUMOCTH MUTPalWH, TaK U TPH
OCYIIECTBJIICHMH CcaMOi Murpamuu. PaccmarpuBaeMble pe3ysbTaThl HCCIEAOBAHMA HE HAILIH
NPAaKTHYECKOE TPUMEHEHHWE B BHJE IIOJHOLEHHBIX HWHCTPYMEHTOB (HE IPOTOTHIIOB) HIIH
MIPOrpaMMHBIX PEIIEHUH, COOTBETCTBEHHO HET BO3MOXKHOCTH MOJIHOLIEHHO NPOTECTUPOBATh UX JUIS
OIIEHKH BO3MOXKHOCTH OCYIIIECTBIICHHS OTIPEICIEHHBIX KiaccoB Murparmii API.

3.21 UccnepoBaHue NpaKkTU4ecKoro npUMeHeHuA MeToaoB
aBTOMaTuM3upoBaHHoro nepeHoca APl Android

B pabore [58] aBTOophl 0Ocyxnaror cBoil omblT Murpaunu Android API, Bkirowast moapoGHoe
paccMoTpeHne gokymeHTauumd. OCHOBHOE BHHMMaHHE YJEJS€TCS BBIIBICHHIO MpoOIeMm,
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BO3HHUKAIOIIUX MPH MUTPALMK IIPOIPAMMHOTO KOI4, a TaKKe OMNPEACICHHIO ClydaeB, KOraa
MUTpaIKs OKa3bIBACTCS HEOOXOTUMOM.

ABTOpPBI  BBIACISIIOT HECKOJBKO MpoONieM, CBs3aHHBIX ¢ wmurpanuer  API,  koTtopsie
paccMaTpuBaroTCsl Kak Hepaspelumble:

1. TIpobrema murpamust mMetomnoB API «N-to-N», kotopas BbIpaxaeTcss B HEOOXOAUMOCTH
TIOMCKA COOTBETCTBHS METOOB U3 pa3HbIX Habopos API npyr npyry.

2. IlpoGnema ompeseneHus J0KHOIOIOKUTEIBHBIX CIIy4yaeB CPeIy MHOKECTBA BO3MOMKHBIX
MHUTPALUK.

3. TIpobGnema ompeneneHs BpeMEHHBIX HHTEPBAJIOB MEKAY HEOOXOAMMOCTHIO JOOABICHHUS 1
ynanenus APIL

4. TlpoGmema ompeneneHus: MHUTpalMu Koja (3HAYUTEIbHOE KOJIM4YecTBO (okoio 66,3%)
uccienoBaHHbIX Momudukaiuidi APl He comepxaio Murpamuii Kojga, TO €CTh 3aMEHBI
OTCYTCTBOBAJIM WJIM HAXOJIWINCH B TPYAHOJOCTYITHOM JUISI TIOMCKA COCTOSIHHH).

Tarke B paboTe mpeicTaBlieHbl crocoObl Norucka uH(opMmanuu o0 ucropun murpauuud APl B
NPOSKTAX M ONHCAHBI OCHOBHBIC IIPOOJIEMBI, KOTOPBIE MOI'YT BOSHHKHYTH BO BPEMs 9TOTO IIOUCKA.

3.2.2 MonyaBTOMaTuM4yeckoe OOHOBNEHME nNpPUSIOKEHUM B OTBeT Ha
nameHeHusa APl 6mMonuorteku

B crarbe [59] npeanaraercs MeToA pacrpocTpaHeHUs IPaBHII MUTPAIMU KOJIa Yepe3 3aroJ0BOYHbIC
¢aiiner 6mbmmotexkn. [IpaBuwia WHTETpHPYIOTCS B TPAMMATHKY SI3bIKa, HCIOJIB3YEMOTO IS
peanu3anuy IMPWIOKEHMS, YTO TpeOyeT TIeHepald HOBOTO CHHTAKCHYECKOTO aHaJIM3aTopa.
Murpanuss APl BeImonHSETCS Ha YpOBHE aOCTpPakTHOTO CHHTakcmdeckoro nepeBa (AST) c
ucnonb3oBanueM nHctpymeHToB PCCTS (Purdue Compiler Construction Tool Set) [60] u Sorcerer
[61]. Texymas peanu3anus JaHHOTO ITOJXO0Ja NPEICTaBICHA B BUJE NIPOTOTUIIA HHCTPYMEHTA IS
o0OHOBIICHHS KO/ Ha s13bIke C, KOTOPBIH CIIOCOOEH:

1. JloGaBnsTh M ynansaTh BKIIOYaeMble (ailiibl MM N3MEHSATh UX UIMEHA;
Jl06aBnsTh, yIaNATh WM IEPEUMEHOBBIBATh UIMEHA (QYHKIHUI;
[Nepemernath GyHKIMH MEXKTy BKIFOUaeMbIMU (aitiamu;
Jl06aBnsATh, yIANATE U NEPEyNOpAJ0INBATE TapaMeTphl (pyHKITHIA;
MoanpuunpoBars apryMeHTHl 10 YMOITYaHHIO;

V3MeHATH THIIBI BO3BpAIlaeMbIX 3HAYCHUH (YHKITHII;

V3MeHsTh THITBI TAPaMeTPOB (QYHKIIMH;

W3meHsATh 3HaUEHMS BXOSIINX MapaMeTpoB (QyHKIu;

© o N o gk LD

VY nansth, 100aBIISATh, IEPEUMEHOBBIBATH U M3MEHSTD TOJISI CTPYKTYD;
10. Y nanste, 106aBIATh, IEPEMMEHOBBIBATh M N3MEHSTH INI00aIbHBIC TIEPEMEHHBIC.

CraThs TaKXke MPEICTaBIsET HU3KOYPOBHEBBIN s3bIk AST-DSL, mo3BossifommiA OMHUCHIBATH
murpanuu API B Buzme Habopa mpaBui i pa3paboTaHHOTO MPOTOTHIIA HHCTpyMeHTa. Hampumep,
MPABWIIO JIJIS MUTPAIUN CUTHATYphl QYHKIUU OT assign (char*, char*, 1int=NPOS) kK
assign(char*, char*, int=0, int=NPOS) mpeacTaBIeHO Ha JTUCTUHTE 32.

B none FNAME ykazaHa QyHKIUS, KOTOpas Obl1a M3MeHeHa pa3padoTuyukoM. A B mosie PATTERN
3aJaHa CHHTAKCHYeCKas CTPYKTypa BbI30Ba (YHKIMH, KOTOpas MOXKET HCIIOIb30BaThCs JUIs
COIIOCTaBJIEHUs. ¢ JIOOBIM BBI30BOM. Ecimu (parMeHT 11eJeBOro Koja CONOCTaBUM C IOJIEM
PATTERN, MHCTPYMEHT BBINOJNHSAET KOJ, yKa3aHHbIH B moine ACTION. B nanHoM ciydae
J00aBiIsieTcs YeTBEPTHIM apryMeHT K (GYHKIMH CO 3HaY€HHEM 110 YMOJIYaHHIO paBHBIM 0.
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Pa3zpaboTaHHBIIl TIPOTOTHIT WHCTPYMEHTA JANEeK OT 3aBEpIICHUS M CIIOCOOCH BBHITIONHATH JIWIIb
MPOCTEHIINEe MUTPANWN ITPOTPAMMHOTO KOJa, 9YTO OTPAHMYMBAET €r0 WCIOJH30BAaHUE [UIA
BBICOKOYPOBHEBBIX MUTPALIU.

/*

* ASE_BEGIN_

* FNAME = assign

* PATTERN = #(fc:FCALL_assign id:ID 1lp:L_PAREN argl:gen_expr
col:COMMA arg2:gen_expr co2:COMMA arg3:gen_expr rp:R_PAREN)

* ACTION = #gen_logical_expr =
#(#fc, #id, #lp, #argl, #co, #arg2, #co, 0, #co2, #arg3, #rp);

* _ASE_END_

*/

Jlucmune 32. Ilpasuno mpaucgopmayuu na AST-DSL.
Listing 32. Transformation rule in AST-DSL.

3.2.3 Swing to SWT u ob6paTtHo: wabnoHbl ana murpaumu APl ¢ nomoubio
nepeHoca NporpaMmMHoOro Kkoga

B pa6ore [62] paccMaTpuBaeTcs Murpanst Mexy miardopmamu Swing [63] u SWT Java GUI [64]
¢ IpUMeHeHueM IabnoHa «Ananrtep» [65]. ABTOPBI BBLICISAIOT HECKOJIBKO OCHOBHBIX MpoOIeM,
BO3HHKAIOIIMX Npu aaantauuu ogHoro API k npyromy:

1. HerpuBuambHOCTb OTOOpa)K€HHs METOIOB (HAIpUMEp, «OJMH KO MHOTHM» M «MHOTHE KO
MHOTHM);
2. Paznnuns B nepapxusix KIaccos;
3. Tlouck cooTBeTCTBUS MEXIY HIACHTH(OUKATOPAMHU OOBEKTOB;
4. TlpoGmems! uctions3oBanus HoBoro API memeBoii mmaThopmoii.
ABTOpBI TNPUBOAAT ONHMCaHWE IOTEHIMAIBGHON peann3alii WHCTPYMEHTa aBTOMATHUYECKOH

MUIpaluu, KOTOprfI MO3BOJIIECT CO3JaBaTh aJaliTallMOHHBIC 000JI04KH JIA CTaporo APl B Oeax
COBMCCTHMOCTHU C HOBBIM.

3.2.4 ABTomaTtusupoBaHHoe obHoBneHne APl ana npunoxeHnn Android

B pabore [66] mpencraBnmen wMeton AppEvolve, mpenHasHadeHHass Il aBTOMAaTHYECKUX
oOHoBieHn ucrnonb3oBanusa Android API. Meron 3akimrouaeTcs B OOHOBJIEHHHM HCIIOJIB30BAHUSA
Android APl B Kome meneBoro NPWIOKEHWsS, IyTeM 3aWMCTBOBAHHS OIBITa MHTPALUH
MPOTPAaMMHOTO KOJa IPYTHX pa3pabdoTINKOB Ha HOBBIE Bepcuu API. ABTOpHI BBIEENSIOT 4
OCHOBHBIX dTara 0OGHOBICHUSI IPIJIOKEHHUS 1011 HOBYIO Bepcuto Android API:

1. Anamm3 ucnonp3oBanus API: Ha 3TOM 3Tame BBINONHSETCS aHAIU3 HMCXOIHOTO KOAA
MPUIIOKEHUS C IENbI0 ONPEAEIIEHHUS MECT, TPEOYIOIINX N3MEHEHHMS.

2. Tlouck mpumepoB OOHOBJIEHMIA: 37ech MH(OpPMALUs C MEPBOrO 3Tana COEAUHSIETCS CO
cnenuukanueit nameHennit API 1 momcka akTyalsHBIX IPUMEPOB OOHOBJICHHUH.

3. OOHOBIEHHE NPUMEPOB aHaIIN3a: HalJeHHbIe TpuMepsl Murpaunu APl o6pabaTeiBatorcs,
00001Iaf0TCs ¥ PAaHXXUPYIOTCS 0 CTETIEHH COOTBETCTBHS HYXK/JaM I10JIb30BaTEs.

4. OO6HoBneHue ucnonb3oBanust APIl: Ha 3TOM 3Tarne MCNoIB3YIOTCS MPUMEPHI, OTOOPaHHBIE
Ha TpeAblIylieM JTane, Al BHeceHus oOHoBieHuit B API, a Taxke npousBoauTCs
TECTUPOBaHHE OOHOBJICHHOT'O KO/ C TOMOIIBIO AN PEepeHIINATBHOTO TECTHPOBAHUSI.

PeSyJ’lLTaTLI, IMOJTYYCHHBIC B XOA€ HCCIIEAOBAHUA, HOCAT TeOpeTI/I‘IGCKI/Iﬁ XapakTep W HE HaAIIN
TIOJTHOLCHHOC NNPUMCHCHHA B IPOTPAMMHOM PEIICHUU 0OHOBJICHUS l'IpI/UIO)KeHI/Iﬁ IIpyu MUTpain

Android API.
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3.2.5 BnusHue nepeHoca APl Ha Ka4yecTBO U NMOHMMaHMe NPOrpamMMHOro
obecneyeHus

B pabore [67] uccnenyercs Biusaue nepeHoca APl Ha kadecTBO M MOHMMAaHWE MPOTPAMMHOTO
obecrieuenns. [lonxon, pa3paboTaHHbIH aBTOPaMH, OCHOBBIBAETCS HA:

o [IpaBmiax amanTanuyl MPOrpaMMHOTO KOJa;

e Metomax otobpaxkeHnus craporo APl Ha HOBEI;
e AjanTtaiioHHOM peaKTOPHHTE;

e [lpuHuune cBA3HOCTH;

° HpI/IHHI/IHe CIINIOYCHHOCTHU.

[IpaBuna agantanuy IporpaMMHOTO Koja cojepxkaTr onmcanne nap «Mcrounmk» — «llemby, rae
«VlcTOYHHKY TIPECTaBIseT HCXOOHYI0 OMONINOTEKy MK Kiace, a «L{enpy» — neneByro OnOIHOTEKY
WIIN KJ1acc, K KOTOPBIM TpeOyercs aganrarnus. Hanpumep, mpaBuno ClassSrc — ClassDst
03HaYaeT nepeHoca knacca ClassSrc B HOBBIM Kilacc ClassDst.

MeTo1p1 0TOOpaXKeHUs! OTIPENEIAIOTCS KaK MPOIIECC 3aMEHBI OJTHOTO WJIM HECKOJIBKHX KIIaCCOB MITH
METOJIOB U3 UCXOTHOM OMOJIMOTEKH KiIacCaMU LieJIeBOH OMOINOTEKH.

PedaxTopunr ompezenseTcs Kak MPOLIECC M3MEHEHHs NPOTPaMMHOTO TMPHIOKEHHS, KOTOPBIA
yIydmaeT KadecTBO NPUIIOKEHHMS, He M3MEHssA ero noseaeHus [68-69). Pedakropunr sisercs
OIHMM U3 Hamboyiee paclpOCTPAHEHHBIX METONOB IIOBBIICHNS KadecTBa MPOTPAMMHOTO
npuioxenust [69-70]. CymecTByIOT pa3iIn4HbIe ONepanyy peakTOPHHTa, KOTOPBIE MOTYT OBITh
WCTIONIb30BaHbI TS YITyUIIECHHS Ka4eCTBa MPOTPAMMHOTO IPHIIOKEHHSI, BKIIIOUasi I3MEHEHNE THIIOB
[apaMeTpoB, MEpeMelIeHIe aTpuOyTOB U METOJIOB, NIEPEHMMEHOBaHNE MEPEMEHHBIX, U3BJICUCHHE
METOIOB H KJIACCOB U JpyTHE.

[IprHOMD CBSI3HOCTHM TOJpPa3yMEBacT H3MEPEHHE YPOBHSA B3aMMOCBS3H MEXAY MOIYISIMH
MPOTPAaMMHOTO TPWIOXKEHHS, TJE >XEIaTeNbHON sBIseTcss ciabas CBiI3b (TO €CTh MEHbIIas
3aBUCUMOCTD MEXKy MOIYJIsiMU) [71]. 111 BBIYUCIIEHUS 3TOW METPUKH MOKHO UCTIOJIB30BATh CBSI3b
mexay oobekramu (Coupling Between Objects, CBO), coenuuéHuyio ¢ mMoayssiMu. UeM BbIIie
CBO, TeM BbIILIE KJIacC CBSI3HOCTH MPUIIOKEHU .

ITpUHIMIT CIUTOYEHHOCTH 3aKII0YaeTCsl B HEOOXOAMMOCTH W3MEPEHHS B3aUMOCBA3EH BHYTPH
OTJENBHBIX MOTYJIEH TPOTPaMMHOTO MpHiIoKeHus 1. CHIbHOE B3aMMOACHCTBHE MEXKIY dJIEMEHTaMH
MOBBIMIACT YA0OCTBO COMPOBOXKACHNS Koaa [71]. s OIeHKH CIIOYEHHOCTH KJIACCOB JJOCTATOYHO
UCTIONB30BaTh OJHY METPUKY — HOPMAaJIM30BaHHOE OTCYTCTBHE CIUIOUEHHOCTH METOJOB
(Normalized Lack of Cohesion of Methods, LCOM) [72-73]. Merpuka LCOM mnoka3siBaer,
HAaCKOJIKO METOJIBI CBSI3aHBI JPYyT ¢ APYroMm depes aTpuOyThl. Ecinu Bce MeToabl oOpamatoTes K
OIMHAKOBEIM aTpubyTaM, 3HaueHne LCOM paBHO 0, YTO CBHAETEIECTBYET O BEICOKOW CBSI3HOCTH
METOJIOB BHYTPH KJlacca, B IIPOTHBHOM ciydae Beicokoe 3HaueHne LCOM ykasbiBaeT Ha ci1adyro
CBSI3b, UTO YBEJIIMYMBAET BEPOSTHOCTH OMIMOOK P MPOEKTUPOBAHNH U pa3pabOTKe MPOTpaMMHOTO
MIPUIOKEHUS.

PesynbraTsl, NOody4eHHBIE B XO€ UCCIE0BAHUS, HOCAT TEOPETUUECKUI XapaKTep U He HAIIUIU CBOE
MIPUMEHEHHUS B IIOJTHOIIEHHOM MHCTPYMEHTE OOHOBIICHUS NPIIoKeHUH nipu Murparmn API.

3.2.6 ApganTauusa nNporpamMMHbIX MPUIIOXKEHUM K HOBbIM Bepcusim APl ot
komnaHum Google

Pa6ora [74] conepxxut pekoMmenaanmu ot Google, HanpaBJICHHBIE HA TIEPEHOC MTPOTPAMMHOTO KOJIa
NPWIOKEHUH, HAlIMCaHHBIX T10/1 ONepaloHHy0 cucteMy Android, ¢ ycrapesmmux Bepcuii API Ha
Oosiee HOBBIE. ABTOpBI OXBaThIBAaIO KIfOUeBble M3MeHEeHHs B API, a Taxke HOBbIe (QYHKINU H
yaydmenusi. OfHAKO 3TH PEKOMEHJAMU KacaloTCsl TOJIKO PYYHOH aJlanTalyy KOAa MO HOBBIE
Bepcun APL
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3.2.7 Opyrue uccnenoBaHus

CyniecTByeT psiji CTATUCTHYECKUX UCCIIEIOBAaHUH, TIOYEPKUBAIOIINX aKTYaJIbHOCTh HHCTPYMEHTOB
murparuu APl u onbiT nx ucnosnb3oBaHus. OTHAKO BOCIIPOM3BEICHUE MX PE3YJIbTATOB 3a4acTylo
OBIBaCT 3aTPyIHUTEIILHEIM.

B pab6ore [75] paccmarpuBaroTcs acniekTsl yerapesiero Android API, B To Bpems kak pabora [76]
cocpenotoueHa Ha yctapeBanun API mmardopmsr Java Development Kit. Uccnenosanue [77]
oXBaThIBaeT oOmue npodiemsl, cBszanHble ¢ API, Biiouas Mmacmrad H3MEHEHHWH, Bpems
pearupoBaHus HA K3MEHEHUsI, ¥ CIIOCOOBI, KOTOPBIMU CUCTEMBI CIIPABIIAIOTCS ¢ M3MeHeHUsIMU API.
B pabore [78] mpencraBnen o030p crabwisHOcTH Bepcuit APl m ocobeHHOCTE# Murpanuu B
skocucteme Android, Torma kak pabora [79] nccrmenyer BO3SMOXHOCTH MHTPAIIH [IPOTPAMMHOTO
KO/a MeXIy si3pIkaMu porpaMMupoBanms C# u Java. B pabote [80] omuceiBaeTcss METO MUTPAITHH
MEXIy peaTu3alisIMy (YHKIHOHAIBHO CXOXKUX OMOINOTEK JUTS Pa3HBIX IPOrPaMMHO-AIIIapaTHBIX
1aThopM C UCTIONF30BaHUEM S3bIKA MPOTPaMMHBIX aHHOTanui (Program Annotation Language —
PanLang) cobctBenHO# pa3paboTku. C MOMOIIBIO MAHHOTO SI3BIKA MOXKHO ONHCATh KaXKIbIHA
(YHKIMOHATBHBIA 3JEMEHT KaXIoi OWOMMOTeKH (Hampumep, TI00adbHBIC IIEPEMCHHBIC H
¢GyHKIMK), YTOOBI 3aTEM COIOCTABUTh HMX MO CEMAHTHYECKOMY CMBICIY IIPH MHIPALUU
IIPOrPaMMHOI0 KOJla, KOTOpBIM HMX MCHONb3yeT. B KauecTBe INpumepa aBTOPbl OIHUCHIBAIOT
MUTPAIAI0 KOJa, UCIOJB3YIONIEr0 CeTeByI0 Oubimoreky BSD cOkeTOB B KO, WCIOJIb3YHOILIHIA
oubimoreky Winsock. Pabora [81] comepKUT CTaTUCTHYCCKUE JaHHBIE O JCCTPYKTHBHBIX
n3MmeHeHusax APL.

Taroke NpPOBOASATCS HCCIEAOBaHUS TpaHC(HOPMALMI NPOrPaMMHOIO KOJAa C HCIHOJIb30BaHUEM
METOAOB HMCKYCCTBCHHOT'O HWHTCIIJICKTa WU MAlIMHHOTO 06y’{eHI/IH, p8360p KOTOPBIX BBIXOJUT 3a
paMku 1aHHOM padoTel — [82] u [83].

4. BbieoObi

[TpuMeHNMOCTE PacCMOTPEHHBIX HHCTPYMEHTOB 00YCIIOBIICHA CIIO’KHOCTBIO PEaIM30BaHHBIX B HUX
noaxonoB. Kaxapli M3 paccCMOTpPEHHBIX HMHCTPYMEHTOB OYyAET MOJIE3€H INPH OCYIIECTBICHUH
MUTrpaIyi, MPUHAUISKAIIUX ONpe/IeIEHHBIM KilaccaM U3 pasjena 2.

Hanpumep, Takue WHCTpyMEHTHI Kak ast-grep (cm. paszzen 3.1.16), Comby (cm. paszaen 3.1.9) unu
GoPatch (cm. pazgen 3.1.11) mpenoctaBisroT (QyHKIHOHAIBHBIE BO3MOXKHOCTH JUIS IPOCTOTO
MIONCKAa W 3aMEHBI S3BIKOBBIX KOHCTPYKIMH (BBIPQKEHWH MM OTIEIBHBIX OINEPAaTOPOB) Kak IO
HCXOMHOMY KOy, TaK U TI0 €r0 BHYTPEHHEMY MpeacTaBieHuto (Hampumep, AST) 6e3 mpoBeneHus!
CEeMaHTUYECKUX TPOBEPOK. DTH MHCTPYMEHTHI OYJyT IOJIE3HBI IIPU PEIICHUHU MPOCTHIX 3aj]ad I10
MUrpaly Wik TpaHcGopMalru KoJa, TAKHX KakK, epeMMEHOBaHNE IIEPEMEHHON WM (YHKIINH,
WIN 3aMEHbl CHUTHATyphl MeToja win GyHKuuM. Takum o00pa3oM, € IOMOUIBIO JIAHHBIX
WHCTPYMEHTOB BO3MOKHO ITPOM3BOANTH aBTOMATHUECKHE MUTPALIUK TIPOrPAMMHOTI0 KOJIa EPBOTO,
TPEThEro, 4eTBEPTOr0 M IIITOBOTO MOJKIACCOB HHU3KOYPOBHEBOTO kiacca murpamun APl u3
Tabmup! 1 (cM. paszgen 2.6) g KOJOBBIX 0a3 pa3TUIHOTO pa3Mepa.

WHCTpyMeHTBI, TPeIOCTaBISIONMEe BO3MOXKHOCTH JUISi CEMAaHTHYECKOTO aHajin3a KOHCTPYKIHN
A3bIKa TPOTPAMMHUPOBAHUS TIEpE UX COIOCTaBICHHWEM M TpaHC(opMmamnued, oObaHO 0071a7aroT
DSL coOcTBeHHOrO MPOEKTHPOBAHUA M pa3paboTku, Hampumep, uHcTpymMeHThl Coccinelle (cwm.
pasmen 3.1.1), Coccinelle4d) (cm. pasmen 3.1.1) m sBeik PATL (cm. pasmen 3.1.2), win
NPENOCTABIISIOT GHOMHOTEKY M MHCTPYMEHTapuil aj1s 3toro, Hanpumep, SPOON (cM. paszmen 3.1.8)
umu OpenRewrite (cm. pazaen 3.1.10). C moMOLIBI0 HHCTPYMEHTOB IAHHON KaTErOPUH BO3MOKHO
MIPOBOANTH OOJBIIMHCTBO MUIPAIMH INPOrPpaMMHOTO KoJa IIEpBOTO, TPETHETO, YETBEPTOTO U
ISITOBOTO  TOJIKJIACCOB HU3KOYPOBHEBOI'O KJlacca MHIPAlMM, a TakXKe OIPE/eICHHbIE BHIbI
CJIOKHBIX MUTPALIUI IPOrPAaMMHOTO KOJIa BTOPOT'O MOJIKJIACCa HU3KOYPOBHEBOIO KJIacCa MUTPALIUH
1 BBICOKOYPOBHEBOI'O Kiacca Murpamuii u3 Tabmuisl 1. Ho, aBToMaTmueckass TpaHchopmarus
MPOrpaMMHOTO KOZA IPOU3BOJIBHON CIOKHOCTH 0e3 Bepr(UKAMU U MOIACPIKKH Pa3paboTINKOB
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HE OCYIIECTBHMA M3-32 OTPAaHMUYCHUI JaHHBIX HHCTPYMEHTOB. B 4acTHOCTH, psill paccMaTpUBaEMBIX
nHcTpyMeHTOoB, Takux Kkak Coccinelle m Coccinelle4), He ydYuTHIBaeT TOTOK YyIPaBICHUS
mporpaMMbl niu rpad HaciemoBaHUS KiaccoB. Kpome TOro, HEKOTOpBIE M3 3THX PEIICHHH HE
NpeIaraloT JOCTATOYHO BBIPA3UTEIIbHBIC SI36IKH JJIS1 OTUCAHUS CIIOKHBIX MPABHII CEMaHTHYECKOTO
npeoOpa3oBaHus, YTO TPEOYeTCs JOIOIHUTENEHON KBaTHU(UKALMKA KOHEYHOTO TOJIb30BATEIS JUIs
UCIIOJNIb30BaHMs MOJHOTO Habopa MX BO3MOXHOCTEH. JTO OTHOCHTCS, HalpHMEp, K PELICHUSIM
Nobrainer (cm. pazmen 3.1.4), Refaster (cm. pasmen 3.1.6), Twining (cm. pasaen 3.1.3), SWIN (cm.
pasnen 3.1.3), Proteus (cm. pasmen 3.1.7), Stratego (cm. pasnen 3.1.7) u Rascal (cm. paszgen 3.1.15).
Jns pa3nuyHbIX 3a]ad MUTPALUH ¥ TpaHC(HOPMAMK MPOrPaMMHOTO KO, TAKIKE MOXET OBITh
BOXHO TIPEJCTABICHHE KOJa, C KOTOPHIM paboTaeT TOT WM HWHOW HWHCTpyMeHT. He Bce
aHaIM3UpyEeMble HMHCTPYMEHTHl (YHKIMOHUPYIOT Ha YPOBHE MCXOJHOTO KOAA MPOrPaMMBL
Hamnpumep, nactpymeHT ASM opueHTHpOBaH Ha padoTy ¢ OalT-KOJIOM, a HE ¢ HICXOAHBIM. B TO ke
Bpems Coccinelle mpemraraeT MHTYHTHBHO TOHSATHBIN IS MTOJIB30BATENS S3BIK CEMAHTHUECKUX
npeobpazoBannii SmMPL, a Nobrainer peann3yer WHHOBAIIMOHHBIH IMOIX0 HA OCHOBE MEXaHHM3Ma
COIOCTAaBJIEHUsI A0CTPaKTHOro cuHTakcuueckoro nepesa (AST) kommusitopa Clang.
Paccmorpennsie nccnenoanus Ha TeMy murpanuu API (mompasmen 3.2) pasmensrorces Ha paboTHI,
uccienyromue npobiemsl, cBsizaHHble ¢ murpanued APl m paGotel, mpemararomme MeETOHBI
penIeHust NpoOJIeMbl MUTPALMHN Il KOHKPETHBIX CITy4daeB (HalpuMep, MUTPALHs IPHI0KESHHH TIPH
obuosnennn Android API (moapasmen 3.2.4). OOuieit xapakTepUCTHKON BCEX PacCMOTPEHHBIX
WCCIIEIOBaHMH SBISETCS PeoOIaaHne JOCTUIHYTHIX aBTOpPaMU TEOPETHIECKUX PE3yIbTaTOB HaJ
NPaKTHYECKUMH.

5. 3aknroyeHue

B xoze nmpoBeieHHOTO HcCIeA0BaHNS ObIIIM 0TOOPAHbI U KJIACCH(UINPOBAHBI MPUMEPHI MUTPALIUH
NPUIIOKEHUI Ha s3pike Java mon pasnuunbie Bepcuu Android API. TTo oToOpaHHBIM mpuMepam
ObUTO BBIJENCHO 2 THUIOBBIX Kiacca murparuu APl — HU3KOYpOBHEBBI M BBICOKOYPOBHEBBIH.
HuskoypoBHeBblIii knace murpanuu APl ObuT JOMOIHUTENBHO KiIacCH(UIMPOBAH Ha 5 MOJKIACCOB.
BsizienenHbie KIIacChl METPAIIIH HOCST OOIIHI XapakTep U He npuBsi3anbl K murpanun Android API
WK s3eIKy Java. MIx MokHO 0000mMTh Ha Cilydall MHUTpAIMM HPOW3BOJIBHON OMOIHOTEKH HIH
MPOU3BOJIFHOTO OOBEKTHO-OPHEHTHPOBAHHOTO s3bIKA. Jlamee ObIIM pacCMOTpPEHB MPOrpPaMMHBIE
pelieHust, NpeiHa3sHaYeHHbIE U pPEIICHHs 33/a4 AaBTOMAaTHYECKOTO M aBTOMAaTH3UPOBAHHOTO
IepeHoca IpOrpaMMHOr0 Koja B mporecce wmurpanmn APl s pasnuyHBIX — S3BIKOB
nporpammupoBanus, Bimodas C, C++, Java u JavaScript, a Takke Hcclie0BaHHs, TOCBAIIECHHbIE
npobsieme murpanuu APl. Kputepun paccMOTpeHHs WHCTPYMEHTOB BKJIIOYAIH BO3MOXKHOCTB
OCYIIECTBJICHHS MHTPalMil M3 BBIICICHHBIX KJIAccoB W mojxiaccoB murpamun APl a Takxe
y10OCTBO MCIOIBb30BaHNS NX KOHEYHBIM IT0JIb30BATEIIEM, HCXOISI M3 PEATIOI0KEHHS, YTO TIPaBHIIa
MUTpaIMi MPEIIIoUTHTENILHEE OMIChIBATh Ha LIEJIEBBIX SI3bIKAX MM HA CXO0KUX ¢ HUMHU DSL.
[MoxBoxas uror, BaKHO NOAYEPKHYTH, YTO HH OJHO M3 PACCMOTPEHHBIX MPOTPAMMHBIX CPEJICTB HE
MPEOCTaBIsET BO3MOXHOCTH ISl MPOCTOTO W MOJHO(PYHKIMOHAJIBHOTO aBTOMATHYECKOTO
MepeHoca MPON3BOIHFHOTO MPOrPAMMHOTO KO/1a Ha KOHKPETHOM SI3bIKE IPOTPAMMHUPOBAHUS C TOUKH
3peHHs MPUMEPOB MPOU3BOIBHONW CIOKHOCTH M3 KaKIOTO BBIIEJIEHHOTO Kiacca Murpanuud API.
DTO CBUAECTENBCTBYET O HEOOXOIUMOCTH NANBHEWITNX HCCIEIOBAaHUN W Pa3pabOTOK B JAaHHON
00acTH, HaPaBJICHHBIX Ha CO3aHue OoJiee YHUBEPCAIBHBIX B 3((EKTUBHBIX HHCTPYMEHTOB IS
ABTOMATH3allMU MUTPALlUH KOJA.

B Tabn. 2 mpescraBiieH CPaBHUTEIBbHBIA CIHHCOK PACCMOTPEHHBIX MPOTPAMMHBIX HHCTPYMEHTOB
murpauuu APIL.
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Tabn. 2. Cpasnumenvhbvlii CHUCOK NPOSPAMMHBIX UHCTNPYMEHMO8 O Muepayuu API.
Table 2. Comparison List of API Migration Software Tools.

WHcrpymeHTapuii

Tun
JIMLCH3UU

HOZ[Z[ep)KI/IBaeMBIC
SI3BIKH

KommenTapuii

Coccinelle

OTKpBbITas

HOJIEPKUBACT TPAHCHOPMALINK TOJIBKO B HPEAEIaX OTACIbHBIX
(byHKUMi / TOAXOANT VIS OCYIIECTBICHHS OOJBIIMHCTBA MUTPALIUH,
IPUHAJUIEKAIINX HI3KOYPOBHEBOMY KJIACCY MUTpaIMii

Coccinelle4]

3aKpbITas

Java

HOJIEPKUBACT TPAHCHOPMALIMK TOJIBKO B HPEEIaX OTACIbHBIX
METO/I0B / OIXOIHT AJIsl OCYILIECTBICHHS OOJIBIIMHCTBA MUTPALH,
IPHHAUISKAIIX HU3KOYPOBHEBOMY KJIACCY MUTPAIHil

Nobrainer

3aKpbITast

C/C++

MOJIEP)KUBAET TPAHC(HOPMAIMIO OTPAHHYCHHOTO MTOJMHOXKECTBA
KOHCTPYKLHMH LIEJIEBOTO A3bIKa / TIOAXOAUT ISl OCYILECTBICHHUS
MUTpalUid U3 NePBOro, TPEThEro 1 YeTBEPTOro NoJAKIACCOB
HHM3KOYPOBHEBOI'0 KJ1acca MUTpaLuit

MARTINI

OTKpBbITas

C/C++

HaXOAUTCS B pa3pabOTKe ¥ MOANEPKUBAET TPaHCHOPMAIHIO
OrPaHUYCHHOTO OJMHOXECTBA KOHCTPYKIHUH LIEI€BOr0
SI3BIKA/TIOAXOIUT JUIs OCYIIECTBICHHS] MUTPALIMI U3 EPBOTO,
TPeThero U YeTBEPTOro MOAKJIACCOB HU3KOYPOBHEBOIO Kilacca
MUTrpaLui

Refaster

OTKpBITast

Java

OTCYTCTBYIOT CEMaHTHYECKHE [IPOBEPKH IIPH COMOCTABICHUH/TIOAXOAUT
UL OCYILIECTBIICHUS] MUTPALMil U3 MIEPBOr0, TPEThEro 1 4YeTBEPTOro
MOJKJIACCOB HU3KOYPOBHEBOI'0 Kilacca MUTpaluit

Proteus

3aKpbITast

C/C++

OTCYTCTBYIOT CEMAaHTHYECKUE IIPOBEPKHU IIPU COHOCTaBJ’IeHI/II/I/HOI[XOI[HT
JUISL OCYIIECTBIICHUS Murpaum‘/i 13 NMEPBOro, TPETHEro U YeTBEPTOro
MOAKJIACCOB HU3KOYPOBHEBOI'0 Kj1acca Ml/Il'paIll/lﬁ

SPOON

OTKpBITast

Java

MIOAJIEPKUBACT
TpaHC(HOPMALIMIO OTPAHUYEHHOTO ITOJJMHOXECTBA KOHCTPYKIMI
L[EJIEBOTO SI3bIKa / MOIXO/HT ISl OCYILIECTBICHHUS OOJIBIIMHCTBA

MHTpanyi, IPHHALISKAIINX HA3KOYPOBHEBOMY KJIacCy MUTPaIlIi

Comby

OTKpBITast

MyJ'ILTHSBI:I'—IHLIﬁ

[PHUTOJICH JIMIb JUIS TIPOBEACHUS MPOCTHIX TPAHCHOPMAIHIA/TIOAXOAUT
JUISL OCYILIECTBIICHUS] MUTPAIIMI U3 EPBOT0, TPETHEr0 1 YeTBEPTOrO
NMO/JKJIACCOB HU3KOYPOBHEBOI'0 KJIaCCa MUTPALIUi

OpenRewrite

OTKpbITast

Java

CJIOKHOCTB OIMCAHHSI [IPABHIT TPAHCHOPMAIIHH/TIOAXOHUT TSt
OCYyLIECTBIICHHS GOJBIIMHCTBA MUTPALHH, IPHHA/UICKAIIAX
HU3KOYPOBHEBOMY KJIacCy MUTpaIiyii

GoPatch

OTKpbITast

Go

OTCYTCTBYIOT CEMaHTHYCCKHUE ITPOBEPKHU IIPHU COHOCTaBHeHI/II/I/HOI[XOI[HT
JUIA OCYIIECTBJICHUS MHFpaHHﬁ 13 MepBOro, TPETHEro U 4€TBEPTOTO
MOAKJIACCOB HU3KOYPOBHEBOI'0 Kj1acca MI/Il"paHI/Iﬁ

CodeTurn

3aKphITast

COBOL

MOAJEPKUBAET TPaHC(HOPMAIIUIO OTPAHUUYEHHOTO TOJMHOXKECTBA
KOHCTPYKIIMIA LIEIEBOTO S3bIKA/TIOAXOIUT [UIsl OCYIIECTBICHHS
OOJNIBITMHCTBA MUTPALH, IPHHAJISKAIINX HA3KOYPOBHEBOMY Ki1acCy
MUTpanui

Rascal

OTKpBbITast

Java

OTCYTCTBYIOT CEMAaHTHUYECKHE IIPOBEPKH IPU COIOCTABICHUH/TIOIXOIUT
UISL OCYILECTBIICHUS OOJBIINHCTBA MUTPALHIA, TIPUHATSKAIINX
HU3KOYPOBHEBOMY KIIACCy MUTPAIIUH

JSCodeshift

OTKPBITast

JavaScript

OTCYTCTBYIOT CEMaHTHYECKHE IPOBEPKHU MPH COMOCTABICHUN/TIOAXOAUT
JUISL OCYIIIECTBIICHUS] MUTPAIHIl U3 ePBOr0, TPeThero 1 4eTBEPTOro
NO/IKJIACCOB HM3KOYPOBHEBOI0 KJIacCa MUTPAIHI

ClangMR

OTKpbITast

C/C++

tpebyrorest 3uanust AP| Clang st mpoBeeHust CII0HBIX
TpaHcopMaLuii/ TOAXOIUT AJISL OCYIIECTBICHHS OOJIBITHMHCTBA
MHTpanyii, IPHHALISKANIMX HA3KOYPOBHEBYIO KIIAcCy, a TAKXKE C
MOMOIIBIO HETO BO3MOKHO OCYIIECTBIISATh BHICOKOYPOBHEBbIE
MHTPAIHN
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AHHoOTanus. B craTbe paccMaTpuBaeTCs pa3BUTHE MEXaHU3Ma KOHPHUTYPALUH THOKOH POJIEBOM CHCTEMBI ISt
NPUIOKEHHUH, KOTOpbIe TPeOylT AMHAMHYECKOTO PAasTPaHHUYCHUS IpaB IOJIb30BaTeNed B 3aBHCHMOCTH OT
OM3HEC-KOHTEKCTa WM Pa3JIMYHbIX yciioBuil. COBpeMEHHBIE IPHIIOKEHHUS CTAHOBSITCS BCe OOJIBIIIE U CIIOXKHEE,
YTO NMPUBOAUT K HEOOXOIMMOCTH peain3anui 3(p(GEeKTUBHBIX MEXaHU3MOB KOHTpPOJS JocTyna. OnucaHHBIN
HOJXOJ IIPEe/NOoJIaracT CHOJIb30BaHHE COOCTBEHHOH POJIEBOI MOJIENH, KOTOPasi HO3BOJIMUT TOYHO HACTPAUBATD
IpaBa I0JIb30BaTeIICH I Pa3InIHBIX CyIIHOCTEH B 6a3e qaHHbIX. OCHOBHOE BHUMAHUE yJEI€HO THOKOCTH U
MAacIITabUPyeMOCTH MOJEINH, BO3MOXKHOCTH HACTPaWBaTh JOCTYI B 3aBUCUMOCTH OT CTaTyCOB OOBEKTOB,
pornell mosbp3oBaTenell M HykA Ou3Heca. B kadecTBe mpumepa paccMOTpeHa KOH(HUTYpals HHTEPHET-
MarasuHa, ¢ pa3rpaHUYeHUEM II0 POJISIM IOJIb30BaTeNeH U yIeTOM pa3luduuil B craTycax ToBapa. IlogpobHo
OIIHCaH MPOIECC HACTPOHKM JOCTYIIOB, MPUBEAEH MPUMEP KOAA IJIsl HPOBEPKH Pa3peIleHuH 1 JHHAMHUIECKOTO
oToOpakeHHs nosel. B 3akimouenne 00CyKIat0TCs NPEUMYIIECTBA JAHHOTO MEXaHU3Ma H €r0 HEJOCTATKH.

KiroueBble cjioBa: rudkas cUCTeMa yNpaBiIeHUs JOCTYHOM; pOJIeBasi MOJENb, KOHTPOJIb JOCTYyMa; IpaBa
none3oBaTeneil; nHpopmanonHas Ge3onacHocTh; JSON-KOHGUrypauny; MHTEpPHET-Mara3uH,; yIpaBlIeHHe
JOCTYIIOM; pa3rpaHUueHUE NpaB JOCTYIa; MaCIITAOUPyeMOCTh HH(OPMALIMOHHBIX CHCTEM.
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Abstract. The article considers the development of a flexible role system configuration mechanism for
applications that require dynamic differentiation of user rights depending on the business context or various
conditions. Modern applications are becoming more and more complex, which leads to the need to implement
effective access control mechanisms. The described approach involves the use of its own role model, which
will allow you to fine-tune user rights for various entities in the database. The focus is on the flexibility and
scalability of the model, which allows you to customize access depending on the statuses of objects, user roles
and business needs. As an example, the configuration of an online store is considered, with differentiation by
user roles and various product statuses. The access configuration process is also described in detail and an
example code is provided for checking permissions and dynamically displaying fields. In conclusion, the
advantages of this mechanism and its disadvantages are discussed.

Keywords: flexible access control system; role model; access control; user rights; information security; JSON
configurations; online store; access control; access rights differentiation; scalability of information systems.

For citation: Vasilev T.I. Implementation of a flexible access control system in the application, vol. 37, issue
4, part 1, 2025 , pp. 147-160 (in Russian). DOI: 10.15514/ISPRAS-2025-37(4)-8.

1. BeedeHue

B coBpemeHHOM Mupe HH(GOPMAIOHHBIE CHCTEMbl CTAHOBATCA Bce Ooinee OOBEMHBIMH H
CJIOKHBIMH, TpeOys! HAAEKHOTO ¥ THOKOTO IT0/IX0/1a K YIIPABICHUIO JOCTYNOM. BaXXHBIM acrieKTom
0€301acHOCTH JaHHBIX B BEO-TIPMIIOKECHUSAX SBIAETCS KOHTPOJIb HAJ TE€M, KaKue IMOJIb30BATEIIN
CHCTEMBI MOTYT 00paIaThes K TOH TN MHOM HH(GOPMAIMX NI UMEIOT IIPABO HA BHINOJIHEHHE TOTO
WJIN UHOTO JeiicTByA. [ JOCTYOKEHHST HanOONbIIel THOKOCTH 1 yI0OCTBA CHCTEMBI B YIIPABICHUH
IpaBaMy JIOCTyNa BO3HHMKAET HEOOXOAMMOCTH ITOCTPOCHHUS COOCTBEHHOTO MEXaHH3Ma pOJIEBOU
CHCTEMBI, C TOMOIIBI0 KOTOPO#l OylneT BO3MOXKHO KOH(UI'YypHpOBaTh NpaBa IOJb30BaTeNeil K
pa3HbIM acleKTaM CHUCTEMbI B 3aBUCUMOCTH OT TEKYIIUX YCJIOBHH M KOHTEKCTa HCIIOJb30BaHHS.
JlaHHBIN MeXaHU3M JOJDKEH OBbITh MacIITabHpyeM U JIETKO MPUMEHHM B BO3MOXKHBIX CLIEHAPHSIX
paboThl cHCTeMbl 0e3 3HAYMTENbHBIX APXUTEKTYPHBIX HM3MEHEHUH B NPHIOKEHHUsX. B crarbe
OIMCHIBAETCS MOJXO0J K peaju3allii CHCTEMbl YIPaBICHUS JIOCTYIIOM, OCHOBAaHHOW Ha THOKOW
POJIEBOI MOJIENHN B BEO-TIPIIIOKEHUIX C UCTIOIb30BAaHIEM PEIIITUOHHON 0a3sl naHHbpX MySQL mmu
Postgres [1]. IlpeanoxeHHbI MexXaHM3M OBLI NPUMEHEH B HECKOJNbKHX IPOEKTaX M
MIPOJIEMOHCTPUPOBAI CBOIO 3((eKTHBHOCTH B pPa3HOOOpa3HBIX cueHapusx. lLlempio paboTsl
SIBISIETCSI TIPE/ICTAaBICHUE DPa3padOTaHHOTO MEXaHW3Ma, a TAaKXKe aHaIN3 €ro BO3MOXHOCTEH B
CpPaBHEHHM C albTEPHATHBHBIMH perieHussMH. OCHOBHOW IeJIbIO ITPOBEJCHHOW padOTHI 10
aJlanTanyy U3BECTHBIX MOAXOAOB SIBIISUIOCH HOBBIIMIEHHE UX THMOKOCTH, YTO OCOOEHHO aKTyalbHO
JUIs1 BEO-TIPIIIOKEHUH, paOOTaIONIUX C PENSIMOHHBIMU 6a3aMu JaHHBIX.

2. 0630p cywecmeyrow,ux peweHul

VYCTOSBIIMMUCS M YaCTO HCIOJB3YEMBIMU POJICBBIMH MOJCIIMU JOCTYIa B BEO-TIPIIIOKCHHUIX
seistiiorest mosienii RBAC u ABAC [2-3]. PoneBass mozmens nocryna RBAC ocHoBbIBaeTcst Ha
MIPUCBAUBAHUK II0JIb30BATEISAM pPOJIed ¢ (PUKCHPOBAHHBIM HAOOpOM mpaB. II0NOKUTEILHBIMHU
YepTaMH JaHHOTO MOJX0/1a SIBIISIOTCS:

e [lpocrora peammzanmn RBAC mno3Bossier ObICTPO YCTaHOBHUTH POJIM M Ha3HAYUTh WX
MOJIE30BATEIISIM, YTO CYIIECTBEHHO YIPOIIAET aIMUHUCTPUPOBAaHHUE.

e [lpencka3syeMoCTh NOBEIECHUS CHCTEMBI, TaK KaK KOJIMYECTBO POJIEH M MX KOMOMHAIMA
OTpaHHUYEHbI.
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e Jlpoctoe ympaBieHHE IOCTYNOM Ui OOJBIIMX TPYIN IOJb30BaTeNell 3a CYET
MIPEIOCTABIICHNS WJIH OTPAHUYCHUS TOCTYTIAa Ha OCHOBE POJIH.

B kagectBe MHWHYCOB MOKHO BBIJCIINTH!:

e Orpannyenue rudkocTu cucteMsl. [ ponu ¢pukcupyercss HaOOp Mpas, KOTOPBIH 4acTo
MOXET HE COOTBETCTBOBATh HA0OPY HEOOXOANMBIX pa3pelieHuH Uit paboThl B CHCTEME.

e CJOXHOCTh TPU HM3MEHEHUHM posiell. B Oompmmx cucTeMax ¢ MHOXECTBOM pojed H
MOJIb30BaTeNIe! JOCTaTOYHO CJIOKHO YIPABIATh U3MEHEHUSIMHU POJIEBOH CHCTEMBI.

Mopnens ynpasnerus gocrynoM ABAC wmcmonp3yer atpuOyThsl MOJIB30BaTENe W OOBEKTOB LIS
JMHAMHYECKOTO MPUHSTHUS pelieHuid o noctyne. OCHOBHBIM OTJIMYHMEM 3TOTO MOJX0Ja B TOM, YTO
Ka)kJasi CUTyallis OLEHUBACTCSl HE C TOYKU 3PEHHUS] POJIM II0JIb30BATENS U JICHCTBHSA, KOTOPOE OH
XOYET COBEPLINTb, a C TOYKH 3pEHUs aTpHOYTOB, KOTOPBIE K HUM OTHOCATCA. [lonpoOHee ¢ JaHHBIM
MEXaHM3MOM MOYHO 03HAKOMHTHCS B paboTte [4].

VY monenmn ABAC nMmeroTest HECKOJIBKO JOCTOWHCTB.

e JlaHHas MOJENb MTO3BOJISIET AMHAMHYHO U3MEHSTh IOJUTUKH JOCTYIA, YTO JeJIaeT CUCTEMY
THOKOH U MacIITaOHpPyEeMOH.

e bBnaromaps TOHKOW HACTPOWKE IpaB, JOCTYH MOXET OBITH HACTPOCH C YYETOM Pa3IHIHBIX
aTpuOyTOB.

e Mogens ABAC ocobeHHO nose3Ha B CLEHapHUsX, I/le HEOOXOAUMO YYUTHIBATH KOHTEKCT
3a1poca, Takue Kak reorpauueckoe MecTOMOI0KEHNE WU THII yCTPOHCTBA.

B kauecTtBe HEJOCTATKOB MOYKHO BBIJICTIMThH CICAYIOLIUC:

o CrOXXHOCTh peanu3allii MOJENH W e¢ WHTerpalud B BeO-mpmiiokeHue. Tpedyercs
TIIATEIBHO HACTPOUTH MPABHJIA VIS PA3THYHBIX aTPUOYTOB M 00BEKTOB, YTO 3HAUYUTEIHHO
YCIIOKHSET MOJACPIKKY U Pa3paboTKy.

o [Ipu 6ONBIIOM KOJMYECTBE aTPUOYTOB U MPABWII IIPOBEPKA IIPAB MOXKET CTaTh JOCTATOYHO
MEIJICHHOMN.

[MToaxox, NpencTaBIeHHbIH B IaHHOW CTaThe, MO3BOJIIET Oosiee TMOKO HACTPauBaTh JIOCTYII, HO TIPH
3TOM COXPAHSET MIPOCTOTY U yJIyUIIaeT MPOU3BOJUTEIBHOCTD MO cpaBHeHHIO ¢ Mojeasimu ABAC u
RBAC.
K Hacrosimemy BpeMeHH OIMyOJIMKOBAaHO MHOXKECTBO HAYYHBIX Pa0OT MO CO3JaHHUIO POJIEBBIX
MoJIeJIel B pa3InYHbIX IPOrpaMMHBIX cucTeMax. MccenoBanue [5] mpeanaraeT aHanu3 pa3IndHbIX
pemeHni JUIsI TOCTPOCHHS pOJIEBOM MOJENM YHPABICHUS JOCTYIIOM B KOPIOPAaTHBHBIX
HHPOPMAIMOHHBIX cUcTeMaX. B paboTre paccMoTpeHs! Kak kiaccudeckue moaxonsl k RBAC, tak u
MX aanTalyy ISl CIIOXKHBIX KOPIOPAaTUBHBIX cpel. KiroueBbIM MpenMyIiecTBOM JaHHOH paboThI
ABJISIETCS CTPYKTYPUPOBAHHBINM MOX0]] K BHEAPEHHIO POJIEBON MOAENHN C YIETOM KOPIIOPATHBHBIX
TpeboBaHuil. OMHAKO B pabOTe OTCYTCTBYET ONMCAHWE IPAKTHUECKOH peann3alii M HpUMEpbI
KOHKPETHBIX CIIEHAPHEB UCIIOJIB30BAHMS, YTO JIENIaeT €€ CIIOKHOW AJISl HCIIONB30BaHUS B PEabHBIX
npoekTax. B myOnukamuu [6] akIeHT clellaH Ha UCIOJIb30BAHUH POJICBOM MOJCIH YIIPABICHHS
JOCTYIIOM B CHELUHaJM3MPOBAaHHOW cHcTeMe — cucreMe KoHdepeHuuil. OCHOBHOE BHHUMAaHHUE
ynensiercsi Tomy, kak Mojenb RBAC Mmoxer ObiTh ajantupoBaHa JUls yNpaBieHHs OOJBIINMH
MMOTOKaMH YYaCTHUKOB, MOJEPATOPOB U OpraHu3atopoB. [loj0KUTENbHOW CTOPOHOM SIBJISETCS
ONHCaHWE CIEeHU(UKH TOCTyNa B KOHTEKCTE BPEMEHHBIX COOBITHH, TaKMX Kak KOH(epeHIHH.
OpHako MaHHBIN MOAXOJ CIOXKHO aJanTHPOBATh JJISI CHCTEM, HE CBS3aHHBIX C BPEMEHHBIMHU
npoleccaMy, ¥ OTCYTCTBYIOT YHHBEpcallbHbIe pekoMeHnanuu. MccnenoBanue [7] paccmarpuBaet
npumeHenne mozxenim RBAC B cucremax apXMBHpOBaHMS AAaHHBIX. [10JOXHTETHHOM CTOPOHOM
aBisieTcs yu€r crien(uKy paboThl ¢ apXHBaMH, BKIIOYas JOJTOCPOYHOE XpaHEHHE M JIOCTYH K
UCTOpUYECKUM JaHHbIM. HegocTaTkoM sIBAs€TCS OrpaHUYEHHOCTh MOJAXO0Ma Ul UCIOIb30BAHUS B
cucreMax ¢ Oosee JMHAMHUYHBIM XapaKTepOM JaHHBIX, HAIpUMeEp, B BeO-npuiiokeHusx. B pabdore
[8] omucana peamu3anus ruOKOil CHCTEMBI YIpaBiCHHS NOCTYIIOM C aKLIEHTOM Ha pOJH M
BO3MOXKHOCTH HACTPOWKHM YpOBHSA JOCTyma B WHPOPMANMOHHBIX cucteMax. OCHOBHOE
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MPEUMYIIECTBO Pa0OTHl 3aKIIOYACTCSl B JETAIM3MPOBAHHOM OIMCAHMM MEXaHM3Ma JOCTYIa,
KOTOpBIi OPHUEHTHPOBAaH HAa aJaNTHBHOCTh IO pa3iWdHble cueHapuu. OnHako B pabote
OTCYTCTBYET KOHKPETHKA B NPHMEHEHHH TEXHOJOTHIl — OTCYTCTBYET MpHBS3KAa K PEaIbHBIM
HHCTPYMEHTaM MWJIM TPOTPaMMHBIM CpPEACTBAM, UYTO MOXET 3aTPyJHHUTb INPaKTHUYECKYIO
peanu3ammio.

PaccMoTpeHHbIE paOOTHI IPEICTABIAIOT Pa3INYHbIE MMOJXOAb! K PEATN3AINN CHCTEM YNPABICHUS
JoctynoM. TeM He MeHee KaXKAbIM M3 HUX MMEET CBOM orpaHudeHus. lIpennoxeHHoe pelieHue
COYETaeT JIy4IlIue YepThl CYIIECTBYIOLIUX ITOIX0/I0B M MpeajaraeT TMOKOCTh, MacIiTaOMpyeMOCTh
U MIPOCTOTY HACTPOWKH, UTO AENAeT €r0 yHUBEPCAJIbHBIM HHCTPYMEHTOM JUIsl COBPEMEHHBIX BEO-
MIPUIOKEHUH.

3. MocmpoeHue 2ubkol posiegoli cucmembi

PaccMoTpuMm peanuzaniio MexaHW3Ma Ha IpUMepe YIPOLIEHHON BEepCHUM WHTEpHET-Mara3uHa.
[IpoekTupyemblil MHTEpHET-Mara3uH OyAeT MMETh AEJ0 CO CICAYIOIIMMH OOBbEeKTaMH: TOBap M
MOJIb30BaTeNb, OCTaJbHBIE OOBEKTHI, KOTOPHIX B pEabHOHM JKM3HM MHOIO, B CTaThe HAMEPEHO
OITYLIEHBI JUIs YIIPOIIEHHS TPECTaBICHHs peanu3auu. s XxpaHeHNs JaHHBIX HHTePHET-Mara3ut
UCTIONB3YeT pesinuoHHyro SQL 06a3y maHHBIX, YTO IO3BOJSIET OPraHM30BaTh OOBEKTHl M HX
B3aMMOCBSI3H B BHJIC TaOMML. B naHHOM MHTEpHET-MarasuHe OyIeT HCIIONb30BaH CICIYHOLIHI
HabOp poeit:

e User — Ponp uis1 KIMeHTa HHTEpHET-Mara3yuHa.
e Courier — Ponb paboTHHKA CKJIa/a, OCYIIECCTBISIIONIETO JOCTABKY TOBapa.

ToBap Oynet UMeTh ClIeAYIONINH HabOp CTAaTyCOB:

e Auvailable — Toctynen k 3aka3sy.
¢ NotAvailable — 3axonunsics Ha ckiajie ¥ B JaHHBI MOMEHT HEJOCTYIIEH.

[Ipu co3ganuy MexaHW3Ma CHavajIa HeOOXOAUMO OMPEICITUTh CIIOCO0 XpaHeHU KOHPUTYpAIIi U
3Ha4YeHUH mapameTpoB 00bekToB. CyTh MeXaHH3Ma KOHMOUTYpaluil B TOM, YTO y KaKIOTO THIA
OOBEKTOB MOXKET CYIIECTBOBATh HECKOJBKO OMHCAaHWU (KOH(UTypamumil), rae s KaxIoro
OIMCAHUsI ONPENEISIFOTCST HaOOPhl MApaMeTPOB U MpaBWiia JIocTyna K HuM. Hampumep, mist tuna
«ToBap» MOXHO 3a7aTh ABE pa3Hble KoHpuUrypammu — «Kuaura»y u «TeneBuzop». Konduryparms
«KHura» BKiIIOUaeT, HampuUMep, mapamerp «ABTop» U «KonmudecTBo cTpaHUI), a KOHPHUTYpaIHs
«TeneBuzopy» — «/lmaroHans 3kpaHay, «Pa3pemenne» u Apyrie XapaKTePUCTUKH.

3Ha4yeHHs MapaMeTpoB OOBEKTa — 3TO KOHKPETHBIE MTAaHHBIC, KOTOPHIE MPUCYIIH KaXJIOMY
9K3eMIUIIPYy 00bekTa. Hanmpumep, OJ1H TEIEBU30p MOKET UMETh quaroHanb 40 qioiMoB, a Jpyroi
— 50, HO 00a oTHOCsTCA K KOHpHUryparuu «Tenesuzop» u tummy «ToBap». AHaJIOrHYHO, B Cily4yae
«KHHTH» y OTIENBHBIX SK3€MIUIIPOB MOTYT OTIMYAThCS ABTOP, KOJHUYECTBO CTPAHHIl U JpYyTHE
XapaKTePUCTHKH.

Jamee OyayT pacCMOTPEHBI pPAa3IUYHBIC CIOCOOBI XpaHEHUS KOHQUTYpalui © 3HAYCHUN
mapaMeTpoB OOBEKTOB, a TAKXKE WX MPEUMYIIECTBA M HEOCTATKH.

IepBrIit crioco6 xpaHeHus KOHGUTYparuil n3oo0paxeH Ha puc. 1. Kondurypanus mpencrasieHa B
Buze JSON-}aiioB, KOTOPBIE XPAHITCS B PEIO3UTOPHH BMECTE C KOJOM MPUIOKEHUS. VI3MeHeH s
B KOH(HUTI'Ypanuy BBIIOIHAIOTCA NPOTPAMMHUCTAMH ITyTeM CO3JIAHHS HOBBIX MU PEIaKTHPOBAHHSA
cymectByromux JSON-¢aiioB ¢ mocinenyromuM TOATBEpKICHHEM W3MEHEHHH B CHCTEME
KOHTPOJISI BEpCUIL.

[IpenmymiecTBOM TakKoro IOAXOAA SBIAETCS BO3MOXXHOCTH COBMECTHOM pabOTBI KOMaHJBI
MIPOTrPaMMHUCTOB: U3MEHEHHS B KOH(UTYpauuy MOTYT OBITh IPOBEPEHBI Y€pe3 CUCTEMY KOHTPOJIS
BEPCHi, 4TO 00ecreynBaeT X MPO3PaYHOCTh U KOHTPOJb KauecTBa. Kpome Toro, rectupoBaHue
N3MEHEHHH Ha TECTOBBIX OKPYXEHHSX IMepell BBITYCKOM B padodyi0 cpeny IIOMOTaer
MUHHMH3HPOBATh PUCKH, CBA3aHHBIE C HEKOPPEKTHOW KOH(pHUTYpanuneil.
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B mpomecce pa3paboTKM M TOCIEOYIOIIET0 HCIOJIB30BAHUS CHUCTEMBI, KOTOpas HCIOIb30Bala
JIAHHBIH MTOJIX0]] K XpaHEHHIO KOH(UTypanunii, MOT'YyT BOSHUKATh CJICAYIOLIHE IPOOIEMBbI:

e CKOpOCTh pearnpoBaHus Ha cOOH B paboUeii cpesie MOXKET OKa3aThCs CIUIIKOM HI3KOH 13-
32 TOro, 4dYro Jro0ble KOH(QUTYpalMOHHBIE TMPAaBKH TPEOYIOT ITOTHOLECHHOTO
Ppa3BepTHIBAHMSA, YTO BO MHOTUX NPUIIOKEHHAX 3aHUMAET CYLIECTBEHHOE BpeMsl.

e 3aMeTHas YacTb BPEMEHH IIPOTPAMMHUCTOB MOXET YXOAUTH HA HACTPONKY KOH(MUrypaIuii,
a He Ha HaNKCaHue KoJa.

Takum 00pa3oM, JaHHBIA OAX0] 00ecIednBaeT MPO3PAYHOCTh M TECTUPYEMOCTh W3MEHEHHH, HO
HaKJIa/[bIBACT OTPAHWICHUS HA ONEPATUBHOE YNPABICHUE KOH(PUTypalMsIMH B yCIOBHAX PEaTbHON
SKCIUTyaTaluH.

v [ Configurations

v [ Products

Puc. 1. Xpanenue xongueypayuii 6 kooe npunodicerus.
Fig. 1. Storing configurations in the application code.

Jpyrum cnocobom XpaHeHus: KOHUTypanuii 00bEKTOB SIBISIETCS MX pa3MelieHUe B 0a3e JaHHBIX
npuioxenus (puc. 2). B atom ciydae kaxast KoHQUTypanus NpecTaBlIeHa OTACIbHON 3a1Chio B
tabnuue. JlaHHBIA Moaxon Aa€T BO3MOXKHOCTH pa3pabaThiBaTh aJMHHUCTPATHBHYIO MaHENb,
KoTOpasg OyaeT B3aMMOJEHCTBOBATh HEMOCPEICTBEHHO C 0a30f JaHHBIX U IO3BOJSATH BHOCHUTH
M3MEHEHHs1 B KOH(Hrypamuu dvepe3 yAOOHBII TNoyib30BaTeNnbckuil uHTepdeiic, 0e3 yuacTus
MPOTPaMMHCTOB.
YroObl MOHATH PA3HUIY MPEIIOKEHHBIX CIIOCO00B, PacCMOTPHM OOIIUil mporecc paboThl C
KOH(UTypanusiMu IpH (aiiioBOM XpaHEHNH:

1. IIporpaMMHCT H3MEHSET KOHOQUTYpaIMOHHBIN (aiil B JOKaIbHOM PETMO3UTOPHU U

OTIPABJISET U3MEHEHHS B CUCTEMY KOHTPOJISI BEPCHH.

2. Cucrema c6opku (CI/CD) npu HEOOXOIMMOCTH 3amyCKaeT TECThl, (JOPMHUPYET HOBYIO
cOOpKY NPUIIOKEHUS U TIOArOTABIMBAET (aiibl IUisi pa3BEPTHIBAHUSL.

3. PasBéprriBaHue B 1ie7€BOE OKpPYKEHHE (TECTOBOE, MPOU3BOJICTBEHHOE U T.JI.).

Eciu xoHdurypanum pasmerieHsl B (aiiyiax, 4ToObl BHECTH JakKe€ HE3HAYUTEIBHYIO HPaBKY
(Hanpumep, 100aBUTH HOBOE IT0JIE WJIM H3MEHUTH MPaBa JUIs POJIH MOJIH30BATENs), MPUAETCS CHOBA
MPOXOANTH BECh LIUKJI: CO3/1aTh HOBYIO BEPCHIO, BHIIIOIHUTH COOPKY, a 3aT€M pa3BepHYTh HOBBIC
(aiinbl Ha cepBepe. Bo3aMoxkeH U yIpomEHHBIN BapHaHT JEHCTBUH, IPH KOTOPOM B CUCTEMY MOXHO
3arpy3uTh TOJIBKO M3MEHEHHBIE (aiinbl KOHQUrypaun 0e3 IOIHOLeHHOH nepecoopkn. OnHaKo B
3TOM ciy4ae MPOIyCKAaeTCs 3Tal aBTOMATH3MPOBAHHOTO TECTUPOBAHMSA, UYTO YBEIHMYUBACT PUCK
MOSBIICHUS ONMIMOOK WMJIM HECOBMECTHMBIX HACTPOEK, KOTOPbIC OBl BBIIBIWIINCH TPH MPOXOXKICHUN
MOJIHOTO IIMKJIa COOPKH.

B cnygae xe xpaHeHHS KOHQUTyparyii B 6a3e TaHHBIX BCA LETIOYKa MOXKET OBITh YIPOIIeHa, ECITN
UCIIOJIb30BaTh AAMUHUCTPATUBHYIO aHENb:

1. Anmuuucrpatop ¢ TOMOIIBIO BeO-MHTepdeiica IOJydaeT JOCTYl K  CIHCKY
CYIIECTBYIOMNX KOH(MHUTYpAITHH.

2. V3meHeHnne  KOHQUTrypaluid  HPOUCXOAUT  NIYyTEM  HIPSMOTO  pElaKTHPOBAHUS
COOTBETCTBYIOIINX 3aIHCEH B 0a3e TaHHBIX.

3. COXpaHeHI/IC IIpaBOK Cpa3y OTpaKacTCs B MIPUIIOKCHUU, 0e3 Hep€C60pKI/I n paBBépTHBaHI/IH
BCEro IPOCKTaA.
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Configuration

id Int

configurations |Json

name varchar(30)

Puc.2. Xpanenue xongueypayuii ¢ 6aze Oannblx.
Fig. 2. Storing configurations in a database.

HpeI/IMyU.lCCTBaMI/I JAHHOTO II0JIX0/1a MOKHO CUMTATh CICAYIOIINE!

e AIMHHHUCTPATOpPBI, KOTOphIE HE 00J1aal0T HABBIKAMY NIPOIPAMMHUPOBAHUS W HE YMEIOT
paboTaTh C CHUCTEMOIl KOHTpPOJISI BEpPCHM, MOTYT M3MEHSTh HACTPOWKHU uepe3 yHOOHbIit
unrepdeiic, 6e3 HeooxoauMocTH peaaktupoBanus JSON-(aiiaoB B Koje NPHUI0KEHHS.

e Bce m3MeHeHUs B KOHQUIypauusax MOTYT ObITh IPUMEHEHBI ONEPATUBHO Yepe3 MaHesb
aJIMUHUCTPUPOBAHUS, YTO HCKIIIOYAET HEOOXOAMMOCTh MEpPecOOPKU MPHUIOKEHHS HIIH
pa3BepTHIBAHUS.

ITonxon UMeET U HETOCTATKH

e PyuHOoe BHeceHHE MaHHBIX dYepe3 BeO-WHTep(eWC MOBBINIACT PHCK ONMEYATOK H
HEIPABIWIGHBIX 3HAYCHHUM, OCOOCHHO €CIM HET MEXaHW3MOB BaNMOAMU WIH OHA
HEIOCTATOYHO KECTKast. Takoil PHCK MOXKET OBITh CHI)KCH MPOAYMAHHBIMH CTPOIHMHU
MIPOBEPKaMHU Ha YPOBHE MPUIIOKEHHS, OJHAKO IMOJHOCTHIO HCKIIOUHUTH YEIOBEUECKUU
(hakTop HENB3.

e Eciau usmeHeHus KOHq)I/IpraL[I/II/I BHOCATCA MHAWBUAYAJIbHO YC€PC3 IMAaHCIb, OCTAJIbHbIM
Y4aCTHUKaM KOMaH/IbI CJIOKHEC OINCPATUBHO Y3HATH, KTO BHEC U3MCHCHUA U KOrJa 3TO
npousonuio. B otnuume ot 3ampocor (pull-request) wim moarBepkaeHuit (Commit) B
CHUCTEME KOHTPOJIA BepCHﬁ, MaHeJIb aIMUHUCTPUPOBAHUA OOBIYHO HE UMEET BCTPOCHHOT'O
MeXaHU3Ma 00CY)KICHHUSI ¥ COTJIACOBAHMS MIPABOK.

e Co3maHue U MOICPKKa HOIHOLCHHOM MaHeIH aJIMHHUCTPUPOBAHUS TpeOyeT BpeMEHH! 1
pecypcoB. Heobxommmo paspabarbiBaTh HHTEp(EWC, YYHMTHIBATH pa3HblE CLEHAPUH
HCIIONb30BaHMsT W MpaBa [OCTYIa, BHEAPATh MEXAHWU3MBI ayquTa H3MeHeHui. [lis
HEOOJIBIIHNX IPOEKTOB 3TO MOXKET OKa3aThCsl H30BITOUHBIM.

Takum oOpa3oM, mepexoJ Ha XpaHeHHEe KOHHUTypaluii B 0a3e [aHHBIX M CO3/aHHUE
aJIMUHHCTPATHBHON IAHENH 3HAYUTENBHO YIPOILAKT MPOLECC YNPAaBICHHS HACTPOHKAMH
NPHIOKEHUS, HO TPEOYIOT BHEAPECHHS IOIOJHUTEIBHBIX MEXaHU3MOB KOHTPOJIS U CHHXPOHH3AIUH
JIQHHBIX JJIs1 MUHUMH3a1luH PUCKOB.

KpoMe TpagMiHMOHHOrO XpaHeHHs KOHQHrypauuii B 0a3e MJaHHBIX, MOXXHO HCIIOJIb30BATh
Bo3MOxHOCTH PostgreSQL o pabote ¢ BHemrHumu tabmunamu (foreign tables). C momonipio Takoro
MIOJIX0/Ia IaHHbIE MOTYT (P)aKTHYECKH OCTaBaThCs BO BHEIIHEM MCTOYHHKE, HO TIPH 3TOM BBITIISJIETH
u oOpabateiBaThcst B PostgreSQL, cimoBHO 3To 00buHBIE Tabmunbl. OIHUM W3 TPUMEPOB
peanusanuM 3Toil KoHIenuun sBisiercs pacmmpenne S3 FDW (Simple Storage Service Foreign-
Data Wrapper), nmo3BoJistoliiee XpaHuTh M YNTaTh JaHHBIE U3 00yauHoro cepsuca Amazon S3 [9].
OTo MOXeT OBITh TIOJIE3HO, ecnu TpedyeTcs TMOKOCTh W MacmTaOUpyeMOCTh 0O0JIayHOTrO
XpaHWIINILA, HO TIPH 3TOM Y100HO nosb3oBatbest SQL-3anpocamu n mexannzmamu PostgreSQL s
noucka, GUIIbTPALMU U aHAIK3a JaHHBIX. Takoe pelieHne 4aCTUYHO NPUMHPSIET U0 «(haiiioB B
obmake» M «maHHBIX B CYB/l», MOCKOIBKY aJAMHUHUCTPATOp MOXET IMPOAOIDKAaTh paboTaTh C
koHpurypamusmMu depe3 SQL-unTepdeiic, a camm aiinel ¢ HacTpodkamu (HU3HYECKH
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pasmentatorest Ha S3. B pesynbrate He TpeOyeTcs py4HOro KONMPOBAHUS WM CHHXPOHHM3AIUU —
cucrema PostgreSQL cama obecrieunBacT CBA3HOCTh M TOCTYIT K BHEITHEMY XPAHWIIHAIILY.

B utore, y ka)x10ro u3 pacCMOTPEHHBIX IOAXOI0B — OY/Ib TO XpaHEHHE KOHPUTyparnuii B ailoBoit
cucTeMe, B 6ase JaHHBIX WIM C TIOMOIIBI0 BHEIIHUX Tabmui (kK mpumepy, depe3 S3 FDW) — ects
CBOM NIPEUMYILECTBA M HEJOCTATKU. Daiiyibl IpoIIe B NCHONB30BAHUH U TTOIXOIAT 111 HEOOIBIINX
MPOEKTOB C PEIKUMH M3MEHEHISIMHU. ba3bl JaHHBIX yHOOHBI ISl TOCTPOCHUS aAMHUHNCTPATUBHBIX
naHeneif, ObIcTpOW mpaBkH. BHemHue TaOMMIBI COBMENIAIOT THOKOCTh 0a3bl IaHHBIX H
MacITabupyeMOCTh 00aYHBIX XPAHMIIHII.

BrI00p KOHKPETHOTO BapHaHTa 3aBHCHUT B IIEPBYIO OUEpPe/b OT MOTPEOHOCTEH MPOEKTa, CI0KHOCTH
MHQPACTPYKTYpHl, 4acTOTHI M OOBEMOB HM3MEHEHHH, a TakKe TpeOOBaHWI K 0€30MacHOCTH U
y1oOCTBY 3KcIuTyaranuu. Jlydine Bcero NmpeaBapHTENIbHO OLIEHHTh Bce (hakTOphl M BBIOpATh TO
pelieHne, KOTOPOE ONTHMAIBHO BIMIIETCS B ApXUTEKTYPY M IPOLECCH KOMaH b

[anee OyayT pacCMOTPEHBI HECKOJIBKO IIOAXOAO0B K peann3aliii XpaHEHHUs TapaMeTpOB 00bEKTa.
Ha puc. 3 mpomemoHCTpupoBaHa cxema 0a3bl NAaHHBIX C peaiu3alell XpaHeHWs 3HAYCHUH
rnapamMeTpoB 06T)CKT3 B BHUJIC KOJIOHOK B Ta6HI/IHe. B JaHHOM TOAXO0JC CYHICCTBCHHBIM MHWHYCOM
SABJISACTCA H606XO[[I/IMOCTI) HU3MCHCHUA CTPYKTYPBL Ta6J'II/IHI)I 0asbl JaHHBIX TIpU HU3MCHCHUU
KOH(i)I/IpraLlI/II/I, Korja rnpu yaajJcHun Uin }106aBHeHI/II/I HOBOTI'O I1I0JIA B KOHq)I/IpraI_II/II/I MMPUXOAUTCA
TaKK€ MNPOBOAUTHL MUI'PpAINIO JaHHBIX C HU3MEHCHHCM CTPYKTYPhI Ta6J'II/IIII)I. YacTtoTa Takux
orepanuii 3aBUCUT OT OCOOEHHOCTEH MpOEeKTa, AJsl CUCTEM C OOJBIIMM HabOpOM IapamMeTpoB
00BEKTOB U3MEHEHHSI MOTYT OBITh PECYPCOEMKHMH M 3aTPYIHSITH JKCIUTyaTaluio. B HeGompImmx
IPOEKTaxX C pPEOKMMH HM3MEHEHHUSIMH KOH(QUIypamuil S3TOT HENOCTaTOK MOXET OKaszaThCs
HC3HAYUTCJIIbHBIM.

Entity \
id Uuid
fieldl Type
field2 Type
field3 Type

Puc. 3. Cxema 6a3v1 OanHbIX 21OKOTU PONEBOTi MOOENU C COXPAHEHUEM OAHHBIX 8 KOJOHKAX.
Fig. 3. A flexible role model database schema with data stored in columns.

Hpyroii cnocod peanuszanuu XpaHEHUs 3HAYEHUI MapaMeTpoB OOBEKTa i THOKOW pPOJeBOM
MOJIeTIH M300paXEH Ha pHC. 4, T KaKAoe Iosie 00BEKTa BHIHECEHO KaK 3aIllMCh B OTAEIBHYIO
Tabnuiyy. Mcnonb3yst AaHHBIN MOxXox, TabJMIa ¢ JaHHBIMHE OyJeT 3aIloHAThCS OYeHb OBICTPO,
Bellb Ha KXAYH0 3amuch B Tabmuue Entity Oyaer npuxoauThest N 3amuceil (KOJIWYECTBO MOJIeH B
Habope mapameTpoB oObekTa) B Tabmuue Data. A Takke mpu MONy4YeHHH MapaMeTpoB O0OBEKTa
HEoOXomuMO OyIeT OCYIIECTBIIATh HomonHUTenbHbIH 3ampoc wm JOIN kx tabmune Data, dro
CylIecTBeHHO 3ameumT cucreMmy. Ilogpobunee o ckopoctu paborsl JOIN omnepanumit moxHO
O3HaKOMHUTHCS B paborax [10-11].

Jpyroii cnoco6 xpaHeHHs1 3HaYECHUH NapaMeTpoB O0O0BEKTa MPOJEMOHCTPHPOBAH Ha puc. 5. Ha
JaHHOM cxeMe 6a3bl JaHHBIX MapaMeTphl XpaHsTcs B KojoHke data ¢ tumom JSON, Takum o6pasom,
JIaHHbIE 00BbEKTa MOXKHO OyZeT nosyyarh 6e3 AomoHUTeNbHbIX 3ampocoB win JOIN onepaiuii, 4to
CYIIECTBEHHO YCKOpUT paboTy MexaHu3ma. J[aHHBIA MOJXOJ| TakKe WUMEET W MHUHYCHI: s

153



Vasilev T.I. Implementation of a Flexible Access Control System in the Application. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1,
2025. pp. 147-160.

u3BnedeHus naHHeix 3 JSON MoxeT moTpeboBaThCsi JOMOMHHUTENbHAS 00paboTka Ha ypOBHE
MIPWIIOKEHUS], 0COOCHHO €CIIM JaHHbIE XPAHATCS B CJIOKHBIX BIIOKEHHBIX CTPYKTYpax.
[TomHOTEKCTOBBIC WITH CIIOKHBIE HHACKCH Ha 0cHOBe JSON MOTyT OBITh HEIOCTYIIHBI HITH PaboTaTh
MEIJICHHO B 3aBHCHMOCTH OT HCHOJB3yeMoi 0a3el maHHBIX; JSON-IOKYMEHTH MOTYT 3aHHMATh
OonplIe MecTa, YeM CTPYKTYPUPOBAHHBIC NaHHBIE B KOJIOHKAaX, OCOOCHHO INpU JyOJIMPOBaHUH
apameTpoB.

Crioco651 xpaHeHHs KOHPUTyparuii ¥ 3HaYCHNH MapaMeTpOB 00BEKTOB, OIMCAHHBIC BHIIIE, IMEIOT
CBOM ILTIOCHI 1 MUHYCHI, M BCE TIOIXOIAT AJIsL pead3alliil MeXaHu3Ma yIpapJieHHus JocTynamu. B
X0Jle IKCIDTyaTallil MEXaHM3Ma XpaHEHHe KOH(UIypaluii OCYILEeCTBIIOCh B 0a3e JaHHBIX A
HACTPOIKHK yepe3 maHes b aAMUHUCTpaTopa (puc. 2.). A XpaHeHHe 3HAYCHUI MapaMeTpOB 00bEKTOB
Obut0 peann3zoBaHo ¢ momoubto JSON KOJOHKM H3-32 OONBIIOTO KOJMYECTBA Pa3MYHBIX
napaMeTpoB 1 TUIOB 00beKTOB (pruc. 5.). PuHaTIbHAS cXeMa CTPYKTYpPbI 0a3bl TAaHHBIX H300paKeHa
Ha puc. 6.

'!' I
Entity Data
id | Uuid H <id Int
_ entity_id [ Uuid
name | varchar(255)
value |varchar(255)
Puc. 4. Cxema 6a3vl OaHHBIX 2UOKOT POLEBOT MOOEU.
Fig. 4. The schema of the flexible role model database.
Entity
id Uuid
data Json

Puc. 5. Cxema b6aszvt dannvix 2ubkou ponesot moodenu ¢ ucnorvzosanuem JSON nons.
Fig. 5. A flexible role model database schema using a JSON field.

Paszbepem Ha3HaUCHHE TAOTUI] U TIOJIEH B HUX.

User — Peamzyert cymaOCTS “Tlonb30BaTens”’. XpaHUT yUeTHBIE 3aIFCH MTOJIB30BaTENCH 1 HX Habop
noneil. HasHauenue nomuei:

id — Unentudukarop nons3zosarens. Tur Uuid.

name — Mms nons3oBaress.

phone — MoGuiBHBIi HOMEP MOIb30BATEIS.

created_at — Jlara co3aHus IIOJIb30BATENS.

role — Posnp monb3oBatestst. [Ijist yrponeHns: IOHUMAaHUsS MEXaHU3Ma CIIUCOK BO3MOXKHBIX
ponei cokpaineH 10 1 ponu.
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User

created at

id Uuid
name varchar(256)
| phone |varchar(30)

DateTime

role | varchar(30)
- Product
id [Uuid [ configuration
configuration  |Imt L id [1nt
data Json configurations | Json
created_at DateTime name varchar(30)
. status varcahr(30) ‘ -

Puc. 6. Cxema 6azvt Oannvlx 2U6KOIU ponesol MoOeu.
Fig. 6. Flexible Role Model database schema.

Product — Peamusyer cymHocts “ToBap”. XpaHHUT HaHHBIE TOBapOB, NOCTYIHBIX Ha caiTe.
Hasnauenue nomeii:

id — Unentudukarop torapa. Tum Uuid.

configuration — Tun kouduryparmu. Int cepiika Ha Tabmuiy Configuration.
data — Ha6op naunsix ToBapa. JSSON string.

status — Texyuiuii cratyc ToBapa.

created_at — JlaTa co3maHus [OJb30BATENS.

Configuration — Peamusyer cymuocts “Konduryparms”. XpaHUT JaHHBIE O KOH(HUTYparuu
CyIIHOCTH, TpeOytouield THOKMX HAcTpoeK IpaB JOCTyla, B JIaHHOM [puUMepe Oyayr
JIEMOHCTPUPOBATHCS KOH(UTYpaLuu TOIBKO ToBapoB. HasHauenue moseii:

o id — Unentudukarop kouurypanuu. Tum INt aBTOUKpeMeHT.
¢ configurations — Ha6op kouduryparmii. JSON string.
® Name — HauMeHOBaHUe KOH(UTYPAIHH.

Takum 00pazoM KaxIblii TOBap B CHCTEME MMEET CCHUIKY Ha KOH(QUIYpaluio ¥ Habop mojell B
tdopmare JSON B mose data.

Dopmat monst Configurations mis cymHocti “Kondurypauus” nokasan Ha puc. 7, Ha KOTOPOM
MOXKHO BHJETh HECKOJbKO OyokoB. Brok data orBewaer 3a cyuecTByroumii Habop mosneit
JOCTYIHBIX JUISA CYIIHOCTH, MX THII M CHOCOOBI Bamuganuu (CONStraints), a takke 3HaueHHE IO
ymomyanuto (value). Tun moseit u cmocoObl UX BaNMIAMH MOTYT OBITh KaK CaMOCTOSTENbHO
HAIMCAaHHBIMH peaI3alisIMU B IPOEKTE, TaK U B BUJIE PACIPOCTPAHAEMBIX OUOINOTEK, HAIIpUMep,
Symfony Forms [12] u Symfony Constraints [13]. Biiok View orBedaeT 3a ripaBa paGOThI ¢ TIOJISIMH
CyHmIHOCTH B KOHKpeTHOM ee craryce (STATUS), mis KOHKPETHOH PO MOJIb30BATEIIS
(USER_ROLE) u mosem (FIELD_NAME) u umeet 2 Bo3MOXHBIX pasperuenust View u edit. Biok
Permissions oTBewaeT 3a CIMCOK MOCTYMHBIX JCHCTBHI MOJIB30BAaTENsi B KOHKPETHOM CTaTyce
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cymuocTr (Status), mis xoukperHoit pos moas3oBarens (USER_ROLE) u ompenenénnomy

neiicteuro (PERMISSION_NAME).

PaccMOTpHM HECKOJIBKO NMPHMEPOB ONMCAHMSA KOH(HUIrypammii I HECKOIBKHX Pa3HOBHIHOCTEH
TOBapOB U UX CTaTycoB. JlOIMycTUM B paccMaTpUBAEMOM HHTEPHET-MarasuHe CyIIECTBYET 2 BHIA
TOBapOB: KHUT'H 1 TeNeBU30pbl. KHNUTrM nmeroT creayronuii Habop moneii: aBTop, IeHa, KOJINIECTBO.
TeneBu3zop MMeeT COBEPIICHHO JPYroil Habop MoJieil: InaroHalb, [IeHa, pa3Mep, KOJIUYECTBO.

Jlist kHur kKoH(pUrypanus OyJeT UMeTh BUJI, TOKa3aHHbIH Ha puc. 8.

{ "data": { "FIELD NAME": { "type": "text",
"constraints": [],
"value": null

by

"view": { "STATUS": { "USER ROLE": ({

}

J
"permissions": { "STATUS": {

}

"USER ROLE":

"FIELD NAME":

[ "view","edit" ]

[ "PERMISSION NAME" ]

Puc. 7. @opmam noas Configurations ona cywpocmu “Kongueypayus ™.
Fig. 7. Configurations field format for “Configuration” entity.

{ "data": { "author": { "type": "text",
"constraints": [ “NotEmpty” 1],
"value": null
I
"count": { "type": "int",
"constraints": [],
"value": 0
I
"price": { "type": "int",
"constraints": [ “min:1” ],
"value": 1
}
br
"view": { "Available": { "User": { "author": [ "view" ],
"price": [ "view" ],
"count": [ "view" ] },
"Courier": { "count": [ "view","edit" ] }
o
"NotAvailable": {
"User": { "author": [ "view" ] },
"Courier": { "count": [ "view","edit" ] }
}
b
"permissions": { "Available": { "User": [ "buy" 1,
"Courier": [ "deliver" ] }

}
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Takum 00pa3oM, THII TOBapa KHUTa IOCTYIEH i Mojb3oBarens B craryce Available mis
IPOCMOTpPa BCEX MOJEH M BO3MOXXHOCTH 3aKa3aTh, Kypbep HE BHAWT JAHHBIX HEHY)KHBIX €My O
KHHTE, HO MOKET M3MEHHUTE TOCTYITHOE KondecTBO. B craryce NotAvailable mons3osatens Buaut
TOJILKO HANMEHOBAHKE aBTOPA M HE MOKET 3aKa3aTh cebe ToBap.

Jlnst ToBapa TeJIEBU30p OTIMYHEM KOHQHUTyparuu OyIeT HCKIIOYNTENIRHO B Giioke View (cMm. puc.
9), To ecTh OTIAMYMEM OyOEeT HCKIIOYHTENHHO HAO0Op MAHHBIX, ZOCTYIHBIX IS COXPAHCHUS WIIH
OTOOPaYKEHHS [OJI30BATEINIO.

"view": { "Available": { "User": { "diagonal": [ "view" ],
"price": [ "view" 1,
"count": [ "view" ]
b
"Courier": { "count": [ "view", "edit" 1],
"size": [ "view" ]

by
"NotAvailable": {
"User": { "author": [ "view" ] 1},
"Courier": { "count": [ "view", "edit"™ ] }

Puc. 9. @opmam noas Configurations ons cywynocmu “Tenesusop”.
Fig. 9. Configurations field format for “TV set” entity.

[Ipumep peanusanmu pabOTHI ¢ MEXaHM3MOM KOH(UTYpanuu MpPOJEMOHCTPHUPOBAH Ha SI3BIKE
MpOTPaMMHPOBAaHUsL BBICOKOTO ypoBHS PHP, mpuBeneHHbIN namee Kox IOCTATOYHO IPOCTO
aIanTHPOBaTh IS APYTUX S3BIKOB MPOrPaMMHpPOBAHHMs, HAIpUMEp, ¢ MOMOLIBIO cepBuca [14].
[Noy4yeHue qaHHBIX, JOCTYITHBIX ITOJIB30BATENIO C IOMOLIBIO OJIOKa VIEW, IPOMLTFOCTPHPOBAHO Ha
puc. 10. IIpoBepka TOCTYIMHOCTH OTIEPAIIMH C CYITHOCTBIO C MTOMOIIBIO 6II0Ka PErmissions mokasana
Ha puc.11.

<?php
/**
Sdata — maHHEIe M3 nojsig data B CYHHOCTH
**/
function getDataByConfiguration (array S$data, array S$configurations,
string SuserRole, string $status):array
{ SreturnData = [];

Sconfigurations = $configurations|[‘view’] [$status] [SuserRole] 2?2 [];
// Tlolyyaem CHOMCOK KOHOUIypaluul [0 CTATyCy CYIHOCTM M POJIM IMOJIb30BATENH

if (empty($Sconfigurations)) {

return []; // B ciyuae, eCiy OTCYTCTBYKT IaHHHE IJId POJIM M CTaTycCa

}

SreturnData = [];

foreach ($configurations as $key => S$configuration) {

if (in_array('view', S$Sconfiguration)) ({
$returnData[Skey] = S$data[S$Skey] ?? null;

// eciu moJjib30BaTeln OOCTYIIEH view maHHOTO oJjig, TO nobamjigeM B OTBET
}
}

return SreturnData;

Puc. 10. Onucanue @ynxyuu nonyuenus dannwix 610ka View na sizike PHP.
Fig. 10. Get data function in PHP.
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Pabota ¢ ruOKOH pOJEBOM MOENBIO 3aTParMBacT HE TOJBKO CEPBEPHYIO YACTBHIO MPHIIOKECHUS
(backend), Ho u knmentckyro (frontend). Heo6xoaumo pennts npoGiieMy 0TOOpakeHHs TIOJIEH 1
JOCTYITHOCTH JEHCTBHM, HampuMep, HET HEOOXOIMMOCTH oToOpaxkath mosie author mis ponm
Courier tak, kak OHO €My HeJOCTYIHO. ECTh HECKOIBKO PELICHUI JTaHHON MPOOIEMBI.

<?php
function isAllowed(string $rule, array S$configurations,
string $SuserRole, string $status): bool

{ SreturnbData = [];
Sconfigurations = $configurations|[‘view’] [$status] [SuserRole] ?? [];
if (empty($configurations)) {
return [];

}
return $configurations|[$rule] ?? false;
// TpoBepseM OOCTYINHA JiM ONepauys

}

Puc. 11. Onucanue ¢ynxyuu nposepku oocmynnocmu onepayuu Ha s3vike PHP.
Fig. 11. isAllowed function in PHP.

OueBUIHBIM pEIICHHEM SBISCTCS mepenada Habopa KOH(UIrypanmuii Ha KIHMEHTCKYIO YacTb
MIPWIOKEHUS, TAKUM 00pa3oM, KIMSHT WM MOOHMIBHOE NPUIOKEHHE B 3aBUCHMOCTH OT HACTPOEK
CMOKET TeHepHpoBaTh (hopmy ¢ qaHHBIMH. 171t 3TOr0 Heobxoaumo noarorosuth AP| u mepenaBaTs
CHHCOK JOCTYNHBIX AEHCTBHH MONB30BaTENs M CHHCOK AOCTYNHBIX eMy noiyei. Ilmoc maHHOTrO
MOJX0a B IPOCTOTE PEAIN3alii M €ANHOOOpa3nuyu 00paboTKy KOHGUTypaluidi Ha KINEHTCKON H
CepBEpHOI HacTsAX NPHWIOKEHHs. MHHYCOM SBIISieTCs Nepenaya KOH(GHUIYPaMOHHBIX HAaCTPOEK
KJIMEHTY, YEM MOTYT BOCIIOJIb30BAaThCs 3JI0YMBIIUICHHUKH UL IIOMCKA YA3BUMOCTEH M B3JIOMA
CUCTEMBL.

Jist MckIroueHMs nepeiadi KOH(UTypalyi Ha KIIMEHTCKYIO YaCTh MIPUJI0KEHUSI MOXKHO TPUMEHUTh
cienyromyto peanusanuio. Cepsep NpHIOKeHUs OyAeT mepelraBaTh TOJNBKO Te IMOJA, KOTOpPBIE
JIOCTYTIHBI TOJIB30BATENIO ST €ro pond. Tarxke MOXHO J00aBUTh HOBBIM OJIOK HACTpPOEK,
HanpuMmep, ¢ Ha3BaHueM guiActions (puc. 12).

3Hasi KOH(UTYpalrIo, MOXKHO BO3BpallaTh KJIMEHTY ONpPEAeIEHHbIH Ha0Op NeHCTBH, JOCTYITHBIX
[OJIB30BATENII0 10 JIaHHOMY OOBEKTy, Onarogaps dYeMy Ha KJIHEHTCKOH CTOpOHE MOTYT
0TOOpaXXaThCsl TOCTYITHBIE MOJTB30BATEINI0 OJOKH MIIN KHOTIKH.

"guiActions ": { "STATUS": { "USER ROLE": [ "ACTION1", "ACTION2", ] }
}

Puc. 12. Ilpumep 610Ka Hacmpoex.
Fig. 12. Example of the settings block.

CyImecTBeHHBIM MHHYCOM MEXaHH3Ma THOKOW CHCTeMBI YIpaBJIEHUS JOCTyNaMH, KOTOPBIH
npejjiaraeTcss aBTOPOM CTaTbH, SIBISIETCS OOJNbLION 00BbEM KOHQHrypalMid U y KIWEeHTa, U Yy
cepsepa. B xoze skcruryaraiimyi MmexaHu3Ma OBIJIO BBISIBICHO, YTO MOMy4YeHHe (aiiina KOHUTypaIui
Mo 00BeKTaM ¢ OONBIINM KOJMYECTBOM HACTPOEK 3aHMMAJIO 3HAYUTEIHHBIN 00BEM OIepaTHBHON
naMaTH. s MMHUMH3AIMK NOTPEOJIEHUs] ONEepPaTUBHOM NaMsTH NPUXOIUIOCH pa3pabaThIBaTh
JIOTIOJTHUTEJIbHBIE MEXaHU3MbI 00paOb0TKM M MOyYeHUs! KOHPUTIYPaIMid, YTO TaK)XKe CKa3bIBAaJIOCh
Ha OBICTPOACHCTBHH CUCTEMBI.

HecoMHEHHBIM TUTIOCOM MeXaHNW3Ma THOKOTO CHCTEMBI YIIPaBJIEHHS JIOCTYIIaMH, KOTOPBIA ONHCcaH
B JJaHHOH CTaTbe, SIBJISIETCS BO3MOXKHOCTB J00aBIIATh MHOKECTBO JJONOJHUTENBHBIX HACTPOCK HIIH
pacmmpeHuid. Hanpumep, B NpHIOKEHUN HOSBUJIACH MOTPEOHOCTH JI0OABUTH YCIIOBHS IEpexXoia
CYIITHOCTH TI0 CTaTycaM. B kauecTBe pelieHus MOKHO OITHCATh HOBBIH 6ok Statuses (pwc. 13).

Ha puc. 13 FROM_STATUS — srto craryc, ¢ KOTOPOro OyAeT OCYLIECTBISITHCS IIEpPEXoj, a
TO_STATUS 1 u TO_STATUS 2 crarycsl, Ha KOTOpble BO3MOXEH NEpEXOoa CO cTraTyca
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FROM_STATUS. HaumenoBauust REASON_1 u REASON_2 — 570 ycnoBus repexo/ia, 5T0 MOKET
OBITH KaK HaMMEHOBaHME KJIacca B CHCTEME, TaK M KO, KOTOPBIN JOKCH OBITH WCIONHEH st
MPOBEPKH BO3MOKHOCTH TEPEXO/Ia.

"statuses": { "FROM STATUS": { "TO STATUS 1": [ "REASON 1" ],
"TO STATUS 2": [ "REASON 2" ]
}

Puc. 13. Ilpumep O10xa Hacmpoex.
Fig. 13. Example of the settings block.

PaspaboTaHHBIif MeXaHN3M THOKOI HACTPONKH MpaB AOCTyIA OBLI YCIIEITHO BHEAPEH B HECKOIBKHIX
MPOEKTaX, CBSI3aHHBIX C YNPABICHHEM CIOXHBIMH POJEBBIMH MonensiMH. Ero mcmoiab3oBaHHE
MO3BOJIMJIO COKPATUTh BpeMs Ha aJalTalMI0 CUCTEMBI 0/ HOBbIe OM3HEC-TPEOOBAHMS, a TAKKe
YIPOCTUTH Tpolecc A00aBleHHsT HOBBIX CYIIHOCTEH W pojed. Hampumep, wacto B mpoeKT
HOG&BHHJ’II/ICL HOBBIC POJIM, HO IIPpU HCIOJB30BaAHUMW IOaHHOTO MEXaHU3Ma AOCTATOYHO OBLIO
0OHOBHUTH KOHPUTH 17151 pabOTHI HOBOTO THIIA TT0JIB30BATENS.

[TpakTrka nokasana, 4yto ucnosb3zoBaHue JSON-CTPYKTYp Ul XpaHEHUs JaHHBIX, a TaKKe YETKO
ONUCaHHBIX KOH(UTYpaIlUii posiell U UX IpaB, MO3BOJIWIO M30eKaTh M3OBITOYHOCTH U ClHENaTh
cucTeMy Oolee MPOU3BOANUTEIHHON M MacIITaONPyEeMOH.

4. 3akmoyeHue

IIpentoskeHHBII MEXaHU3M THOKOW CHCTEMBI YIPABJICHHUS JOCTYIIOM OOBEAMHACT MPEUMYIICCTBA
moneneit RBAC u ABAC, mo3Boisis JOOUTECS OTHOBPEMEHHO THOKOCTH M TMPOCTOTHI HACTPOHKH.
PaccMoTpeHHbIe MOAXO0bI K XPaHCHHUI0 KOH(UTypanuili 1 nmapameTpoB 0ObEKTOB B 0a3e MaHHBIX
JICMOHCTPHPYIOT BO3MOXKHOCTH ISl aalTallid MOJ Pa3InuHbIe CIIEHAPHU HCIIOJIb30BAHHS, OT
MPOCTHIX HHTEPHET-MAra3uHOB JI0 CJIOXKHBIX KOPIIOPATUBHBIX MPHIOKCHHH.

OCHOBHBIM MPEUMYIIIECTBOM CHCTEMBI SIBIISETCS UCHIOJIB30BAaHUE THOKOM CTPYKTYPBI ISl XpPaHCHUS
mapaMeTpoB 0OBEKTOB, UTO OOECIIEUNBACT CKOPOCTH PAabOTHI M yI0OCTBO KOH(UTYypAIHH, OCOOCHHO
npu MacTabUpoBaHUH. B TO jxe BpeMsi, THOKOCTh JOCTHIaeTCs 3a CYET pas3/elicHUs: HaCTPOSK Ha
npaBa JOCTyNa K IOJSM W JSHCTBUIl MO ONpPENSNICHHOMY CTaTycy OOBEKTa, 4YTO MO3BOJISCT
YUHUTBIBATh POJIU MOJIb30BATENEH, CTATYyChl 0OBEKTOB M KOHKPETHBIE ONEPaIiy.

[pakTHueckas peaau3amus IoKazana, 4yTo ucroib3oBanue JSON Uit XpaHeHHs TaHHBIX MOKET
OBITH ONTHMAIBHBIM PEIICHHEM UIS CHCTEM C GOJIBIIAM KOJHYECTBOM NApaMeTPOB M CIIOKHOM
JoTuKo# moctyna. OIHAKO BaKHO YUYHTHIBATH IIOTEHIMANBHBIE CIOKHOCTH, CBSI3aHHBIE C
00pabotkoit JSON Ha ypoBHE 0a3bl JaHHBIX U MOAICPKAHUEM [IEJTOCTHOCTH JaHHBIX.
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AuHoTanus. Yrpasinenue macrep-manasivu (Master-Data Management, MDM) — ocoGsiii BuI
yIpaBiIeHUS] MAAaHHBIMH OW3HEC-OpPraHM3alW{, HALEICHHBIH HAa WACHTH(HUKANNIO, OYHCTKY,
KOHCOJIMALMIO W IICHTPAJIN30BAHHOE YNPABJICHHE BAKHEHIINMH NaHHBIMH Kommanuii (golden
dataset), koTopbie OOBIYHO PACTIPEACICHBI MO Pa3HBIM HH(MOPMAIMOHHBIM CHCTEMaM U IPYTUM
HCTOYHHUKaM. Benyiie MupoBbIe MOCTABIIMKH porpaMMHbIx pemenuii (IBM, Oracle, Informatica
W MHOTHE JPYyrHe) NpeuiararoT IMHPOKHHA CIEKTP TOTOBBIX MPOAYKTOB MO YHPABICHHIO MacTep-
nanabpiMd (MDM-nponyktel). Onnako BHeapenne MDM compsbkeHO ¢ GONBIIMMH 3aTpaTaMu:
HEOOXOJMMO HE TOJIbKO aJaNTHPOBAaTh 3TH HPOJYKTHI IO/ OCOOCHHOCTH OpraHW3allMi, HO |
BBITIOJTHUTH U3MEHEHHE OM3HEC-TIPOLIECCOB, CO3JaTh HOBBIE TIOJIMTUKU pabOTHI C IaHHBIMU, PELINTh
BONPOCH! OE30IIACHOCTH, PEUINTh ApPyrue BOMpochl. B cBs3m ¢ 3tum B Poccum momymsipHa
uTepaTtuBHas crparerus BHeapeHuns MDM, mnozppasymeBaromas IO3TalHYIO —PpEeaTH3ALHIO
YIpaBIeHUS] MacTep-JaHHBIMH Ha OCHOBE PEalbHBIX HYKI OpraHu3alMu-3aKkazyuka. B pabote
BBoautcs moHsATHE MDM-pemenus, koTopoe sBiusercs pesynbraTroM BHenpeans MDM B
OpTaHM3aIMI0 W BKIIOYAeT MOMHMO NPOTPAMMHOM 4acTH Takke oOpaboTaHHBIE MacTep-JaHHbBIC,
HaJla)KCHHBIE OPTraHW3alMOHHbBIE MPOLEIYPhl IO COMPOBOXKICHUIO MacTep-JaHHBIX M IIpodee.
OCHOBHBIM PE3yJIbTaTOM CTaTbU SIBJISICTCS (DYHKIMOHAIbHAs MOJIENb YIPaBICHHUS MacTep-
JAHHBIMM, TIpeHa3HaueHHas M paHHuUX craauid paspabotku MDM-pemenuss B pamxax
UTepaTHBHOM cTpareruu. L{enbio MaHHON MOJENTU SBSIETCA OTOOPA3UTh peasibHbIC MOTPEOHOCTH
opranuzaiuu Ha 51361k MDM — BakHO MOHATH, kKakue nMeHHO MDM-KOMIIOHEHTHI AOJKHBI OBITh
peaM30BaHBbI B IEPBYIO ouepe/ib. B paboTe Taxke MPUBOIUTCS IKCIIEPUMEHTAIbHOE HCCIIEIOBaHHE,
B KOTOpOM Yyxe peanm3oBaHHble MDM-pemenns aHanu3upyIOTCS C HOMOIIBIO MPEIIOKEHHOM
MOJIETIH.

KnroueBble cioBa: xopropaTHBHbIE HH()OPMAIMOHHBIE CHCTEMBI; MacTep-AaHHBIC, OTKPHITHIC CHCTEMEI,
KOMITIOHEHTHbIE CCTEMBI.

Jst uutupoBanms: Kysuenos C.B., Kosnos [I.B., JIynus /I.B. Ynpasnenne MDM-npoekramu. Tpyst CIT
PAH, tom 37, Bbim. 4, gacts 1, 2025 r., ctp. 161-176 (na anrimiickom si3bike). DOI: 10.15514/ISPRAS-2025-
37(4)-9

1. Introduction

Converting to digital economy requires business data management in to be as universal as, for
example, accounting [1]. It is impossible to imagine a normally functioning organization that does
not properly support special data such as legal information, supplier and contractual data, a customer
base, etc. Its users rely on its consistency within the organization, i.e., they expect to receive the
same information about the same object from different sources, which are mainly the information
systems within the organization. Inconsistencies and contradictions in the data lead to problems,
delays, and collisions, as well as financial and public image losses [2]. This special data, when
consolidated and properly maintained, is commonly called Master Data!, and, consequently, the
process of its consolidation and maintenance is called Master Data Management (MDM) [1, 8].

1 Reference data, such as registers, classifications, directories, etc., is often distinguished as a special type of master data. In
Russia, handling of reference data is highly developed: there is a large volume of such data in large organizations, as well as
a wide set of standards (federal, industrial, and regional) and solutions [3-7].

162


https://orcid.org/0000-0001-6752-6742
mailto:d.koznov@spbu.ru

Kysuenos C.B., Kosnos [I.B., JIytms [I.B. Yupasineane MDM-npoekramu. Tpyost HCIT PAH, 2025, Tom 37 Bbin. 4, gacts 1,, ¢. 161-176.

MDM includes a wide set of methods and strategies which have been captured and listed in a
structured fashion within the DAMA-DMBOK (Data Management Body of Knowledge) [2]. There
is also a large number of ready-made MDM products by well-known vendors such as IBM, Oracle,
Informatica, etc. (see, for example, Gartner's Magic Quadrant report 2021 [9]). However, MDM
implementation is currently not standardized and well-elaborated, since its target organizations,
especially large ones, possess a lot of various individual features.

In practice, there are two fundamentally different strategies of MDM implementation: top-down and
iterative [2]. The top-down strategy supposes the following chain of actions: creating a strategic
conceptual MDM framework for the organization, specifying the MDM requirements,
customization and fine-tuning already existing MDM products, performing necessary administrative
work, and finally, running and maintaining the MDM solution. The iterative strategy, in its turn,
supposes that MDM is implemented to solve a specific important problem of the organization,
assuming the following extension of the MDM functionality and/or implementation of MDM for
other businesses of the organization, i.e., to solve other business cases. These strategies correspond
to the types of the organizational innovation proposed in [10]. The first one can be compared to
technology push: innovation consists of the integrating cutting-edge technology intended to solve
various, including even currently unknown, problems within the organization. The second one is
comparable to the organization pull: the organization, or more precisely, its specific needs, initiate
the innovation. Not rejecting the first strategy, we focus on the second one. It is less risky and allows
to achieve specific practical results within manageable timeframe.

During iterative deployment of an MDM project, the organization's requirements need to be
translated into the MDM terminology, which is highly advanced and has shown considerable
formalization progress [2]. If these needs of the organization translate well into MDM, then it can
be solved using existing MDM tools [9], which significantly cuts the costs of the project. However,
it is often the case that the organization is not well-versed into MDM terminology, and tries to
propose other types of projects or request an implementation of an MDM project from the scratch.
Such mistakes lead to collisions, extended deadlines, and financial loss.

In this article, we propose a functional model of master data management that is intended to support
the process of preliminary estimation and coordination of the work in the iterative MDM projects at
their earliest stages. Note that we are primarily focused on creation/deployment of the IT
infrastructure that supports MDM, as well as setting up and performing necessary analytical work
(data cleaning and consolidation, classification and hierarchization, etc.). Further on, the
organization will perform this analytical work on a regular basis using the deployed infrastructure,
and its complete automation should be the ultimate target. Focusing on the software and analytical
aspects of MDM, we purposefully omit important aspects, such as the modification of the business
processes and data handling practices, as well as employee training and other issues. In our
experience, they are solved much better when MDM software is fully deployed and implemented.
Furthermore, there is a discipline dedicated to these topics — Data Governance [11]. Below we use
the proposed model to describe several industrial MDM projects that we have participated in,
demonstrating its applicability in practice.

The approach was briefly outlined in [12]. In this paper, we explain our ideas in more detail,
including adding new examples. Moreover, the experimental study was extended with additional
attributes of MDM projects, namely, overall data volume in a company, master data volume, number
of data sources, project work distribution (software development, analytical work, and data
processing).

The rest of the paper is organized as follows. Section 2 presents a brief overview of the master data
concept. Section 3 provides the definition of the master data management projects. We introduce
the MDM solution in Section 4 as a result of an MDM project, and describe its various compounds.
The proposed Functional Master Data Management Model is described in Section 5. In Section 6,
we present a case study with completed real-life industrial MDM projects, in which the proposed
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model was employed. Section 7 contains an overview of the related work. Finally, we present our
conclusions in Section 8.

2. Master Data

Following the Gartner Glossary [8], master data is a special type of business data that describes most
essential characteristics of an organization, such as its current and potential customers, suppliers,
consumed and manufactured products, office and production sites, billing information and details
concerning accounts of individuals or counter-parties that it deals with, etc. The point of
distinguishing master data as a separate concept is that medium and large organizations possess
variety of information systems and use many external heterogeneous data sources. In the result, the
same information ends up being represented by different data and in different formats. Furthermore,
various sources may contain different attributes for the same data, and the data itself may be
contradictory. In general, this can be tolerated to certain extent, but there is a subset of data which
cannot tolerate disorganization at all: critical data, inconsistencies in which harm the organization
and inhibit its normal functioning. This particular type of data receives special treatment thus
becoming master data.

Therefore, an organization should launch a dedicated process of Master Data Management (MDM)
for efficient consolidation, usage and maintenance of the master data. MDM supposes that a
organization properly cares about its business processes, quality control and integration of data, as
well as standardization of the existing information systems [13]. In other terms, it focuses on
collecting and accumulating data from various sources, i.e., information systems that exist within
the organization (data sources, DS), additional consolidation of this data and its distribution
(delivery) to the consumer information systems (data consumers, DC).

DAMA methodology [2] identifies the following key steps of an established MDM process within
an organization: (i) data model management, (ii) data collection and accumulation, (iii) data
validation, standardization, and enrichment, (iv) entity and data inconsistency resolution.

MDM should be supported by a special IT solution created and implemented within an organization
(further referred to as an MDM solution). An integral part of an MDM solution is a central repository
or data hub. It collects master data candidates which are then appropriately processed and delivered
to DC systems. Gartner identifies four approaches to the Data Hub architecture [9]:

e Registry. The hub does not contain the data itself, but only the corresponding references
(indices). This approach is relevant for the data that cannot be copied or "moved" for
various reasons, e.g. data under certain regulation.

e Consolidation. Data is uploaded into the common repository on a regular basis,
appropriately processed, and then the hub itself provides DC systems with an access to this
data. Here new data is uploaded into the hub on a regular basis by DS.

o Centralization. This architecture is very similar to the previous one, but the hub takes over
data input as well: i.e., data could be input directly to the hub itself, and thus turning all
systems that initially were DS into DC.

e Coexistence. This architecture implements a combination of the Consolidation and
Centralization for different master data of an organization, i.e. some information systems
could play both roles of DS and DC. Additionally, if some data fragments are not
"movable", they can be handled using the Registry approach.

A wide set of ready-made software tools to create MDM solutions already exists. First of all, there
are so-called "boxed" products such as SAP MDG, Informatica MDM, IBM InfoSphere MDM and
others, which are focused on solving standard tasks of master data management. However, these
tasks can vary to a large extent. This has motivated some vendors, including some of the
abovementioned ones, to offer "software construction Kits" which can be pieced together for a given
need, for example, Informatica MDM, Unidata, and others. Thus, implementing an MDM solution
for a specific organization remains a complicated and labor-consuming effort.
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3. MDM Projects

In practice, MDM projects often start as common IT projects. Therefore, it is necessary to identify
whether the given needs of an organization are clearly MDM-oriented, which allows using ready-
made MDM products.

An organization clearly needs MDM when it finds necessary to perform data collection, enrichment
and consolidation from various DS systems, as well as the delivery of this data to various DC
systems, which then use it to support various business functions. DS can be both internal and
external: for example, an organization may need to enrich its customer data with information
collected from social media. The requirement for several DCs receiving master data is less strict and
sometimes may be omitted. However, in this case the organization runs a critical business process
that requires high-quality enriched consolidated data obtained from various DS systems. For
example, processes such as validation of a new client or of a suspicious transaction in a bank.

Let us also consider when a organization does not need an MDM project. Firstly, when the processed
data is homogeneous: for example, it was entered into an information system or set of systems
manually by operators (operator input). These projects may require a logical data model, data
cleaning and validation, various modes of data access, and so forth. But they lack the main MDM
task of the data consolidation from different sources. Secondly, when complicated business logic is
required: this type of functionality should be moved out of the MDM solution into separate
information systems [9]. An MDM project ends at the delivery of the master data to DCs.

In summary, MDM-specific tasks must be the central focus of the project. If it is not the case then
this particular IT project is not an MDM one.

4. MDM Solution

As a result of an MDM project, the organization receives an MDM solution. It includes the
following: (i) implemented MDM-product as MDM-system (the software), (ii) new data handling
rules, (iii) trained employees, and (iv) an established and running Master Data Management process.
The last point is of the same importance as the other ones: the business process may not start
following MDM process due to other problems, e.g. security issues, high workloads of employees
that were assigned to with various MDM-specific tasks in the process, etc.

Let us describe in detail what an MDM system is. First of all, it is deployed software system that
implements the main MDM functionality: data hub, consolidation and survivorship rules, etc. The
main part of this software system is the customized MDM product (see the list of the available
products in [9]). Additionally, it may include a set of utilities and various tools that perform
particular tasks (such as data cleansing). Availability of the ready-made multifunctional software,
which requires just configuration and deployment within the organization significantly decreases
the costs and risks of the project. However, some compounds of an MDM system have to be
implemented separately within the MDM project in order to represent the specifics of the
organization that could not be covered via standard tools. MDM is commonly implemented in large
and complex organizations that have already established their own processes and obtained their own
unique traits. Therefore, a completely ready-made software solution that is suitable for any given
task or business case does not exist and MDM products need to be modified to meet all organization

needs.

5. Model Description

It is necessary to perform more detailed analysis is required after a preliminary informal discussion
of the organization's needs in order to find out how to precisely express them via MDM [8, 9]. We
propose a special functional model to increase the efficiency of this process. It describes a typical
MDM solution, including an all-encompassing functionality set, so that its users are able to choose
which functions they need to implement to serve their particular needs. The proposed model can be
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called an ideal model to-be: this term is common in structured [14] and object-oriented analysis [15],
as well as in business process re-engineering [16].

For the ease of use, the model is represented via a full lifecycle metaphor of master data. In software
engineering research, a metaphor is an analogy drawn with physical reality in order to elaborate on
virtual abstractions. In this case, we will use a model life cycle of master data as a metaphor, keeping
in mind that a real life cycle is a much more complicated process. However, the package-steps that
we have identified allow to conveniently structure the functional components of a typical MDM
solution and use the model for planning the functionality of the specific MDM solutions.

Our model consists of three packages (steps): data collection, data processing, and data delivery.
Packages contain functional components each describes a set of activities concerning setup or
management of the master data. Therefore, components of our model include both MDM
implementation and its further support, i.e. the activities performed during the following functioning
of the MDM solution.

For example, in order to implement Data Consolidation, the following activities are required:

e MDM implementation: customize/configure existing software that supports the analyst’s
workplace, define the rules for conflict resolution, and consolidate the data from
organization DS systems for the first time.

e MDM support: further data consolidation as one of the MDM solution functions, since the
data from DS systems will continue to flow to the data hub.

Discussing MDM projects, we strictly focus on software development and analysis aspects of MDM.
The software part of an MDM project includes customization of a ready-made MDM product, which
can be configured and modified for the organization's specifics, and development of the special
software for some particular features such as access to data of existing information systems in an
organization, data quality scripts (e.g. special cleaning rules which are applicable for this particular
data of this particular organization), software to resolve consolidation conflicts (e.g. introducing
appropriate machine learning algorithms), etc. Analysis aspects refer to the establishment and initial
performance of the analytical work: data cleansing and consolidation, classification and
hierarchization, etc.

It should be noted that we omit other activities such as business processes modifications,
establishment of new data policies, employee training, etc. On one hand, the latter are usually
performed by the organization itself, as the MDM project is implemented within the iterative
strategy, and therefore is an answer to the organization's specific request. Thus, the organization
should be able to support the implementation by providing these required additional activities. On
the other hand, administrative MDM issues can lead to the further questions of the data management,
which are covered by Data Governance [11], another well-known domain.

Thus, every component of the model has a software part and an analytical part. For example, creating
master data logical model is analytical work only, but data cleansing concerns both parts. The latter
could be stated about implementing special cleansing rules, and their usage, including result
analysis, leading to potential other rules, etc. Usually, MDM products and some ready-made tools
are used but some steps specific to an organization can be implemented as separate scripts, this is
so-called additional software created withing the MDM project.

Let us now describe the main packages of the model.

® Data Collection. This package includes components that identify master data candidates
(raw data), and perform its further analysis and preprocessing. Furthermore, it also includes
the implementation of the DS systems access.

® Data Processing. This package contains functionality to provide development and storage
of the master data in the data hub, including creation and maintenance of a logical data
model, as well as classification, hierarchy building, and so on. Therefore, the data hub
receives raw data from DS that has been preprocessed by the previous package. This
package processes it, transforming into the master data.
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e Data Delivery. This package contains components that deliver master data to DC systems.
Note that DC and DS systems can coincide, fully or partially. This emphasizes the issues
of the distribution master data access rights and various data delivery modes. We have
identified the following modes of the master data delivery: (i) package-driven, (ii) real-
time, (iii) subscription-based.

It is important to note that the proposed model is focused on incremental/repeating master data
updates in the data hub that take into account new raw data, instead of a single-time upload.
Packages and their functional components are presented in Fig.1.

Data Collection Data Consolidation Data Delivery

1. Data Inventory 5. Logical Data Model 8. Master Data access

9. Package-driven data
2. Data Sources Access delivery
6. Data Consolidation

10. Subscription data

3. Data Cleaning delivery

. 7. Data Classification and 11, Real-time dat
4. Data Enrichment hierarchy building - Real-time data
delivery

Fig. 1. A schematic representation of a typical MDM solution.

5.1 Data Inventory

This component identifies DS systems and determines which organization’s data in particular is to
become master data. It is important to define precisely what master data will consist of because as
the variance in data increases, the complexity and costs of the MDM project increase as well.
Furthermore, only those attributes that the DC systems are demanding should be collected at this
stage. Accessing some data may be challenging due to its security policies, or organizational and
technical access complications.

It is essential to determine data types, real values range of each attribute, their default values, etc.
This package also identifies the trust level for each DS. Some DS systems may have a very low trust
level, for example if their data have not been updated for a long time. Therefore, they should be
accessed only in extreme cases.

This functional component is predominantly analytical.

5.2 Data Source Access

Since the raw data used to create master data resides in the DS systems of the organization, an MDM
solution requires an implementation of the software-based access to this data in order to, at least,
upload it into the hub. In most cases, data upload is a repeating procedure that is performed regularly
by the functioning MDM solution. In order to automate it, considerable volume of technical work is
required: DS systems may be outdated and may not even have external software access interfaces.
This functional component is predominantly software-based. The scope of work largely depends on
the level to which internal data exchange has been established and developed within the
organization. The organization may have already implemented data "transportation” layer between
various information systems, for example, based on an enterprise data bus.

5.3 Data Cleaning

This component concerns error detection and potential fixing as well as normalization of the input
data from different DS systems before its upload to the data hub. This step is important since
duplicate detection and data consolidation would become quite challenging without it. Data cleaning
is a high effort process, and 100% result is rarely achievable. In any case, it is reasonable to perform
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preliminary cleaning that includes normalization, format unification of the significant attributes.
This type of cleaning is not absolutely required, but it drastically simplifies further essential steps of
data consolidation and entity resolution.

This component is both software and analytical. Despite of a large body of ready-made software it
is often the case that either a tool needs modifications to correctly process various data formats in
question, or custom data cleaning logic needs to be implemented. For example, a DS system may
store several values in a single attribute, and these values have to be split into the corresponding
fields, which requires specialized software utility/script development.

5.4 Data Enrichment

An organization may need to augment its master data contained in their DS systems with some open-
source data. A prime example is supplementing contractual data with legal and tax-related
information. This component is software and analytical since it requires analysis and annotation of
the corresponding data obtained from DS, as well as implementation of the software-based access
to the public sources used for data enrichment.

5.5 Logical Data Model

This component is intended for development and maintenance of the logical model of master data.
The model needs to represent the structure of the consolidated data containing all the attributes
collected from the DS systems of the organization. It is essential for further processing of the master
data, as well as its delivery to DS systems. One of the most important steps in the logical data model
creation is the reconstruction/detection of various relationships within the data that are absent in the
DS systems, but to be appeared during the consolidation process.

Logical data model creation, which is identifying which entities, attributes, and relationships should
appear in the new schema, is an analytical process. However, it should be supported with modelling
software and visualization tools that operate on a list of attributes and entity relationships (often of
different types), as well as a software link of the master data model to the corresponding mapping
of its elements to DS and/or DC systems. At the same time, some aspects of these tools may need to
be modified for the given project.

5.6 Data Consolidation

This component is responsible for uploading data from DS systems to the hub and consolidating it
according to the previously created logical model. This process is performed automatically;
however, data collisions or conflicts arise during its execution, which can be resolved in the
following ways.

e "Manual" approach involves a domain or subject area expert to resolve the data conflict. It
is employed when automatic conflict resolution is inappropriate: i.e., for critical data (such
as legal) that cannot tolerate errors.

e Machine learning techniques, which learn typical situations in order to automatically
resolve consolidation conflicts.

e Combined strategy: domain experts can definitively resolve preliminary results provided
by machine learning algorithms. This approach can drastically lower the conflict resolution
efforts.

Raw data can be uploaded to the hub from DS systems once, for example, in case the Centralized
architecture is used, or, in case there are DS systems that discontinued their function but still contain
valuable data. Otherwise, besides the initial raw data load, incremental uploading procedure should
be implemented.

This component is both software and analytical. Its software part is the analyst's data consolidation
workplace, which often has to be modified to support handling specialized data and implementation
of custom data consolidation and conflict resolution rules that could be used automatically.
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Additionally, if machine learning algorithms are used then they should be trained correspondingly,
e.g. they could be used to implement updatable or self-configuring rules of data conflict resolution.

5.7 Classification and Hierarchy Building

Organizations require their master data to be as systematized and ordered as possible. Often it is
necessary to perform data classification that means defining data clusters, and identifying their
significant characteristics. At the same time, organization’s data may need to be linked to the
external classifications such as federal standards, industrial classifications and so on. In many cases
data also requires hierarchization: for example, reconstruction of the hierarchy of customers or
suppliers. Consider a case when a new customer of the organization belongs to the same branch of
a large corporation as another one, and thus there is no need to perform new security clearance,
which saves a lot of time and resources during contract preparation. Another example of the data
relationship: if it is known that two customers are married, the organization can offer them additional
services. Classification and hierarchy building is performed on the unstructured data, and thus it can
be combined with data enrichment.

This component is analytical concerning the definition of the rules of hierarchy building and
classification. It should be supported by the appropriate software that allows to "test" these rules on
a small volume of data first, and only then applies them to the whole set of data. At the same time,
various machine learning methods are increasingly employed as analytical recommenders and semi-
automatic data classifiers. Almost everything in the toolset of this package requires modifications
and configuration due to business cases and data specifics.

5.8 Access Rights Model

Different data consumers can be situated in various business segments of the organization and
therefore have different data access rights. For example, some consumers should be able to access
all data, but others should not see certain attributes. This component defines and implements a
strategy for master data access rights. It should be based on the existing user roles withing the
organization and corresponding data access rights, and it requires interacting with the security team.
This component includes tasks that are mostly analytical and not time-consuming. The policies of
master data access are implemented via the means of the information system security management.
However, creating a corresponding specification is a highly significant task that requires deep
knowledge of the data and business processes, as well as the structure of the organization. Data
security granularity and its efficient implementation are the key to the success of the MDM project.

5.9 Package-Driven Data Delivery

This component is responsible for uploading and updating master data in the DC systems according
to a given schedule. Many DS systems focus on uploading master data into datamarts, which they
are further handling according to their own procedures. In general, each datamart uses its own master
data fragment. It is reasonable to implement a separate management tool for datamarts in order to
refresh its master data, monitor and audit the DC queries. This approach allows to track not only
what master data is consumed by which DC but also what conflicts arise and how they correspond
to the master data consumption.

This component is mainly software including implementation and configuration of an MDM
system's interface to send data to the appropriate DSs or utilize corresponding ETL procedure(s)?.
The analytical part is not too complicated and consists of determining which DCs and master data
fragments that require this particular strategy.

2ETL (Extract, Transform, Load) is the general procedure of extracting data from source information systems, transformation
of the extracted data and its delivery to the destination systems [17]. MDM may be one of the boxes of the ETL procedure.
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5.10 Subscription-Based Data Delivery

Within this mode, every DC system subscribes to a particular fragment of the master data (fragment
of the logical model or a subset of entities and their attributes). Then one or several queues receive
the newest version of this master data after each update. Finally, all the DC systems load their
updates from the queues according to their subscriptions. This model's convenience lies in the hub
being a centralized place of management and administration of the master data across all DCs. The
complexity of its implementation is that either the existing queue mechanism used by DCs has to be
reused, or the DCs have to be modified in order to use MDM solution queues. This component is
software and analytical at the same time similar to the previous one.

5.11 Real-Time Data Delivery

This component consists of master data delivery to DCs in real time, i.e., immediately after the
master data has been modified (consolidated and updated). This mode is often hard to implement
due to conflicts that arise on the consumer's side as the DC system can temporarily block access to
the data fragment during some operations execution, which leads to delays in the master data updates
in the hub. This component is both software and analytical.

6. Case Study

In the presented case study, we consider organizations that belong to different business sectors (the
energy industry, telecommunications, transportation, retail, government, and machine
manufacturing industries) in order to demonstrate that the iterative approach and the proposed
functional model are universal and independent of the subject area in question. The list of the
organizations and their characteristics is presented below. We have considered medium-size and
large business organizations (i.e. more than 10 000 employees) because the iterative approach to
MDM is most relevant for them. Due to their large size, these organizations contain many various
data domain segments which are often located in the separate departments. In their turn, the latter
may be independent subdivisions of the whole organization having their own local information
systems and data. The iterative approach enables MDM implementation not for the whole
organization but for selected individual department considering limited data domain segments and
based on the department business needs and scenarios. After successful completion of the first MDM
project the following MDM project may be initiated in the organization for another department.
Departments and their domain segments considered in this case study are presented in Table 1.
The original goals and business case(s) of the studied MDM projects (let’s code the MDM solutions
of these projects in bold to reference further in this work) are described below.

e [IP: Producing a global inventory catalog in a large corporation in the energy sector (sales
department).

e PIM: Consolidation of technical and marketing information to produce a product catalog
within a telecommunication organization (sales department).

e PSC: Creation of catalogs of products/services and customers/suppliers for procurement
purposes, management of the relationships between customers and suppliers (supplier
department).

e CS: Enrichment of a clothing retailer’s customer database with social media data in order
to identify and support influencers (customer support department).

e CPO: Personal data consolidation across regional and federal databases — real estate,
vehicles, etc. (citizen communication department).

e CDYV: Identification and verification of the customer data for a global corporation;
management of legal and related hierarchies. Support of the customer’s segmentation
(customer onboarding department).

To meet these requirements the MDM projects were conducted within the corresponding department
of the organizations, which characteristics are described in Table 2.
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Table 1. Studied Organizations.

Organization| ) c2 c3 c4 cs c6
code name
Business Energy &
sector Energy Telecom Transport Retail Government machine
manufacturing
Organization
size (number 48 800 36 000 729 000 14 630 100 000 184 000
of employees)
doerg:Ptlriaetr:?n Sales Sales Supplier Customer Citizen Customer
dep PP support communication | onboarding
involved
MDM
- Products,
domain Inventory personal PrOdl.JCts' Products, Personal data | Customer data
segments d services personal data
ata
selected
Table 2. Real-life MDM projects.
Proiect | Or O&/Z::II I\/(I;stt:r Number F;;Jﬁa Project Project work
Ne ) g of data 9 | duration distribution, %
code code volume volume SOUrCes (man- (months)
(K'records) | (K records) months) sw |analysis| dp
1. IP C1 500 350 15 9450 18 23 70 7
2. PIM C2 100 000 70 000 12 3024 12 30 30 40
3. PSC C3 2000 700 7560 24 30 45 25
4. Cs c4 70 30 1890 9 16 64 20
5. CPO C5 170 000 30000 15 4536 12 45 25 30
6. CDV Cé6 4000 1500 213 10080 24 56 24 20

“Overall data volume” indicates the overall data volume in these segments measured in
thousands of records.

“Master data volume” presents the resulting master data volume, extracted and consolidated
in the context of the studied MDM projects. It is obvious that not all of the domain
segments’ data should be included in the master dataset, i.e. be considered as master data.
The volume of these data is also measured in thousands of records.

“Number of data sources” describes the number of data sources for every MDM project.
This is one of the primary characteristics for determining whether the MDM approach is
suitable to address the needs of an organization as MDM is focused on consolidating data
from various sources. If, however, there is a small number of sources, consolidation is
unnecessary and therefore, other means should be used to satisfy the organization needs.
“Project sizing” indicates the overall estimation of the MDM projects (in man-months).
“Project duration” shows the calendar duration of these projects (in months).

“Project work distribution” shows percentage distribution of the total work between
software development (sw), analytical work (analysis), and actual data processing (dp)
including all the uploads, incremental loads, etc.

Note, that MDM projects are actually smaller than projects of information system development from
the scratch. Moreover, as we can see in, the ratio of software development in these projects is 33%
on average, analytical work is the most significant — 43% on average.
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It should be noted that the authors of the article have actively participated in these projects, utilizing
the proposed functional model for defining the key aspects of MDM projects. Table 3 shows which
components of the model were implemented in the specified MDM projects. The following scale
was used:

e High denotes that the component is crucial for the project (business-critical or
technologically complex)

e Med(ium) refers to a component that is necessary, but was not high-priority or effort-
demanding

e Lowdenotes a component that has a "light" version: it either existed within the organization
previously and required only modifications within the given MDM project, or was moved
out into a separate project

e N/A means that the component was not required for the project

Let us consider the data presented in Table 3 from the MDM project’s perspective.

e [IP: One of the project’s business requirements was to automate complex organization data
handling policies that were employed in more than ten various departments. Implementing
a material resource classifier (data classification and hierarchy building) as well as creating
a logical data model were its key points.

e PIM: The project was mainly focused on the data inventory of the organization products
taken from various DSs, creating a unified logical master data model, and data
consolidation. Besides, it required the construction of a product tree that contained all
product information, including financials, so the sales department and financial experts
would be able to perform further analysis (data classification and hierarchy building).

e PSC: The project addressed consolidation of data of the goods purchased by the
organization. It was necessary to combine all the information about purchased items
obtained from various commodity nomenclatures, and to create a list of contractor services.
Besides data consolidation, the project was also focused on the access rights model and
subscription-based data delivery.

e CS: The project required data enrichment and consolidation with the purpose of identifying
top influencers on social media among the customers of the clothing retail organization to
provide them with some special treatment and preferences.

e CPO: This project was developed for a government management service in order to create
a “smart” personal account of a citizen. It was necessary to integrate the account within
federal and regional information systems. The particular goals of the project were
information security and corresponding access rights model, as well as real-time and
subscription-based data delivery.

e CDYV: The organization her had hundreds of thousands of customers worldwide, and so its
customer onboarding procedure was very complicated. Before the MDM project got
implemented, the procedure had taken 21 days, but after it got moved to production, the
duration decreased to just 8 days. This project was focused on data inventory and logical
master data model, which facilitated duplicate detection of legal entities and the search of
their affiliated entities. Besides, it’s required real-time master data delivery in order to
speed up the target business process.

So, we can conclude that the proposed MDM functional model objectively describes organization’s
needs and allows to consider MDM projects significantly decreasing the costs and risks of their
implementation. Additionally, the proposed model appears to be convenient to identify high level
functional components of these projects. Besides, it can be seen that different MDM projects have
significantly different focal points, and many model components are marked as “low” or “N/A”, i.e.,
they were very easy or omitted altogether, which also has cut implementation costs.
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Table 3. MDM Solution functionality.

Target MDM-solutions
IP PIM PSC Cs CPO Cbv

Functional Model Components

I. Data Collection

Data Inventory Med High Med N/A Med High
Data Source Access Low Med Low Low Low Med
Data Cleaning Med Low Med Med Med Med
Data Enrichment N/A Med Med High N/A N/A
11. Data Processing

Logical Data Model High High Med Low Med High
Data Consolidation Med High High High Med Med

Data Classification and Hierarchy High High Med N/A N/A Med

Building

111. Data Delivery

Access Rights Model Low Low High Low High Med
Subscription-Based Data Delivery Med Low High Low High Med
Real-Time Data Delivery Med N/A Med Med High High
Package-Driven Data Delivery Med Med Med N/A Low Med

7.Related Work

In recent years, a significant number of standards and data management methodologies has emerged:
DAMA-DMBOK [3], CMMI Data Management Maturity Model (DMM) [18], IBM Data
Governance Council Maturity Model [19]. MDM s included in these standards, and DAMA-
DMBOK considers it most extensively.

The following are the DAMA-DMBOK models that concern master data management.

e "Context Diagram: Reference and Master Data". This model defines the intents of data
management, describes all the necessary activities (see the following model), their inputs
and outputs, identifies suppliers, participants, and consumers, introduces the notion of a
business driver and a technical driver, and finally, defines the necessary methods, tools, and
metrics.

e Model that describes activities for MDM implementation: (i) identifying drivers and
requirements of MDM, (ii) analyzing and evaluating data sources, (iii) selecting data hub
architecture, (iv) modeling master data, (v) implementing master data management and
integration; (vi) defining control policies and ensuring compliance.

"Context Diagram: Reference and Master Data" is a comprehensive vision of the MDM framework.
Nevertheless, it is predominantly a descriptive model that provides a conceptual framework rather
than a tool suitable for a practical use.

Let us consider in detail the model of MDM implementation activities within an organization.
Despite its rather pragmatic viewpoint, it omits the issues concerning software. In general, the vision
behind this model is based on analysis and administrative work, while we substantially highlight the
role that software plays in MDM implementation.

Another type of existing studies is focused on MDM software in particular. Generally speaking,
these studies consider MDM product adoption methodologies which every MDM manufacturer
possesses: a good example would be the Velocity Methodology by Informatica [20]. These
methodologies are focused on adoption of specific products of the selected manufacturer to the
organizations. In contrast, the model proposed in the current paper is independent from any
particular MDM product.

Among the numerous papers by Gartner who widely analyze questions of MDM implementation,
[21] can be highlighted. It proposes a framework consisting of seven components: vision, strategy,
metrics, information governance, organization and roles, information life cycle, and enabling
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infrastructure. Similarly to our model, it is intended for the early stages of MDM implementation.
However, the scope of this model is the conceptual MDM implementation within an organization,
i.e., it assumes a top-down strategy. In contrast, our model is intended for the iterative strategy
focused on satisfying specific organization needs.

An example of an academic MDM research is presented in [22], which proposes a model for analysis
of the master data life cycle in a organization. It is intended for analyzing the existing master data
management cycle, i.e., identifying missing activities and bringing to light its challenges. The main
components of this model are: (i) data portfolio (organization data that undergoes master data
management); (ii) data and system design (data hub architecture, 1T-related aspects of MDM) (iii)
data management (development and maintenance of the master data (including its updates), quality
control); (iv) data maintenance (monitoring and controlling the MDM process). Note that the
proposed model does not consider the software aspects of MDM solutions. Furthermore, it is not
focused on the specific MDM implementation tasks within an organization.

8. Conclusion

In the current paper, we propose a functional model of an MDM solution intended for development
within the iterative strategy. The model is designed for the early stages of the MDM implementation,
and its main purpose is to translate the needs of an organization into the MDM terminology in order
to estimate the percentage of MDM specific tasks. It allows to plan and estimate necessary
functionality of the MDM solution and proceed with the tools selection and composing technical
requirements. We provide a case study of the real MDM projects that were implemented with the
model in question.

As a further direction of our research, we plan to develop evaluation techniques for the early-stage
MDM project functionality and fine-grained metrics of the MDM solution complexity. Additionally,
we intend to map the functionality of a typical MDM solution to various MDM products, as well as
integrate our approach more tightly with knowledge management [23-24] and visualization
techniques [25-26].
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Abstract. The MaxSMT problem is to determine the satisfiability of a first-order theory formula with
constraints. The paper presents an approach to solving this problem for the case of quantifier-free theories,
which are usually decidable and widely applicable in practice for software test generation. The approach
includes a modified MaxSAT algorithm PrimalDualMaxRes, in which the use of a SAT solver is replaced by
an SMT solver, as well as the implementation of the portfolio mode. The latter means that the final MaxSMT
algorithm is run in parallel with several MaxSMT solvers, and the best one is taken as the result. Z3, Yices and
Bitwuzla were chosen as the SMT solvers on which the portfolio mode is built. The approach is implemented
using the open-source Kotlin library KSMT, which implements the infrastructure for working with a set of
MaxSMT solvers. The paper also presents the first benchmark for the MaxSMT problem. The evaluation
demonstrates the competitiveness of the proposed solution. The developed portfolio of MaxSMT solvers
outperforms the existing MaxSMT solver vZ (Z3 project), solving instances from the benchmark more than
four times faster.
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1. BeedeHue

B obnactu aHanu3a mporpamm Iupoko u3BectHa 3amgada SAT (Boolean Satisfiability Problem),
OMpeJIeTISIIONIas BhITOIHUMOCTE OyneBbix (Gopmyin [1-2]. DddexrrBHoe pemieHune 3Toil 3amauu,
u3BeCTHOE Kak SAT-peBONIOLMS, IO3BOJIMJIO  3HAYMTEIBHO MOBBICHTH TOYHOCTH U
MacIITaduPyeMOCTh ABTOMATHYECKOW BEPUPHKALINY M TECTUPOBAHMUSI IPOrPAMMHOT0 00ECIICUCHUS
[1]. O6ob6uIeHnemM 3ToM 3amaui Ha WUCUMCICHUE MPEIUKATOB MEPBOTO MOPSAKA SBISLCTCS 3amada
SMT (Satisfiability Modulo Theories) [3-4]. Oxa mo3BossieT MPOBEPATH BBIMOIHAMOCTD (HOPMYIT,
OIMUCHIBAIONINX GOJIee IMTUPOKOE MHOXKECTBO CBOMCTB mporpamm, ueM OynieBbl popmyiisl. B cBere
9TOTO CO3MAIOTCS Pa3MYHBIC TEOPHH IIEPBOTO MOPSAKA T (OPMATIBHOTO OIMMCAHHUS PA3IHYHBIX
CTPYKTYp JaHHBIX — MacCHBOB [5], OGUTOBBIX BEKTOPOB [5] 1 mp., 4TO MO3BOIISIET (HOPMATH3OBHIBAT
W aBTOMATHYECKH IIPOBEPATh CIIOKHOE T[OBEJCHHUE NPOrpaMM. AKTHBHO HCIOJB3YIOTCS
OCCKBaHTOpHBIC (parMeHThl TAKUX TEOPHH Kak OWTOBBIC BEKTOpa, HEHMHTEPIPETUPOBAHHBIC
(bYHKLIUH, YUCIIa C TUIABAIOIICH TOUKOMW, IMHEWHAS LIEIOYHNCIICHHAs U palloHaNbHAas apu()METHKH.
HckiroyeHne yTBep)KACHHI ¢ KBAHTOPaMH FapaHTUPYET Pa3peliMMOCThb MEPEYUCICHHBIX TEOPHI,
YTO TO3BOJISICT ONPEIEIATh BBITOJIHUMOCTD WM HEBBIIOJIHHUMOCTH TOBEICHHs Mporpamm. [lpu
9TOM COXPaHAETCS BO3MOXKHOCTh OIMCHIBATH LIMPOKHH JWAma3oH CBOMCTB mporpamm. Jlis
aBTOMATHU3AIMU MPOBEPOK JTHX CBOMCTB HcHoib3yrorcss SMT-pemarenn — Z3 [6], Yices [7],
Bitwuzla [8] u ap.

IIpu mpakTHyeckoM ucnosb3oBanun SMT-pemareneid 4acTo BO3HHKAeT HEOOXOAUMOCTh THOKO
yIpaBisiTh (HOPMyJIaMu, KOTOpbIe mepemarorcsi B pemarens [9]. B wacTHOCTH, BaKHO WMETh
BO3MOXHOCTD 3a/1aBaTh Pa3MYHBIC MPHOPHTETHI ISl TIPOBEPKH OTAENBHBIX YacTel (HOpMYIIHI,
HampuMep, B Ciiydae, Korja TpebyeTcs OmpeneuTh BBIMOJIHUMOCT He Bcedl (opmynbl. Takas
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3aga4ya HasbiBaercss MaxSMT [9-14] (ananoruunas 3amaua s SAT naseiBaeTcst MaxSAT [15]).
3anaya MaxSMT npeanonaraer MHOrOKpaTHoe penreHue 3agaun SMT.

®opmansHo, 3amada MaxSMT ommcriBaercs Tak. [IycTe B pamMkax HEKOTOPOH TEOPHH MEPBOTO
mopsiika uMmeercs aBa Habopa yreepxkaennit H u S. s mabopa H craBum 3amaay SMT. [lamee
KaKIOMY YTBEp)KICHHIO S M3 HA0Opa S CTaBUM B COOTBETCTBHE IPHOPHTET €0 BHINOJIHUMOCTH —
Bec weight(s). Pemmts 3amauy MaxSMT osmauaer Haiiti HaGop yTtBepxknenmii K w3 Bcex
BBITIOJIHUMBIX YTBEPXKICHUM, BXOMAIIMX B S, Ui KOTOPOrO 3HAYEHUE Y, .cx Weight(s) sisercs
HanOOJNBIINM U3 BOBMOXKHBIX. Y CJIOBHEM HaINYMs PEIICHUS 3a]a4ut SIBJISCTCS BHIITOJIHUMOCTh BCEX
yTBepKIeHuA U3 H.

3agaya MaxSMT MosKeT HCIIOIb30BaThCS IPH aBTOMAaTHYECKOH FeHEepaIliK TECTOB C IPUMEHEHHUEM
CUMBOJIbHOTO HcronHeHus [16-17]. [pumenernne MaxSMT-peraTens COBMECTHO ¢ CHMBOJIBHOI
MAaIIMHOW II03BOJIIET CO3/1aBaTh TECTHI, KOTOPBIC YAOBIETBOPSIOT OINPEIEICHHBIM YCIOBUSIM
MYTH, T.€. MONAJAI0T B HY)KHOE MECTO MporpaMmsbl. KpoMe TOro, B TakuMx TecTax BBIMOJIHSIOTCS
JIOTIOJTHUTENbHBIE OTPaHUYEHUsI, HEe POTUBOPEYAIle yCIOBHAM IyTH. Hanpumep, MOXHO 3a1aTh
JMATa30Hbl Ul pa3MepoB T€HEpPUPYEeMbIX MaccHBOB. I1of00OHBIC OTrpaHHYEHHS, B YaCTHOCTH,
HO3BOJIIIOT YIIPABIATH pa3MepaMy CO3/IaBaeMbIX B IIPOrpaMMe OOBEKTOB, YTO OMOraeT u3berath
YpPEe3MEPHOTrO UCIIOIb30BaHUS MTaMSITH.

CymiecTByromue ucciefoBanus, mnocesimennsle MaxSMT  [18-21], He paccmarpuBaroT
NPaKTUYECKUE MTOIXOMBI K ITOBBIIICHHIO CKOPOCTH PELICHHMS 3a1aull, B TO BpeMsI KaK TAKHE IOIXO0IbI
MOTYT HO3BOJIUTH MOBBICHTH NMpUMEHHUMOCTE MaxSMT-peluarenei, B TOM 4ucie JUI1 aHaIn3a
mporpaMM, KOTOpeId TpeOyer pemenus 3amaun MaxSMT. [locnemHuii MOXHO YCKOPHUTH
NPUMEHCHHEM pexuMa IMOpTHOINO. DTOT PEeKUM MNpeanoyiaraeT OJHOBPEMEHHBIH 3aIycK
pazmnuHbIX MaxSMT-pemateneii Ha OOHOW 3agade C LEJIBIO HMCHOJB30BATh PELICHHE TOTO
pemiaresnsi, KOTOPBIH MMOKa3aj Jy4IInid pe3ynbTar 3a GUKCUpOBaHHOE BpeMsI.

Jannas pabora mocBsimeHa 3¢dexktnBHOMY pemreHuro 3agaun MaxSMT u paccmarpuBaeT kak
TEOPETHYECKHUE, TaK U MPAKTUYECKHE OAXOAbI K €€ PELICHHIO.

B pabote ucnonp3yercsi U3BECTHbIH anroputM pemenus 3aaaun MaxSAT — PrimalDualMaxRes
[18], B xOTOpOM II1ar, MO3BOJSIOIMI MOTyYaTh IPOMEKYTOUHBIE perieHust 1s 3aaaun MaxSAT,
3aMEHEH I1aroM, MO3BOJISIONIMM TI0JIy4aTh MPOMEXYTOYHbIE pelIeHus s Oonee oOlei 3amauu
MaxSMT. Dto obecrniednBaeT BOZMOXKHOCTb 110 HICTEUSHNH BBIACICHHOTO JINMUTA BPEMEHH BEPHYTh
Hawilyullee BBIYHCIEHHOE pelleHne (cyOonTHMalibHOE), JaXe €eclid OHO He SBISIeTCS
ontuMaibHbBIM. B kadecTBe criocoba B3aumoeiicTBus ¢ SMT-perare/iiMu UCIIOIB3YETCS IPOCKT
KSMT [22], koTopslit TipefiocTaBisieT yHHUBEpCaIbHbIi HHTepdeiic paboThl ¢ paznnuubiMu SMT-
pemaTensiMu. DTO MO3BOJISICT peain3oBaTh penicHue 3amaun MaxSMT ¢ ucmosib30BaHHEM BCEX
JOCTYIHBIX B OnbOmmoreke SMT-pemareneir. B pamkax paOoThl cO3aH TECTOBBI HAOOp NAaHHBIX
(benchmark) mmst 3agaan MaxSMT [23].

CraThst OpraHi30BaHa ClIeayonmmM oopaszom. B pasaene 2 000CHOBBIBAETCS BHIOOP TEXHOIOTHIMA ISt
pelIeHuUs TToCTaBIeHHOM 3a1aun. B paszene 3 BbINOIHEH KpaTKHil 0030p NPEIUIOKEHHOTO PEILICHHUS.
B pasmene 4 mpuBomurcs amantanus anroputma PrimalDualMaxRes st pemenust 3amauu
MaxSMT. B pasnerne 5 npemnaraercs peanu3aius pexxuma noptdonmo. B pazaene 6 onuceiBaroTes
SKCIIEPUMEHTEI. B pasnese 7 BeImosHEeH 0030p OIM3KHUX K JAHHOMY HCCIIEIOBaHUIO PadoT.

2. Bbi6bop mexHonoaul

W3zBectHble anroputMmsel pentenus 3agaun MaxSMT nmeror psj orpannueHuii. Hekotopsie U3 HUX
HE MO3BOJIAIOT MOJydYaTh NPOMEXKYTOUYHBIC pemieHus [19], npyrue MCmonb3yroT OrpaHHYCHUs Ha
kapauHansHOCTh [20], KOTOpBIE MOAACPKUBAIOTCS AANCKO He KaapiM SMT-pemiatenem, a TpeTbU
pdexTuBHBl TOJBKO i Hebombumimx 3amau  [21]. TlepBoe OOCTOATEIBCTBO HMCKIIOYACT
BO3MOXXHOCTh  TIOJIy4HTh [OTEHIMAIBHO XOpOIlee, HO HEONTUMAJIBHOE peIIeHUE, eCIH
OIITUMAJBHOE pelleHHe He ObLIO HaifjeHo 3a pa3yMHOe BpeMsa. BTopoe 00CTOATENBCTBO HE
MO3BOJISIET HCIOJIb30BAaTh OONBIIMHCTBO M3BECTHBIX SMT-pemareneit anst peiieHus 3agadu
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MaxSMT, Torza xak coriacHo copesHoBanusaM SMT-COMP [24] Ha pa3HBIX TEOPHUSX HAMITYUIIIHE
pe3ynbTaThl NMOKa3bIBalOT pasHele SMT-pemarenu. TpeTbe 0OCTOSATENBCTBO AENAET aJTOPUTMBI
HETPUTOHBIMH JUTS IPOM3BOICTBEHHBIX 3a/1a4.

B kauectBe SMT-pemiatesneii, Ha 0a3e KOTOPBIX IOCTPOCH PEXUM MOPTHOIHO IS 3a1auu
MaxSMT, 6sutn BeIOpans Z3 [6], Yices [7] u Bitwuzla [8]. Otu mpoekTsI naBHO paspabaTsiBaroTCs,
IpelUIarafoT TOJJICPKKY HIMPOKOro Habopa TEOpHid, a Takke AEMOHCTPHPYIOT XOPOILYIO
MIPOM3BOIUTENBEHOCTH Ha copeBHOBaHUAX SMT-COMP.

Pexxum mopthonmo peanmmszoBan B pamkax Kotlin-6ubmmorekn KSMT [22], npemocrasmsiroreit
YHHUBEpCANbHBIA mOporpaMMHublii uHTepdeiic anst gocrynma k Habopy SMT-pemiateneii. Ora
OuOMMOTEKa TO3BOJSIET pEaln30BaTh AIrOpUTM pemeHus 3agadun MaxSMT oauH pas u
UCTONB30BaTh €ro ¢ pasHbeiMu SMT-pemarensmu. Kpome Toro, mpoekr KSMT peanmsyer
KOHBepTepsl HOPMYIT U3 KOHKPETHOTO MpeAcTaBieHnss SMT-pemiatens B yHUBepCalbHBINH (opmat
OHMOJMOTEKH, YTO YIPOLIAST peann3aluio pexuma noproino 3agaun MaxSMT.

B kauectBe 6asoBoro amroputma wucmoib3oBaH MaxSAT-anroputm PrimalDualMaxRes. On
COCTOMT W3 JIBYyX LIArOB: LIAT MOJyYCHHS MPOMEKYTOYHOTO PEIICHHsS W [Iar mpeoOpa3oBaHMs
YTBEP)KACHUH C Y4ETOM MPOMEKYTOUHOTO PEUICHHS C IENbI0 HAWTH JyYIIHe DEIICHHS Ha
CIIEAYIOLIMX UTEPALMSX. JTH ILIard MOBTOPSIOTCS 10 TEX MOp, M0Ka He OyIeT HailIeHO ONTHMaJIbHOE
peurerne. Anroputm PrimalDualMaxRes crocoGeH BblmaBaTh CyOONTHMAJbHBIC DPEIICHUS B
YCJIOBHSAX OIPaHHMYCHHOro BpeMeHH. Taxke OH OTINYAETCS BBHICOKOW CKOPOCTBIO CXOAMMOCTH.
LlenecooOpa3HOCTE €ro HCIOJb30BaHUS B JAHHOM HCCIICIOBAaHWUHM CBfA3aHA C BO3MOXKHOCTBIO
3aMeHBI BEI30BOB SAT-pemareneii Ha BpI30BE SMT-pemareneid, COXpaHHB BCE TE IPEUMYIIIECTBA,
KOTOpBIE 0003HAYEHBI BBIILIE, U IPUMEHUB UX JuIs 3anaun MaxSMT.

3. 0630p peweHus

Ha puc. 1 npencraBiieHa cxemMa B3aUMOJICHCTBUS MEXIy pa3padotanHeiM MaxSMT-pematenem u
ucnonb3zyeMbiMu SMT-pemarensmu. @opmyisl, criennpuuHble 11t KOHKpeTHOro SMT-pemarens,
mpeoOpa3yroTcsl B yHUBEpCaIbHbIi (opmar oubnmuoreku KSMT, ¢ kotopeiM padotaer MaxSMT-
pewareins. Pemarens 3anaun MaxSMT mo3BouisieT ycTaHaBIMBATh OIPAaHUUEHHS HA BPEMsI pEILICHUS
3a7a4M, MPH 3TOM IIOJYYEHHbIE DPEIICHHS COJAepKaT WH(POPMAIMIO O TOM, SBISIOTCS JHU OHH
onruManbHeIME. MaxSMT -pemnratens MoxxeT ObITH CKOHHUTYPHPOBAH TakK, 4ToObI 3a1aua MaxSMT
pemianack ¢ UCHOIB30BaHUEM Jitoboro u3 SMT-pemareneii, nogaepxuBaembeix KSMT. Pemarens
peanmMzyeT  aJanTHPOBAaHHYIO mox  pemeHne 3agadun  MaxSMT  Bepcuro  anropurma
PrimalDualMaxRes. MaxSMT-pemaTens MoxeT OBITh HCIOJB30BaH A PabOTHl B peKHME
nopthoro.

' I
. Monsiosatenscroe NpHNoxeHwe |

KSMT

Koxeeprep KonBeprep KoHeeprep Kouveeptep
Java AP Java API | | Java API | ‘ Java API
Z3 Bitwuzla Yices cvch

Puc. 1. Bzaumooeiicmeue MaxSMT-pewamens ¢ ucnonvzyemvimu SMT-pewamenamu.
Fig. 1. Interaction of the MaxSMT solver with the used SMT solvers.
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4. Adanmauusi aneopumma PrimalDualMaxRes

ITockoneKy Tpolecc IOCTPOSHHS NPOMEKYTOUHBIX PELICHHH B OPHUIMHAIBHOM alTOpPHTME
PrimalDualMaxRes orpannuen pa6Gortoit ¢ OyieBbIMH (OpPMyJIamMH, 3TOT IIar 3aMeHeH Ha
CEeMaHTHYECKH aHAJIOTUYHBIN, HO IIO3BOJIIONINH paboTaTh ¢ OpMyJiaMu TEOPHIl IEPBOTO MOPSIKA.
OmuiieM, Kak 3TO JeTaeTcsl.

ITycte mausl MHOkectBa H = { hy, Ay, ..., h, } 1 S = {51, 5;, ..., S, }, KOTOpBIE BKIOYAIOT B ce0sl
YTBEpKICHUS B KOHTEKCTe pemreHus 3amaun MaxSMT — Ge3 BecoB u ¢ BecaMi COOTBETCTBEHHO.
IlycTb Takxke uMeeTCst MHOKECTBO SLS 11 XpaHEeHUs peLIeHUH, HAJEHHBIX K TEKYIIEMY MOMEHTY.
Ha 3ToM MHOXeCTBE 3aJaHO OTHOLICHHE YaCTHYHOIO MOPSAKA, OMpEIeiIseMOe CyMMOH BECOB
BBITIOJTHUMBIX yTBepokAcHUH. M3HauanpHo SLS = @. [lanee mpoBepseTcst BBIMOIHUMOCTE (OPMYJIBI
Fy < Anenh n (s1ns3).

B ToM ciyuae, eciu 3Ta popMyiia HEBBIIOIHUMA, TPOUCXOAUT IEPEXO0/] KO BTOPOMY U MOCICTHEMY
IIary repBoHadagbpHoro anropurma PrimalDualMaxRes.

[lpu ycoBUH BBIMOJHUMOCTH (OPMYIBI MOJTYYCHO MpOoMexyTouHoe pemenne M. Ecnu M >
sup SLS, To snemeHT M nobaBnsercs B MHOxecTBO SLS. Jlanee mpoBepsieTcs BBINOTHUMOCTD
dopmynsl  Fy « F{ A (S; A Sy A .. A Sgyp). TlOMCK ONTUManbHOrO 4YMCNIa yTBepXKICHUH Kk,
no0aBIsieMBbIX HA KOXAOM Inare, TpeOyeT manmbHeitmiero mccienosanus. lllar aganTupoBaHHOTO
ANTOPHTMA IIOBTOPSAETCS IO TE€X MOp, IOKa He OyOeT IONYYCHO HEBBINOJIHUMOE MHOXECTBO
yTBep)KI[eHI/Iﬁ WJIK HE CTAHCT ACHO, YTO BCC YTBCPIKACHUA N3 MHOKCCTBA S BBINOIHUMEL.

B mepBoMm ciyyae OCYIIECTBISIETCS HEpPeXo] K CICAYIOLMeMY IIary HCXOIHOTO AJrOpHTMa
PrimalDualMaxRes. Bo BTOpoM BbINOSHEHHE MOAM(DUIIMPOBAHHOIO AITOPUTMA 3aBEPIIACTCS C
HalJCHHBIM ONTUMAIBHBIM PEICHHEM, COOTBETCTBYIOMINM Sup SLS.

5. Peanu3sayus pexxuma nopmabosiuo

[IpencraBneHHOE peIICHHE PACHIMPSCT pPealn3alHio pexuMma moprdoiro permareneit B KSMT,
W3HAYaJIbHO CcO3/MaHHYI0 ans 3amaun SMT, opuentupysice Ha pemierme 3amaun MaxSMT.
Hoprpommo MaxSMT-pemateneit ympaBiseTcs 3alyCKaroIlUM €ro mpomeccoM. Kakiprit
MaxSMT-pemaTesns, UCIOIb3yeMbIi B TOPTHOIIHO, pabOTaeT B OTACIBHOM MPOIECCE — CM. PHC. 2.
O6cynuMm netanu peanuzanuu pemeHus. s ynpaenerus noprdommo SMT-pemareneit KSMT
peanusyer knacc PortfolioSolver. Dror knacc obecrnieunBaer BbINONHEHHE HA0Opa CTAaHIAPTHBIX
ornepaiuii (1o0aBieHNe YTBEPKICHU, TPOBEPKA X BBIOJIHUMOCTH U T.JI.) JIsl KAXKIOTO pelaTes
13 mopTdoaHo B MOPsIAKE, 3adaHHOM moJib3oBareiaeM. B KSMT Obuiv BHECEHBI M3MEHEHHS IS
TOrO0, 4T00bI M0oGaBIeHHas oneparus perreHuss MaxSMT He Hapymana 3ot mopsimok (MaxSMT-
pematens B KSMT Hacnmenyer omeparuu SMT-pernarens). B wimacc PortfolioSolver Taxoke
nobaBneHa crpaTerus o0pabOTKH peICHHI: ecM OJUH M3 penlaTesieil BO3Bpalaer onTuMaibHOe
pelIeHne, OHO MPUHUMAETCSI B KAYECTBE OTBETA; B MPOTUBHOM CIIy4ae BO3BPAIACTCS PEIICHHE OT
TOTO pelIaTelisi, KOTOPBIA Hallle] HAWTyqIlee pelieHHe 32 OTBEACHHOE BpeMsl.

PortfolioSolver | SolverRunner | ISoiverRUﬂnerExecutor| | SolverWorkerProcess

Petumts MaxSMT PewuTs MaxSMT ¢ 23
W obroBKTE KSolverState Pewmnte MaxSMT ¢ Z3 | :
"‘l_l B OTAENLHOM npouecce_,-‘-‘ BbinonHute onepauuie no

o

npotokony RPC

BepuyTs peaynsrar BepHyTe peaynkTar BepHyTh peaynkrar Blani: pesvhirer
S PR RSN (B e GRS [ T an R i o e e e

Puc. 2. Paboma MaxSMT-pewamens 6 peaxcume nopmponuo.
Fig. 2. MaxSMT solver operation in portfolio mode.
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O0bekT Kmacca SolverRunner XpaHHT COCTOSHHME pemiaTesiss B IPOIECCE, KOTOPBIA yIPaBIIAET
nopthoaro. DTO MO3BOJSIET MEPECO3JaTh MPOLIECC PEeIIaTes U BOCCTAHOBUTH €r0 COCTOSHHE B
ciTydae 3aBHCaHUS WIH HEOXKHUIaHHOTO 3aBepuicHus. B 6ubmmorexky KSMT Oput Takke noOasiieH
MEXaHU3M BOCCTAHOBJICHHS YTBEPXKICHHA C BECaMH, 4YTOOBI OOCCICYUTH BO3MOXKHOCTH
BoccTaHOBJIeHHs cocTossHUS MaxSMT-pemaTens.

O0BekT kinacca SolverRunner mepeHanpapiisieT 3anpoCchl Ha BHITIOJIHEHUE OMEpanuii 3K3eMILIIPY
kiacca SolverExecutor, KkoTopslii 3aTeM HampapisieT ux mo npotokony RPC B mporiecc pemieHus
3amaun MaxSMT. B cBoro ouepenp, kimacc SolverWorkerProcess ommceiBaeT neiicTBus,
BEITIONTHSAEMBIE B TIpotiecce pemienns 3agadn MaxSMT.

6. AkcnepumeHmbI

DKCIepUMEeHTHI OCYILECTBISUTICH Ha areHTax cepeuca GitHub [25] ¢ mporeccopom Intel Xeon E5,
2.6 GHz (4 simpa) u 16 T'6 RAM, mox ynipasnenuem Linux (muctpubyrus Ubuntu 22.04).
ITockonpKy B €OOOIIECTBE OTCYTCTBOBaX TecTOBBIAH Habop mamubix (benchmark) mns 3amaum
MaxSMT, To oH ObLT pa3paboTaH B paMKax HaIlIero UCCIICI0OBAHMUS. DTO OBLIO CACTAHO CICAYIOIINUM
o0pa3oM. CHavana ObUT B3AT MHKPEMEHTAJILHBINA TECTOBBIN Habop manHbix 2023 roma asst 3agauu
SMT [26]. 3arem aToT HabOp ObLI peobpa3oBan Mis perieHus 3aaa4un MaxSMT nytem Ha3HaueHUs
BECOB HEKOTOPHIM YTBEpXKICHHAM. Beca HasHayamuch YTBEpXKICHHAM, HO0ABICHHBIM IOCIE
BBINOJHEHHS nepBoit onepanuu push. Hakonen, npu momout MaxSMT-peuratenst vZ [21] (dactb
npoekTta Z3), paboTaBIIEro ¢ OrpaHMYCHHEM BPEMEHH B ISITh MHHYT, OBUIM CIeHEPHPOBAHBI
onTUMaibHBIe  pemreHUs 3amaun MaxSMT  mis  mpumepoB w3 mpeoOpa3oBaHHOTO
WHKPEMEHTAJIBHOIO TECTOBOIO Ha0Opa AaHHBIX. TakuM 00pa3oM, MOTYyYHBLIMHCS TECTOBBIA HAOOD
BKJIFOYAET MPHUMEPBI ¢ OECKBAHTOPHBIMHU ()parMEHTaMH CIIEITYIOLUIMX TEOPHii: MaCCHBOB, OUTOBBIX
BEKTOPOB, HCHHTEPIPCTHPOBAHHBIX (DYHKIUH, 4YHCEn C IUIABAIOIICH TOYKOW, JIMHEHHOMN
LETIOYHNCICHHON M pallMOHANBHOM apiu(METHK, a TAKXKE pasIMYHbIe KOMOHMHALIUH 3THX TCOPHH.
DKCHeprUMEeHTHI IPOBOAMINCH IS IATH crieayrommx MaxSMT-pemareneii.

o  Cymectyromuit MaxXSMT-pematens vZ B cTraHmapTHON KOH(PHUTYpanuy.

e  Ham moaxon, paboraromiuii Ha kaxaoM u3 SMT-pemareneit o oraenbaoctd — Z3, Yices
u Bitwuzla.

e  Ham moaxon, paboTaroruii B pesxxume moptdoinuo ¢ perratensmu Z3, Yices u Bitwuzla.

[MpeacraButenbHOCTh 3TOr0 Habopa MaxSMT-pelareneii cBsi3aHa ¢ TEM, YTO BXOJSIIUE B HETO
pelaTesii OCHOBaHbI Ha TPOU3BOUTENBHBIX SMT-pemarensx 1 pealnn3yrT alrOPUTMbI PEICHUs
3amaun MaxSMT ¢ BBICOKO#T CKOPOCTBIO CXOAUMOCTH.

B kauecTBe METPHUK OIIEHKH KayecTBa PEHIeHHs ObUIO B3ATO BpeMsI padOTHI, a TAaK)Ke MOJTydeHHast
OILIEHKA — 3HaYE€HHE U3 OTPe3Ka OT HyJIS A0 €IUHHIIBI, BEIYUCIAEMOE KaK OTHOLIEHUE CYMMBI BECOB
BBIIIOJIHUMBIX YTBEPXKACHUN, HAHJACHHON pelIaTesleM 3a OTBEICHHBIM IIPOMEXYTOK BPEMEHH, K
HanOobIIel BO3MOXKHOW CyMMeE BECOB BBINOJHUMBIX YTBEp)KIeHHMH. BbuIo IMocTaBieHo IBa
9KCIEPUMEHTA: B ONTHMAJIBHOM M CyOONTHMalbHOM peXuMax. Lledpro mepBoro sKCIEepHUMEHTa
OBUIO OLIEHNUTh, HACKOJIBKO YCIELIHO MpeACTaBlieHHbIH B pabote MaxSMT-pemiareins cripaBisercs
¢ HAOOPOM IPHUMEPOB IO CPABHEHUIO C CYIIECTBYIOIINMH PEIICHUSIMH, a TAKXKe TPOBEPHUTH, MOXKET
JU PEeXUM TOPTHOINO OOECTIeYNTh 3aMETHBIN MPHUPOCT MPOM3BOAUTEIBHOCTH NpPH pabore ¢
pa3MuHBIMH TeopusiMH. Llenpio BTOporo skcrnepuMeHTa ObLIO YOSAMTHCS, YTO €CIH B YCIOBHAX
orpaHndeHHoro BpeMeHn MaxSMT-pemarens He ycrieBaeT HaliTH ONTUMAJIBHOE PEIICHUE, TO OH
MOJKET BEPHYTh IPOMEKYTOUHOE, KOTOPOE 3a4aCTyI0 MOXKET OKa3aThCs ONM3KUM K ONTHMAJIBHOMY.
B pamkax kax10ro SKcriepuMeHTa ObIJIO C/IeIaHo 0 CeMb 3aIlycKoB. Bee rpadukn cTtpomnck 1o
CpeIHUM 3HaueHMsIM. BpeMst paboThl Bcex penraresnieil n3mMepsuioch B TOM K€ ITPoIiecce, B KOTOPOM
OHM 3amyckaiuchk. s pemrarens, paOOTaroLIEro B peXHMe IOPTPOINO, BPEeMs H3MEPSIIOCh
MIPOLIECCOM, KOTOPBIM 3THM IMOPT(OIHO YIpaBiIsul. ITO MO3BOJIIO YYECTh 3aTpaThl BPEMEHH Ha
B3aMMOICHCTBHE MEKIY MPOLIECCOM-KOOPIHHATOPOM H MPOIECCOM pereHust 3aqaun MaxSMT.
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6.1 OnTUManbHbIA PEeXUM

B onTnManmsHOM peXMMe 3alada CYMTAETCS YCHEITHO PEIIeHHOH TOJIBKO B TOM CiIydae, eCiii
HalJIeHO ONTHMAJIbHOE PELICHUE.

B sTOM pexuMe Ha pelleHHe IpuMepa ycTaHaBiuBaioch orpanudenue B 60 cekynn. Ilo
pe3yabpTaTaM 3aIryCcKOB IOCTPOCH TpaduK, KOTOPHIA OTpaXkaeT 3aBUCHMOCTD KOJTMIECTBA TPUMEPOB
OT BpEMEHH, HE JONIbIIIE YeM 3a KOTOpPOe KaXIbIi W3 HUX OBUI pemeH — CM. Tpaduk,
TpeCTaBICHHBINA Ha pUC. 3. CTOUT OTMETHUTH, YTO JUI KaKJOTO IIpUMepa OBLTO BEIYUCIICHO JTy4Iee
BpeMs pCIICHHS, TIONIy4eHHOE B paMKax 3amycka pemateneil. VIMEHHO 5TH 3HauYeHUS
UCIIOJIb30BAJIUCH MPH MOCTPOCHUH (QYHKIMH, 0003HaYeHHO Ha rpaduke kak «Jlyumee».

AHanu3 Tpaduka ¢ puc. 3 MOKa3bIBACT, YTO pEIIaTeNlb VZ CMOT PEIIUTh OKOJIO JBYXCOT TAaKHX
MPUMEPOB, YTO HA KKIBIH M3 HUX OH 3aTpaTWiI MEHee IATH MHJUTMCEKYHI. B To ke Bpems y
OCTAJIBHBIX pelaTesiel IN00 OTCYTCTBYIOT IPUMEPHI, PEIIeHHBIC MEHEee YeM 3a MSTh MUJUTHCEKYH],
100 MX BCEro HeCKOJbKO. [lJist Ipyrux pemaTeneld OTMETKa B IBECTH IPUMEPOB JOCTUTACTCS TIPU
3HAYeHUHM BPEMEHU B JECSATh MWIUIMCEKYHI, TOTAA Kak VZ 3a 3TO BpeMs pellaeT yXe Tpucra
MPUMEPOB. DTO MOKHO OOBSICHUTH TEM, YTO MCXOaHas peanusaipss MaxSMT-pemaresst mpoekTa
Z3 (vZ) He pacxomyeT pecypchl Ha mpeobpazoBanue (Gopmyn B popmar 6ubnuoreku KSMT, a
TaKXKe Ha B3aUMOACUCTBHE C IPYTHMHU IPOIECCAMH, KaK 3TO JIENIAeT MOPTQOIHO peraTeeii.
MOHO 3aMETHTh, YTO HaYMHasi C KaKOro-TO MOMEHTA, C POCTOM BPEMEHH KOJHYECTBO YCIEILIHO
PEIICHHBIX IPUMEPOB Y peIiaTelis, paboTaroIIero B peKuMe MOPTQPOIIHO0, HAUNHACT YBEIUIHBATHCS
OBICTpee, YeM y OCTANBHBIX pelraTeneil. ITo 00YCIIOBIEHO TeM, YTO HAKJIaJHBIC PACXOIbI Ha 3aITyCK
OPT(OINO OKA3BIBAIOTCS HE3HAYUTEIHHBIMHE 110 CPABHEHHUIO C BEIMTPHIIIEM BO BPEMEHH, KOTOPHIHA
oH naet. ['paduk Ha puc. 3. IEMOHCTPUPYET, YTO GYHKIHUS, OTPAXKAIOIIAS PE3YIbTAThl U3MEPEHUH
UL TIOPTOINO permaTesniei, Hanbonee OJIM3KO COOTBETCTBYET (PYHKIMH, OTpakaloleH ITydIInit
pe3yJibTar.

10*
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Puc. 3. Pedsicum nopmeonuo: Cpednee KoIUUECMBO PEUEHHbIX NPUMEPOS He 00ablue, YeM 3a 8peMs
(ONMUMATLHYIIL pedcum).
Fig. 3. Portfolio mode: the average number of solved examples is no longer than in time (optimal mode).

B xoze npoBeIeHHOT0 HKCIIEPUMEHTA TaK)Ke OBIJIO YCTAHOBJIEHO KOJMYECTBO YCIIEITHO PEIICHHBIX
npuMepoB Juts Kaxaoro u3 MaxSMT-pemateneii. Kpome atoro, 6110 paccuuTaHo cpeaHee Bpems,
3aTpavyeHHOE Ha PelIeHUe KaXI0ro npumepa (cM. Tadi. 1).

Tabs. 1 neMoHCTpUpYET, YTO peliaTedb B pexxume noptdosno npesocxomut apyrue MaxSMT-
peliaTesny 1Mo KOJMYECTBY YCIICHIHO PEUICHHBIX NPHMEpOB. MeHblle BCEro NPUMEPOB PEIISHO
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MaxSMT-pemarenem, ucrnoas3yromum SMT-pemarens Bitwuzla. Drto cBszano ¢ Tem, uTO
Bitwuzla, kak u Yices, nomaepkuBaer He BCE TEOPUH U3 TECTOBOIO Habopa JaHHBIX.

CornacHo naHHBIM U3 TabxI. 1, mydmiee cpemHee BpeMs pabOTHI IEMOHCTPUPYET penaTeib Ha Oa3e
Yices. Tloptdoarno MaxSMT-pemareneil HECKONBKO YCTymaeT Mo 3TOMY mokasaTento. OmHaKo
pemaress B peKUMe MopT(OIUO YCIIEIIHO CHPaBISIeTCs] ¢ Topaso 00nbmmM Habopom 3axad. OH
TaKKe YCIEIIHO CHPaBISETCs ¢ OONBIIMM YHCIIOM NPHUMEPOB, YeM VZ, IPU 3TOM B BOCEMb pa3
MIPEBOCXO/JIS €r0 10 CPEAHEMY BPEMEHH pellieHHs IpruMepa. B To sxe Bpems cperHee BpeMs paboTh
VvZ 3aMeTHO mpeBbIIIaeT Bpemst paborsl MaxSMT-pematens, ucnoss3yromero pemrarens Z3
oubmmorekn KSMT. Oto MoxeT OBITH OOYCIIOBICHO HAXHMYHUEM HEOJHO3HAYHBIX OMEpaldil Hax
unsat-sapamu [27], KOTOpBIE BBIMOJHAIOTCS B paMKaxX HATHBHOM peammsanuu Z3. DTH OTeparim
MO3BOJIAIOT HOJIYYUTh BEIMTPHIII B TPOU3BOAUTEILHOCTH Ha KaKHX-TO IPHMEPAXx, HO B TO JKe BpeMs
Ha JAPYTUX IIPUMepax BeyT K JerpaJaliH.

Tabn. 1. Cpeonee Konuuecmso peuwieHHbIX RPpUMepo8 (ONMUMATbHBIL PEXHCUM).

Table 1. Average number of solved examples (optimal mode).

Pemarenu Kon-Bo pemennsix npumepoB | CpenHee BpeMst Ha mpumMep (Mc)
Ioptdonno permareneit 1546 + 2 495+ 11
Yices 1080+ 2 459 + 24
Bitwuzla 943 + 46 883 + 139
Z3 1508 + 4 2582 + 57
vZ (4acts Z3) 1479+ 3 3987 + 40

6.2 Cy6onTuManbHbIN pexum

B cybGonTuMaibHOM pekrMe Hall TI0IX0/1 YUUTHIBAET JII000€E pelIeHHe, 1axe eCJIM OHO HE SIBISIETCS
onTuManbHBIM. [Ipy 3TOM B HamMX SKCIEPUMEHTaX Ha pelleHne puMepa Boiaessiock 10 cexyHa.
B pesynpraTe 3amyckoB mocTpoeH rpaduk, NpeIcTaBiIeHHbIH Ha puc. 4, KOTOPBIA HIUTIOCTPUPYET
MHHAMAaJbHOE KOJHMYECTBO NPHUMEPOB, HA KOTOPBIX MOJNydYCHHass OIEHKAa HE MEHbIIE
COOTBETCTBYIOIIEro 3HaueHus. Ha rpaduke oTpaxkeHbl mokazaTenu s pas3inndHelx MaxSMT-
pemiarenei, a Takke JIy4JIInui pe3ysIbTaT 110 KaKA0MY U3 IpuMepoB. Bee pemareny cMorim HabpaTh
Ha JIEBATHUCTaX IPUMEPAaX MaKCHMAJIbHBIE OIEHKH, W IO3TOMY 3TH NPHMEpPHl HE OTPa’KeHbI Ha
rpaduke. I'paduk moxaspIBaeT, 4YTO pelIaTeNs B PEeXXUME MOPT(OINO CIPaBHIICA C HANOOIBIINM
KOJINYECTBOM IIPUMEPOB, HAOpaB MaKCUMAaJIbHBIE OLEHKH. 1 TOIBKO Ha HECKOJBKHUX MPHMEpax OH
MOJYYMJI OLICHKH, OTJIMYHBIE OT €IUHHUIBI, OJJHAKO OJIM3KHE K Heil. DTOT mokaszarenb OJNN30K K
nydiieMy W3 BO3MOXHBIX. MaxSMT-pemarens, ucnonssytomuii SMT-pemarens Yices, Toxe
MPaKTHYECKU Ha BCEX MpUMepax Habpai OleHKH, paBHble eaunuile. OHAKO, TTOCKOIbKY YiCes He
MOJIJIEP)KUBAECT HEKOTOPBIE TEOPHH, OH 3aITyCTHJICS HE Ha BceX npumepax. OcTasbHbIe penaTesy Ha
MHOTHX NPUMEpax IMOJYYalT OLEHKH, OTJIMYHBIC OT €IUHMIbI, MPUYEM CPEeId ITHX 3HAYCHUI
HEeMaJIo TaKhX, KOTOPbIE 3HAYUTEIHHO OTIMYAIOTCS OT CIMHHMIIBI.

B Xome mpoBeAeHHOTO 3KCIEPHMEHTa TakXe OblIa BBIYHCIEHA CyMMa OLEHOK, HaOpaHHBIX
penraTeneM Ha TeCTOBOM HaOope TaHHBIX, H CPEIHEe BpeMs PeLlIeH s KaXIoro npumMepa (tadi. 2).

Tabn. 2. Cpednue cymma oyeHoK u epems, 3ampaieHHoe Ha npumep (CyOOnmMuUManbHulll pedlcum).
Table 2. Average scores and time spent on the example (suboptimal mode).

Pematenu OueHku CpenHee BpeMst Ha mpuMep (Mc)
[Moptdonmo pemareneit 1555+ 1 522+9

Yices 1088 + 1 426 + 10

Bitwuzla 979+ 3 727 +32

Z3 1505 + 3 1916 + 27

vZ (vacth Z3) 1473+ 3 2451 + 12
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Fig. 4. Distribution of the score depending on the number of examples (suboptimal mode)

Jlydmee cpenee BpeMs pabOTHI IECMOHCTPHUPYET pentatesb Ha 6ase Yices. Tem He MeHee, peliaTenb
B pEXHME MOPT(OJINO, MONydYaeT Jydllde OINEHKH Ha TECTOBOM HaOOpe MAaHHBIX, XOTh U TPH
HECKOJIBKO OOJIBIIIEM CpeHEM BpeMeHH paboThl, 4eM Yices. [lopTdonuno pemareneil cripaBiseTcs

C IpUMEpaMH B YCTHIpE pa3a ObICTpee, ueM VZ, U PH 3TOM HaOHMpaeT JIyUIIke OICHKH Ha TECTOBOM
Habope NaHHBIX.

7. 0630p cywecmeayrowux pabom

K Hacrosimemy BpeMeHH B cOOOIIIECTBE HE MpeACTaBIeHO HU ojHoro MaxSMT-pemaresnst, KOTOpbIit
Obl TOMZEPKUBAT peXuUM Toprdonuo. boree TOro, B COBPEMEHHBIX pelIaTENsiX peaau3alis
pemenns 3amadn MaxSMT tecHo cBsi3aHa ¢ KOHKpeTHbIM SMT-permareneM. D10 jumiaert
BO3MOYKHOCTH BBIOpaTh HauOOJiee MOIAXOMAIIMN [T KOHKpETHOH 3amaun SMT-pematens, dro
3aMeTHO CHIXkaeT 3(p(PeKTUBHOCTE, a 3HAYHT U TpuMeHUMOCTh MaxSMT -pemareeii.

OnHUM U3 CHIOCOOOB MPEOJIOJICHHUS ATOTO OTPaHUYEHUS SIBJISIETCS] HCIIOIb30BAHNE YHUBEPCAIbHBIX
uHTep(deiicoB (Tak Ha3bIBAEMBIX «O0EPTOK») Uil B3aUMOJEHCTBUS C pasnuuHbiMH SMT-
peratensivu. K Takum uHCTpyMeHTaM oTHOCsTest metaSMT [28], JavaSMT [29], pySMT [30]. Ouu
MO3BOJISIIOT a0CTParupoBaThCsi OT OCOOEHHOCTEH pealn3alMi KOHKPETHBIX peliaTesiel, 4To, B
TEOpHH, TIO3BOJISIET peaan3oBath anroputM MaxSMT Ha Goiniee BBICOKOM YPOBHE M HCHOJIB30BATh B
npolecce pemeHus 3aadn JIo0oi moanepxuBaeMblii «odepTkoit» SMT-pemarens. OnHako Ha
MPaKTHKE CYIIECTBYIOLIME HHCTPYMEHTBI TI0Ka HE UCIIOJIB3YIOT 3Ty BO3MOXKHOCTb.

Haubonee s¢pdexruBHbM cymectBytomuM MaxSMT-pematenem siBiasiercss vZ. DTOT peliaTesb
MOXET BBIJIaBaTh HE TOJIHKO ONTHMAJILHBIE PEIICHHs, HO U TPOMEXyTouHble. OHIM U3 KIIIOUEBBIX
NPEUMYIIECTB VZ SBISIETCS CIOCOOHOCTh PadoOTaTh ¢ OOJIBIINM HAOOPOM TEOPHH, BKIIIOUAs TaKUe
MOMYJISIPHBIE TEOPHH, KaK ONTOBBIC BEKTOPA, MACCHBBI, JINHEITHAS LIEIOYUCIICHHAS M PallHOHAIbHAs
apu(METHKH, HEUHTEPIPETUPOBAaHHbIE (YHKIIMH, a TaKXKe YUCIa C IUIaBaromeil Toukoi. Tem He
MeHee, VZ OrpaHH4YeH ucrolib3oBanueM SMT-pemarens Z3, 4To CyXaeT €ro MOTEHIUAIbHYIO

NPUMEHUMOCTh B CIly4asix, TJie UCIoJb30BaHue npyrux SMT-perateneli Morio Obl MO3BOJNUTH
IIOKA3aTh JIy4IlIUE PE3yIbTATHL.
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Crout ormeruts OMT-pemarens OptiMathSAT [31], ocHoBannsiii Ha SMT-pemarene MathSAT
[32] ¢ 3akpeiTeIM HexoaHBIM KOoM. OptiMathSAT npencrasiseT co00i HHCTPYMEHT IS PEIIEHHS
samaun OMT (Optimization Modulo Theories), koTopast 3akiIr09acTCsi B MOUCKE ONTHMAIBHOTO
pemieHrss SMT-mpo0OyieMBbl OTHOCHUTENBHO IENEBBIX ()YHKIMWA, OIUCHIBAIOIIMX KJIFOUCBBIC
nokasarenu cucTeMbl. 3agaua MaxSMT, aj1s KOTOpoi HETPYIHO OMPEACITUTD LIENEBYIO (QyHKIIHIO,
MOXeT ObITh cBefieHa K 3amaue OMT [31]. OxHako Takoil crioco6 He sBisieTcss 3((EKTHBHBIM
cnocobom pemenus 3a1aun MaxSMT, nockonbKy onTUMu3annoHHbI Mexanusm OMT-pemaTens
MOKET BBIMOJHATH U30BITOYHBIN TIepeOOp Pa3NUYHbIX KOMOUHAIMI, MPUBOASAIINX K OJHHAKOBBIM
pesyabraram [33].

8. 3aknroyeHue

B nanHoii paboTe mpejicTaBieHa ajganTupoBaHHas Bepcus anroputma PrimalDualMaxRes mis
pemenust 3azaun MaxSAT, kortopas mo3BoiisieT peniate Oosiee oburyro 3amauy — MaxSMT.
MomuduIrpoBaHHEI aNrOpUTM peanu3oBan ¢ wucronb3oBanneM Kotlin-6ubmunorekn KSMT,
MOJIJIEPKHBasi BO3MOXKHOCTH PabOTHI B pexuMe MopTdoIuo.

OKCHEpUMEHTHI TPOJIEMOHCTPHPOBAIIM, 4YTO KCIOJB30BAaHUE pPEXHMa MOPTHOIHO MO3BOJISET
penraTb OOJBIIMHCTBO MPUMEPOB ObICTpee. Takxke yCTaHOBJICHO, YTO Ha TECTOBOM HA0Ope JAHHBIX
moptdormro MaxSMT-pemaTeneit mpeBOCXOANUT IO BpeMeHH perreHus cymecTBytomuit MaxSMT-
penratens VZ (poekt Z3) He MEHee YeM B YeThIpe pasa, AEMOHCTPHPYS MOLIHOCTE NPEIIOKESHHOTO
penreHns. B kauecTBe pasBUTHS IAHHOTO HCCICAOBAaHHSA MOXKHO OTMETUTH BO3MOXKHOCTh
UHTErpanuy nToroporo MaxSMT-peruatens A1 reHepaliy TECTOB B CIICLIMATM3UPOBAHHBIC CPEIIbI
pa3paboTKu — BCTPOEHHBIX CHCTEM peanbHOro BpeMenu [34], cuctem tenesemanus [35] u map.
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1. BeedeHue

becninnotueie nerarensHble anmnapartsl (BI1JIA) cranu kiro4eBoid TeXHONIOTHYECKO maaThopmoii,
NPUMEHSEMO B TakuUX o00JacTsIX, KaK HMHCIEKUUS HHQPACTPYKTYpPhl, TOYHOE 3eMIIe/eiue,
MOHHTOPHHI OKpYXaroIeil cpeapl u nmouckoBo-cnacarensHele onepannu (IICO). Mx cnoco6HOCTH
paboTaTh Ha pa3HOW BBICOTE, OPHEHTHPOBATHCS B CIOXKHBIX YCIOBHSX M COOMpPATh BH3YalIbHbBIC
JTaHHBIE BBICOKOTO Pa3peIIeHHs JeaeT UX MOAXOSIINMH IS 3a1ad, TPeOYIOINX CUTYallMOHHOH
OCBEZOMJICHHOCTH ¥ OIIEPaTHBHOTO pearuposanus. OJHUM U3 HanOoJee EHHBIX BO3MOXHOCTEN B
9THX CIEHApUAX SBIAETCS JIOKAIN3alMsi OOBEKTOB B pPEATbHOM BPEMEHHM - CIIOCOOHOCTD
00HapyXUBaTh, OTCIEKHUBATH U TOUHO ONIPENENIATh TPEXMEPHOE MOJ0KEHNE HA3eMHBIX O0BEKTOB.

Tounas nokanu3anust 00beKTOB ¢ nomoibsio BITJIA HeoOXomuMa T BHINOIHEHHS TaKUX 3a/ad,
Kak MOHHUTOPHHI 00OpYyJIOBaHMS Ha YHAJICHHBIX MH(PACTPyKTypHBIX OOBEKTax, OTCIEKHBAHHE
JUKUX SKUBOTHBIX win mmoaed B pamkax [ICO u ynpaBieHue CelnbCKOXO35HCTBEHHBIMU
nporieccamMu. B 3THX clieHapusX MPOCTOTO BU3YAILHOTO OOHAPYKEHUS UITH OTCIE)KUBAHMSI 00BEKTa
HEIOCTaTOYHO: CHCTEMa JIOJDKHA TaKXKe OLIEHUTh KOOPAWHATH 00bEKTa OTHOCUTEIBHO INI00aTbHOM
WJIN JIOKAIBHON CUCTEMBI OTCYETa, YTOOBI 3aITyCTUTh COOTBETCTBYIOIIHE TIOCIIETYIONINE JICHCTBHSL.
HecmoTtps Ha mporpecc B MeTo/iax OLEHKH INIyOWHBI M JOKAIM3alMK Ha OCHOBE KOMITBIOTEPHOTO
3peHHs, OOJBIIMHCTBO CYUIECTBYIOIIMX IIOAXOIOB ONHPAIOTCS Ha  OTPaHWYUTEIHHBIC
MIPEIIOI0KEHHUS - TaKHe KaK M3BECTHBIN pa3Mep 0OBEKTOB, IUIOCKUI peibed, CTAaTHIHOCTD IeJel
WM HaJM4YUe TOYHBIX NPEIBAPUTENBHBIX KapT; U 3a4acTyI0 MPOBEPSIOTCS TOJIBKO B CUMYJIISTOPAx
WIN OTpaHMYEHHBIX cpexax. boyee Toro, MHOTHE CHCTEMBI OPHEHTHPOBAHBI JTUOO Ha BH3YaIbHOE
CIIeXKEHHE, THO0 Ha OIICHKY ITyOWHBI, HO JIUIIb HEMHOTHE U3 HIX 00eCTIeYNBAIOT MHTETPHUPOBAHHOE
pelIeHre B pealbHOM BPEMEHH JUISl MOJTHOW TPEXMEPHOH JIOKIN3aIMU B TIPAKTHYECKUX YCIOBHAX
MIPUMEHEHNSI.

Jlist perieHrs BBIIEONMTMCAHHBIX 3a/1a4 MBI TipeyiaraeM cucteMy Ha 6aze BITJIA, koTopas coueTaer
B cebe MOHOKYJIPHYIO KaMmepy, Ja3epHbIi JambHOMep Ha mnoxasece (gimbal) um GoproBoe
KOMITBIOTEPHOE 3PEHHUE Ul OTCIIC)KUBAHUS M JIOKAIN3AIMN KaK CTATHYHBIX, TaK M JBIDKYIIAXCS
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IeNeil B peXMMe peanbHOro BpeMeHH. [IpetoskeHHBIM MoaxXonx yCTpaHSeT HEoOXOOUMOCTh B
MpeaBapUTEIHLHOM 3HAaHUH Pa3MepOB OOBEKTOB, CTPYKTYPBI MECTHOCTH WJIM BHEITHEH 00paboTKH,
YTO MO3BOJIIET THOKO pa3BepTHIBATH CHCTEMY B pa3HBIX cpenax. CHcTeMa HUCIIONb3YeT BH3YaIbHOE
oOHapy)XeHHe JUIS OTCJIC)KMBAHUS IIeJed, aKTHBHO YNpPAaBsE€MBIH MOJBEC /ISl BBIPAaBHUBAHMS
JIA3epHOTO JIy4a 10 LM U JIa3epHbIH JaTbHOMED AJIS NOJIyUYeHHs TOYHBIX U3MEPEHUH paccTosHus,
Ha OCHOBE KOTOPBIX OTIPEACTIAIOTCS TTI00aIbHBIE KOOPIUHATHL.

OcHOBHbIE 10CTH:KEHHS TAHHOH padoThI:

e Hosas cucrema Ha ocHoBe BIIJIA, xoTopas coueTaeT MOHOKYIAPHYIO KaMepy, JJa3epHbIil
JaJbHOMEp Ha CTaOMIM3MPYIOILEH MoABEeCKe U OOPTOBYIO 00pabOTKy M300pa)keHHH st
JIOKJIN3aIM1 OOBEKTOB B PEIbHOM BPEMEHH.

e [losHOCTHIO aBTOHOMHAs padoTa B peajlbHOM BpPeMEHH C aKTHBHBIM YIpaBleHHEM
MOABECKOH M 00bEIMHEHHEM JaHHBIX C JaTYHKOB, 03 HEOOXOMMMOCTH MPEABapUTEIbHBIX
3HaHUI 0 pa3Mepe 00beKTa, perbede U COCTOSHUH JIBUKCHUS.

e DJKcHepuMeHTaJbHasi  MNpoBepKa B YCJIOBHAX  OTKPBITOHi  MeCTHOCTH,
JEMOHCTPHPYIOIIAs TOUHYIO JIOKAIN3ALHIO IIeTeH.

2. O630p cywecmeayrouwux Memodoe

Tounas nokanmu3anus 00bEeKTOB ¢ Uctonb3oBaHueM BITJIA npencraBiseT co00# CIOXKHYIO 3a1aqy,
00yCIIOBJICHHYIO OTPAaHMICHUSIMHI OOPTOBBIX CEHCOPOB, 0COOCHHOCTSIMH BO3AYIIHON MEPCIIEKTUBEI
1 TpeOOBaHUAMHE K paboTe B peabHOM BpeMeH!. CyIIEeCTBYIOMIIE TIOAXO0/IBI BKIFOYAIOT TACCHBHEIC
METOABI KOMITBIOTEPHOTO 3PCHHSA, TEXHOJOTHH, YYUTBHIBAIONINE pelbed) MECTHOCTH, M JIa3ePHOE
ckaHupoBaHHe. KaxIplifi W3 3THX METOAOB HMMEET CBOHM OTPAaHWYCHHS II0 YHHBEPCAIBHOCTH,
JAJTbHOCTH JICHCTBHUS U MPEIIOI0KCHUAM 00 OKPYKAIOIICH cpeie.

2.1 NMNoaxoabl, OCHOBaHHbIE HA MACCUBHOM 3PEHUN

MeTomp! OIeHKH TITyOWHBI C MICTIONIF30BaHHEM MOHOKYIISIPHBIX H300paskeHui, Takue kak MiDasS [1]
u DPT [2], 1eMOHCTPHPYIOT XOpPOIIYyI0 TOYHOCTh Ha CPEeIHHX pacCTOSHIAX (10 50 MeTpoB)
Os1aroapst UCIOJIb30BAHUIO TPAHC(HOPMEPOB, HO BO3HHUKAIOT IPOOIeMbl 000OIICHUS U YBEIHUCHHS
omuOoK Ha Oonbiux paccrosiHusx [3]. Cucremsl crepeo3penus, Takue kak ZED [4] u RealSense
[5], mpenmararor Oonee HasieXHbBIE OLEHKH Ha CPEOHMX paccTosgHusAX (no 40 MeTpoB), HO HX
3¢ (HEeKTUBHOCTh OTpaHHUEHA PACCTOSHUEM MeEXay Kamepamu. [lombITku yBenmueHus: 6a30BOTO
PaccTOSsIHUSA C TIOMOIIBIO IBIDKEHUS APOHOB [6] MpeanoiaraloT CTaTHYHbIE CIIEHBI, a OAXO0IbI Ha
OCHOBE pa3MepoB [7] TpeOyIOT 3apaHee U3BECTHBIX rabapuTOB OOBEKTA.

2.2 'mbopuaHbie MeToabl U MeToAbl C YY4eTOM penbeca MEeCTHOCTU

Uto0bl yCTpaHUTh HEOJHO3HAYHOCTh MaciliTaba, HEKOTOPhIE METOJbI OOBEIUHSIOT BU3YaIbHbBIE
JAaHHEIE ¢ JaHHBIMU 0 MecTHOCTH. MeTonml Raycast [8], TRADE [9] u TanDepth [10] nepecekaror
Iyqu 0030pa ¢ (G POBEIMI MOIEIIIMA MECTHOCTH FITH UCTIOJIB3YIOT F€ONPOCTPAHCTBEHHBIE OLICHKU
JUIS JIOKAJTU3alMd. DTH METOJBI MOBBIIIAIOT TOYHOCTh, HO OMHUPAIOTCS Ha JaHHBIE O penbede
BBICOKOTO pa3pelieHus, KOTOPhIE YacTO SBISIOTCS HEAOCTYITHBIMHU.

2.3 Ucnonb3oBaHue nasepoB U NOABECHLIX CUCTEM

B cnenyromux paborax JasepHbIC JaTbHOMEPHI yCTAHABIMBAIUCH cranuoHapHo [11] wim Ha
JIBYXOCEBBIX NojiBecax [12] amsi AOMOJIHEHUS! BU3YalbHBIX JAHHBIX U YIYUIIESHHUS JOKAJIU3alUU Ha
KOPOTKHX PacCTOSIHUAX. VcIoNb30BaHMe MOABECA TAKXKE UTPACT KIFOUCBYIO POJIb B 00ECTICUCHUH
BUJUMOCTH JIMHAMUYECKUX IIeJieH, KaKk 3TO NpoJeMOHCTpupoBaHO B [13-14]. Opnako Takue
CHUCTeMBl 3a4acTyl0 pa3padaThiBAlOTCS MCKIIOYMTEIBHO JJIsi OTCIEKWBAaHUSA, a HE I
MHTETPUPOBAHHOMN JIOKAIN3aLIUH.
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2.4 UHTerpauma otcrnexmBaHus

HanexxHoe oTcnexuBaHne 00OBEKTOB HEOOXOAMMO ISl MOLAEPKAHUS BH3YalbHOTO KOHTaKTa U
IpoBeAeHus n3MepeHuil. B Hamrelt npensinymeid padote [15] MbI ipeacTaBuiy rHOpUIHBIN TpEKep,
COYCTAIOMMH KOPPEISIIHOHHYI0 (WIBTPAIMI0O M TPEKHHT HAa OCHOBE TPaHC(HOPMEPOB JUIs
B3aumoneiictBus BITJIA ¢ mempro. DTOT Tpekep COCTaBIIeT OCHOBY MpOIecCa OTCICKHBAHU
00BEKTOB B HaIlIeil cucTeMe.

2.5 Pe3rome v BKnapg,

Hamr mogxon nHTErpupyeT OTCIESKUBAHUE B PEATEHOM BPEMEHH C aKTHBHO YIPABIIIEMbIM JIa3€POM
Ha IOJIBECE U MOHOKYJIIPHOWM KaMepoil, UCI0JIb3Ysl AaHHbIE O nosioxxeHuu BIUIA miist BeranciaeHus
TPEXMEPHBIX KOOPIUHAT IENH. B oTnn4ne oT MpeapIayIuX CHCTEM, OH HE 3aBHCHUT OT W3BECTHBIX
pa3MepoB 00BEKTOB, Mojeseil penbeda WM BHEIIHUX KapT, YTO JEaeT €ro IMOJXOJSIINM s
Pa3HOOOpa3HbIX, HECTPYKTYPHUPOBAHHBIX CPE.

3. Memod

3.1 O630p cucteMsbl

Ipemaraemas cuctemMa obecriednBaeT TPEXMEPHYIO JTOKAIU3aIHI0 00bEKTOB B PEaIbHOM BPEMEHU
¢ ucnonb3oBanueM BIIJIA, ocHallleHHOr0o MOHOKYISPHOH KaMepoii, Ja3epHbIM JalbHOMEPOM Ha
CTaOMIIM3UPOBAHHOM IOJ[BECE M CpPeCTBaMH OOpPTOBOI 00paboTku naHHBIX. OOIIas apXUTEKTypa
(puc. 1) COCTOUT U3 HECKOIBKUX B3aUMOCBSA3aHHBIX MOIYJICH:

e Moayas BbIOOpa 00BbeKTa MOJIb30BaTedeM: IPOIECC HAYMHACTCS C PYYHOro BhIOOpa
LeNIM 4epe3 MNOJb30BaTeNbCKuil MHTepdeiic. [Toap3oBarens BHIOMpACT MHTEPECYIOIIUIA
00BEKT B Kape KaMepHl.

[ ] MOIlyJ'lb OTCJIXKHBAHHS 00beKTA: ITOCIIe BBI60pa 00BEKT HCIIPCPBIBHO OTCJICIKUBACTCS B
IMPOCTPAaHCTBE 1/1306pa>1<eH1/151 C UCIOJIB30BAHUEM AJITOPUTMA BU3YaJIbHOT'O OTCJIC)KUBAHUA.
MOJIyJ'II) BBIBOJUT MUKCECJIBbHBIC KOOPAUHATHI HEJIN B KaXXKJI0M KaJIpe.

[ ] MOIlyJIL OTCJIC)KUBAHUA MMOABECOM: IMMKCEIIbHBIC KOOPAWHATEI LEJIN UCIIOJIB3YIOTCA I
YIpaBJC€HUA MOABECOM, yTOOBl OOBEKT OCTaBaliCd B LOCHTPEC KaJpa KaMcCpbI. Taxoe
AKTHBHOC YIIPABJICHUC TOBBLIMIACT HAACKHOCTb OTCJICKHMBAHUA U MHUHHUMU3UPYET
Pa3MbITHC U3-3a IBUIKCHUS.

e Monyap JOKATU3ANMM: MOIYJIh OOBEAWHSET IHKCEIbHBIC KOOPIMHATHI LENH, YTIIBI
HaKJIOHa T0JBeca, JaHHbIe JazepHoro panbHomepa, GPS-koopaunater BIUJIA u
WHPOPMALIMIO O €ro OpPHUEHTAIWHU IS pacdyeTa TPEXMEPHOTO IIOJIOKCHHUS IEIH B
TII00ANBEHOM CUCTEME KOOPIMHAT.

Bes cucrema ¢ynkumonupyetr Ha OopTy BIIJIA B peampHOM BpeMEHH, 4YTO OOecIeuuBaeT
aBTOHOMHYIO paboTy 0e3 BHEIIHeH 00pabOTKH WITH TIOAJICPIKKHU C 3EMITH.

3.2 Moaynb oTcnexmusaHus o6bekTa

Moyip oTCHEKUBaHUA OOBEKTOB OTBEUAET 32 HEMPEPHIBHYIO BU3YAIbHYIO (DUKCAIHIO BEIOPAHHOM
uenu B kaape. Ilocne nepBoHavalb»HOTO BBIOOpA LETH 3TOT MOAYJIb aBTOMATHUECKH CIIELYeT 3a HEH
B MOCIEAYIOIUX KaJpax, OLEHHBAsl €€ IByMEPHOE MECTOIOJIOKEHUE B MUKCEIbHBIX KOOPJHMHATAX
HU300pasKeHMUS.

Mser ucnons3yem KCF-MF (Kernelized Correlation Filter-MixFormer) [15] — ruGpuanslit Tpekep,
paspaborannsiii Hameld komanjgoi. KCF-MF coderaer B cebe 3¢ QeKTHBHOCTH TpajUIIMOHHBIX
KOPPEIALUOHHBIX (MIBTPOB C HU3KOM 3a/IepKKOM C TOYHOCTHIO M YCTOHYMBOCTBIO HEHPOHHBIX
ceTeil Ha OCHOBE TPaHC(POPMATOPOB. B HeM MCHONB3yeTcss MEXaHU3M NEPEeKIIIOYEHHs Ha OCHOBE
MEPLUENTUBHOTO X3IINPOBAHUS, KOTOPHIH MPH HEOOXOIUMOCTH MO3BOJISIET YEPEIOBATH OBICTPHIE U
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Mogaynb
oTcnexunBaHus
NoABECOM
Moaynb Bbibopa Mogaynb
obbekTa s OTC/IeXUBaHUA
nonb3oBaTenem obbekTa
Mogaynb
Nnokanusaumm

Puc. 1. Mooynvras apxumexkmypa npeonacaemoti cucmemul 1oKamusayuu 06vekmos. Ilpoyecc nauunaemces
6‘bl60pa obvexma nojb3oeameiiem, 3a Konmopvim c/’let)yem eco omcenexxcusarue, odnoepe,wefmo ynpaseiiroujee
npoyeccamu KOHmpoJisi nooseca u JoKaiuzayuu.

Fig. 1. Modular architecture of the proposed object localization system. The pipeline begins with user
selection, followed by object tracking, which concurrently drives gimbal control and localization processes.

3¢ GeKTUBHBIC KOPPEISAIHOHHBIE QUIBTPEI ¢ MEAJICHHBIMH, HO BEICOKOTOYHBIMH HEHPOCETEBHIMH
anroputMamu. Takas THOpUAHAs KOHCTPYKLMS OOECIEYMBAET BBICOKYIO TOYHOCTh M HH3KHE
BBIYHCIIUTEIIbHBIC 3aTPAThl, YTO [EJIAaeT €€ UACAIBbHOM s Cpell ¢ OTpaHUYEHHbIMU pecypcamu. Ha
KaKJOM BPEMEHHOM LIare MOXYJIb BBIIACT OTPAaHUUYUTEIIBHYIO PAMKY U LEHTpPajbHBIA IUKCEIb
OTCIIC)KMBaEMOH 1enu. DTa HHGOPMAIHS OTHOBPEMEHHO NIEPEAACTCS B

[ ] MO}]y.]'lb OTCJICKUBAHUSA MMOABECOM JIJIA BU3YaJIbHOTO YIIPABJICHUSA,

[ ] MO}]y.]'lb JIOKAJU3AIUH [JI BEIYUCIICHUS TPEXMEPHOT'O IMMOJIOKCHU LECIIN.

3.3 Cuctembl KoopauHaTt

B mpennokeHHOH apXMTEKType HCHOJB3YIOTCS Ppa3IM4YHBIE CHCTEMBI KOOPIWHAT  JUIA
npencTaBieHus moioxkeHus o0bekToB u BIIJIA. Tounele mnpeoOpa3oBaHUS MEXIy OSTHMH
CHCTEMaMH SIBJISIOTCS KPUTUYECKH BAXKHBIMH KaK JUIl BHM3YQJIBHOTO YIPABIEHUS, TaK M JUISA
nokanm3anuu. OnpeseNieHbl CIeAYIONINe CHCTEMBI KOOPANWHAT:

e Cucrema kamepnl: CucreMa KOOpPIHMHAT OTHOCHTENIBHO ONTHUYECKOTO LEHTPA KaMEpPBI.
KoopanHaTel m300paxeHHs W3 MOIYJS OTCJIEKHMBAHUS OOBEKTa BBIPAKEHBI B 3TOH
CHUCTEME.

e Cucrema kopmyca: Cucrema KOOpAMHAT, (PUKCHPOBaHHAs OTHOCHTENBHO KOpITyca
BIUTA, ¢ Hauanom B nentpe BIUIA. Opuenranus u nonoxenue BITJIA onuceiBaroTcs B
3TOH cHCTEME.

e HuepuuanbHasa cucrema (NED): JlokambHas cucteMa KOOpAuHAT, (HUKCHPOBAHHAS
OTHOCHTEIIbHO 3eMJIH, C OCSIMH, HarpasyieHHbIMHU Ha CeBep, BocTox n Baus.

o T'nobanbHas cuctema (WGS84): ['obanpHas cucteMa KOOPAWHAT, OOBIYHO CBSI3aHHAS C
GPS wiM JpyruMu TeoNpUBSA3aHHBIMU JaHHBIMU. (OKOHYATeNbHOE BBIYHCIECHHOE
I10JIOKEHUE LEJIH BBIPAXKaeTcsl B 3TOM cUCTEME.

Bonee noapo6Hyto nHpOpMaIuio o mpeoOpazoBaHMUIX MEXKIY CHCTEMaMU KOOPAWHAT MOYKHO HalTH
B paborax [7] u [16].
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3.4 Moaynb oTcnexuBaHus NogBecom

Mopnynb OTCIIE)KHMBAHUS MOABECOM HETIPEPHIBHO KOPPEKTHPYET OPHEHTAIMIO KaMEphI, YTOOBI
OTCIJIC)KUBACMBIH OOBEKT OCTABAICS B IEHTPE M300pa’KeHNUs, YMPaBisisl HOBOPOTAMH IOABECA IO
yIJIaM pbhICKaHUsI M TaHraxa. [Iporiecc HauMHaeTCsl ¢ IBYMEPHBIX KOOPIMHAT M300paKeHUS LEIH,
KOTOpBIE TPe00pa3yroTCsl B HEMACIITAONPOBaHHBIC TPEXMEPHBIC KOOPIUHATHI B CHCTEME KaMEpHI ¢
HCTIONIb30BAaHUEM €TI0 BHYTPEHHHX NapaMETPOB, TAKUX KaK (POKYCHOE PAaCCTOSHHWE W ONTHIECKUH
ueHTp. [Tockoibky TpeOyeTcs TONBKO HallpaBieHHE Ha 0OBEKT, a He ero (paKTHIecKoe pacCTOsHUE,
MacmrTad TOJyYeHHOTO BEKTOpa HE KMeeT 3HAa4YeHHUs. 3aTeM OSTOT BEKTOp HalpaBlICHHs
npeoOpa3yeTcss B CHCTEMY KOOPIMHAT KOpIyca C WCIIOJIb30BAaHWEM W3BECTHOH BHEIIHEH
KanOpOBKU Mexay kKamepoi u kopirycoM BITJTA. IToxyueHHBIH 1y, BEIpa)KEHHBIH B KOOpAXHATAX
TeJla, YKa3blBaeT Ha 1esib. Ha OCHOBE 3TOrO JIyda BBIYHCIAIOTCS HEOOXOTUMBIE YIJIbl PHICKaHHS H
TaHTa)Xka IOJBeca, KOTOphIE MEpefaroTCs KOHTPOJUIEpY MOoJBeca JUIs MOBOPOTa KaMephl. OJTO
obecrieunBaeT MOCTOSSHHOE BU3yalbHOE BRIPAaBHUBAHHE C IEITIBIO B PEAIbHOM BPEMEHHU.
BHyTpeHHUe U BHEIIHHE NMapaMeTpbl KaMephbl COOTBETCTBYIOT CTaHJIApTHOW MOJENU KaMephl C
oTtBepctueM [17].

3.5 Moaynb nokanusauuu

MOILyJ'H) JIOKaJIM3allu BbBIYUCIIICT ITO3HUIIUIO BLI6p3HHOI71 nejm B FJ'IO6aJ'II)HI>IX KOOpJAUHaTax
cienyroumM o0pa3om:
1. Hsmepenue nansHOoMepoM: [JanbHoMep onpenenseT pacctosaue ot BITJIA mo nenu, korma
LIeJIb HAXOAUTCS B LIEHTPE KaJpa KaMephl.

2. IlpeoOpa3oBanme mnmKcenedl B cucreMy Kamepsl: llo3ummst menw BBIpakaeTcst B

MaCH.ITa6I/Ip0BaHHBIX KOOpAUWHATAX KaMEpbl Ha OCHOBE €C IIOJIOKCHHA B INUKCCIAX (I/I3
MOAYJIsd OTCIIC)KUBAHUA O6I>CKT3) " JaHHBIX JaJIbHOMEPA.

3. IlpeoOpa3oBaHue M3 CHCTEMbI KaMephl B CHCTeMy Kopmyca: C HCIOJIb30BAaHHEM YIJIOB
PBICKaHUS M TaHTaXka IOJBeca IOJ0XKEHHE LENH Ipeodpasyercss B CUCTEMY KOOPIMHAT
kopmyca BITJTA.

4. TIpeoOpa3zoBaHHe M3 CUCTEMBl KOpPIyca B HHEpPLHUANIbHYIO cucTeMy: [lonoxeHue wnenu
npeoOpa3yeTcss B HHEPIUAIBHYIO CHUCTEMY C HCMOJb30BaHHMEeM opueHTamuu bBIIJIA,
MOTy4EHHON OT KOHTpOJLIEpa MOJIeTa.

5. GPS-koopaunatel. [ns npeoOpazoBanus mosioxenus nenu u3 cucreMbl NED B GPS-
KOOPAMHATHI HUCHOJB3yeTcsl Tekyuiee mojoxenue BIIJIA (mmpora, monrora, BBICOTa) B
KadgecTBe omopHOo# Touku. Crasur neiu B cucteme NED mpumensiercss K 3Toi OnOpHO
TOYKE C Y4eTOM a3uMyTa (HalpaBJICHHS) M PAcCTOSHHUA IO Teoje3ndeckoil nuHuu. B
pe3ynbpTaTe BBIYUCISAIOTCS HOBBIE IIMPOTA, JOJITOTAa M BHICOTA ILEJIH, YTO IO3BOJISET
OTIPEJICNIUTH €€ TI00ATbHYIO TTO3UIHIO B cucTeMe kKoopauHat WGS84.

ITOT nponecc Mo3BOJSCT B pCaJIbHOM BPEMEHH PACCUUTBHIBATH TPEXMCEPHOC IHOJIOKCHUC LICIIN B
ra00aIbHBIX KOOpJIUHaTax, obecnieunBas TOYHYIO I'€OJIOKAIUIO.

4. dxkcnepumeHmbi
Jnst TeCTUPOBAHMS CHCTEMBbI MBI HCIIOJB3YeM KBAJPOKONTEP CO CleAyroleil koHdurypamueit
(puc. 2):
e Pama, moTopsl, peryasitopsl ckopoctu (ESC): Habop Holybro S500;
MouseTHbIii KoHTpOJLIep: Pixhawk 6C;
Tenemerpus: SIYI HM30 Full HD, Buneocss3s 5.8 I'T;
GPS: Holybro F9P;
Hoasec: Tarot 3D |1l Metal, 3-ocesoi;
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e Kawmepa: SIYI R1, 1080p, 30 kanpoB B CeKyHIY;
JanbHoMmep: JlazepHsIil TaTbHOMED ¢ MHPPAKPACHBIM JIyYOM;

[ ]
o AKKymyasTop: JINTHHA-TIOIMMEpHBIA akKyMyJsTop Zeee 3S-4S;
[ ]

Boprooii kommnbloTep: Jetson Orin Nano.

Puc. 2. Holybro S500 opon ons axcnepumenmos.
Fig. 2 Holybro S500 drone for experiments.

[ToxBec ObuT ycTaHOBIEH Ha mepemHeld yacTH JApoHa. [IOCKONBKY OH He MpeaHa3HAdeH It
OJIHOBPEMEHHOTO pa3MelIeHHUs KaMepbl U JaTbHOMEpa, Obllla CIIPOEKTUPOBAHA M HareyaTaHa Ha
3D-npuHTEpEe AONOIHUTEIBHAS KPEIISKHAS JeTalb, 00SCIICUNBAIOIIAs X PA3MEIICHHE PSIOM JIPYT
¢ npyrom. Ocu KaMepsl ¥ JalbHOMEpa BEIPOBHEHBI apajienbHo. JJasHOMep HaIexKHO 3aKperyieH
Y TIpeABAPUTENIHHO OTKaTUOpOBaH. PaccTossHUE MEXIy EHTPOM KaMephbl U IEHTPOM JajibHoMepa
COCTaBIISICT MMPUMEPHO MIECTh CAHTHMETPOB. Ha puc. 3 mokasaH pe3ynbTaT KpeIuieHHs JaTbHOMepa
psamoM ¢ kamepoid. [lampHOMEp TpeAoCTaBIsIeT HE TOJBKO JaHHBIE O PACCTOSHUU 1O TOYKH, Ha
KOTOPYIO OH HaIlpaBIieH, HO U YTOJI OTHOCUTEIHHO TOPH30HTA. DTOT YrOJI U3MepseTcs ¢ OobIiei
TOYHOCTBIO, YeM YTOJ HAaKIOHA ITOJBECa, IMO3TOMY OH HCIIONB3YeTCS B KadeCTBE OCHOBHOTO
HUCTOYHHKA OAaHHBIX O HAKJIOHE.
JamsHOMeEp paboTaeT ¢ HCIOIh30BaHUEM HH(PPAKPACHOTO JIyda M MOXKET M3MEPSATh PACCTOSHHS OT
Tpex MeTpoB Jo 1,3 xuomerpa. BaxkHO OTMETHTB, YTO TIOBEPXHOCTH JOJDKHA OBITH TBEPAOH U HE
COCTOSITh W3 CTEKJAa WM BOJBI, TAaK KaK JIyd JOIDKCH OTpaKkaTbCcs OOpPaTHO K JalbHOMEpY LIS
TOYHOT'O UBMEPEHUSA PAaCCTOAHUA.
Cucrtema pabotaeT B peaibHOM BpeMeHH Ha Jetson Orin Nano. EXWHCTBEHHBIM BBIYHCIUTEIHHO
3aTPaTHBHIM KOMIIOHCHTOM SIBJISIETCS TPEKEP, KOTOPBIN paboTaeT B pexKUME PeallbHOTO BPEMEHH, KaK
ykazano B [15]. Bce ocranpHBlEe MOAYNH, BKJIIOYAs YNpaBiICHHE TOJBECOM M JIOKATU3AIIUIO,
SIBIISTIOTCSI JISTKUMU H 3QPEKTHBHO pabOTAIOT MapalIeIbHO.
Jis TecTUpOBaHHMA CHCTEMBI MBI pa3MecTHIN OOBEKT Ha 3emiie u 3adukcupoBanmu GPS-
KOOPIUHATHI. 3areM MBI 3allyCKaJIM Hall KBaJAPOKONTEP Ha pa3HbIX BBICOTaAX M C PasHbBIMH
OpHUCHTAIUAMMU, NbITAACH BBIYUCIUTD GPS-KOOp}]I/IHaTBI IpHu OTCJIC)KUBAHUN 00BEKTa C IIOMOUIIBIO
noJiBeca.
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Puc. 3. Iloosec ¢ kamepoui u 0anbHOMEPOM.
Fig. 3. Gimbal with camera and rangefinder.

4.1 CpaBHeHue pe3ynbTaToB

[IpsiMoe cpaBHEHHE C CYLIECTBYIOLICH JIUTEPATypoil MPEACTABIACT CIOKHOCTH, TaK KaK MHOTHE
npensIynye paboThl OMUPAIOTCS HA CHMYJLIHUU C WACaNbHBIMH yCIoBHAMH. HampoTus, Hamra
CHCTEMa HCIIONb3YeT PEANbHBI MOABEC C Ja3epHBIM JanbHOMepoM Ha BIUJIA, 4ro BBOAMT
peaaucTHYHbIe OIIMOKHM, TaKMe KaKk BHOpalWy, CMEIeHHEe TaTYUKOB M atMochepHbie d(hheKTh.
Kpome Toro, Ham MeTol HEBO3MOXKHO MPOTECTUPOBATh B CUMYJLILIMOHHBIX CpeliaxX, TaK Kak OH
3aBUCHUT OT (PAaKTOPOB M JMHAMHUKH PEaJbHOIO MHpa, KOTOPbIE HEBO3MOXXHO BOCIPOU3BECTH B
MOJCIUPYEMBIX YCIOBHUSIX.

Tabn. 1 moaBOAUT UTOTH pe3ysibTaToOB. Bo BTopoM cTom0IIe yKa3aHbI CPEIHUE OIIMOKU U3 CTAThU
[8], ocHOBaHHOW Ha OJKCINEPUMEHTAaX B pEATbHOM MHpPE C HCIOIb30BAHUEM HECKOIBKUX
n300paxeHuil. B TpeTbeM cTONOIE MPHUBENCHBI CPEIHUE OMIMOKH CHUMYJSIHd u3 pabots [16],
BEITTOJTHEHHBIX IO (PUKCHPOBAHHOW KPYTOBOH TpaeKTOPUH Ha BEIcOTe 60 METpOB.

Tabn. 1 Abconromuvle owubKy TOKATU3AYULU OI51 PASIUYHBIX MEMOO08 HA PA3HBIX PACCMOSHUAX 00 00bEeKmA.
Iepsvlii cmonbey cooepacum paccmosinus 00 00bekma, a 6Mmopou, mpemuil u 4emeepmalii cmonbysl
npeocmasnaiom abcoarommuvle OWUOKY 01 Memooa mpaccuposku ayuell [8], nawezo memooa u
2eonpocmpancmeenno2o memooa [16] coomeemcmeenHo.

Table 1. Absolute localization errors for various methods at different object distances. The first column lists
the distances to the object, while the second, third, and fourth columns present the absolute errors for
raycast [8], our method, and the geospatial [16] method, respectively.

Distance Range Raycast [8] Our System geospatial [16]/simulation

40-50 m ~4.4m 0.8m -

50-60 m ~5.2m 1.1m ~1.17m
60-70 m 5.62m 1.1m -
80-90 m 16.99 m 1.4m -
90-100 m - 1.6m -
140-150 m - 2.2m -
300m - 3.3m -

Hammu OKCIICPUMEHTBI B pPCAJIbHBIX YCJIOBUAX IIOKa3bIBAIOT, YTO MPEIJIOKCHHAA CHCTEMaA
MPEBOCXOIUT CYMIECTBYIOIIAE METOJIBI [0 TOYHOCTH JIOKAIM3ANNK OJlaroaps HaIe:KHOW OICHKe
FHYGHHBI, OGCCHequHOﬁ TIOABECOM C JIA3CPHBIM JAJIbHOMEPOM U BU3YaJIbHBIM OTCJIC)KMBAHUEM Ha
6opry.
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5. 3aknroyeHue

B nmanHO# paboTe mpezicTaBieHa CHCTEMa IS JIOKATH3ALUN OOBEKTOB B PEAIbHOM BPEMCEHH Ha
ocHoBe BIUJIA, o0wpennHSIONIas MOHOKYJIPHYIO Kamepy, MOABEC C JIa3epHBIM ITabHOMEPOM H
OopToByto 00paboTKy maHHBIX. CHcTema paboTaeT aBTOHOMHO B pEallbHBIX YCIOBUSAX 0e3
HEOOXOINMOCTH B NPEABAPUTENBHBIX 3HAHMUAX 00 OKpYy’KaromeH Cpene MM MPEANoI0KEHHIX O
pa3mepe 00beKTOB U penbede MecTHOCTH. [loneBble UCTIBITaHNS TOATBEPIMIN TOYHOCTh CHCTEMBI
B JIOKQJIM3aLUK LENCH, TOAICPKHYB €€ HaJeKHOCTh M 3PPEKTUBHOCTh B PEANbHBIX YCIIOBHSX.
Bnarogapst coueTaHuIO aKTHBHOTO YIPABJICHHUS [TOJJBECOM H CIIUSIHUS JJAHHBIX C JaTYUKOB, CUCTEMA
obecrieyBaeT TOYHYIO T'€0JIOKAIMIO, BBIMOHsA Bce BbluMcieHHs Ha Oopty BIIJIA B peambHOM
pEKHIME.
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AHHOTanus. B cTaThe onucana MMEeHHAas CIOBOM3MEHHTENbHAS cHcTeMa si3bIka Oporrropsl 1804 1. «IlepeBonb
HBKOTOPBIXS MOJIUTBB U COKpAIIEHHAro kaTuxusuca Ha Kopenbckii sI3pIKb)» — epBOTro MeYaTHOTO MaMATHHKA
TBEPCKOM KapelbCKOM MHCHbMEHHOCTH. AKTYaJbHOCTH OOYCIOBIEHAa OTCYTCTBHEM CHCTEMAaTHYECKOTO
JIMHTBUCTHYECKOTO aHAllM3a WCTOYHUKA, COJAEPIKAIero YHHKAIBHBIH KOPIYC ITAaHHBIX IO HCTOPHYECKOH
rpaMMaTHKe M JHAJIEKTOJIOIMH KapenbCKoro s3plka. OObeM KapelnbCKOro TEKCTa COCTABISAET mopsika 2,5
TBICSIY JIEKCEM, M3 KOTOPBIX OoJyiee ITOJIOBHHBI MPEICTABICHBI MMCEHHBIMH 4YacTAMH peun. B paGote
MOABEPTHYTH aHANM3y BCE TpaMMaTHYECKHE KaTerOpHH HMMEHHW: YHCIIO, NaleX, IPHUTSHKATEIBHOCTb.
HccrenoBanne MPOBEICHO C HCIOJIB30BAHWEM HHCTPYMEHTOB JIMHIBHCTHYecKod mmatdopmer LingvoDoc.
Marepuansl UCTOYHUKA COIOCTAaBIEHBI ¢ HOBONMMCHMEHHBIM BapHaHTOM TBEPCKOTO KapelabCKOTO S3bIKa, a
TaKke C JAHHBIMH IT0 TBEPCKUM TOBOpaM cepenuHbl XX B. U3 IHANEKTHOH 0a3bl Murreh.

VmeHHast crnoOBOM3MEHHTENbHAS CHCTEMa IIEepeBOJAa HE JEMOHCTPHUPYET CYIIECTBEHHBIX OTIMYHH OT
TOJIMAueBCKOM TPYIITBI TOBOPOB FOXHOTO JHAJIEKTa COOCTBEHHO KapeNbCKOTO HApeuusl, YTO MOATBEPXKAAET
C/ICNIaHHBIA paHee BBIBOJ O JTUAJIEKTHOW NMPUHAIIEKHOCTH MCTOYHMKA. B Xole McclieoBaHus yCTaHOBIICHO,
YTO SI3BIK MAaMITHHKA COXPAHMJ apXaW4HbIE YepPTHI, YTPATHBIINECS B COBPEMEHHBIX TBEPCKUX KapelbCKHUX
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MHOTOCJIOXHBIMH OJTHOOCHOBHBIMH UMEHAMH Ha JU(TOHT, OKOHIAHHSI MHOKECTBEHHOTO YHCIIa TEHUTHBA -eHY,
MHO’KECTBEHHOT'O YHClIa TMAPTUTHBA -4, WIUIATHBA -Jice, aJleCCHBa-ajiaThBa -1a | -4, nHeccuBa -ca | -ca,
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nepefadd 3HAUCHHH KOMHTATHBA W aNNPOKCHMATHBA. VIHHOBAIMOHHBIM SIBIISIETCS PacIpOCTPaHEHHUE
(opMaHTa MHOXKECTBEHHOCTH -0~ | -nioii- Ha OXHOOCHOBHBIC MMEHA C IJIACHON OCHOBOH Ha -€, a TaKKe
TEHJICHIINS NTepeXo/ia OT HOCECCUBHBIX CY()(PHKCOB K FTeHUTHBHBIM KOHCTPYKIIUSIM.
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Abstract. The article describes the nominal inflexion systems of the language used in the pamphlet dated 1804
“Translation of some prayers and the shorter catechism in the Korelian language” — the first printed piece of
the Tver Karelian written language heritage. This study was necessitated by the lack of a previous systematic
linguistic analysis of this source, which contains a unique corpus of data on the Karelian historical grammar
and dialectology. The Karelian text is made of around 2,500 lexemes, more than a half of them represented by
nominal parts of speech. The analysis made in this article covers all grammatical categories of nominals:
number, case, possessiveness. The study was conducted using the tools of the LingvoDoc linguistic platform.
The material found in this source was compared against the new-script variant of the Tver Karelian language
and with data on mid-20th century Tver Karelian dialectal variants from the Murreh dialectal database.

The nominal inflexion system in the translated text has no substantial differences from the Tolmachyovo sub-
dialect group of the southern dialect of Karelian Proper, supporting the dialectal attribution of the source made
previously. One of the findings of this study is that the language of this source preserves some archaic traits
that had been lost from modern Tver Karelian sub-dialects. Such archaisms include the use of the plurality
indicator -iz- with polysyllabic single-stem nominals ending in a diphthong, endings -exs in the genitive plural,
-4 in the partitive plural, -orce in the illative, -za / -1a in the adessive-allative, -ca / -ca in the inessive, -ma in
the abessive, possessive suffixes, and the use of postpositional constructs to render the commitative and
approximative meanings. A novel feature is the expansion of the plurality formant -zoi- / -zioi- to single-stem
nominals with an -e vowel stem and a trend to abandon possessive suffixes for a wider use of genitive
constructs.
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1. BeedeHue

B suBape 1803 r. Cesennsii CHHOJ pa3ociial M0 enapXusM, «B KOTOPbIX UMEITUCh HHOPOALIBI,
yKa3bl 0 HEOOXOIUMOCTH NEePeBO/ia Ha MX S3bIKU KaTeXu3uca M HepKoBHBIX MoiuTB [1]. B 1804 r.
CBET YBHICIU MEPEBOIBI HA «OJIOHCLKHWiI» (JIMBBUKOBCKOE Hape4yHe KapelbCKOro s3bIKa) U
«KOpenbCKuit»  (COOCTBEHHO — KapenbCKoe  Hapeuue) s3blkd. [ 'pado-donHeTnueckuii  u
(hOHOJIOTMUECKHH aHAIIN3 «KOPEIbCKOT0» HUCTOYHMKA [2] MO3BOJSIET OTHOCHTH €r0 JHAJEKTHYIO
OCHOBY K TOJIMa4€BCKOH IpyTIIie TOBOPOB I0KHOTO THANIEKTa COOCTBEHHO KapelIbCKOT0 Hapeyus, TO
€CTh K TOBOpaM KapelbCKOTO s3BIKa IEHTPAJbHBIX PaioHOB coBpeMeHHOH TBepckod oOmacTw.
[TamaTHUK 00BEMOM B 2,5 ThIC. JIEKCEM MPEICTABISIET cOOOW MEPBBIM M3BECTHBIA MEPEBOTHON
TEKCT, IPUTOAHBIA JJIS aHAIN3a CTaHOBJICHUS MOP(OIOTHN KapebCKUX TOBOPOB BepXHEBOIIKBS,
nockoubKy cioBapHsie 3amucu XVII-XVIII Be. [3, 4] B 3TOM OTHOLICHUH HE TTOKAa3aTEIbHbI.

«IlepeBoxs HEKOTOPBIXH MOJHUTBH M COKpamIeHHAro Kartuxmsmca Ha Kopembckii S3BIKB» OBLI
BBITIOJTHEH M OIYOJIMKOBaH, KOT/Ia Kapeybl IIPOKUBAIIN Ha TEPPUTOPUH BepXHEBOIDKBS OKOJIO ABYX
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cTojeTuii. B s3pIke TOTO meprona eme COXpaHSINCh OTHCNbHBIC apXandHbIEe ITPEBHEKAPEIbCKUE
YepTHl, HO, C IPYTOil CTOPOHBI, y’Ke HAMETHIIMCh COOCTBEHHBIE THANICKTHBIE ocobeHHOCTH. [Ipn
9TOM TBEPCKHE TOBOPHI Hadaia XIX B., SBISSACH OCHOBHBIM CPECTBOM OOIIIEHHUS B PETHOHE, €IIe He
OBLIH TOBEPIKCHBI CUITBHOMY BIIHSIHHIO CO CTOPOHBI PYCCKOTO s3bIKa [5].

B craThe mpeiCTaBIICH aHAIN3 UMEHHOM CIOBOM3MEHUTENBHOM CHCTEMBI SI3bIKa TaMsTHUKA (763
UMEHH CYIIECTBUTENBHBIX, 177 MMeH mpuiaraTensHblX, 418 MecTouMeHnit u 24 4NCIUTENbHBIX).
OnucaHbl Bce TpaMMaTHUECKHE KaTErOpHUU: MaJeX, YHUCIO, NMPUTSKATENbHOCTh. CpaBHEHHE B
COBpEMEHHOMN (DEHHUCTHKE MPUHATO OTHOCHTH K CIIOBOOOpa3oBaHmio [6].

B kapenmbckoM s3BIKe 00Opa3oBaHHE CIOBO(GOPM TPOUCXOAWT IIyTEM ITOCIEIOBATEIHHOTO
NPUCOETUHEHHS COJIEpKAIIUX IpaMMaTH4ecKoe 3HaueHue apQHUKCOB K OCHOBe cioBa. Jlms
HMMEHHOTO CIIOBOM3MEHEHHS XapakTepHa (opMysa: JIeKcHueckas ocHOBa + (MokasaTens uucia) +
(magexuoe okoH4aHKE) + (MPUTSHKATENBHBIN cyhdukc). B oqHON hopMe MOKET MPHCYTCTBOBATh
TOJIBKO OJIMH CJIOBOM3MEHHUTENBHBIN TIOKa3aTeNNb KOHKPETHON IrpaMMaTHYECKON KaTETOPHH.
HccnenoBaHue MpOBEACHO ¢ MCMOIb30BaHHEM MHCTpYyMeHTOB LingvoDoc [7]. AHHOTHpOBaHHBIN
tekct [8], konkopaanc [9] u mopdonoruueckuii cnosaps [10] mepeBona mpecTaBieHbI Ha caiTe
JIMHTBUCTHYECKOW  IU1aTopMbl.  J[aHHBIE HCTOYHHMKA  COIIOCTaBJICHBI C  TPaMMaTHKOM
HOBOITUCbMEHHOT'O BapHaHTa TBEPCKOTO KapelIbCKOTO S3bIKa, OCHOBAHHOTO Ha 0a3e TOJIMadyeBCKHX
roBopoB [11], a Taike ¢ MaTepuallaMy 10 UMEHHOI Mopdosiorun TBEPCKUX KapelbCKUX TOBOPOB
W3 JHMANeKTHOH 0a3pl Kapenbckoro si3bika Murreh [12]. Peus umer 00 ormdpoBaHHBIX H
3aKOJMPOBAHHBIX OTBeTax Ha Ooxee 200 BompocoB mo mMeHHOW Mopdonoruu u3 «IIporpamm mo
COOMpaHUIO MaTEPHAJIOB I TUAICKTOJIOTHYECKOTO aTiiaca KapeIbCKOTO SI3BIKay, 3aIl0THEHHBIX B
MOJIEBBIX YCIOBHUAX B 1957—1967 1. B 60 HaceneHHbIX nyHKTax Kanuuunckoit o6mactu [13].

2. FpamMmamuyeckasi kKamezaopusi Yyucna

Kapensckomy sI3BIKy CBOWCTBEHHa OWHapHas CTPYKTypa Kareropuu uyucia. COOTHOIIEHHE
CIMHCTBCHHOTO W MHOMKECTBCHHOIO 4YHCIIa B S3BIKC IaMATHHKA cocTaBisieT 82% k 18%.
EnuHCcTBEHHOE YHCIIO HE MMEET CIIeLMAbHOrO IMOKa3aTells, TOrna Kak MHOKECTBEHHOE 00amaeT
KOMILTEKCOM (DOPMAHTOB, YHOTPEOJICHNE KOTOPHIX 3aBUCHT OT CIOBOM3MEHHUTEIHHOTO THIIA UMEHH
U OT KOHKPETHO# MageHOH GopMBbI.

Jist 006pa3oBaHNst MHOKECTBEHHOTO YHCJIA AKKY3aTHBA 1 HOMAHATHBA UCIIONB3yeTCS OKOHYaHUE
-mb:

e — PLNOM: asie-mv ‘meno’l, kupva-mv ‘KHHTa’, Kupbiomykuie-mv ‘IMACAHHE , KU3A-MDb
‘urpa’, nitika-mv ‘MKOHA’, HA2IO-mMb ‘MO, NAUBA-MD ‘NIEHB’, gUppe-mb ‘TIECHS, pyago-
mw ‘pabota’, eanea-mv ‘CTapBIA’, €HOU3e-mb ‘TIPEKHUN , Kesea-mb ‘OCHHBIN’, naza-mv
‘IUIOXOH’, nroza-mv ‘CBANICHHBIA', wiyype-mv ‘Benukui® (cp. murep. azie-t, kirja-t,
kirjutukse-t, kiza-t, litka-t, ndvo-t, pdivi-t, virre-t, ruavo-t, vanha-t, endize-t, keyhd-t, paha-
t, pyhd-t, Suure-t);

e — PL.ACC: asie-mv ‘neno’, miene-mv ‘MBICHb’, pisca-mb ‘Tpex’, maxmomuse-mdb
‘HaMepeHue’, pyaso-mv ‘pabora’, eennra-mv ‘IONT’, uuyie-mv ‘caMm’, OMa-mv ‘CBOU’,
sALACUZE-B ‘CBOOOIHBIN’, KyMOa3e-mb ‘KOTOPBIN’, niozA-mb CBSIEHHBIN (Cp. JIUTED.
azie-t, miele-t, ridhd-t, tahtomize-t, ruavo-t, vella-t, i¢cie-t, oma-t, villihize-t, kumbaze-t,
pyhd-t).

st oOpazoBanust hOpM MHOXKECTBEHHOT'O YHCIIa KOCBEHHBIX MaJeKeH UCIOIb3yIoTCs cypuKCHI -
u- l-vi- | -i- | -4 | -iwi-, -noii- | -niou- | -n0i-, -no- | -nio- | -nio-.

Juctpubynust arutoMophoB HarboIIee APEBHETO MOKA3ATEIST MHOKECTBEHHOCTH -u- [-b- [ -i- [ -it- |
-iii- (*-i) B TeKCTe MaMATHUKA MPEICTABICHA CIISIYIOIUM 00pa3oM:

! TlepeBox npuBOAMTCS B HAYATBHON (OPME CIIOBA.
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1)

2)

3)

-U- / -bl- BBICTYIIAET MEPE]l Mae)KHBIMU MTOKa3aTeNIIMHA, HAYHMHAIOIUMUCS Ha COTJIACHBIH,
HCTIONB3YeTCS C OJHO- U JIByOCHOBHBIMH MMEHAMHM C TJIACHOW OCHOBOH Ha 4-, a-, e-, TIPH
9TOM IPOUCXOINT BHITIAJCHHUE ITIACHOTO MIPH MIPUCOCTNHEHNH ad(PIKCa MHOKECTBEHHOCTH:
ero06-u-mma ‘xopommi-PL-AB’, kege-u-n1a ‘0emnubiii-PL-ALL’, wunm-u-cca ‘tnasz-PL-
IN’, pise-u-cma ‘rpex-PL-ELA’, mnwoe-u-env ‘cBsamenusii-PL-GEN’, nyxmae-vi-nv
‘qucthiii-PL-GEN’, wokc-u-cca ‘omuH-PL-IN’, mitimioz-u-ana ‘kakoi-PL-AD’, anusz-u-cca
‘HKHUU-PL-IN’, enorcumaz-u-xcu ‘nepBoiii-PL-TRANS’, wuaiiz-u-cma ‘xena-PL-ELA’
(cp. murep. hyv-i-ttd < hyvd, keyh-i-lld < keyhd, Silm-i-ssd < Silmd, ridh-i-std < ridhkd, pyh-
i-n < pyhd, puhtah-i-n < puhtaha-, yks-i-ssd < yhte-, miittyz-i-lld < miittyze-, aliz-i-ssa <
alize-, enzimdz-i-ksi < enzimdze-, naiz-i-sta < naize-);
-i- MCTIONB3yeTCs Mepe Mafe:KHBIMU NOKa3aTeNsIMH, HauWHAIOIIUMUCS Ha TIacHbH. OH
yHoTpebmseTcs:
® C OJHO- U IByOCHOBHBIMU HMEHAMH C [NIACHOM OCHOBOM Ha A-, d-, e-, IPU 3TOM ITIaCHBII
OCHOBBI O€ccIIeTHO UCUE3aeT: piaXk-i-eHs | pisek-i-env | piae-i-env ‘Tpex-PL-GEN’,
piaek-i-e | piaxk-i-e ‘Tpex-PL-PRT’, nroe-i-env ‘camennsiii-PL-GEN’, nrwoe-i-e
‘cBameHHbIN-PL-PRT’, wiuim-i-ensv ‘tna3-PL-GEN’, ue-i-env ‘Bex-PL-GEN’, miee-i-
env ‘Myx-PL-GEN’, piaxxaeus-i-env ‘rpemiHbli-PL-GEN’, piackacus-i-e ‘TpemIHbIi-
PL-PRT’, uneemus-i-env ‘uenoBek-PL-GEN’, moiiz-i-enw ‘ npyroii-PL-GEN’, mouis-i-e
‘npyroii-PL-PRT’, enss-i-e “xuBoi-PL-PRT’, eao0-i-e ‘mHyxna-PL-PRT’, siepac-i-e
‘qyxko0it-PL-PRT’, nyxmae-i-e ‘ancteiii-PL-PRT’, om-i-e ‘cBoii-PL-PRT’, sancemo-i-e
‘crapmmii-PL-PRT’, eyonyku-i-e ‘ctpoerne-PL-PRT’, gouimamykui-i-e ‘cnabocts-PL-
PRT’, xoounas-i-e ‘nomamnuii-PL-PRT’, kooueus-i-e ‘nomouanen-PL-PRT’, mitimios-
i-e ‘kakoi-PL-PRT’, mienecusie ‘munbiit-PL-PRT’, konm-i-e ‘Tpu-PL-PRT’, HO ceamo-
i-env ‘cBITON-PL-GEN’ (cp. mutep. ridh-i-std, ridhk-i-n, ridhk-i-e < ridhkd, pyh-i-n,
pyh-i-e < pyhd, Silm-i-n < Silmd, ig-i-n < igd, mieh-i-n < miehe-, ridhkdhiz-i-n,
ridhkdhiz-i-e < ridhkdhize-, inehmiz-i-n < inehmize-, toiz-i-n, toiz-i-e < toize-, eldv-i-e
< elivd, hdd-i-e < hddd, vierah-i-e < vieraha-, puhtah-i-e < puhtaha-, om-i-e < oma,
vanhemb-i-e < vanhemba-, huonuks-i-e < huonukse-, voimatuks-i-e < voimatukse-,
kodilaz-i-e < kodilaze-, kodihiz-i-e < kodihize-, miittyz-i-e < miittyze-, mielehiz-i-e <
mielehize-, kolmi-loi-da' < kolme-, sv atoi-loi-n < sv’atoi);

® C OJHOOCHOBHBIMHU MMEHAMH C IJIACHOW OCHOBOU Ha -d, TIEPEXOISAIINM B -0 B IMO3UIIHU
mneper IoOKa3areleM MHOXXECTBEHHOCTH: anocmono-i-env  ‘anocton-PL-GEN’,
kawkwoaio-i-env  ‘cinyra-PL-GEN’, npopoxo-i-env | npopoxxo-i-env ‘npopok-PL-
GEN’, pucmuxanco-i-env ‘xpuctuanuH-PL-GEN’ (cp. murep. apostolo-i-n <
apostola, kdskylo-i-n < kdskyld, prorokko-i-n < prorokka, ristikanzo-i-n < ristikanza). K
MOCJIEAHE TpynIe MOXHO TaKKe OTHECTH CJIydad, B KOTOPBIX IIOKa3arelib
MHOXKECTBEHHOCTH BXOJIUT B HOTUPOBAHHBII IMIACHBIM OKOHYAHUS, YTO HE TO3BOJISET
BEIJICIUTH €T0 B CTPYKType cioBodopMBL. Ha ero mpucyTcTBHE yKa3bIBaeT MEpPEXOX
IJIACHOTO -a OCHOBHI B -0: 2epo-*-env ‘rocnoguH-PL-GEN’, ceppo-*-a ‘rocnonua-PL-
PRT’, abusoiinoo-*-a ‘obuna-PL-PRT’, aexo-*-a ‘sBka-PL-PRT’, romano-*-a ‘bBor-
PL-PRT’, nitiko-*-4 ‘uxona-PL-PRT’, natixo-*-a ‘mecto-PL-PRT’, wano-*-4 ‘cnoso-
PL-PRT’ (cp. murep. herro-i-n, hero-i-da < herra, abivoindo-i-da < abivoinda-, javke-
i-da < javka, jumalo-i-da < jumala, liike-i-da < liika, paikke-i-da < paikka, sane-i-da <
Sana);

-ii- ynorpeOysieTcss B IO3MIMH II0CIE TJIACHOTO OCHOBBI, 00pa3ys C 3THM IVIaCHBIM

cyxatomuiics  anpToHnr. OH  BbICTYyHaeT IepeA  MaJeKHBIMH  I1OKa3aTessIMHU,

HAYMHAIONIMMUCS Ha COrTIacHbIA. DOpMaHT UCIIONB3yeTCS:

® C JBYCJIOKHBIMU U MHOTOCJIO’KHBIMH OJTHOOCHOBHBIMH HIMEHAMH C TJIACHOW OCHOBOI1 Ha

! 3mech W jmanee B NepevyHE COOTBETCTBHII U3 JIATEPATYPHOTO sA3bIKA MOJYEPKHYTHI HECOBNAICHHS B
00pa3oBaHNH aHATU3HPYEMO (OpMEL.
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-a ¥ MHOTOCJIOXXHBIMUA UMEHAMH C OCHOBOH Ha -4, TIEPEXOJAIIMMH B -0 / -io / -io TIepen
MoKa3aTejIeM MHOXKECTBEHHOCTH: nazo-i-ia ‘mnoxoi-PL-AD’, nazo-ii-ca ‘nmoxoii-PL-
IN’, eeppo-ii-na ‘rocnogua-PL-AD’, wano-ii-na ‘cnoBo-PL-ALL’, kupsio-ii-ca ‘xaura-
PL-IN’, npucaco-ii-ca ‘npucsra-PL-IN’, npyaszoniexo-i-na ‘npasmauk-PL-ESS’,
Kawekennio-t-na ‘3anoBeab-PL-AD’, kawuwennio-ii-ca ‘3anoseab-PL-IN’ (cp. nutep.
paho-i-lla, paho-i-ssa < paha, herro-i-lla < herra, Sano-i-lla < sana, kirjo-i-ssa < kirja,
pris’ago-i-ssa < pris’aga, pruazniekko-i-na < pruazniekka, kdssenndé-i-lld, kdassenné-i-
ssd < kdssendd);

® C OJHOOCHOBHBIMH MMEHAMH C TIACHOW OCHOBOM Ha pacIIMpPSIONUINICS AUGTOHT, IPU
9TOM TECPBBIA TJACHBIA KOMIIOHCHT JU(TOHra BhIMAIACT IMEpea IOKa3zaTeleM
MHOXKECTBEHHOCTH: aze-ti-ma ‘neno-PL-AB’, aze-ti-na ‘peno-PL-ALL’, aze-ti-ca
‘neno-PL-IN’, kyone-ti-oa ‘noxoitauk-PL-PRT’ (cp. nutep. azie-loi-tta, azie-loi-lla,
azie-loi-ssa < azie, kuolie-loi-da < kuolie);

4)  -il-, comep)kamMii YABOCHHBIH (OPMAHT MHOKECTBCHHOTO YHCIA, TPEACTABICH B
€IMHCTBEHHOM IIpuMepe: oM-ili-ca ‘cBoi-PL-IN’ (cp. mutep. om-i-ssa < oma). SIBnenue
wicoHasMa addukca — TUNMYHAS MHHOBAIMOHHAS YepTa, XapaKTepHU3YIoIlas CeBepo-
BOCTOUYHbIC ToMMauyeBckue u Bammaiickue (ID 1182, 2016 [14]) roBopsl COOCTBEHHO
KapeJIbCKOTO Hapeuusi KapeabCKOTo S3bIKa.

TToka3arens MHOXECTBEHHOCTU -iou- | -niow- | -noi-, -no- | -nfo- | -nio-, Bocxomdmuii K
JIpeBHEKApEIbCKOMY s3bIKY [15-16], ncnosb3yeTcs:

1) ¢ 0mHOOCHOBHBIMU HMEHAMU C OCHOBOM Ha KpATKUe JIAOUATN30BaHHBIC [TACHBIC U [TTACHBIH
-u, IPH 3TOM B TIO3HUIIMH TIepe]] HOTUPOBAHHBIM TIIACHBIM [TOKA3aTEeNsl BOBMOYXKHO CIHUSHHE C
HUM KOHEYHOTO -1 appuKca: pyado-nou-ia ‘padora-PL-AD’, myammo-noii-na ‘oren-PL-
AD’, myammo-noii-uw ‘0oten-PL-GEN’, myammo-noi-a /| myammo-no-4 ‘oren-PL-PRT’,
myammo-no-env ‘oreu-PL-GEN’, manumy-noii-ca ‘monutBa-PL-IN’, myamo-noii-no
‘Matb-PL-GEN’, myamo-no-a ‘mate-PL-PRT’, uspacmu-nou-nra ‘mogobmue-PL-ALL’ (cp.
nmutep. ruado-loi-lla, tuatto-loi-lla, tuatto-loi-n, tuatto-loi-da, malittu-loi-ssa, muamo-loi-
n, muamo-loi-da, izrasti-loi-lla);
2) ¢ OHOOCHOBHBIMH MMEHAMH ¢ OCHOBOM Ha -, IIEPEXOASIINM B -U-: 2eH2U-TI0-eHD ‘ Tylla-
PL-GEN’ (cp. nutep. hengi-l6i-n < henge-);
3) ¢ ABYOCHOBHBIMH JIBYCIOKHBIMH HMEHAMH C TIACHON OCHOBOW HA -, IEPEXOIAIIIM B -U-:
mienu-nioti-ca ‘MbICTb-PL-IN’, mienu-niou-cma ‘Mpicnb-PL-ELA’, miecu-nio-a ‘myx-PL-
PRT’ (cp. nmutep. miel-i-ssd, miel-i-std < miele-, mieh-i-e < miehe-).
OtcyrcTBre yHH(UKAMK B 00pa30BaHUU CIIOBOM3MEHHUTENILHBIX OCHOB MHOKECTBEHHOTO YHCIIA B
TEKCTe TIepeBo/ia ICMOHCTPUPYIOT UMEHA C OCHOBAMH Ha -€, KaK OJTHOOCHOBHBIE (k01m-i-¢ ‘Tpu-PL-
PRT’, Ho eeneu-nio-enw ‘nyma-PL-GEN’), Tak 1 1ByCI0XKHbBIE ABYOCHOBHBIC (foKC-U-cca ‘OmuH-PL-
IN’, miee-i-env ‘Myx-PL-GEN’, Ho miecu-nio-a ‘myx-PL-PRT’, mieru-nioti-cma ‘mpicis-PL-
ELA’). B nmmamextHOi peunm cepeauHbl XX B. C OJHOOCHOBHBIMH HMEHAMH HCIIOIB3YETCS
nokasateb -loi- / -16i- (1D 2283, 2288 [14]), a ¢ 1ByoCHOBHaMU — IpeuMyIIecTBeHHO -i- (1D 2282
[14]), uto HamwIO OTpakeHHEe B HOBOMUCHMEHHOM BAPHAHTE SA3BIKA.
Hcnonp3oBanue (opMaHTa MHOXXECTBEHHOCTH -ii- C OJZHOOCHOBHBIMH HMMEHAMH Ha JUQTOHT,
OTPaXEHHOE B TEKCTE aHAIM3UPYEMOTo HCTOUHHKA (aze-ti-ma ‘neno-PL-AB’, aze-u-na ‘neno-PL-
ALL’, aze-ti-ca ‘memo-PL-IN’), coBmamaeT C AMANEKTHBIM MPEICTABUTEILCTBOM SIBIICHHS B
Oonbliell 4acTH TBEpPCKUX Kapedbckux rosopoB (ID 2284, 2285, 2289 [14]). OrmeucHHas B
JHMAJICKTHBIX JAHHBIX TEHACHLHS K YHU(DUKALUK B O3y yHoTpebieHus mokasareins -loi- / -16i-
(aHAJIOTMYHO OJHOCIOXXHBIM HMMEHaM Ha JU(TOHT) BIOCJIEACTBHM Hallla OTPaXEHHE B
HOPMHPOBAHHOM BapUaHTE SI3bIKA.
[IpencraBneHHass B TEKCTe IEpeBOjAa CHCTEMa paclpelelieHUs IMoKa3aTesiell MHOXKEeCTBEHHOTO
YKcila KOCBEHHBIX TaJieKell yKa3bIBaeT Ha ee HE3aBEepIICHHBIH XapakTep B APEBHEKApPEIbCKUH
nepuojl. M3HauamsHO B Mpasi3bike Hcmojib3oBanue Qopmanta -10i- / -l6i- 6sut0 orpannueno
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OJHOOCHOBHBIMM MMEHAMM C OCHOBOM Ha KpaTKWil JJaOMAIM30BaHHBIM TJIACHBIM MM TIACHBIA -i
[17]. OT™meueHHOE B TTAMSITHUKE MTMCHMEHHOCTH PACTIPOCTPAHEHUE TAHHOTO MMOKA3aTeNs Ha HMEHa
C OCHOBOH Ha -€, MEePEeXOIAIIUM B -4/, MOXXHO OTHECTH K WHHOBAIlMOHHBIM SBICHUSAM. B cBOIO
ouepep, ynoTpedacHue popMaHTa -1 ¢ MHOTOCJIOKHBIMU OJTHOOCHOBHBIMH UMCHAMU Ha JU(TOHT,
B CpPaBHEHHH C COBPEMEHHBIM IIPEICTABUTEIHCTBOM KaTETOPHUH, OTHOCHTCS K apXan3Mam.

3. MadexHasi cucmema
[TanexxHas cuctema naMATHUKA MpencTaBieHa 13 naaexamu (tabm. 1).

Tabn. 1. Yacmoma écmpeuaemocmu NAOeNHCHbIX OPM 6 MEeKCme NAMSIMHUKA U RA0EHCHbLE OKOHUAHUS.
Table 1. Frequency of occurrence of case forms in the text of the monument and case endings.

Yucao puxcaumii ITapexHbIe MOKa3aTeJIn
IMapex
BCEro | eI. Y. | MH. 4. e, 4. MH. 4.
Homunarus | 391 368 23 - -mv
AKKY3aTHB 54 35 19 — -Hb -mv
I'enurns 275 192 83 -Hb -Hb, -eHb
MMapTutus 306 240 66 ) Oa-?-ldz,--ni’a-loim/ﬁ -8, -0a, -A
DccuB 19 18 1 -HA | -HA
Tpancaarus 8 7 1 KU, -Kcu -Kcu
HNueccus 75 60 15 -wa | -uwwa, -cea, -ca l -ca | -cca, -ca | -ca
DjaTuB 43 33 10 -wma | -wma, -cma | -cma -cma [ -cma
Hanatus 70 69 1 -Xb, -Jice
AneccuB 58 51 7 -mna | -nna, -na | -na
AbaaTuB 4 4 0 -n0a | -104
AJutaTus 75 56 19 -na | -naa, -na l -na
AbeccuB 4 1 3 -mma, -ma

K rpaMMarnyeckuM Tmaje:kaM OTHOCSATCSI HOMHUHATHB, aKKy3aTUB, I'€HUTUB M IapTHTHB.
EnuHcTBEeHHOE YMCII0O HOMMHATHBA (MCXOIHOH (hOPMBI) HE MMEET MaJeKHOTO OKOHYAHMS.
[TokazareneM reHHTHMBA €IMHCTBEHHOI'0 YMCJIA SIBISIETCS -Hb, NPUCOSTUHSIOMIMICS K cnaboii
IJIACHOW OCHOBE CIIOBA, HATp., 2eHee-Hb ‘AylIa’, uneeMuse-Hb “UeNOBEK’, Kia-Hb ‘pyKa’, miere-Ho
‘MBICIIb’, HOUA-HD ‘CBIH’, pUCCU-HB | pucmu-uv ‘KpecT’, mose-uv ‘TpaBua’, myamo-ubv ‘0oTel’, gee-
Hb ‘BOomA’, GiA-H® ‘CWNA’, UA-H® ‘BEK’, matidaea-Hv ‘HE00’, pyago-uv ‘pabota’, nanu-Hu
‘CBALICHHUK , KUPUKIO-HB ‘LIEPKOBB’, YiA-Hb ‘TBEpABIN’, Macie-Hb ‘CIAAKUN’, enasa-Hb ‘)KUBON’
(cp. muarep. henge-n, inehmize-n, kid-n < kdde-, miele-n, poija-n < poiga, rissi-n < risti, tove-n <
tode-, tuato-n < tuatto, veje-n < vede-, vid-n < vige-, ijd-n < igd, taivaha-n, ruavo-n < ruado, papi-
n < pappi, kiriko-n < kirikko, luja-n, magie-n, eldvd-n).

@DOopMbI FeHUTHBA MHOKECTBEHHOT0 YHCJIA CKIIQABIBAIOTCS CIEAYIOMINM 00pa3oM:

1) co clOBOM3MEHHUTEIBHBIMH OCHOBAMH MHOXKECTBEHHOTO YHCIA HA -i-, -U- MCIIOIB3YETCS
OKOHYaHHE TeHUTHBA -eHb, HATIP., NI02i-eHb | nio2u-ens CBSIEHHBIN , piaXKi-ens | piacki-
env | piaci-env ‘Tpex’, wuimi-env ‘mnaz’, monrembi-ensv ‘00a’, mieci-env ‘Myx’, Kymbasi-
env ‘KOTOpBIA’, motsi-env ‘Npyroi’, anocmonoi-env |/ HO anocmonou-wv ‘arnocron’,
npopoKoi-ens | npOpoKKoi-env ‘TPOPOK’, PUCUKAMIICOI-eHb | HO PUCTHUKAHIICO-eHD
‘XpuctuaHuH’ (Cp. autep. pyhi-n, ridhki-n, Silmi-n, molembi-n, miehi-n, kumbazi-n, toizi-
n, apostoloi-n, prorokkoi-n, ristikanzoi-n);

2) CO CIIOBOM3MEHHTEIbHBIMA OCHOBAMH MHOXKECTBEHHOTO YHCIIA HA -710- / ~1i0- BO3MOXKHO
ynoTpedJieHne Kak OKOHYaHWSI TeHUTHBAa MHOKECTBEHHOTO YHCIIA -€Hb, TaK U T'€HUTHBA
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€JIMHCTBEHHOTO 4YHUCJIa -Hb, HAmp., MyamMoaou-Hb ‘MaTh’, Myammonou-Hb ‘OTel,
myammoino-ens ‘0Tel’, ceHeunio-ens ‘Iyma’ (cp. marep. muamo-loi-n, tuatto-loi-n, hengi-
16i-n).
B coBpeMeHHBIX TBepCKHUX Kapenbckux roBopax (ID 2294 [14]) 1 B HOBOMHCEMEHHOM BapHaHTE
SI3bIKA HCIIOJB3YETCS €IMHOC OKOHYaHWEe TeHWTHBA -N (=-#v), MPU ITOM B JIUTEpAType IO
KapelbCKOW JHAEKTONIOTMH OTMEYAeTCs BOSMOXHOCTh yrmoTpebmeHust Gopm Ha -en (=-ewv) B
TONMAYEeBCKUX ToBopax Hadanma XX B. [18]. Ympomienue apXxandHON CHCTEMBI TEHUTHBHBIX (HOPM
MHOKECTBEHHOTI'0 YHCJIa OTHOCUTCS K IIEPBOM MOJOBHHE XX B.
[Magex ToTampHOTO OOBEKTa AKKY3aTHB B KapellbCKOM S3BIKE HE 007amaer coOCTBEHHBIM
OKOHYaHHEM. B eanHCTBEHHOM uHcie ero (QYHKIMU paclpenesieHbl MEXAy T'€HHTUBOM U

HOMUHATHUBOM, HAIIP., ... KyMOAHE MUIMA U KAUKEH® MYAUIMAHD 1yaou ... ... KOTOPBIA MCHS U BECh
CBET CO3MA ...", ... KAlKeHb 2ubieH MiAHD na2anoudyd ... ©... U BCe MOE TEJIO 3arps3Hui ... , ...
ulyaza yyycu 6A2u u 1OMalaHv ady ... ‘... TOIYYHTh HOBYIO CWIy W Omaromate ..., Myiicca
wiyosamma crogummia ... ‘TIoMHU eHb CyOOOTHHMI, YTOOBI CBIATUTH ..., BO MHO)KECTBCHHOM — OH
coBmazaer ¢ (GopMoil HOMHHATHBA MHOXCCTBEHHOTO YHWCNA, HAIP., ... AMMIA KAUKu OMAmb
pyasomd ... ‘... OCTaBUTHb BCE CBOM pPa0OTH ...", ... miedA8v uyuiems u MiAH® Mielemdsv u
maxmomu3zems ... ‘... 3Ha€T caMble MBICIIH HAIlld U HAMEpeHHUs ... .

Jns obpasoBanusi (GOopM HAPTHTHBA €IWHCTBEHHOr0 YMCJIA B HCTOYHHKE B 3aBHCHMOCTH OT
CJIOBOM3MEHHTENILHOTO THIIA MMEH U OTJIACOBKHU aycliayTa UCIIONb3YIOTCS OKOHYaHUS -2 / -4, -0, -e,
-0a [ -0a, -ma | -ma. VIX pactipenienieHie He OTINYACTCS OT COBPEMEHHOTO TPECTABUTEIIBCTBA:

1) ¢ 0MHOOCHOBHBIMH UMEHAMH C KPATKUM IJIACHBIM -d / -4 HAa KOHIE OCHOBBI HCIIOB3YIOTCS
MTOKA3aTeNd MAPTUTHBA -a / -4, TIPHCOCTUHEHNE KOTOPHIX IMPUBOANUT K OOpa30BaHUIO Ha
KOHIIE CJIOBO(OPMEI paCIITUPSIONINXCA TU(PTOHTOB ya, roa, ia, ua, HAIIP., Kapbio-a ‘CTauo’,
naiky-a ‘mnara’, paey-a ‘A€HBTA’, maby-a ‘00BIYal’, nazy-a ‘TIOXOH’, eapei-a ‘OBIK’,
KIONi-A ‘TEPEBHS , NAUGI-A ‘ICHD , 1eli0i-4 / 1etigi-4 ‘X1e0’, miozbu-4 / mowvi-A ‘mycToe’,
uei-a ‘BeK’, 2r06i-a ‘H00PO’, nioci-4 ‘CBIIEHHBINH (Cp. muTep. karju-a < karja, palku-a <
palka, rahu-a < raha, tabu-a < taba, pahu-a < paha, hdrgi-d < hérgd, kyli-d < kyld, pdivi-
d < pdivd, tyhji-d < tyhjd, igi-d < igd, hyvi-d < hyvd, pyhi-d < pyhd);

2) ¢ OJHOOCHOBHBIMH MMEHAMH C KPAaTKUM TJIACHBIM -0 HA KOHIIE OCHOBBI HCIIOJB3YETCS
MOKa3arelb NapTHUTUBA -0, IPUCOSIUHEHHE KOTOPOT'0 IIPUBOIUT K 00pa3oBaHu0 AU TOHra
Yo, Hamp., Myamy-o ‘Math’, naiy-o ‘oxap’, éiepy-o ‘Bepa’, wosunoy-o ‘cormacue’ (cp.
TuTep. muamu-o < muamo, palu-o < palo, vieru-o < viero, Sovindu-o < Sovindo);

3) C OAHOOCHOBHBIMH HMEHAMH C KPATKHM TJIACHBIM -y HAa KOHIIE OCHOBBI HCIOJB3YETCsI
NoKazarelnb MapTHUTUBA -0, IPUCOETMHEHHE KOTOPOTO TakKe NMPHUBOJUT K 00pa30BaHHIO
nudToHra yo, Hatmp., Cyyoy-o ‘cya’, Oyyxy-o ‘nyx’, aby-o ‘momomrs’ (cp. autep. suudu-o <
suudu, duuhu-o < duuhu, abu-o < abu);

4) ¢ OJHOOCHOBHBIMH MMEHAMH C KPATKHM [JIACHBIM -¢ Ha KOHIIE OCHOBBI HCIOJB3YETCsI
MoKa3arelb MapTUTHBA -¢, IPUCOCIMHEHNE KOTOPOTro MPUBOJUT K 00pa3oBaHuIO AU(PTOHTa
ie, Hamp., eenei-e ‘cepaue’, nypmi-e ‘ayr’, numi-e ‘ums’ (cp. nutep. hengi-e < henge-,
nurmi-e < nurme-, nimi-e < nime-),

5) ¢ OAHOOCHOBHBIMH WMEHAMH C KPATKHM TJIACHBIM -i HAa KOHIIE OCHOBBI HCIOJIB3YETCsI
MoKasarenb MapTUTHBA -e, TPUCOCAMHEHNE KOTOPOro TaKKe IPHBOIUT K OOpa30BaHHUIO
mudTOHTA ie, HATP., uspacmi-e ‘MoAodHUe’, K0di-e ‘HOM’, Hedrsri-e ‘Hepens’ (Cp. JTUTED.
izrasti-e < izrasti, kodi-e < kodi, nedeli-e < nedelli);

6) C 0JIHOOCHOBHBIMH MMEHAMH HA TU(TOHT MCIIOIB3YETCs TIOKA3aTeNb MAPTUTHBA -0d / -0A,
Hamp., Mya-oa ‘3emis’, azie-0a ‘Neno’, céAmou-0a ‘CBATON , nia-04a ‘KOHEI, cubie-oa
‘reno’ (cp. autep. mua-da, azie-da, svatoi-da, pid-dd, hibie-da);

7) ¢ JIBYOCHOBHBIMH MMEHAMH C COIIACHON OCHOBOM Ha 3BOHKHII COINIACHBIA MCIOJB3YETCS
TIOKa3aTellb MapTUTUBA -0d / -04, HANIP., Mien-04 ‘MbICIL’ (cp. utep. miel-dd);

8) ¢ IByOCHOBHBIMH MMEHAMH C COTVIACHOW OCHOBOW Ha TIIyXOW COTNIACHBIM HCIIOJNB3YeTCs

205



Novak I.P. Nominal Morphology of the Earliest Printed Piece of Tver Karelian Written Language Heritage. Trudy ISP RAN/Proc. ISP RAS,
vol. 37, issue 4, part 1, 2025. pp. 199-214.

MoKa3aTellb MapTUTUBA -ma / -ma, HaNp., Kax-ma ‘IBa’, napaw-ma ‘Y9I’ eiepaw-ma
‘qy)oi’, ganeeywi-ma ‘NOXKL’, motic-ma ‘Npyroi’, natic-ma ‘XeHa’, naucym-ma ‘IeHD’,
rox-ma ‘ONUH’, mepgecioul-ma ‘3TOPOBBE’, UeAUC-MA ‘BEUHBIN , UHe2MUC-M4 ‘TEIIOBEK’,
romiom-ma ‘TIOMOOHBIN’, Mitimiom-ma ‘Kakoil’, €146i0m-ma ‘BOCKPEUICHUE’ , atleasuc-ma
‘BPEMCHHBIN’, 2€60C-mA ‘NOMAMb’ , KyMMAC-ma ‘KOTOPBIN’, nazonac-ma ‘0TI’ , 206KaAC-
ma ‘TDIyneiit’ (cp. omurep. kah-ta, paras-ta, vieras-ta, valehut-ta, tois-ta, nais-ta, laisut-ta,
yh-td, tervehyt-td, igdhis-td, inehmis-td, jytyt-td, miityt-td, eldvyt-td, aigahis’-t’a, hevos -
t’a, kummas’-t’a, pagolas’-t'a, houkas’-t’a). B mocneaHux msaTy npuMepax HaOIOIaeTCs
HECOOTBETCTBHE B HCIIOJIH30BAHUY MIEPEIHE- WITH 33 THEPSHOTO MOKA3aTelsl MapTUTHBa. B
TEKCTe MaMSITHHKA 37iech (B 3aJHEPSIHBIX CJIOBAax) yMOTPeOJseTcs MeperHepsIHbIi
BapruaHT adpuKca -ma, 9TO BICUYET 3a COOOI HapyIIeHHE PSTHOTO CHHTapMOHHM3Ma. B
HOBOITUCbMEHHOM BapHaHTE S3bIKa B IIEJIAX COOMOCHUS TapMOHHH TJIACHBIX B MOA00HBIX
ClIydasix UCIONB3YeTCs OKOHYAHHUE -1 '@, COJCPIKAIICe 3HAK CMSTICHUSI.

Just obpasoBanus (GopM NAPTHTHBA MHOKECTBEHHOI0 YHCJIAa B HCTOYHUKE HCIOJB3YIOTCS

OKOHYAHUA -€, -4, -0, PACTPEACICHAC KOTOPHIX MPEICTABICHO CICAYIOIINM 00pa3oM:

1) B mO3MIME  TOCIE  CIIOBOM3MEHHTECIBHOW  OCHOBBI ~ MHOXECTBEHHOTO — YHCIIA,
3aKaHUMBAIOLICHCS Ha KPAaTKUH IVIACHBIN -i, yNoTpeOiseTcs OKOHYaHWE IapTUTHBA -e,
HArp., €14gi-e “KHUBOI’, nioci-e ‘CBAIICHHBIN , 2adi-¢ ‘HYyXHa’, piacki-e / pilaxki-e ‘Tpex’,
siepaci-e ‘ayxol’, nyxmaei-e “9NCTBIA’, OMi-e ‘CBOW’, 8anzembi-e ‘CTapIuii’, eyonyKuti-e
‘cTpoeHHe’, Koami-e ‘“TpH’, ceHeennusi-e ‘ IyMEBHBIN , KoOunazi-e ‘TOMAITHUN , KOOueU3i-e
‘moModvanen’, piackacusi-e ‘TpEeUIHBIN , mousi-e ‘apyroit’ (cp. murep. eldvi-e, pyhi-e, hddi-
e, ridhki-e, vierahi-e, puhtahi-e, omi-e, vanhembi-e, huonuksi-e, kolmi-e, hengellizi-e,
kodilazi-e, kodihizi-e, ridhkdhizi-e, toizi-e);

2) B NO3ULHUH IIOCIE OCHOBBI MHOKECTBEHHOTO YHCJIAa Ha CYXKAIOIIUHCSH AU(PTOHT C MEPBBIM
KOMITOHEHTOM -0 HCIIOJIb3yeTCS OKOHYAHHWE IMAPTUTHBA -A, IPH 3TOM BTOPOIl KOMIIOHEHT
I TOHTa MOXET CIIMBATHCS C HOTHPOBAHHBIM ITOKA3aTeIIEM, HAMp., a0ugoliH00-A ‘obuna’,
2eppo-4A ‘TOCNOJUH’, AGKO-A ‘ABKA’, tomano-4 ‘bor’, ailiko-a ‘UKOHA’, naiko-a ‘MecTo’,
WaHo-A ‘CIIOBO’, myammonoi-a /| myammono-4 ‘OTel’, myamono-4 ‘MaTte’ (cp. JUTEp.
abivoindoi-da, herroi-da, javkoi-da, jumaloi-da, liikoi-da, paikkoi-da, Sanoi-da, tuattoloi-
da, muamoloi-da);

3) B mo3MIMHU IOCIE€ OCHOBBI MHOXKECTBEHHOIO 4HCia Ha AU(PTOHT -eil ymoTpelisercs
OKOHUYaHHWE TAapTHTHBA -O0d, HAIp., Kyoiel-oa ‘TOKOWHUK (cp. mmtep. kuolieloi-da <
kuolie).

Amnanoru4Hasi cxema o0Opa3oBaHMs (DOPM HAPTUTHBA MHOXECTBEHHOTO YHCIIa XapaKTepHa s
coOCTBeHHO Kapenbckux nuanekToB Kapemun, HO He LleHTpampHoit Poccmm. B TBepckux
KapeJbCKUX TOBOPaX 371eCh MPEUMYIIECTBEHO UCIIONB3YIOTCS (opMaHTh -€ u -da / -dd (=-0a [ -04)
(ID 2295 [14]), uTo HaNLIO OTPaXKEHHUE B HOPMHUPOBAHHOM BapHaHTE si3bIka. 3aQUKCUPOBAHHBIC B
cepeliMHe MPOIUIOro CTOJETHs NpHMEpbl ymoTpeOieHus okoHuyaHus -ja [ -jd (=-a) Moryr
CBUJIETEILCTBOBATh B TOJIb3Y IIOCTENEHHON YHHM(UKAIMU TPEICTABICHHON B MSMSTHHKE
apXan4yHOU CHUCTEMBI.

K ceMaHTHYeCKHM maje:kaM, UIMCIOIINM SIHHOEC OKOHYCHUE B CJMHCTBEHHOM M MHO)KECTBEHHOM
YHcIaX, OTHOCSATCS MECTHBIC TaJeKd C IMUPOKUM KPYroM 3HAYCHUH M MAJCKU ¢ KOHKPETHBIM
3HaueHHeM. MecTHBIe MAIesKH 110 JIBHTaTEIIEHOMY TTapaMeTpy ACISATCS Ha MajeKu MPUOIIDKCHHS
(TpaHCnaTHB, WIJIATWUB, AJJIATHB), ynajleHus (dJIaThB, aOlaTHB) W HAXOXACHUS (3CCHUB, WHECCUB,
aneccuB). [lo opueHTHpyIOIIEMY — HAa BHYTPEHHEMECTHbIE (MHECCHB, DJJIaTUB, WIUIATHB),
BHEITHEMECTHEIC (aJIeCCHB, a0JaTUB, aAJUIATHB) M 00MIEMECTHBIC (3CCHB, TPAHCIIATHB).

JI71s1 coOCTBEHHO KapenbCKOTO HAPEUHs XapaKTepHO COBMAICHHUE MaJISKHBIX TTOKa3aTeNel ajeccuBa
U aUlaTHBA, OJHAKO HAJMYHEC KOHTEKCTa IO3BOJSIET IMPHU HEOOXOJUMOCTH Pa3BECTH HX II0
3HaueHuto. [lafex ajgeccuB-aJUIaTUB 110 YUCITY YIIOTPEOICHUH B TEKCTE TIEPEBOA SBISIETCS CAMBIM
4acTOTHBIM. J[)1s ero 00pa3oBaHuUs MCIIONB3YIOTCS OKOHYAHUS:
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1) -ana / -nna, BEICTYMAONIEE B TIO3HMIIMH MOCIE KPATKOTO IIACHOTO WIIM PACIIHPSIFOIETOCST
TUQPTOHTa OCHOBBI CIIOBa, B (opMax €IMHCTBEHHOTO: naza-ila ‘TUIOXOW’, wiana-ina
‘CIIOBO’, nyxmaea-ina ‘“aucThIi’, roomu3ze-iia ‘TIAThE , nyoae-11a ‘CTOPOHA’, MAAUmMy-11d
‘MOJIUTBA’, Milipy-ina ‘Muppa’, myamo-iia ‘Math’, myamo-iia ‘OTel’, nanu-iid
‘CBALICHHUK , Mya-11a ‘3eMJsi’, moocie-nia ‘mipaBna’, azie-inia ‘AeN0’, 2l08A-TIA
‘XOpOIIHiA’, Kegea-ia ‘OCTHBIN’, mMi0cba-la ‘TYCTOH’, Kiene-nia ‘S3BIK’, Gepe-lila
‘KPOBB’, Miece-/a ‘MYK’, 2eHee-lla ‘yla’, piacKkacuse-ia ‘TPSIIHBIN, 2ubie-ia “TENo’
(cp. murep. paha-lla, sana-lla, puhtaha-lla, juomize-lla, puole-lla, malitu-lla, miiru-lla,
muamo-lla, tuato-lla, papi-lla, mua-lla, tozie-lla, azie-lla, hyvd-lld, keyhd-lld, tyhjd-lld,
kiele-1ld, vere-lld, miehe-lld, henge-lld, hibie-lld), a Taxke MHOXECTBEHHOTO UHCIA!
mousu-ia ‘Opyroi’, xeseu-ina ‘OSmHBIN’, milimwo3u-iia ‘Kakon® (cp. mmtep. foizi-lla,
keyhi-lld, miittyzi-lld);

2) -na/-na, crenyroniee 3a OCHOBOM Ha Cy)Xarouuiicss TU()TOHT CO BTOPHIM KOMIOHEHTOM -ii.
Kak mpaBwio, maHHBIN IMOKa3aTeNlb HCIOJB3YeTCs B (POPMaX MHOKCCTBCHHOTO YHUCIA!
naeoti-na ‘mwioxou’, eeppoti-ia ‘TOCTIONNH’ , WAaHOU-1a ‘CII0OBO’, 8elleanieKoli-a TOMKHUK
uspacmunoti-na ‘nopodbue’, pyadonou-ia ‘paborta’, myammonoti-ia ‘OTeN’, aszeu-id
‘Ieno’, KaulekeHuiol-na ‘3amoBens’ (cp. mmrep. pahoi-lla, herroi-lla, Sanoi-lla,
velganiekoi-lla, izrastiloi-lla, ruadoloi-lla, tuattoloi-lla, azieloi-lla, kdskennoi-lld).

B aunanekTHBIX TaHHBIX, KaK U B HOPMHPOBAaHHOM BapHaHTE 53bIKA, OTMEUCHO HCIOJIB30BaHUE
SIMHOTO BapHaHTa IIaJC)KHOTO IIOKa3aTeNsi ¢ TEMHHHPOBAHHBIM COIJIACHBIM KOMIIOHCHTOM.
HckiaroueHneM SBIAIOTCS (OPMBI JIMYHBIX W YKA3aTENbHBIX MECTOMMEHHH C OJMHOYHBIM
coracHbeIM B adukce BO Bcex cOOCTBEHHO Kapenbckux roopax (ID 1187, 1188 [14]), a Takxke psia
CEeBEPO-BOCTOYHBIX TOJMMAYEBCKHX M Banmaiickux rosopos (ID 1182, 1184 [14]), B xoTopbIix
yHoTpeOicHHe 3THX auioMOp(hOB OTMEUEHO M B Apyrux kiaccax umMeH [19]. Takoe monoskeHue
Beliell B COBOKYIHOCTH C JAHHBIMH MaMSTHHKa MHCHhMEHHOCTH YKa3blBAaeT Ha apXaumdHOCTh
nokazarenst -ia | -4, ymOTpeOJABIIETOCS HMCKIIOYUTENBHO B MO3HIMH IMOCIE CYKAIOIIEToCs
Iu(pTOHTa OCHOBBI citoBa. OYEBUIHO, €0 PACIPOCTPAHCHHE IIII0 M3 MECTOUMEHHBIX CIIOBO(OPM.
OTMmeyeHHas: cxeMa pachpesielieHus aluIoMOP(OB ColIa Ha HET B TBEPCKHX TOBOpPax KO BTOPOIi
nosioBrHe XX B.

CrieiytoIliiM 1O TOMYJISIPHOCTH INAJACKOM B TEKCTE sBIseTCs MHeccHB. [yl ero oOpa3oBaHUs
UCTIONB3YIOTCS OKOHYAHHUS -itia | -muia, -cca, -ca | -ca, cneayroniue 3a c1adocTyIeHHONH 0CHOBOI
uMeH. Pacnipesienenue mokasaresneii MpeICTaBIeHO CIISIYOIHM 00pa3oM:

1) oxoHYaHWE WHECCHWBA -uid / -Uia BBICTYNAET B MO3WIMU MOCIE KPATKOTO TIIACHOTO
OCHOBBI, €CIIM JTOT TJIACHBIM HE SIBISETCS TIACHBIM -u, HAIp., mausaza-utia ‘HEOO’,
Kupvlomykuie-uwiia ‘TMcanue’, eapa-wiua ‘cTpax’, @yyese-uiuia ‘TON’, RNAUKaA-uiua
‘MeCTO’, KyMbaze-uiuia “KOTOPBIA’, KOIMAHHe-wwa ‘“TPETAN , iA-uuiA ‘BeK’, MIOSbA-UIULA
‘mycroe’, gee-uiuia ‘BOJIA°, Miene-uiuia ‘MbICID’, KUPUKIO-uA ‘LUEPKOBD’, CIAHHA-UILUA
“Xm3HB’ (cp. muTep. taivaha-ssa, kirjutukse-ssa, vara-ssa, vuuve-ssa, paika-ssa, kumbaze-
$sa, kolmanne-$sa, ijd-ssd, tyhjd-$sd, veje-3Sd, miele-ssd, kiriko-ssd, eldnnd-$3d).
OOparaer Ha cebs BHUMaHHE OTCYTCTBHE YHU(HMKAIMH IIPH paclpe/ie/IeHUHN MIepeiHe- 1
3aJIHEPSAHBIX BapUAHTOB [MOKa3aTelsis, YTO, OYEBUIHO, BBI3BAHO APTUKYISIIMOHHBIMH
XapaKTepUCTUKAMHU TEPEHES3bIYHOTO LIEIEBOr0 COMIACHOTO OKOHYAHHS, HAIp., mot3e-
WA ‘BTOPOU’, miogba-wuia ‘yCToN’ , KAleHHA-wwa ‘3aTl0Beb’, Mienre-uuia ‘MBICIb,
sitienne-wiua ‘TIATBIA, 102eKWAHHe- WA ‘TEBATHIN , woomenHA-uwa ‘Kopmienue’ (cp.
TUTep. toize-S3a, tyhjd-ssd, kdssennd-ssd, miele-$sd, viijenne-$sd, yheksdnne-$3d, Syotennd-
§5d);

2) moKazarelb -CcA MCIONB3YEeTCs MOCIe KPATKOTO -4 OCHOBBI CIIOBA, HAIPUMED, B (opMax
MHOXXECTBEHHOTO YHCIIA: FOKCU-CCA ‘ONHH’, WUIMU-CCA ‘THA3’, anu3u-cca ‘HWKHUHA (Cp.
matep. yksi-ssd, Silmi-ssd, alizi-ssa);,
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3) addukc -ca / -ca ynorpedaseTcs B MO3UIMH HOCIIE CYKAOMIErOCs TU(PTOHTa OCHOBBI (CM.
IUCTpHUOYIIHS TIOKa3areleil ajeccuBa-ayarhBa). Pedb MOXET HMATH Kak o Qopmax
eIMHCTBEHHOTO: Kotli-ca / Kou-cca ‘mom’ (cp. muTep. koi-ssa), TaK ¥ MHOKECTBEHHOTO
YHCIia: nazou-ca ‘ToXon’, Kupeioti-ca ‘KHUTA’, aseli-ca ‘Neno’, oMili-ca ‘CBO’, npucazoti-
cA ‘Tpucsra’, Mmanumynou-ca ‘MOJNUTBA’, KAWWEHHIOU-cA ‘3alIOBEIb’, Mienunioti-ca
‘MbICTB’ (Cp. mutep. pahoi-ssa, kirjoi-ssa, azieloi-ssa, omi-ssa, pris agoi-ssa, malittuloi-
ssa, kdssenndi-ssd, mielildi-ssd).

Jlnst 06pa3oBaHys HIJIATHBA UCIIOJIL30BAHBI OKOHUAHHUS -X'b, -HCE.

1) dopmaHT -21ce ymoTpeGsieTcss B JBYOCHOBHBIX MMEHAX C TIACHOM OCHOBOW Ha -2a-
(04eBHIHO, TAKXKE -2e-): matigaza-sxce ‘HebO’ (cp. mutep. taivaha-h);

2) OKOHYAHHE -Xb, IPUCOETUHSIONIEECS K CHIIBHON ITIACHON OCHOBE, BBICTYIIAET B OCTAIBHBIX
CJIOBOM3MEHUTENbHBIX TUIIAX UMEH: naea-xb ‘TIOX0N’, atiea-xv ‘BpeMs’, nouea-xv ‘ChIH’,
UIMA-XD ‘CBET’, ENAHOA-Xb KU3HB’ , HUMEe-Xb ‘UMS’, 6e0rs-Xb ‘BOAQ’, 10Xme-Xb | 10XMro-Xb
‘OmUH’, KUPUKKIO-Xb | KUpUKKio-Xb ‘UEPKOBB’, myammo-xv ‘OTell’, NAPEeHHYKUie-Xb
‘UCTIpaBlieHUE’, wyamuze-xv ‘puoOpeTeHne’, ommamuze-xv ‘TPUMEHEHHE , Gajcie-Xb
‘OeTBIit’, ceamoti-xv ‘CBATON (cp. mutep. paha-h, aiga-h, poiga-h, ilma-h, eldnddi-h, nime-
h, vede-h, yhte-h, kirikko-h, tuatto-h, parennukse-h, Suamize-h, ottamize-h, valgie-h,
sv’atoi-h).

3adukcupoBaHHBIC B TEKCTE MAMATHHKA apXaHuHble ()OPMBI HJUTATHBA HA -J/ce HE XapaKTePHbI JJIs
CIIOBOM3MEHHUTELHON CHCTEMBI TBEPCKHUX KapEIbCKUX TOBOPOB CepeanHbI mpornuioro cronerus (1D
1176, 1177 [14]), a, COOTBETCTBEHHO, HE HAIILTNA OTPAKEHUS] B HOBOIIMCHMEHHOM BapUAHTE S3bIKA.
He nmemMoHCTpUpYyeT OTIMYHIA OT COBPEMEHHOT'O MPEICTABUTEIBCTBA 00pa3oBanue (hopmM 3IaTuBa C
OKOHYaHHUSMH:

1) -wuma | -wuma, TPUCOETUHAIOIINMCS K TJIACHOW OCHOBE (CMabo# Ui OJHOOCHOBHBIX
MMEH), 3aKaHYMBAIOIICHCS Ha JII000H TIIaCHBIA KpoMe -u (-i B CYXKalOIIUXCs TU(PTOHIax),
Hamp., uima-wma ‘CBET’, naza-wma ‘TIOXOW’, giepo-wma ‘Bepa’, myamo-wma ‘0oTell,
magde-wma ‘00NE3HL’, paceaza-wima ‘HAPON’, maueaza-uma ‘HE0O’, NUKKYpY3e-uma
‘MaNeHbKUN’, ommamuze-wma ‘TIpUMEHEHUE , ganecie-wima ‘Oenblii’, magee-wma
‘monubiit’ (cp. mwmrep. ilma-Sta, paha-sta, viero-Sta, tuato-Sta, tauve-Sta, rahvaha-sta,
taivaha-Sta, pikkuruze-sta, ottamize-Sta, valgie-Sta, tdyve-Std). Kak m B ciydae ¢
MHECCHBOM, B TIO3UIIMH TOCIIE IHITIIIET0 COMIACHOTO OKOHYAHHS BO3MOXKHO HapylIeHHE
CUHTapMOHHU3MA: KUPUKIO-wima ‘LUEPKOBb’, puccummamuse-uima ‘KpeleHue’, mromio-
wima ‘neBouka’ (cp. muTep. kirik6-Std, rissittdmize-std, tyto-5td);
2) -cma | -cma, BRICTYNAIOIIUM MTOCTIE [TACHOTO -u (-ii B CY)KAIOIIUXCSI TU(TOHTaX) OCHOBHI,
Kak B pOpMax eAMHCTBEHHOIO: nanu-cma ‘CBAMICHHUK , c6amou-cma ‘CBATON (Cp. JUTEp.
papi-sta, sv’atoi-sta), TaK 1 MHOKECTBCHHOTO YHCIIA: nazou-cma ‘TUIOXOW , HAu3u-cma
“KeHa’, KymbOasu-cma ‘KOTOPBIA’, Kegeu-cma ‘OCHHBINA’, piacu-cma | piaci-cma ‘Tpex’,
mienuniot-cma ‘MbICHB’ (Cp. IUTep. pahoi-sta, naizi-sta, kumbazi-sta, keyhi-std, ridhi-std,
mieliloi-std).
Penxue Qopmbl adnaTuBa, s 00pa3oBaHUs KOTOPBIX B MEPEBOJAE HCIOJIb3YETCS IaJIeHKHOE
OKOHYaHHE -710a, HAMp., Myauima-10a ‘Mup’, romana-10a ‘bor’ (cp. nutep. muailma-lda, jumala-
Ida), Taxke NEMOHCTPUPYIOT COBIMAIEHHE C AMAIEKTHBIMU JAHHBIMHU.
Jliist 06pa3oBaHus Majiexa COCTOSIHUS 3CCHBA B IEPEBOJIC YIOTPEOISIFOTCST (POPMAHTHI -Ha | -HaA, He
TpeOyrolye ociIabieHns] COIJIACHOTO KOMIIOHEHTa OCHOBBI, Hamp., €IMHCTBEHHOE YHCIIO:
abyniexka-Ha ‘TOMOLIHUK’, pyoxmuHa-Ha ‘Tocnonp’, konmanoe-xa | koima-na ‘TpeTHid’, napaea-
Ha ‘My4muit’, napemba-na ‘6oiee XOpoUMi’, mooicukaza-Ha ‘IpaBAMBBINA’, nyxmaea-na “duCTHIi,
6epe-HA ‘KpPOBb’, croea-Ha ‘xopoumit® (cp. nmrep. abuniekka-na, ruohtina-na, kolmande-na,
paraha-na, paremba-na, fozikkaha-na, puhtaha-na, vere-nd, hyvd-nd); MHOXECTBEHHOE YHCIIO:
npyasouiexotu-na ‘npa3gHuk’ (cp. murep. pruazniekkoi-na). Crenyer OTMETHTH peIKUe IPUMEPbI
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HapyIICHHsI 3aKOHA TAPMOHWH TJIACHBIX, HAIIP., 2ubie-Ha ‘“TeN0’, deuuieA-Ha ‘BECETbIN, NAUGA-HA
[ nia-na ‘nens’ (cp. autep. hibie-nd, vesseld-nd, pdivd-nd | pid-nd).

OKOHYaHHAMH TPAHCJIATHBA BBICTYNAIOT -KWiU, -KCU, TIPUCOCAWHSIONINECS K TJIACHOH OCHOBE
cioBa (cnaboi st OTHOOCHOBHBIX MMCH):

1) dopmaHT -Kwu ciemyeT 3a 0CHOBAMH, 3aKAHIMBAIOIIIUMHUCS Ha JTF000H TIIACHBIH KOMITOHEHT
KpoMe -u (-i B CyXaromuxcs AUQTOHTAX): naea-kwu ‘TUIOXOW’, pPUCMUKAHICA-KULU
‘genoBeK’, romana-kuwiu ‘bor’, ensea-kuiyu ‘)KUBOW’, Miece-Kuiy ‘MYXUIHHA’', wyype-Kuiu
‘Benukuit’ (cp. mutep. paha-ksi, ristikanza-ksi, jumala-ksi, eldvd-ksi, miehe-ksi, Suure-ksi);

2) QopMaHT -kcu TPUCOSTUHSIECTCS K OCHOBaM Ha -u (- B CykKawomuxcs audronrax). [lpu
9TOM peub MOXET WATH KaK O JICKCHYECKUX OCHOBaX EJMHCTBEHHOTO YHWCIA: NANU-KCU
‘CBSIIEHHUK (cp. JTep. papi-ksi), Tak W O CIOBOM3MEHHTEIBHBIX OCHOBax
MHOXECTBEHHOTO YHUCIIA: EHICUMA3ZU-KCU ‘TICPBBIA’ (Cp. IUTED. enzimdzi-ksi).

OOpazoBaHue TpaHCIaTHBA Takke HE  OOHapyKMBaeT OTIMYMA C  COBPEMEHHBIM
MPEeJCTaBUTENBCTBOM KaTETOPHH.

YKa3bIBaOIMHA Ha OTCYTCTBHE YEro-Tu00 majaex aéeccuB (OPMUPYETCS C TIOMOIIBIO OKOHYAHHMS -
mma Kak B OopMax eIUHCTBEHHOTO: 2ia-mmaa ‘HYXJa’ , TAK © MHOKECTBEHHOTO YNCIIA: 2I06U-MINA
‘xopommwmii’ (cp. murep. hid-ttd, hyvi-ttd). O6pamaer Ha ce0Os BHHUMaHHE HE XapakTepHOE s
COBPEMCHHON IHMANEKTHOM pedn M JIUTEpPAaTYpHOTO fA3bIKAa SIBICHUE COKPAIIECHHWS T'eMHUHATHI
noKasaTeds B TO3ULIMU TIOCHE CY)Karolerocs Iu(TOHra CIOBOM3MEHHUTENLHOH OCHOBBI
MHOYKECTBEHHOTO YHUCa: aze-u-ma ‘neno’ (cp. murep. azieloi-tta). B manHOM ciydyae peus UueT o
SBJICHUH TOTO € MOPSAKa, 9TO ¥ B JOpMax HHECCHBA U aJIeCCUBA-AIIATHBA.

VimeHHasi CIIOBOM3MEHHUTENIbHAS CHCTEMa $3bIKa NMaMsTHHKA NMHCHbMEHHOCTH He 3aduKcupoBaia
ynoTpeOJieHHe Taiekeil MOCIIeI0KHOro 00pa3oBaHusl KOMUTATHBA M allIPOKCUMAaTHBa. 3HAYCHUE
KOMHUTATHBA, BHIPAKAIOLIETO COMPOBOJUTENSI JEHCTBHSA M COBMECTUMOCTb, B HCTOYHHKE
HepeaaeTcs MOCIeNI0KHOM KOHCTPYKIMEeH TeHUTHB + IMOCJENIor Kepa ‘C’, HalpUMEp, ... cubiend
Kepa Hosdicu mausazadice ‘... C MIOTHIO BO3HECCS HA HEOO’, ... yadie nacya HAU3bUHEZMU3CHD
Kepa ... © ... COBEpIIaTh ONyJ C KCHIIWHOH ...", ... KailKiens Kepa 2lo8uHbd €li4 ... ©... CO BCEMHU
XOPOIIO XKHTH ...", ... RYXMASLIHL €N Kepa wegomemmy. *... ¢ YACTOI0 BOJIOIO COCMHEHHOE...”
(cp. mutep. hibie-nke, naizinehmize-nke, kaikkie-nke, veje-nke). B auanexkTHbIX MaTepHanax
cepequHbl XX B. B OONbIIeHd YacTH KapelnbcKuX roBopoB lLlenTpampHOil Poccmm ormedeHO
HCIIOJIb30BaHHUE I1ajJieka KomuTatuBa ¢ okoHdanueM -nke (-nken, -nkena) (ID 1196, 1197 [14]).
PacnpocTpaHeHre KOMHTaTHBAa OTHOCUTCS K JIPEBHEKAPEIbCKOMY IIEPHOAY, OJHAKO, IOJIHOE
OTCYTCTBHUE ero (uKkcanuii B naMsTHUKaX TBEPCKOW KapeibCKOH MUCbMEHHOCTH CBHICTENBCTBYET
B TI0JIb3Y MO3JHETO CAMOCTOSITEIFHOTO XapaKTepa IT0CIeI0KHOT0 00pa3oBaHusI.

3HaueHHWEe ABWKEHUS I10 HANPABICHHUIO K KOMY-JIHMOO, 4eMy-JIMOO BBIpa)kacTCsl MPH ITOMOIIH
MOCIIENOXKHOW KOHCTPYKIIMM T€HUTUB + J1yox® ‘K’: ... 2lAHb OMya mabya MiOOMeHb MiaHb
PAKAZIe3eHs IyOXs Myau maueazautmd ... “... OH 10 MUJIOCEPANIO CBOEMY K HaM TPELIHBIM COLIEN
¢ Heba ..’, TOrga Kak B CEBEPO-BOCTOYHBIX TBEPCKHX KapelbCKUX TOBOpax BO3MOXKHO
HCIIONB30BaHue maneka ¢ okonuanuem -lluo / -llyo (ID 1201, 1203 [14]) (ridhkdhize-llyo).
TeHAeHIMsST K HCIOJNB30BAHHIO IIOCIEIOKHOTO Tajexka annmpoKCHMaTHBAa Ha  MeECTe
COOTBETCTBYIOIIEH MMOCIIET0KHONH KOHCTPYKIIMH B COOCTBEHHO KapeibCcKuX roBopax LleHTpanbHoi
Poccun, He Hamemas OTpaKeHHs B TEKCTE MEPEBOJIA, TAKMM 00pa3oM, TAKXKe UMEET BHYTPEHHHE
MCTOKH ¥ MOXET OBbITh OTHECEHA K MO3JHUM HHHOBAIHSIM.

4. Crnoeou3smMeHeHUe MmecmoumeHuu
B TekcTe nmepeBoia npeacTaBIeHbl MECTOMMEHUS CICTYIONUX Pa3psI0B:
1) nuunble: mie ‘s, wie ‘“THI’, 2iAHD ‘OH, OHA, OHO’, MI0I0 / MI0O ‘MBI’, 2100 ‘OHU’;
2) yKasaTelbHbBIE: MmaMa ‘3TOT, 3TA, ITO’, My0 “TOT, Ta, TO, Jce “TOT, Ta, TO', HAMA ‘ITH;

3) mpuTsHKaTeNsHOE: OMA ‘CBOM, COOCTBEHHBIN ;
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4) Bo3BpaTHOE: Uue ‘caM’;

5) 0600uHTEILHO-ONPENCTUTENbHBIE: 1020 | [020 | (020 ‘KaXAbIi’, i02ocuHe ‘KasKbli,
BCSKUI’, Katiku ‘Bce’, monemmams ‘00a’, moiiHe ‘IPyron’, rokcu ‘TOIBKO OIUH’;

6) BompocHTENbHBIE / OTHOCHTENbHBIC: MU ‘UTO’, KeHb ‘KTO’, KymMOAaHe ‘KOTOPbIA®, Mitimous
‘KaKou’;

7) oTpHIaTEeNbHBIC: HUMU ‘HAYTO , HU KeHb ‘“HUKTO , Hu MIlmious ‘HAKAKON;

8) HeompeneneHHbIE: MU HUOYIMeEnD “UTO-HUOYAD , Milimours HUOYUmenb ‘Kakou-HuOyIb .

B xapenpcKoM s3BIKe, KaK U B APYTHX MPHOANTHICKO-(GUHCKUX SI3BIKaX, MECTOMMEHHS Ha/IeJICHEI
0COOBIMH apXaWdHBIMH CIOBOM3MEHUTEIHHBIME MApaIirMaMi, OTIIMYHBIMA OT OCTAJIEHBIX HUMEH.
Peub unmer He TONBKO 00 OCOOEHHOCTSIX JIGKCHUECKMX M CIIOBOM3MEHHTENIBHBIX OCHOB, HO U O
MaJeKHBIX MOKa3aTelsx, ymoTpeOssieMblX B OTHeNbHBIX cioBodopmax [20]. DTto Kacaeres,
IJIABHBIM  00pa3oM, IIEPBOCTENEHHBIX MO IPOMCXOXKICHUIO JIMYHBIX, YKa3aTeJbHBIX M
BOIPOCHUTENIBHBIX MECTOMMEHHH (Tabi. 2, 3). OcTanbHble MECTOMMEHHMS, BCTPEYAIOIIUECs B TEKCTE
MepeBO/Ia, CKIIOHSAIOTCS TaKXKe KaK M MMEHa COOTBETCTBYIOIIETO CIIOBOM3MEHUTEIHHOTO TUTIA.

Tabn. 2. CknoHenue Tudnblx MecmoumMenull.
Table 2. Declension of personal pronouns.

‘s ‘TBI’ ‘OH, OHA, OHO’ ‘MBI’ ‘oHn’
Homunatus | mie Llie 2IAHD MI00 / MIOIO 2100
I'eanTyB Muenv / miensv | [usnv | eanens MIAHD / MIGHD / MUAND | 2IAHD
[laptutuB | MuiMa Hlunma | eanoa Metioa 2etioa / eeuda
DaTuB CAHEUMA
Aneccus muena / muena | [llusena | eanenna MeliA 2elllA

Taban. 3. Cmonenueykammeﬂbnbzx Uu 60npoCUmelbHblx MecmoumMeHu.
Table 3. Declension of demonstrative and interrogative pronouns.

‘3TOT, 3Ta, 3T0 | ‘TOT, Ta, TO’ | ‘TOT, Ta, TO’ ‘oTH’ ‘KTO’ ‘qro’
HoMuHaTuB | mama Jice HAMA KeHb Mu
T'eauTuB MAMAHD JHCeHD HAUIeHD | KeHeHb MUHD
[MaptutuB | maoa wWuoA HAUOA | KéOa / KeOa | MiOa / Muoa
Wneccus HAUCA
DatuB Keuma
Wnnatus UWUXD Mu2 / MUuxw
Aneccus MAJLA myonia WUTLA KeLA
AbnaTus KenoA

B cospemennbix roBopax (1D 1116, 1119, 1122, 1136, 1138, 1142, 1174, 1187, 1188 [14]), kak u B
HOPMHPOBaHHOM BapUaHTE TBEPCKOTO KapellbCKOrO s3bIKa, CHCTEMa CKJIOHEHHS MECTOMMCEHUIt
MPAKTHYECKU HE OTIIMYACTCS OT IPEICTABICHHON B maMsaTHUKE (HO Hatliens ‘3Tu-GEN’ > ndin), uro
HIOATBEPXKAET €€ YCTOMUUBBII XapakTep.

5. Kamezopusi npumspkamenbHocmu

B kapenbckoM s3pIKe IS BBIPQKEHHWS HPUTHKATEIBHOCTH, HApSAAy C TI'€HUTHBHBIMH
KOHCTPYKIMSIMH ¥ MOP(OJIOTHUECKH HEO(POPMIIEHHBIMU THUIIAMHU TTOCECCHBHBIX CIIOBOCOUCTAHHH,
UCTIONB3YIOTCS MIPUTSDKaTENbHbIE cyPdUKCH. B coBpeMEHHBIX TBEPCKHX KapelIbCKUX FOBOPax OHH
MPaKTHYECKU BBIIUIN U3 YIIOTPEOIICHNUSI.

B Tekcre ananmm3upyeMoro HCTOYHMKa 3adukcupoBaHO 19 1mpHMEpOB  MCHONB30BAHUS
MIPUTSKATENBHBIX CY(G(HUKCOB BTOPOTO U TPETHETO JIUIIA.

[MoceccuBHBIM Cy(HHUKCOM BTOPOTO JIMLA €JMHCTBEHHOTO YHCIIA SIBIISICTCS -Uih. Ude-TIA-WUDb ‘CaM-
ALL-POSS.2SG’, myammy-o-wv ‘oten-PRT-POSS.2SG’, myamy-o-win ‘Mats-PRT-POSS.2SG’.
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Hanpumep, €na ayau uuennamv uspacmie numuns ... ‘He cotrBopu 1ebe kymupa ...", Kyyhoene
myammyouws u Myamyous wusHs ... “UTH oTIa TBOETO U MaTh TBOIO ... .

Jis BBIpaXKCHHS TPETHErO IUIAa HCIONB3YyeTcs NPUTsDKATeNnbHBIN cyddure -x». I[Ipumepst
oOpa3oBaHus NaHHOH (H)OPMBI OTPAHWYCHBI MCKIIOYUTEIEHO MECTOMMEHHSIMH: KaliKi-e-Xb ‘BCe-
PRT-POSS.3SG’, can-oa-x» ‘oH-PRT-POSS.3SG’, zeti-na-xv» ‘onn-ALL-POSS.3SG’, zeii-0a-xv
‘orn-PRT-POSS.3SG’. Hanpumep, ... 24H04A 10Xma KallKiexs napasummyans wyeama u KyyHewla
... ‘... €TO EIUHOTO OOJIBIIE BCEX JIIOOUTH W MOYUTATS ...", ... NUOABL CAHOAX® ULY8ama KavKieiia
2eH2ellA ... “... TOIKHO Ero Jr0OUTH CEPACUHO ..., ... GHHAHD MieOiA 2€lIAXD ... ... TaM 3HATh UM
)

IIpencraBneHHas KapTHHA MO3BOJIACT 3aKIIOYUTh, YTO apXaWvHas KaTCrOPUsS MPUTKATCIBHOCTH
YK€ B I3bIKE TBEPCKHX KapenoB nepuoja Havana XIX B. He oTIUyYanacs CBOeH MpOAYKTHBHOCTHIO
U TIOCTETICHHO BBITCCHSIACh TCHUTUBHBIMU KOHCTPYKIMSIMH, HAIp., MUGHbL Myamo ‘MOsS Matp’,
tomana wueHsv ‘bor TBOW’, ... HU KIONIA 2AHEHD, HU UHESMUCA 2AHEHb, HU 2AD2iA 2AHEHDb, HU
2e60CMA 2AHEHD ... ‘... HU CeJa ero, HU pada ero, HU ObIKa ero, HU KOHS €rO ...", HuMie 2AHEeHb ‘€ro
UM, 2iAH® HUMEHDb a1a ‘“TIOH UMEHEM UX’, KAHHeMMYynoieHs ciaHb ‘UX AeTei’.

6. 3aknroyeHue

AHau3 UMEHHOU CIIOBOM3MEHHUTEIbHOI CUCTEMBI A3bIKa AaHATM3UPYEMOTO MaMITHHKA KapeIbCKOH
nucbMeHHocTH 1804 1. B CpaBHEHHMHM C [HAJCKTHBIMH JaHHBIMH cepeauHbl XX B. U
HOBOITMCBMEHHBIM BapHaHTOM S3bIKa ITO3BOJMIJI BBIICIUTH P/ apXaWdHBIX M WHHOBAIMOHHBIX
0COOCHHOCTEH, OTIMYAIONIMX €€ Kak OT COBPEMEHHOH, TaKk M OT PEKOHCTPYyHPYeMOH
JIpEBHEKAPEIIbCKO.

K apxaw4yHbIM SBICHUSIM, HE HALIECJIINM IPOJODKEHHS B COBPEMEHHBIX roBopax LleHTpanpHOM
Poccun, oTHOCATCS: MCTIONB30BaHWE MOKA3aTEIsI MHOXKECTBEHHOTO YHCIIA -ii ¢ MHOTOCIO)KHBIMH
OJHOOCHOBHBIMM HMEHaMH Ha AW(TOHI; OKOHYAaHHE MHOXKECTBEHHOTO YHCJIA T€HHTHBA -CHb,
OKOHYaHHE MHOXKCCTBEHHOI'O YHCNIA MApTUTHBA -A; OKOHYAHWs allecCHBa-aiaTHBA -ia [ -1a,
UHeccUBa -ca | -ca M abeccuBa -ma, OKOHYAHHE WIUIATUBA -J/ce; UCIIOIB30BAHHE IMOCIEIOKHBIX
KOHCTPYKUIMH sl Tpefauyd 3HAYCHWH KOMUTATHBA M aNNpPOKCHMAaTHBA; NPSATSKAaTEIbHbIE
cyduKCchI BTOPOro 1 TPEThEro JuIla €UHCTBEHHOTO YHCIIA.

YnorpebiieHue NpUTHKATETBHBIX Cy(P(PHUKCOB B S3BIKE aHATU3UPYEMOTO MAMSATHUKA — JOBOJBHO
peaKoe SIBJIEHHWE, YTO MOXKET yKa3blBaTh HA WHHOBAIMOHHYIO TEHJICHIIMIO TIepexoja oT
MOCECCUBHBIX CY(DPUKCOB K TEHUTUBHBIM KOHCTPYKIHUSM. VIHHOBallMOHHBIA  XapakTep
JIEMOHCTPUPYET TAKXe pacnpocTpaHeHre (OpMaHTa MHOXKECTBEHHOCTH -1ou- | -nioti- Ha
0JIHOOCHOBHBIE HMEHA C ITaCHOM OCHOBOM Ha -€.

NmenHas clioBOM3MEHUTENbHAs CUCTEMA MAMATHUKA, 32 UCKIIOUCHUEM BBIJIEIICHHBIX apXandHbIX
SIBIICHUH, HE JIEMOHCTPUPYET CYIIECTBEHHBIX OTIMYUNA OT COBPEMEHHBIX TBEPCKHUX TOBOPOB
COOCTBEHHO KapejabCKOTO Hapeyus. DTO MOATBEPXKIACT TMIIOTE3Y O JAMAJCKTHON OCHOBE s3bIKa-
WMCTOYHUKA TaMSATHUKA. B TONB3y JAaHHOTO BBIBOJA CBUJECTEIHCTBYET TAK)KE COBMAJIEHUE €ro
HMEHHOW MOP(OJIOrvH ¢ UMEHHOHN CIIOBOM3MEHUTEIBHON CHCTEMOM si3bIKa mepeBoa «EBanremus
oT Mapkay, BBIIIOJTHEHHOT'O Ha ToJiMayeBckue ToBophl B 1820 r. cesamennukamu ['. E. BeeneHckum
1 M. A. 3omorurckum [21].
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Annotanus. B pabore npencrasnena [IJIMC-peanuzanus aganTHBHOTO ONOKa YHpaBICHHS MUTAHUEM IS
UEKTPOMOOHIICH, OCHOBaHHAsl HA THOPHIHON MOJENHU C HCIOJIb30BaHUEM JIBYHAIPABICHHON NOJITOCPOYHOH
KpaTKOCPOYHOU MaMsITH U AepeBa peneHuil. PaszpaboTka BeimonHeHa Ha miatdpopme Zynq UltraScale+ MPSoC
W IperHa3HayeHa IV OLEHKH COCTOSIHUS 3apsiia aKKyMyJIsITopa M KIACCH(HKAIMU YCIOBHI BOXICHUS C
LeJIbI0 ONITHMAJIBHOTO paclpe/iesIeHust MOIIHOCTH MEXAY KOMIIOHEHTaMH 3JIeKTPOaBTOMOOHIS. AnnapaTHbId
CTEH]I MOJICITUPYET XapaKTEPUCTHKU CPETHEro 3IEKTPOMOOHIIS, TeHEPUPYs JaHHbIE O TTOJI0XKEHHH JAPOCCEs,
CKOPOCTH, HaNpPsKEHUN/TOKE OaTapen u KoopauHaTax Kaxkable 30 ceKyHA. DKCIepiMeHTaIbHbBIE PEe3yIbTaThI
MOKa3bIBAIOT 3HAYUTENBHOE YIIydIIeHHe HeprodheKTHBHOCTH M COKpPAIICHHE 3aJeP>KKH M0 CPaBHEHHUIO C
TpaJUIMOHHBIME OJIOKaMH yIpaBJeHUs Oarapeeil. [IpemmokeHnas cuctema motpebnser okomno 0,98 BT,
obecrieunBaeT 33IepkKKy 5,6 MKC M JOCTUTAET MPOM3BOAMUTENbHOCTH 181,6 omeparuii Ha BaTT, 3HAYUTEIHEHO
HPEBOCXOAS YCTPOHCTBA C MUKPOKOHTPOJUIEPAMH WM CHUTHAJIBHBIMU Iporieccopamu. Pacuer 3amaca xona
JEMOHCTPUpYET yBelInueHue 10 25% B yCIOBHAX IIOCCE MPH HCIoiab3oBaHuu Moaenu Bi-LSTM + nepeso
peleHuid, 4YTO MOATBepXkIaeT J(P(EeKTHBHOCTH NpellaraeMoil aJanTHBHOW CTpAaTeTHMH yHpaBICHHUE
9HEPreTHKOH 3JIEKTPOaBTOMOOHIIS.

KunroueBble ci10Ba: cucteMa ynpasieHus 6atapeei Uit 2IeKTpoMOOHIIeH; BCTpanBaeMas peann3anus Ha 6aze
TIJINC; pekyppeHTHBIE HEHPOHHBIE CETH C OIATON KPaTKOCPOUHOU MaMATHIO; ABYHAIIPABICHHAS apXUTEKTypa
Bi-LSTM; knaccudukaims ¢ IOMOILIBIO [epeBa PEIICHHUH; aITOPUTMBI OLICHKH YPOBHS 3apsijia; paclio3HaBaHHE
CTHJISL BOXKAEHHS C MICIOIB30BaHUEM MAIIMHHOTO 00yJIeHHsI.
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Abstract. This work implements a field-programmable gate array (FPGA) architecture for an intelligent battery
management unit (i-BMU) designed for an electric vehicle (EV) and investigates how it can increase the
mileage of the same. The unique feature of the suggested i-BMU is the development of an FPGA architecture
to allocate power to various electrical and electronic components of an EV by considering the run-time driving
pattern and the state of charge (SoC) of the Li-ion battery. The proposed methodology involves dynamically
estimating the SoC of the Li-ion battery using a Long Short-Term Memory Neural Network (LSTM-NN) model
while the vehicle is in motion, predicting different driving cycles such as urban, highway, and downhill in real-
time using a regression tree algorithm, and intelligently allocating electric power to various EV components
based on the predicted driving cycle and the estimated SoC using a proposed power distribution algorithm. The
proposed system is designed on the Zynqg Ultrascale+ MPSoC development board, and the data given to the
system for verification is collected through simulation of various sensor values for an electric bike, such as
speed, throttle position, battery voltage, battery current, and GPS coordinates, by generating random data within
typical operational ranges. The proposed system is compared with the existing system in terms of chip power
consumption (W), area of the chip (mm?), computation time (us), and throughput. Additionally, the suggested
method evaluates the mileage of the EVs and extends their range by 17 km to 36 km depending on the driving
pattern.

Keywords: battery management unit; long short-term memory neural network model (LSTM-NN); regression
tree algorithm; field-programmable gate array; power distribution; driving cycle; state of charge (SoC).
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1. BeedeHue

DnekTpudeckre aBToMoounu (DA) TpeACTaBIIIOT CO00M PEBONIOIMOHHBIA CIBUT B TIIO0ALHOM
aBTOMOOMIIBHON MPOMBIIIIIEHHOCTH, 00eCTIednBast 3HaUUTEJIbHbIE IPEUMYIECTBA C TOYKH 3PEHUS
9KOJIOTMYECKOH  yCTOWYMBOCTH,  JHEProd(PEeKTUBHOCTH U  CHIIKEHHSI  JIOJTOCPOYHBIX
9KCIUTyaTaI[MOHHBIX 3aTpaT. B ycrnoBmsx pacTymeil HEOOXOIMMOCTH COKpalleHHs BHIOPOCOB
MAPHUKOBHIX T'a30B U Iepexo/ia K 0ojiee YHCTHIM UCTOYHUKAM SHEPTUH, DA paccMaTpPUBAIOTCS KaK
KITFOYEBOI KOMITIOHEHT TPAHCIIOPTHOM cucTeMbl Oymymiero. [IToMHMO HyIIeBBIX BBIOPOCOB BPEIHBIX
BEIECTB U CHIDKCHUS 3aBUCUMOCTH OT MCKONAEMOT0O TOIUIMBA, OHU CIIOCOOCTBYIOT YIIyUIICHHIO
KauecTBa BO3/yXa B TOpOJax U CHHKEHHUIO IIYMOBOIO 3arpsi3HeHus. HecMOTpsi Ha OTHOCUTENBHO
BBICOKYIO TI€PBOHAYAIBHYI0 CTOMMOCTB, OCOOCHHO B YacTH AaKKyMYJISATOPHBIX TEXHOJIOTHH,
MTOCTOSTHHBIN TPOTpecc B 00J1aCTH TNTUH-MOHHBIX M TBEPAOTENBHBIX OaTapeil, a Tak)Ke SKOHOMHS 3a
cyér MacmTaba TPOM3BOACTBA, BEAYyT K YMEHBIICHHIO pa3pblBa B CTOMMOCTH MEXIY
ANEKTPHYCCKIMH ¥ TPATUIIHOHHBIMY TPAHCTIOPTHBIMHU CPEIICTBAMH.

CoBpeMeHHbIE TEXHOJOTHH DA BKIIOYAIOT B Ce0s aKKYMYJISITOPHBIE DIEKTPUISCKUE aBTOMOOUITH
(AA), nogxmovaemble ruOpuaHble aBTomMoOwnu (III'DA), rubpunnsie aBromobmwmm (I'DA) u
aBTOMOOWIN Ha TOIUIMBHBIX 3JieMeHTax (ATD), Kaxnas U3 KOTOPBIX UMEET CBOIO apXHUTEKTYPY H
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CIOCOOBI TIOMYYEHUs] SHEPTUH, COOTBETCTBYIOLIME ONPEHECIEHHBIM CIEHAPHAM OKCILIyaTalHH.
IIpon3BOANTETBHOCTH U 3aMac X0Aa JIF000r0 MEKTPUIECKOrO TPAHCIIOPTHOTO CPEACTBA HAMIPAMYIO
3aBUCAT OT CTPYKTYPBl M YIPABICHHUS AKKYMYIATOPHOW cucTeMod. OCHOBHBIE ITOACHCTEMEI
BKJIIOYAIOT 3JEKTPUYECKUH JBHUratenb, OaTapelHblii 05Ok, OJIOK yIpaBieHHs CHIOBOW
3JEKTPOHUKOM, BCTPOSHHOE 3apsIHOE YCTPOICTBO U CUCTEMY TEILUIOBOrO ynpasieHus. KitoueBbM
KOMITOHEHTOM sIBJIsIeTCsl cucteMa ynpasieHus Oarapeeit (CYB), koTopas oTBeyaeT 3a KOHTPOJIb
ypoBHsi 3apsga (State of charge, SoC), temmepaTypbl, HampsbKeHHS W TOKa, obecreuuBast
6e30MacHOCTb U J0JITOBEYHOCTh dKCILTyaTanuu. OHAKO TPaaAUIMOHHBIC MOAXOABI K orieHke SoC,
OCHOBaHHBIE Ha OJKBHMBAJECHTHBIX CXE€MaxX WM 3JIEKTPOXUMHUECKUX MOJENAX, YacTo He
CIIPABIIAIOTCS. C BBICOKOW HEIMHEWHOCTBIO IPOLECCOB U HW3MEHUYMBOCTBIO YCJIOBHM PEaJbHOTO
BOXKJICHHUS, UTO CHUXKAeT TOYHOCTh U HaJEKHOCTh OLICHOK.

Lenp naHHOTO HCCNEeI0BaHMS — pa3padOTKa alaliTUBHOM MHTEIUIEKTYaIbHON CUCTEMBI yIIPaBICHUS
aKKyMYJISITODHOH OaTapeeil B peKMME PealbHOr0 BPEMEHH, UCIOJB3YIOIIEH METOJbI TIIyOOKOTro
00y4YeHHS M PErpecCHOHHOTO aHajM3a Ul TOBBIIICHHUS TOYHOCTH OLeHKH SoC m obecrieueHHs
MHTEJUIEKTYaIbHOTO pacnpeaeieHus sHeprur B DA. C 3Tol 1enbpio npeaaraeTcs HHHOBAMOHHAS
apXWTEKTypa, COYCTalomas [BYHANpaBICHHY0 HEHPOHHYI0 CEThb C  JOJTOBPEMEHHOH
KkpatkocpouHoi namsathio (Bidirectional long short-term memory, Bi-LSTM) u nporpammupyeMyo
norndeckyto uarerpaibHyio cxemy (IUIMC), a Takke perpecCHOHHOE EPEBO MPHHATHS PELICHUH
(regression decision tree, DT) mnst obecriedeHus] OOBSACHUMOCTH W HHTEPIPETHPYEMOCTH
pe3ynbTaToB oueHkH. Mogens Bi-LSTM o0yuaetcsi Ha BpeMEHHBIX psiiax JaHHBIX OT HECKOJIBKUX
JIATYMKOB aBTOMOOWIISL C 1IEJIbI0 TOYHOT'O POTHO3UPOBAHUS YPOBHS 3apsiia ¢ y4ETOM HalpaBIeHUH
MOTOKA JaHHBIX KaK U3 MPOIUIOro, TaK U U3 OYAYILEro OTHOCUTEIBHO TEKYILEro cocTosHus. Js
MOBBILICHHS TOYHOCTH MPEICKa3aHus B YCIOBUSAX CIIOKHBIX MPOQUICH ABHKEHHS TOTOJHUTEIEHO
MPUMEHSIETCS] PErPECCHOHHOE JEPEeBO, KOTOPOE aHAIN3UPYET BBHIXOJHBIE MapameTpbl Mojenu Bi-
LSTM u xnaccuummpyeT XapakTep SKCINTyaTal[HOHHOTO PEXHMa B COOTBETCTBHH C TEKYIIUMH
ycnoBusiMa. Kpome TOro, cucTeMa y4YHTBIBAeT CTWIIb BOXICHHUS, PAaclo3HaBas TOPOACKHUE,
IIOCCEHbIE M HAKJIOHHBIC YYacTKH [BIDKCHHS HAa OCHOBE MAHHBIX OT JATYMKOB MOJOXKEHHS
JIPOCCENBHOM 3aCIIOHKH U JJATYUKOB CKOPOCTH Ha 3¢ dekte Xoia.

[pemnoxennas apxutekrypa c¢ [IJIMC-peanm3anueit oOecriednBaeT BBICOKYIO CKOPOCTh
BBIYMCIICHUH, MacmITaOUpyeMoCcTb W 3SHEpProdPeKTUBHOCTb, YTO KPUTHUYECKH BAXKHO IS
ABTOMOOWIBHBIX NPIIOKEHHUH B pealbHOM BpeMeHHU. VHTerpanust MeTo10B MallliHHOTO 00y4YeHNUs
TIO3BOJISIET CHCTEME HE TOJIBKO MOBBIIATH TOYHOCTH OIEHKH SOC MO CPaBHEHHIO C KJIACCHYECKIMHU
METOJlaMH, HO M YUYUTHIBATh JETPA/JAllMOHHBIC MPOLECCH aKKyMYJSITOpa, aJanTHPYsICh K
Pa3IMYHBIM PEXUMaM SKCILTyaTalllK. JTO CHOCOOCTBYET 0oJiee palMOHAIBHOMY PAaCIpeIesICHHIO
SHEPTUU MEXAY Pa3IMYHBIMH KOMIIOHEHTaMH TPAHCIIOPTHOTO CPEACTBA M MOBBIMIACT OOIIYIO
HaJIEKHOCTh CHIIOBOH YCTAHOBKH.

Cucrema ynpasieHus Oarapeeir ot STMicroelectronics ncnonp3yeT Mukpokontposiep ST-L9963
JUISL 3aIUTHl M ONTHMHU3AlMK paboThl Oarapew, BKIIOdYas OalaHCHPOBKY SUECK JIMTHH-MOHHBIX
Oarapeii [1]. B pabote [2] mpezacraBieHa CHCTEMa OIECHKH COCTOSIHHS 3apsijia Ha OCHOBE
TeHETUYECKOT0 allTOPUTMA, KOTOPasi MOBBIIIAET TOYHOCTh OLIEHKH Ha 7,2% B CJIOXHBIX YCIOBHUSIX.
Wccnenosanue [3] aHamu3upyeT OpOOJeMbl M PEHICHHS Ui 3apsOHBIX CTAHIHHA C Y4eTOM
reorpaMueckux JaHHBIX M NPEMSTCTBUH, yiydlias JOCTYMHOCTb 3apsaHbIX CTaHLMH IS
BIafeNbleB djekTpoMoOuneli. PaspaboTana ycoBepHmICHCTBOBaHHAS CHCTEMa YIIPABICHHS
Oarapeeii Ha ©Oasze IIJIUC c¢ wucnone3oBanuem MATLAB-FPGA, mno3Bonsmoomas TOYHO
nporuo3uposath Y3 u CA Oatapen u o0OecneyrBaroiias HU3K0€ SHEPronoTpetIeHHE U BHICOKYIO
npousBoautenibHOCTh [4]. B pabote [5] obcyxaaroTcs npoOnembl OanaHCHPOBKH 3JIEMEHTOB H
mozaenupoBanusi B CYB, a Takke NpeUIOKEHBl pPEHICHHs Uil yCTPAHEHUs CYIIECTBYIOIIMX
HEIOCTaTKOB.

HecmoTpst Ha HOCTM)KEHHMS, TOYHAS! OIIEHKA BPEMEHH PabOThl aKKyMYJISITOPOB OCTAETCS CIIOXKHOM
3agaduell. B umccienoBanmsax [6-7] mpeayioxkeHbl METOABI ISl YIYUIIEHUS OLleHKH Y3 ¢ y4érom
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HEJMHENHBIX XapaKTEPUCTHK K (aKTOpOB BHELIHEN cpeasl. B pabore [8] paccMaTpuBaeTcs MeTo,
OCHOBaHHBIN Ha KOPPEKIHUH 3aBUCHMOCTEHN, KOTOPBI MOKET IIOMOYb B pa3paboTKe O€30MacHBIX U
9HeprodPPEeKTUBHBIX CHCTEM yIpaBleHHus Oarapeeid. TakuM 00pa3oM, MHOTHE CYIIECTBYIOIINE
MOJIXOABI K OLEHKe Y3 He 00eCleuMBalOT JOCTATOYHOW TOYHOCTH B PEalbHBIX YCIOBHSX,
TpeOyrommx y4éra BIHMSHUS CTapCHHS OaTaped, IMKIOB BOXKICHUS M HECTAOWJIBHBIX BHEIITHHX
¢daktopoB [9]. CoBpeMeHHbIC METOIbI TPEOYIOT NAIBHCHIINX YIIYYIICHUH S TOBBIIICHUS
TOYHOCTH W aIalITHBHOCTH B IMHAMHYHBIX YCIOBHUAX SKCIUTYaTaIlUH AIEKTPOMOOHITSH.

CraThsi oOpraHu3oBaHa CleAyloImMM oOpasoMm B Pasmene 2 omnuceiBaeTCsl apXHUTEKTypa
MpeagaraéMoil MHTEIEKTyalbHON CHCTEMBI, BKJIIOUas annapaTHyo peaau3anuio U 000CHOBaHUE
BbIOOpa Mozaermu LSTM u ITIJIMC. Pa3nen 3 mocBAmIEH METOOJIOTHH O0yUYCHHS HEMPOHHOW CETH,
CTPYKTYpe JaHHBIX U UHTerpanuu mojenu. B Paznene 4 npuBoasitcs pe3ynbTaThl MOACTUPOBAHUS,
CPaBHUTEIBHBIN aHAU3 U O0CYKICHUE KIFOUEBBIX METPUK A((EKTHBHOCTH, TAKUX KaK OIITUOKA
OIICHKH, PHepreTHyeckas 3¢dexTuBHOCTS U BpeMs oTkimka. Hakowner, B Pa3mene 5 momgsomsTcs
UTOTH HWCCICIOBAaHUSA, OOCYKIAIOTCA OTPAaHWYCHUS TEeKylmed MOIeNH W HaMeyaroTcs
MIEPCIICKTUBHBIC HAMPAaBICHUS JUIA NaNbHEHIIUX pa3pa0OTOK HHTEIIEKTYaJbHBIX —CHCTEM
yIpaBIEHUS SHEPTUEH B DIIEKTPOMOOMIISX HOBOTO TTOKOJICHHSI.

2. Apxumekmypa npednazaemMol UHMeJ/sIeKmyanbHOU  cucmeMbl
ynpaesneHusi 6amapeel

[IpemmoxxeHHass WHTEIDICKTYalbHAas apXUTEKTypa pPAaclpeleNicHHs MOIIHOCTH —HCIOJb3yeT
TIepeIOBbIe TEXHOJIOTHH UCKYCCTBEHHOTO MHTEIUICKTA JJIS JMHAMUYECKOTO YIIPAaBICHHUS YHEPTUCH
B ajekTpoMoOmax (DA), ¢ 0coObIM aKIEHTOM Ha ONTHUMAaJbHOE WCIIONB30BaHHE OaTapen H
pacrpeneneHue MOIIHOCTH B PEalbHOM BpeMeHH. L[eHTpalbHBIM 3IIEMEHTOM 3TOW apXUTEKTYPHI
SIBIISICTCS JBYHAIIpaBIICHHAas HEWPOHHAsI CETh C JOJNTOBPEMEHHOW KpaTKOCPOUYHOH mamsTeio (Bi-
LSTM-NN), ucrionp3yemMast IIsl TOYHOH OIEHKH COCTOSHUS 3apsiaa (SoC) CHCTeMBI TUTHI-HOHHBIX
Oatapeif, kak mokaszano Ha puc. 1 [10-12]. Bi-LSTM-NN 3axBaThiBaeT Kak MPOILUIBIC, TaK H
Oynyuire BpeMEHHbIE 3aBHCUMOCTH M3 BXOJHBIX IIOCJIEIOBATEIbHOCTEH, TAKUX KaK MOJOXKEHHE
JIPOCCENPHOI 3aCIIOHKH, CKOPOCTh aBTOMOOWIS M mpeaplaymue 3HaueHHs SoC, obecrednBas
BBICOKOTOYHYIO M aJalITUBHYIO OIICHKY B PA3JIUYHBIX YCIOBUSAX BOXKJICHHA. JTa AByHANpaBJIeHHAS
CTPYKTYpa YJIydlIaeT CHOCOOHOCTE K OOYYEeHHIO II0 CpPaBHEHHIO C TPaJUIMOHHBIMH
OJTHOHAIIPABJICHHBIMU CETSIMM, YTO JesiaeT €€ 0CoO0eHHO A(PQEKTHBHOW aJsI NMPUIIOKEHUH C
MOCTIETOBATEEHBIMA BPEMEHHBIMHE PSIaMHU U OBICTPO MEHSFOITUMHUCS TPEOOBAHUSIMA HarPy3KH.

B nonosnuenue k oneHnuky SoC, HHTEIrPHPOBAH MOJY/b KIACCU(BHUKAIMKA IUKIA JIBIKCHHUS Ha
OCHOBE JiepeBa PELICHH, KOTOPbI Kinaccupuuupyer padouee OKpyKeHHE aBTOMOOWIIS Ha TPH
TUTIA: TOPOJCKOM, MOCCEHHBIA U CIyCK. JTa KIacCU(UKAIMI OCHOBaHA Ha 00ydaromux Habopax
JTAHHBIX, KOTOPBIE COAEPIKAT YHUKAIBHBIE MATTEPHBI YCKOPEHUSI-3aMENICHSI, CPEAHIE CKOPOCTH U
npodui NOTpeOIeH s SHEPTUH, COOTBETCTBYIOIINE Kax oMy nukiy [13]. OpuruHanbHblii HAOOP
IaHHBIX D; 1 ero oOHOBIIeHHBIE BapuaHTHI (D, u Dy) TI03BOIITIOT MOJIENH aJaliTHPOBATHCS K HOBBIM
CTHJIIM BOXKICHHS M YTOYHATH KIACCU(PUKAIMIO B PEalbHOM BpEeMEHH. TOYHO OMpeAeriss UK
JBIDKCHUS, CHUCTeMa JIMHAMHYECKH KOPPEKTHUPYET CTPaTeTMH paCIpeieleHus] MOIIHOCTH,
obecrieunBast MOBHIIEHHYIO 3 (QEKTUBHOCT, CHI)KEHHUE ITOTEPh YHEPTHUHU U yIyUIICHHE JATbHOCTH
xoma st DA. BeixogHas MomtHoOCTh P, HeoOXoaumas oT 6arapew, IpsAMO MPOMOPIMOHATBEHA
pEIIeHHON MOUTHOCTH Pjocigeq, KOTOpPas COCTOMT M3 HAO0Opa KOMIIOHEHTOB, CHEIM(DUYHBIX IS
Harpysku:  Ppysyy, Pacys Pretemetryyr Pecuy M Porakey- OTH KOMIIOHEHTBI  BBIYMCIISIOTCS
HMHTEJUIEKTYaJbHBIM aJTOPUTMOM C HCIIOJNB30BAaHWEM KOMOHMHAINHM (PaKTHIECKOTo TpeOoBaHMSA
Harpy3KH 1 KJIacCU(HUINPOBAHHOTO LIUKJIA JIBIKCHHUS.
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Fig. 1. Proposed architecture of an intelligent battery management unit.

3. lpednoxeHHbIU adanmueHbIl an2o0pumm ynpaesieHusi MOUWHOCMbIO 8
AuHaMu4yecKux ycrioeusix aKcnayamayuu

[MpennoxeHHslid Anroput™ 1 IMHaAMUYECKH OLlEHMBaeT coctosHue 3apsna (S0C) akkymynsTopa
anektpoMobmist (DA) U amanTHBHO YNPaBIACT MOAAYCH SHEPTHMU B KIFOYCBBIC JJICKTPHUYCCKHE
KOMITOHEHTBI Ha OCHOBE YCJIOBHH BOX/ICHHS B PEaJIbHOM BPEMEHH. JTa CUCTEMa CUHEPTeTHYEeCKU
MHTETPUPYET ABYHAIPABICHHYIO HEHPOHHYIO CETh C JOJTOBPEMEHHON KPaTKOCPOUYHOI MamsThiO
(Bi-LSTM) mnst Tounoii ounenku SOC u kiaccupHUKaTOp JepeBa pElICHUE Uil KaTeropusaluu
pexxuMa BoxaeHHs. OCHOBHas 1Iedb TNPOMJIMTH CPOK  CIIyObl — Oaraped, TOBBICHTD
9KCIUTYaTalMOHHYI0 0€301acHOCTh M ONTHMHU3HPOBATH HMOTPEOIEHHE 3HEPTHU Ul Pa3IMdHBIX
MOJICUCTEM aBTOMOOWIISL B yCIOBHSIX PAa3JIMYHBIX THUIIOB MECTHOCTH M Harpyskd. IIpm BkitoueHMn
cHCTeMa WHHUIMAIU3UPYETCs, paclpeaeiss INpeJonpeieéHHOe KOJIMYECTBO 3JIEKTPHIECKON
MOIIHOCTH MEXJy KaXIbIM KPUTHYECKH BaKHBIM KOMIIOHEHTOM OA, OCHOBBIBAsICh Ha
OKCILUTYaTAllHOHHBIX TPEOOBAHUSX U HCTOPUYECKOM HCIIOIb30BAHUH.

Ota HavasbHAsg KOH(UTypanusi MOIIHOCTH HEOOXOJIUMa JJIsl TOTO, YTOOBl CHCTEMa CTapToBana B
M3BECTHOM M 0€30I1aCHOM COCTOSHHHM, TPEX/Ie YeM aJalTHBHOE yNpaBJICHHE BO3BMET Ha ceds
ynpasienue. Ta0um. 1 moapITOXKKUBAET Ha4aIbHYIO MOIIHOCTh, HA3HAYEHHYIO KaXKIOMY KOMIIOHEHTY .
DTOT HAaYaIILHBII BEKTOP 3amuchiBaeTcs popmysoit (1).

Pitiel = {Pinitial, pigiciel pipiticl pinicil,  pinitia (1)

B npeasioxkeHHOH CTPYKType OlLieHKa coctostHusi 3apsiga (SO0C) mocTuraercs ¢ IMOMOIIBIO
JIBYHATIPABJICHHOW HEWPOHHOM CETH C JOJITOBPEMEHHON KpaTKocpouHo# mamsteio (Bi-LSTM). B
OTIMYME OT TPAJULIMOHHBIX Mojeneil SOC, KOTOpble ONUPAITCS HCKIIOYUTENLHO HA METOJIBI
noycuéra Kysona uimu HanpspkeHre IpH pa3oMKHYTO#H 1ien, Bi-LSTM ucmonb3yer neropudeckyro
U OyIylIyr0 KOHTEKCTHYI HMH(OPMAIMIO JUIsl YJIydllIeHHs TOYHOCTH IpeickazaHuil. Mojenb
MOJTy4aeT Ha BXOJ IOCJIE0OBATENLHOCT BEKTOPOB, BKIIOUArOmMX (akriuueckuit 3apsia Qdelivered,
oburyro éMrocTb Qotal, TOK 1(t) n Hampsikenue V(t) Gatapen, HopMaIu30BaHHBIE Kak Xy € R". Otu
MIOCJIE/I0BATENILHOCTH 00pabaThIBAtOTCsl B 000X BPEMEHHBIX HAIPABJICHHUX C TOMOLIBIO 00pPaTHBIX
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h; v npsimbix h; LSTM-eauaun. COBMEIIEHHBIN BHIBOJI IEPEAACTCS YePe3 CIIOW PErPECCHH, YTOOBI
TIOJIYYUTh ypaBHEHHE (2).

SOC, = ReLU(W. [h;; h,] + b) 2
B sTom ypaBuennu SOC; 310 orerka SOC B MoMeHT Bpemenu t, W — maTpuiia Becos, b — cmerenwe,
a ReLU oGecrnieunBaeT HEOTpHUIaTenbHOCTh. CeTh 00y9aeTcs ¢ UCIOMB30BaHHEM (YHKIIUU OTEPh

1 — 2
CPENHEro  KBaJPaTHYHOIrO OTKIOHCHUS: Cysp = M (S0C, — soc#™a)",  munnmusnpys

OTKJIOHEHUsI OT HCTHHHBIX 3Ha4eHUH SOC. DTOT METOA MO3BOJISIET B PEAILHOM BPEMEHH C BBICOKOH
TOYHOCTBIO TIpeACKa3biBaTh SOC, 4YTO BaXHO ISl TNPHHATHS AJalTHBHBIX PEIICHUH 110
pacnpeieNeHUI0 SHEePTHH.

BEGIN
// Inputs: Q actual, Q total, TP, Hall sensor, P optimum
// Output: P_decided to all EV components
SoC = Bi_LSTM Estimate SoC (Q actual, Q total)
Initialize P decided with maximum device power values
WHILE SoC >= 40% DO
drive condition = Decision Tree Classify (TP, Hall sensor)
P_decided = Get_ Power By Condition(drive_condition)
SoC = Update_ SoC (P_decided)
END WHILE
WHILE 10% < SoC < 40% DO
P _decided = Assign Minimum Power ()
Trigger Low Battery Alarm()
Detect Charging Station()
SoC = Update_ SoC (P_decided)
END WHILE
IF SoC <= 10% THEN
Enter Low_Power_Mode ()
Trigger Low Battery Alarm()
END IF
END

Aneopumm 1. Ilcesdoxod npednazaemo2o memooa pacnpeoeneHuss MOWHOCMU.
Algorithm 1. Pseudo code for the proposed power distribution technique.

Tabn. 1. Hauanvhas snexmpuueckas MowHocms (Bm/4), HaznaueHHas paznuihviM dJ1eKmpudeckum
xomnonenmam OA.
Table 1. Default electric power (Watts/hr) assigned to various electrical components of the EV.

DJIeKTpUYeCKHE KOMIIOHEHThI DJIeKTpUYecKasi MOIIHOCTD 110 YMo14aHu1o (B1/4)
BozaymHslil oxinaaurens 3000
Dapsl (mammsl HID+) 35
HupopmanmoHHO-pa3BiIeKaTeIbHas CHCTEMa 600
DneKTpOHHBIN OJIOK yHpaBlIeHUs! 600
JIBurarenb 3000

g obecnieueHUsI KOHTEKCTHO-OCBEIOMIIEHHOTO PAaCIIpeesICHIsI SHEPTHH, TIPEII0KEeHHAs CcTeMa
KJIacCH(UIPYET CXEMBl BOXJICHUs, a UMEHHO IIOCCEHHBIN, TOPOICKON U CITyCKOBOHW PEIKHIMEI,
HCTONB3Ys KIacCUpUKATOp AepeBa perreHnid. Moienb 00padaThiBacT BXOAHBIC JaHHBIC, TAKHE KaK
MOJIOXKECHHE JIPOCCENBPHON 3aCIIOHKH, CKOPOCTh JIBUTATEINS C JATYMKOB XOJUIA M MOTPEOHOCTH B
MOIIHOCTH B PEATbHOM BPEMEHHU Py timym. DTH JIaHHBIE 00pa3yloT BeKTOp npusHakoB X=[0, w,
Poptimum], TA€ O — YTOm IpOCCENBHOH 3aCOHKH, a @ — YIIoBas CKOPOCTh. JlepeBo penreHmii
MPUMEHSCT PEKypCUBHBIC OWHApHBIC pPa3OHMCHHMS HAa OCHOBE MHHUMH3AIHMK JHTPOIHH, YTO
npuBoAuT K pesynbrary kinaccudukanmm d € {0, 1, 2}, mpeacraBusiiomeMy COOTBETCTBEHHO
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IIOCCEMHBIN, TOPOACKOM U CITyCKOBOM peskuMbl. Hampumep: eciu 6>0,,,.. =0=0 (1mocce); eciau
WO<Wipres =0=2 (cryck); uuaue d = 1 (ropox). DTa KnaccupUKaLUsI HAIPAMYIO BIUSET Ha JIOTUKY
pacnpesieneHuss MOIIHOCTH, II03BOJISISI CHUCTEME HACTpauBaTh HCIIOJNB30BaHHE OSHEPIUU B
3aBUCHMOCTH OT MECTHOCTH M JAWHaMUKHM aswxkeHus. [locne ompenenenus SOC u ycioBus
BOJK/ICHHS, MOJTYJIb aJJaliTHBHOTO YIPABJICHHUSI MOIHOCTBIO IEPEepacipesessieT MOITHOCT MEXTY
KOMIIOHeHTaMt DA ¢ yuéToM KoHTekcTa. ITycTh P 3TO MOIIHOCTE, Ha3HAYEHHAsS KOMIOHEHTY | IIpH
yenoBud  BoxaeHUss 0. OCHOBHbIE KOMIIOHEHTHI BKJIFOYAIOT CHHXPOHHBIA [BUratelb C
NOCTOSIHHBIME MarHuTamu (permanent magnet synchronous motor, PMSM), koHauionep,
3NeKTpoHHbIH  Onok  ympasnenus  (electronic  control  unit, ECU), wunbopmamuoHHo-
pasBIeKaTeNbHyIO cucTeMy 1 ocsemenue. Korma (SOC) >40%, onTuMaiTbHbIe 3HA9EHHS MOITHOCTH
HA3HAYAIOTCS B 3aBUCHMOCTH OT YCIoBHs BokaeHus (cM. ypasaenue (3)). Korma SoC cumkaercst
Hike nopora 40%, cucremMa IepexoJuT B SKOHOMHYHBIN PEKHM, TOCTEIICHHO YMEHbBIIasi MOIITHOCTb
(cm. ypaBaenue (4)).

Pihighway’ d=0
Pi = Pl:urban’ d = 1 (3)
P_downhill d=?2
i ’
P, = A.PMtal where 1 € (0,1), for 10% < SOC < 40% (4)

OTO TpONOpIHOHANFHOE MAacIiTabupoBaHHEe O00ECHeYnBaeT HEMPEPHIBHOCTh PAa0OTHI  IpH
COXPaHCHHH JOJNTOBEYHOCTH aKKyMyJnsaTopa. IIpodmis MOIIHOCTH KaXIOro KOMIIOHCHTa
TpeIBApUTEIHFHO OXapaKTePU30BaH M COXPaHEeH B TaOJIHIIE TTOMCKA, TIOYICHHON U3 YMIHPUIECKUX
WCIBITAHUH, 4TO 00€CTIEYUBAET TOYHYIO HACTPONKY MPHU U3MEHSIONMUXCS HArpy3Kax.

Korna onenka S0C mamaet Hinke 10%, ciucrema DA MepeXoAnuT B KPUTHUSCKUH PEKIM BEIKHBAHUS.
B 3TOoM pexxume Bce HECYIIECTBCHHBIC ITOICUCTEMBI, TAKHE KaK KOHIUIIMOHEP M HH)OPMAIIMOHHO -
pa3BiIeKaTeNbHAS CHCTEMA, OTKITIOYArOTCs. TOIBKO KPUTHIECKH BasKHBIE CHCTEMBI — BKJrodast ECU,
aBapHUiHbIE OTHU M TEJIEMETPHUIO — MOJIY4YaroT MUHUMAIBHYIO )KM3HECTIOCOOHYIO MOIITHOCTD Pi’"i"
(cm. ypaBuenue (5)).

0, i€ {AC, Infotainment}

p = .
¢ {Pimm, i € {ECU. Telematics, Lights

()

OHOBPEMEHHO aKTHBHPYETCS MOAYJb ONPE/IEIICHUS MECTOIOJI0KEHHST aBTOMOOWIIS ISl TIOMCKa
OmKaiiieit 3apsitHOI CTaHIMM Ha OCHOBE TeKymux koopamHat GPS u orpanudenuii mo 3amacy
SHEpPruu. 3aTeM ¢ MOMOILBI0 anropuTMa JIeHKCTpBI BBIYMCIAETCS MyTh 1O 3apsAOHON CTaHIUM C
MUHHMMAalbHBIMH 3aTpaTaMH >Hepruu. KpoMe Toro, Ha maHenw ynpaBJICHUs MOSIBISIETCS CUTHAI
BBICOKOTO TIPHOPUTETA, MHPOPMUPYIOIINI BOJUTEIS O HU3KOM YPOBHE 3apsijia u OJvKkaiiien Touke
MO3apsaAKu. DTOT MPOAKTUBHBIA MIPOTOKOJI MUHIMM3UPYET PUCK MOJHOTO MCTOIIEHHS SHEPTHH,
MOBBIIIAs KaK 0€30MacHOCTh, TAK U HA/IE)KHOCTD.

4. AnnapamHasi peanu3ayuss adanmueHO20 aJjsizopumma ynpaesieHusi
3HepzonumaHuem

AnmapaTHasi peaqu3anis NpeaIokKeHHOT0 alalTHBHOTO JITOPUTMa YIIPaBIICHUS SHEPTONUTaHHEM,
ocHoBaHHOTrO Ha Bi-LSTM u anroput™e pelnaroniux AepeBbeB, BhinoaHeHa Ha miaTdopme Xilinx
Zynq UltraScale+ MPSoC (puc. 2). DTa TeTeporeHHasi BBIYUCIUTEIbHAS CHCTEMa OObEIHHSCT
nporpammupyemyto joruky (PL) m mpomeccopuyio cucremy (PS), uto nemaer e€ ocobGeHHO
MOAXOJIAIICH ISl 33124 B pealbHOM BpEeMEHH, TAKMX KaK yIpaBlieHue dyiekTpoMoomiem (OM) mpu
M3MEHSIOMUXCSA JOPOKHBIX YCIOBHAX. APXUTEKTYpa MPOEKTa MOCTPOSHA MOIYIBHO M BKIIIOYAET
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mITh  OCHOBHBIX  Verilog-momyrmeit:  SensorModule, BatteryModule, BiLSTMModule,

DecisionTreeModule u  ActuatorModule, ymnpaBiaseMbIXx  BEpPXHEYPOBHEBBIM  MOIYJIEM
EVPowerManagementTop [14-15].

alam
[ e (1154

[ oo _ECUTH 0]

[ peowme_PrASA 11 01

[ cower_intotainmant{11:3

[ cower_lights| 1141]

chame_schus 230

yron, oo 9]

pawer_demanciizo [ -
fr——
DocisonTreatinade

Puc. 2. Peanuzayus npeonacaemozo adanmusHozo aieopumma ynpasienus mowHocmoto Ha IIJIUC.
Fig. 2. FPGA implementation of the proposed Adaptive Power Management Algorithm.

SensorModule cnyxutr unTEpdeiicom ¢ gatunkamu aBToMOOWIS. OH MPUHHUMAET aHHBIE O
MIOJIOXKEHHUHU IPOCCENIbHON 3aCIIOHKH C pa3pelieHneM 12 6ut, naHHbIe CKOPOCTHU C JaTyhka XoJuia —
10 Owur, a Taxke 3HaYCHUS TOKA U HarpspkeHust mo 16 6ut. Kpome Toro, 1aHHbIe 0 (AKTHYECKOM H
o01meMm 3apsizie akKyMyJIsITopa IpecTaBlIeHbI B BUE 24-OUTHBIX pETUCTPOB, 00ECIIEUHBAs BBICOKYIO
TOYHOCTH pacuéTa ypoBHs 3apsina 6atapeu (SoC).

Monyns BatteryModule Berauncnsier Tekymuuii yposens 3apsaa (SoC) mo popmyie (6).

_ Qdeliverd

SoC X 100 % (6)

total

e Qgeliverd ¥ Qtota] 2TO 3HaUEHUS 3apsiaa B 24-6utHoMm (opmate. PesynpTar (SoC) mpenacrapieH
8-OMTHBIM YHCIIOM, yKa3bIBaIOIIMM IpoteHT 3apsaa ot 0 1o 100%.

BiLSTMModule, kak mpaBuiio, peanu3yeTcs NporpaMMHO, HO B IAHHOM CUCTEME OH Ipe/ICTaBlIeH
anmapatHbiM HHTep(deiicoM, ToNydaronmM |6-OMTHBIE JaHHBIE O TOKE W HANPSDKCHUH |
MIPOTHO3UPYIOIUM ypoBeHb 3apsiaa (SoC) na Oyaymiee. B peasbHOM HpuMeHEHHWH Mojenb Bi-
LSTM wmoxet ObITh 00OydeHa, KBaHTOBaHA M pa3BepHyTa Ha Al Engine mnu PS uwactu Zynq c
nomoreio Xilinx Vitis Al. BeixonHoe 3Hauenne SoC Takke cocTaBiseT 8 OUT.
DecisionTreeModule knaccuduiupyet 10posKHbIE YCIOBHs (Tpacca, TOPOICKOM PEXUM, CITYCK) C
MIOMOIIBIO JIOTHKU pemtaroniero aepea. OH ncnonb3yeT 12-OMTHBIN BXOJ MOJIOKEHUS IPOCCes,
10-6uTHy!0 cKOpOCTh U 16-0MTHYIO BenunHy TpeOyemoii MoruHocT. Ha Beixoze ¢popmupyercs 2-
OWTHBIH KO, yKa3bIBAIOIIMH PEXHUM JBHXXECHUs, KOTOPBIH HCIIONB3yeTcs Ul BHIOOpa peskumMa
pacnpenesnenus sHepruu [11].

ActuatorModule ucnons3yer Bxoausie nanusie SOC (8 OuT) U pexxum aBuxeHus (2 Oura) st
NPUHSTHS PEIICHWI 10 paclpeAelIeHHI0O MOIIHOCTH Ha CIeIYIOIIHe IOACHCTEMbI: JIBHTaTeNb
PMSM, xonaunmoHep, WHPOPMAIMOHHO-PA3BIEKATEIbHAs CHCTEMa, O3JEKTPOHHBIH  OJIOK
ynpasnernusi (ECU) u ocBerurensHble ¢apbl. KaxaoMy KOMHNOHEHTY NPHCBAaMBACTCSl BBHIXOJHOE
3Ha4YeHue B 12 Out, 4ro obecreynBaeT Auana3zon MomHoctd a0 4096 Br/4. Taxke nmpeaycMoTpeH
curHain tpesoru (alarm), aktuBupyeMsiil mpu cHkeHud ypoBHs SoC Hike 10% — OH HHULUHPYET
IporeTypy OOHapy>KeHHs ONKaiIneil 3apsaHON cTaHIMK MO MHTep(heHCy ceTH KOHTPOIJIEpPOB
(controller area network, CAN).

Bce BbixomHble naHHble mnepepatorcs mo uHTepdeiicy CAN, peanusoBanHomMy B PL, uro
obecrieunBaeT COBMECTHMOCTh CO CTaHAApTaMH aBTOMOOWIBHBIX ceTeil. DopMmaTupoBaHHE H
nepenayda kagpos CAN peannzoBansl Ha ypoBHe Verilog-momyiei.
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5. Pesynbmamsi u ob6cyxoeHue

5.1 TeHepauma n mopgenupoBaHMe Habopa AaHHbIX C MCNONIb30BaHUEM
nnuc

B jaHHOM WCCIEIOBAaHUM HCMOJB3YETCS WCHBITATENbHBIN cTeHa Ha ©6ase I[IJIMC (field-
programmable gate array, FPGA) mist cumynisiliuy ¥ reHepaniy Habopa JaHHBIX, HEOOXOIUMBIX AJIst
ITOPUTMA aJalTUBHOTO YIPABJICHUsS NUTAHUEM, KOTOpbld uHTerpupyer Bi-LSTM wu nmepeso
PELICHUH U1l ONTHMAIBHOTO pacIipeaeieH s SHEPrun B aeKkTpoMoOmsix. Peannzarus na [IJINC
MOJIEIUPYET NIEKTPUUYECKHe, MEXaHWYEeCKHE U SKCIUTyaTallHOHHBbIE XapaKTEPUCTUKU THIIUYHOTO
3JIEKTPOMOOMIISI CPEAHETO Kiacca, W TCHEPHPYET KIIOYEBBIE BXOIHBIC NapaMETphbl, TaKUE Kak
MOJIOKEHHE JIPOCCENisl, CKOPOCTh AaBTOMOOWIIS, HANpPSKCHHE MW TOK AaKKyMYJIATOpa, a TakKxke
koopauHatel GPS ¢ 3amanHO# meproanIHOCTRIO (HanpuMep, kaxapie 30 ceKyHa). DTH mapaMeTphl
UCTIONB3YIOTCA Ul CHMYJSIOMU Pa3iUYHBIX YCIOBHH BOXXIEHHUS (ropoj, IIOCce, CIyCK), 9TO
OTpakaeT peaJuCcTUUHOEe NoBeaeHue OB.

Ipoexr ma IIJIMC peamm3oBaH Ha s3bike Verilog, Toe Koi mpegHa3sHA4YeH Ui TEHEpAINH
CCHCOPHBIX JaHHBIX B IIPEIEIax 3alaHHbBIX paObounX quana3zoHoB. Hampumep, monoxkeHne aApoccems
T, renepupyeTcs cirydaiiHbIM 06pa3oM B ipenenax ot 0% 1o 100%, uMATHPYs NEHCTBHSA BOIUTEIIS.
Cxopoctb aBTomMobuns V; Bbraucnsercs mo ¢opmyne, Vo = a.T, + B rae o xospduuueHt
MacmtabupoBanus, a § 6a3oBast CKOPOCTh IIPH HYJIEBOM Apoccene. Hanpspkenne akkymyssitopa V,
momemupyercst  Kak: V= Voo —k . (100 — SoC) tme V0, — MaKCHMaIbHOE HANPSIKEHUE
AKKyMyIsTOpa, a K — K0 HUIHEeHT MajeHus HAMpPsHKCHUS Ha MPOLCHT CHUKEHHUS 3apsama. Tok
aKKyMyJsITopa I, onpesensercs ypaBHeHueM MorHoctu: P = V. I, rie P TpeOyemas MOITHOCTb
neuratens OB, a V), HanpsbkeHne 6atapen.

Kox Verilog, ucmonmp3yeMblil A 3TOM peanu3aliny, MOAKIOYACT CTaHIAPTHBIC OHOIMOTEKH
IEEE.STD LOGIC 1164 wu IEEE.STD LOGIC ARITH.ALL, xoropsle oOecrne4nBaroT
jorudeckue u apudmerndeckue QpyHkuuu. JlaHHbIe QYHKIMHM HCHOJB3YIOTCS B HCHBITATEILHOM
crerne Ha [1JIMC nmst reHepaluyl pealnCcTHYHBIX JaHHBIX, KOTOPbIE B JaJbHEHIIEM MOJaroTCs Ha
BXO/] AITOPUTMY aJalTHBHOTO YIPAaBJICHHs MUTaHHeM. Anroput™ Ha ocHoBe Bi-LSTM u nepesa
pellleHUH OmpefeNsieT paclopelelieHHe MOLIHOCTH MEXAY Ppa3iMYHbIMH  [OJCHCTEMaMH
AIIEKTPOMOOUIIs (Hanpumep, aBurateab PMSM, konaunmonep, tenemerpusi, ECU).

5.2 OueHka apanTUBHOro O6JioKka YynpaBfeHUA 3HepronoTpeodneHnem:
Mcnonb30BaHWe PecypcoB U NokasaTesiv NpoM3BoAUTENIbHOCTU

st npoBepku 3H(HEKTUBHOCTH U PeaIn3yeMOCTH IPEIOKEHHOTO aITOPUTMA JUIS AIEKTPHIECCKHX
TPAHCIIOPTHBIX CPEACTB ObUIAa MpOBENeHa MOAPOOHAas OLCHKA MPOU3BOAUTENHHOCTH. OleHKa
COCpeJOTOYeHa Ha  CPaBHEHHMH  MPEMJIOKEHHOTO  aJalTUBHOTO  OJOKa  yIpaBleHHUS
sHepronotpebienrem Ha 6Gasze [IJIMC (adaptive power management unit, APMU),
urTerpupytomiero Bi-LSTM wu moruky nepesa penieHui, ¢ TPAAUIIMOHHBIM OJIOKOM YIIPABICHHSI
akkymyistopom (battery management unit, BMU) mo takum mapamerpam, Kak 3(G(GEeKTHBHOCTD
OHEPronoTPeOIeHHs, CKOPOCTh BBIYMCICHUH M HCIIOJIB30BAaHKHE ammapaTHhIX pecypcoB. OleHka
BKJIFOYAET B ce0s1 METPUKH B pealibHOM BPEMEHH, MOJTyuYeHHbIE 3 CUMYJISIIMI Ha iatdopme Zyng
UltraScale+ MPS0C, u nanHbIe 0 moTpebGIeHUH PeCypCOB, MOdyYeHHbIe n3 0TueToB cunTe3a [1IJIUC.
Tabu1. 2 mpegocTaBisieT METPUKK Hcnob3oBaHus pecypcoB [IJIMC mnst npennoxxennoro APMU,
peanmu3oBanHoro Ha miatgopme Zynq UltraScale+ MPSoC. Pa30uBka BKIIOYAET JOTHYECKUE
cpesbl, Tabuip! noucka (look-up tables, LUT), tpurrepsr (flip-flops, FF), 6noku namsitu (Block
RAM, BRAM) u enununsl mudpoBoit obpabotku curnanos (digital signal processing, DSP),
UCIIOJIb30BAaHHBIE TIPH CUHTE3€ U peali3alliH.

Mopayspe Bi-LSTM 3aHumaeT 0CHOBHYIO 4acTh HUCmoib30BaHus DSP u3-3a onepanuii yMHOXEHUS
MaTpHI B BBIYUCIICHHUSX JIOTHIECKUX BOPOT U IEPEX0/1aX COCTOSIHUM. JIJIsl 3TOr0 MOyl BBIJIEIICHO

223



Merina R.D., Ram R.S., Micheal L.C.P. Machine Learning-Enabled Battery Management System on FPGA for Electric VVehicles. Trudy ISP
RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025. pp. 215-232.

npuMepHo 62 cpesa DSP. Jlormka pgepeBa peIIeHHI, HAampOTHB, TPEOyeT MHUHUMAIbHBIX
apu(pMETHUECKHUX OTepalii U peali30BaHa C MCIIOJIb30BaHHEM HeOombiioro kommdectsa LUT u
FF. OOmee wncrmomp3oBaHuEe cpe30B cocTaBmsieT MeHee 28% OT OOCTYNHBIX PECYpPCOB, UTO
MOATBEPKIAET MAaCIITA0OMPYEMOCTb INPOEKTa Ul J00aBJICHUS JOMOJHHUTENBHBIX MOMIYJEH WIIH
pacumpenus riryounsl cetu. Kpome toro, npoekt 3anuMaet MeHee 15% BRAM, uro obecnieunBaeT
3G QEeKTUBHOE HCHOJIb30BAaHWE NaMATH Ha 4yure. Takod HeOONbIIOW 00BEM HCIIOJIB3YyEMBIX

PECYPCOB TMO3BOJSACT JOCTHYBL MPOU3BOAUTCIFHOCTH B PEAJIbHOM BpeMEHH Oe3 yiiepOa s
BBIYHMCIIUTENBHOM CII0KHOCTH.
Tabn. 2. Hcnonvzosanue pecypcog ILJIHC ons npednoscennozo APMU.
Table 2. FPGA Resource Utilization for the Proposed APMU.
Inomans Ounenovnoe
Monyab DOyHKuMs KPHCTA/LIA | KOJUYEeCTBO
(MKM?) BEHTHJIEH
Bitok oGpaGotiu Bi-LSTM | O1CHKa yposui sapsna Garapen (S0C) na 58000 145000
OCHOBE JJAHHBIX CEHCOPOB
Knaccuuiatop Ha ocrose Krnaccudukanuys ycioBuii BOXKICHUSI 15200 42000
pelIaroIero iepesa
T'eHepartop MoJI0KEeHHs CuMynsnus 0JIb30BaTEILCKOTO BXOA 3200 8000
Jpoccerist (0-100%)
Biok MoaenrpoBaHus Pacuér ckopoctu (Vs) Ha OCHOBE 2400 6000
CKOPOCTH TIOJIOXKEHHSI APOCCEIISt
OueHKa HAIPSHKCHASL Monenuposanue HanpsikeHus (Vo) B 2800 6800
Gartapen 3aBucuMocTH ot SOC
Bitok pacuéTa Toka Gatapen Pacuér Ip Ha ocHOBe Vb 1 TOTpebIsIEMOit 3600 8500
MOIIHOCTH
Tenepatop GPS-koop/uHaT I'eHepalys JOJITOTHI U IUPOTHI B IPEAeNax 4000 9000
peruoHa SKCIuTyaTaliu
VYnpasnstomuii 0610k KonTtpons 3a noTokamu AaHHBIX U
. . 6800 17500
(KOHEYHBIH aBTOMAT) M0CJIEI0BAaTEIbHOCTHIO ONepalnii
Moy, untepgeiica OO0MeH nanHbIMHE ¢ 6110KamMu BRAM 8200 20000
TaMSITH
KonTpomnnep Ha3nauenue MOLTHOCTH 1O YCTPOICTBaM B 7600 18000
pacrpesiesIeHUsI MOIITHOCTH | 3aBHCHMOCTH OT YCJIOBHIl

Cunres ObUT BBIMOJHEH ¢ ucnoab3oBannem Vivado 2023.2 ¢ IP-sapamu ot Xilinx Deep Learning
Processor Unit (DPU) u none3oBarensckumu RTL-moxynsimu, HanucanusiMu Ha Verilog. Ananus
BPEMEHHM IOJTBEPK/IAET, UTO MPOEKT COOTBETCTBYET BPEMEHHBIM OTPAHHYCHMSM HPH YacTOTE
TakToBOro curHaiza 100 MI'u, 4TO JONMONHUTENBHO MOATBEPKIAET €ro NPUTOJHOCTH IS
BCTPOEHHBIX AaBTOMOOWIBHBIX mpwioxkeHnil. Tabm. 3 mpexacrtaBisier coOOH KOMIUIEKCHYIO
CPaBHHTENILHYIO OLIEHKY IPEUIOKCHHOTO aJalTHBHOTO OJ0Ka YIpPaBIECHUS YHEPronoTpeOIeHueM
(APMU), peanuzoBannoro Ha miatgopme [LJIUC ¢ morukoit Bi-LSTM u pgepesa pemenuii, u
TPaIUIMOHHOTO OJOKa ympaBieHHs akkymynstopoM (BMU), ucmons3yemMoro B cTaHAApTHBIX
ANEKTPUUYECKUX TPAHCIIOPTHBIX CPEACTBAX CPEAHEro Kiacca. BKITIOUeHHBIE MapaMeTphl SIBISIOTCS
MTOKa3aTeISIMA MTPOU3BOIUTEIFHOCTH CUCTEMBI, 3()()EeKTUBHOCTH aIllapaTHBIX PECYPCOB M OTKIIMKA
B peaJbHOM BpeMeHH. KirtoueBble METpPHKH, Takhe Kak IOTpeOJICHHWE OSHEPTHH, 3ajepikKKa
BBIUMCIICHUH M TPOIYCKHas CIOCOOHOCTh, MPEICTABICHBI IS MOMYCPKUBAHUS OIEPALMOHHON
IIPEBOCXOJICTBA NpeiokeHHoTo pemierns Ha 6aze I[IJIMC. B wactrocti, APMU notpebnsier Bcero
0,98 Bt, uro mout Ha 50% wMeHpie, yeM TpaaunuoHueii BMU. Dt10 mpemmymiectBo B
sHepronorpediaeHnn o0bsicHsAeTCs 3(P(EKTUBHBIM CHHTE30M JIOTHKH, 3aTBOPOM TaKTOB H
ONTHMU3UPOBAHHBIM JIOCTYIIOM K mHaMsaTH. UTo Kacaercs ckopocTH Bbluucienuii, o APMU
JIOCTHTAeT 3aJlep)KKH NPUHATHS pemeHuit Bcero 5,6 Mkc, mo cpasHenuro c¢ 150-400 mkc B
TpaguuuoHHEIXx BMU, 4uro cBs3aHo ¢ ammapaTHOH MapaIedbHOCTBIO W (PYHKIMSMH
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KoHBelepm3anuu. [lomydeHHas mpomycKHas CIOCOOHOCTh COCTaBIsAeT okoyio 178 571 omepanwmii B

CCKYHAY, YTO 3HAYUTCIIbHO NPEBLIIACT BO3MOKHOCTHU CUCTEM HaA base MUKPOKOHTPOJIJIEPOB.

Tabn. 3. Cpasnumenvhas oyenxa npednodxcenno2o APMU u mpaouyuonnoco BMU.
Table 3. Comparative Evaluation of the Proposed APMU vs. Conventional BMU.

Mpeanaraemsriit APMU .
IMapameTtp (na Gase TLTAC) Tpagnuuonnsiii BMU
TTotpebisiemast MOIIIHOCTH ~0.98 Br ~18-2.5Br
3ageprkKa BEIYUCICHUH ~ 5.6 MKC ~ 150 — 400 mMkc

IIponyckHas cmoco6HOCTH

~ 178,571 onepauuit/cex

~ 2,500 — 6,700 omepanwuii/cex

Hcnonezyemast namsath
(BRAM / RAM)

~43 K6 BRAM

~ 128 — 512 K6 SRAM/EEPROM

OHeprodpdheKTuBHOCTH

~ 181.6 onepauuii/Bt

~ 3 — 10 oneparmii/Bt

ApxutekTypa 00paboTKH

Bi-LSTM + nepeBo penieHuii
(amantuBHAsS)

[paBuino-opreHTHPOBaHHAS WIIH
TaOJINIIBI TTONCKA

AmnmnapatHas miatgopma

Zynq UltraScale+ MPSoC

MCU / DSP ua 6aze

MHKPOKOHTpOJLIEpa

ATanITUBHOCTH K

YCITOBHSAM Beicokast (Moienib riepeobyuaema)

Huskas (Hy)XHa HpOIINBKa)

Ouepreruyeckas 3pQeKTHBHOCT, ONpeaesieMas Kak Ollepaliy Ha BaTT, TAKKE 3HAYUTEIEHO BBIIIE
B [IPEIUIOKEHHOM MOJX0Ae OJlaroaapsi ONTHMH3AI[MN MOAEIHU ITyOOKOro 00y4eHH s U annapaTHoOMy
yckopenuto. Kpome Ttoro, apxutekrypa Ha ocHoBe Bi-LSTM wu gepeBa pemienuii mo3BosseT
o0ecreYnBaTh afaTHBHOCTh B PEaTbHOM BPEMEHH, YTO OTPAaHHYCHO B TPaIHIIMOHHBIX MpPaBHIAX
BMU.

5.3 CpaBHUTENbHbIMA aHaNM3 METOAOB OLeHKM YPOBHSA 3apsaa

AnHanus IByX BH3yanuzauuii — «YposeHb 3apsna (SOC, %) ¢ teuenueMm BpemeHn» u «TermioBas
KapTa rokasarelieil OIIMOOK» — T03BOJISIET TIOJIyYUTh BayKHBIE CBEJICHHS O TOYHOCTH Pa3IMuHBIX
MeTO/I0B olieHKH SOC B yCioBUsAX TOpoAcKoil e3mbl (puc. 3). ['opomackas cpena XxapakTepu3yeTcs
YacTHIMHM OCTAaHOBKAaMH M CTapTaMH, IEPEMEHHOM CKOPOCTBIO ABHKEHHS, IIPOCTOEM Ha CBETO(opax
U TIPUMEHEHHEM pEKyNepaTHBHOIO TOPMOXEHHUs. JTH OCOOEHHOCTH CO3/Al0T HEJMHEHHbBIE U
TPYIHO TIpelcKa3yeMble IalJIOHBI paspsiia aKKyMyJsiTopa, 4To JenaeT TOYHylo omeHky S0C
0COOEHHO KPUTHUYHOM [T 3PPEKTUBHOCTU U OE30MACHOCTH JIEKTPOMOOHIICH.

Ha numueiinom rpadmke, o3ariaBieHHOM «YpoBeHb 3apsina (SoC, %) ¢ TedeHHEeM BpeMEHH IS
Pa3IMYHBIX METOJOB OLICHKWY, CPaBHUBAKOTCSA IAATh MeTooB: H-infinity dunetp, dunstp Kanmana
(KF), meton yuéra 3apsina (Charge Counting), LSTM u Bi-LSTM (aBynanpasnennast LSTM-cets).
Hauanenoe 3nauenne SOC cocrasisier okoio 70% ai1st BceX METO0B, C OCTEIICHHBIM CHIDKCHUEM
no mepe Bpemenu. Merox H-infinity nemoncTpupyeT Gonee KoHCepBaTHBHYIO OlleHKY SOC, yToO
OTpa)kaeT €ro YCTOMYUBBIA IIOJXOJ, HANpaBICHHBIH Ha HaAE&KHOCTb B  YCIOBUAX
Heornpenenénnocti. B To ke Bpemsi, KF mocrosiHHo mepeouennBaer SOC, 4TO CBS3aHO C €ro
3aBHCHMOCTBIO OT JIMHEWHBIX MOJIeJIel, KOTOpbIe HE BCET/Ia IIPUMEHUMBI B TMHAMHYHBIX YCIOBHSX
TOPOJCKOH cpensl. MeTox yuéra 3apsiaa IpoCT B pealn3anii, HO IOIBEPKeH HAKOIICHHIO OIIHOOK
MHTETPUPOBaHNUS, 0COOCHHO NP YacTO M3MEHSIONIMXCS Harpy3Kax M peKyneparuy.

LSTM u Bi-LSTM mpeBoCXOmsT TpaauIlMOHHBIE METOABI 338 CUYET CIOCOOHOCTH 3(P(PEKTHBHO
yIaBINBATh BPEMEHHBIC 3aBHCHMOCTH M CIIOKHBIC HEJMHEHHBIC 3aKOHOMEPHOCTH B MaHHBIX. Bi-
LSTM, oOy4asics B 000MX BPEMEHHBIX HAMpPABICHUIX, MOXKET IpelcKa3biBaTh noBeaeHue SOC ¢
HanOONBIIEH TOYHOCTHIO, OCOOCHHO B YCIIOBHSIX PE3KMX W3MEHEHMH HArpy3ku M CKOPOCTH
JIBIKeHUsT B ropoje. Oto jenaer Bi-LSTM o0co0eHHO NOpPUrOMHBIM JUIS MPUMEHEHHS B
MHTEJUIEKTYaIbHBIX CUCTEMaX YNpaBJICHHs aKKyMYJISITOpAMHU 3JIEKTPOMOOHIIEH.
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SoC (%) Over Time for Different Estimation Methods
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Puc. 3. Cpasrnumenvuwiii anaiusz memooos OyeHKU YpOosHs 3apsaod AKKYMYIAmopa.:
ceepxy — npoyenm ypoehs 3apsaoa (SoC) 60 epemeru 015 pa3iuiHbIX MEMOO08 OYEHKIU,
HUdice — cpedHas abcontomuasn ouwubka (MAE), cpeonexeadpamuunasn owubrka (RMSE) u maxcumanoHas
OWUOKA 0N PA3TUYHBIX MEMOO08 OYEHKU ONHOCUMETbHO IMANTOHH020 Memoda H-infinity.
Fig. 3. Comparative Analysis of SoC Estimation Methods:
(upper) State of Charge (SoC) percentage over time for various estimation techniques;
(below) Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and Maximum Error
across different estimation methods with respect to the H-infinity reference.
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Ha TtemuoBoit kapre «CpaBHUTENbHAsI TEMJIOBas KapTa METPHUK OMIMOOK» IMPEJCTaBICHBI TPH
MoKa3aTelsl ONEHKH TOYHOCTH: cpemHss abconroTHas ommubOka (MAE), cpemnexBampaTudHas
ommbka (RMSE) u makcumanbHas ommbka. Merox KF memoHCcTprpyeT HanOonbIIne 3HAUYCHUS
ommbok (MAE: 0.65%, RMSE: 0.70%, Max Error: 1.00%), uTo nog4épK1BaeT ero OorpaHi4eHHOCTh
B CIIOXHBIX YCJIOBUSIX. MeTox y4éra 3apsijia IOKa3blBaeT JIydylllne, HO BCE emé HecTaOMIIbHBIC
pesynbratel. LSTM 3HaumtensHo cHmkaer ommbku (MAE: 0.25%, RMSE: 0.29%, Max Error:
0.50%) Gmaromapst rirybokoMy 0OyueHHI0 U 00paboTKe BpeMeHHbIX AaHHbIX. Bi-LSTM nocturaer
HauMeHbIUX mokaszareneit ommbok (MAE: 0.19%, RMSE: 0.23%, Max Error: 0.40%),
MOATBEPXKJasi CBOIO QJAaNTUBHOCTb M TOYHOCTh. TakuM 00pa3oM, BH3yaJbHBI aHaNW3
noATBEpKIaeT, uto Mojenb Bi-LSTM mpeBoCXOAUT TpajWIMOHHBIE W IPYrHe HEHPOCETEBBIC
Mmetonsl B oneHke SOC B yCJIOBHSIX TOPOJCKOM e3/1bl. briaromapsi ciocOOHOCTH YYUTBHIBATH Kak
MpOILITbIe, TaK U OyIyIlne 3HAYCHUsS] BPEMEHHBIX PSAIOB, OHa 00ECIEUYMBACT BHICOKYIO TOYHOCTh
NpOTHO3a, Jenas e€ MPeANOYTHTEIbHBIM BBHIOOPOM [UISi COBPEMEHHBIX CHUCTEM YIpPAaBICHHS
AKKyMYJISITOPOM B 3JIEKTPOMOOHIIAX.

5.4 MNoTpebneHne 3HeprMm B 3NEKTPOMOOUNAX NpPU ONTUMU3INPOBAHHbIX
ycnoBusx BoxaeHus (SoC: 40% < SoC > 10%)

[ToTpedienune sHEPruK Pa3IMYHBIMU JIEKTPUYECKUMH KOMIOHEHTAMU CPEIHEr0 3JIEKTPOMOOMIIS
(EV) 06bL10 MpOaHaNH3MPOBAHO B PA3IHYHBIX YCIOBHSX BOXICHHUs (IIIOCCE, TOPOJ, CIYCK), C
(oKycoM Ha ONTHMH3ALMUIO HCIOJb30BAHHS SHEPTUU C MOMOLIBIO MpENCKa3aTeNbHBIX MOJIEINEH,
takux kak Long Short-Term Memory (LSTM) u Bi-LSTM + Decision Tree (DT) (ta6m. 4).
Konauimonep, KOTopblid MoTpedisieT MHOTO 3Hepruu, 00brdHo notpebser 3000 Bt B ctanaapTHBIX
YCIOBUSIX, OJTHAKO €ro MOTpeOJeHNe 3HAUNTEIBHO CHIKACTCA B ONTUMHU3UPOBAHHBIX CIIEHAPHAX,
ocobeHHO mpHm aBmwkeHHH 1o mmocce (2400 Bt) m B ropoackux ycioBuax (2200 Bt). Dro
JIEMOHCTPHPYET, YTO CHCTEMa MOXET OBITh HacTpoeHa i Oonee 3¢ (eKkTHBHOH pabOTHI B
3aBUCHMOCTH OT YCJIOBHH BOXICHHUS, YTO YIy4lIaeT 3HEProd((EeKTUBHOCTH. AHAJIOTHYHBIM
00pa3oM, TOTpeONeHHe SHEPTUH TaJOTeHHBIX JaMn BbICOKOH uHTeHCcHBHOCTH (HID), X0Ts 1
HeBEIMKO — 35 BT 1o ymoigaHuio, CHU)KaeTCsi HEMHOTO BO BpeMsl JIBIDKCHHMS 10 1IOCCE W IIPH
CIUTOIITHOM JIBIDKEHHUH, UYTO OTpaxkaeT 0ojee HHU3KHe TPeOOBAaHMS K OCBEUICHUIO B ATUX YCIOBHUSX.
Cucrtema MyJIbTHMENNA, KOTopast 00bgHO moTpebisier 600 BT, Takke MOKa3bIBaeT 3HAYUTEIHHOE
CHU)KEHHE TIOTpeOJIeHs] SHEPTHH, OCOOEHHO B TOPOACKUX ycioBusx (480 BT), 4to ykaswiBaeT Ha
TO, YTO CHUCTEMa AJANTHPYETCS B 3aBHCUMOCTH OT B3aMMOJEHCTBHS IOJIB30BATEsl M YCIOBHUIM
BOXK/ICHHSI.

Onektponnsii 070k ympasieHus (ECU), morpebssromuit 600 BT mo ymog4aHUio, Takke
BBIMIPHIBAE€T OT ONTHMHU3AIUH, C YMEHbIICHHEM noTpebsenus sHeprun 10 420 Bt B ropoackux
ycnoBusx. Cuctema ynpasiieHus akkymysstopom (BMS), oTeedaroriiast 3a MOHUTOPUHT COCTOSHUS
akkyMmyJsitopa, moTpedsser 200 BT B cTaHZapTHBIX YCIOBHUSIX, HO CHIDKaeTcs 10 160 BT mpu
CIUIOIIHOM JIBM)KEHHH, YTO TaKXe IEMOHCTPHPYET CIOCOOHOCTb CHCTEMBI aJaNnTHpPOBATHCA K
yCHOBUSIM  SKCIUTyaTarmu. Cucrema peKkynepanud 3HEPrHH TIPpH  TOPMOXKEHHH, KOTOpas
BOCCTAHABIIMBAET PHEPTHIO IIPH TOPMOXKEHMH, 0ObdHO ToTpebmser 300 BT, HO 3TO 3HaueHHe
cHikaercs g0 230 BT npu CrulomHOM ABMXKEHMH, IOCKOJBKY CHUCTEMa ONTUMHU3UPYET
BOCCTAHOBJIEHHE SHEPTUH. DIIEKTPHUECKUH yCUIIUTENb Py, nmotpedisitomuit 150 Br, cHmkaercst
10 110 BT Bo BpeMs CIUIONIHOTO JBIKEHHS, 9TO OTPaXKaeT MEHBIIHNE TPeOOBAHUS K SHEPTHU I
PYJEBOTO YHPABICHUS TPH [BIDKCHHH HAKaTOM. Pe3ynbTaThl IOKA3bIBAIOT, YTO HHTETPAIlH
mogmeneit LSTM u Bi-LSTM + DT 3HauuTeNbHO ONTHMHU3UPYET MOTPEOIICHUE SHEPTHH PA3ITHIHBIX
KOMIIOHEHTOB aBTOMOOWIIS, YTO CIIOCOOCTBYET YBEMTHYEHHUIO NAIBHOCTH MOE3JKH W YIYyYIICHHIO
obmeit 3¢dexTnBHOCTH, Aenmas 3IEKTpoMoOWIH Ooee YCTOHYMBBIMH B Pa3IMYIHBIX YCIOBHUAX
BOXKICHHA. OTa CTpaTeTHWs ONTHMHU3AIMM HMEET pellaioliee 3HAYeHHWe JUIS  YIyqIIeHHs
9HEeprod(GEeKTUBHOCTH W  OKCIUIYaTAllHOHHOW  YCTOMYMBOCTH  OyIymMX  KOHCTPYKIMH
AIEKTPOMOOHIIEH.
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Tabn. 4. Ilompebnenue sHepeuu 2NeKMpULECKUX KOMIOHEHMOS 8 DIeKMpPOoMoounax cpedtnezo kiacca (SoC:
40% < SoC > 10%) npu paznuunuvix yCcio8UaX G0AHCOEHUSL.

Table 4. Power Consumption of Electrical Components in Mid-Range Electric Vehicles (10% < SoC < 40%)
under Different Driving Conditions.

JJieKTpHYeCcKHEe Ilo Iocce (Blil.lfgﬁ'eM Topon rfgg.l:\ﬂ(]ii_ Cnyck (Bic_rll_ysc.llfM
KOMIIOHEHTbI ymoavanuw | (LSTM) +DT) (LSTM) DT) (LSTM) +DT)
Konaunuonep 3000 2700 2400 2600 2200 2500 2000
Ocsemerne (HID 35 30 28 32 30 30 28

JIaMITBl ¥ 1p.)

MynsTumenua 600 550 500 520 480 500 450
ICKTpOHHEITE G0k 600 500 450 480 420 450 400
ynpasierns (ECU)

Cucrema ynpasaenis 200 180 170 190 180 180 160
akkymyssitopoM (BMS)
CucremMa pexynepanuu
SHEPruu Mnpu 300 280 260 270 250 270 230
TOPMOKEHHU
DUeKTpHeCKitil 150 130 | 120 | 140 | 130 | 140 | 110
YCUIIMTEND PYIIs

5.5 OueHka AanbLHOCTM X04a 3NIeKTPUYECKOro TPAHCNOPTHOIO cpeAcTBa Npu
pPa3nnUYHbIX YCIIOBUSIX BOXAEHUSA

OrneHka JadpHOCTH XOAa JJIEKTpUYecKoro TtpaHcmopTHoro cpenctsa (OTC) mpu pa3iudaHBIX
YCJIOBHSIX BOXJICHHS MIPOBOAMIACH C MCIOJIb30BaHHEM (OPMYJIbI, OCHOBAHHOW Ha MOTPEOJICHUU
9HEPTHUH, TJE JATBHOCTH X0/a [UIS KaXJ0r0 yCIOBUS OblLTa pacCYMTaHa ¢ OMOIIBI0 hopmyist (7).
3neck Rangegerayr NPEACTABISAET CTAHAAPTHYIO AANBHOCTh Xoia 200 KM Mpu CTaHAAPTHBIX
ycoBUAX BokaeHus, a Total Powerp,fqy ¢ cocTaBnser 4885 Bt — obiuee notpediieHne SHEPIUM B
9THX ycnoBusX. [loTpebieHne 3HEpruu A KaXIOTO YCIOBHS BOXKACHHS, W3MEHSIOIEecs B
3aBUCHMOCTH OT ONTHUMHU3AIMOHHBIX CTpareruii, takux kak LSTM wu Bi-LSTM + DT,
HCIIONB30BAIOCH JJIS BhIYuCIeHus: HoBoro muamasona (Total Powery,,). Tabm. 5 cymmupyer
oO1ee noTpedIeHNe YHEPTHH U PACCUNTAHHYIO JaTIbHOCTh X0/a ISl KaXKJI0TO YCIIOBHUS BOXKICHUS:

Total Power
Default X 100 % (7)

RangeNew - Rangedefault X Total POWQI‘NBW
Pe3ynbraThl MoKasaiu, 4T0 ONTHMHU3AIMOHHBIE CTPATETUH MTPUBEIN K 3HAYUTEILHOMY YITyUIICHHIO
nansHOCTH X073 DTC, mpuyeM HauboJbllee yBeIMYEHHE HAOIIOAAETCS MPU MCIOIb30BaHnu Bi-
LSTM + DT st mm1occeiiHOro BOXKACHUS, YTO JAJI0 YBEIMYCHUE NaIbHOCTH Ha 25%, nocturast 250
kM. Jlpyrue ycioBus, Takue Kak TOPOJCKOE BOXKICHUE U CITYCK C TOp, TAKXKe MMOKa3ald 3aMETHbIC
yiydmeHus. JlanbHOCTh XOJa JJsl TOPOJACKOTO BOXIEHHS yBenuuminach Ha 21,22% mpu
ucnonb3oBanuu crparerun Bi-LSTM + DT, B To BpeMs Kak Jyisi COycka € rop yJydllIeHHEe
cocraBwIo ckpoMHbie 11,58%. [IponeHTHOE yBeNIMYEeHUE IS KaXKJIOTO YCIOBHS BOXKICHUS OBLIO
BBIYMCIICHO, M PE3YJIBTATHI MOKA3alld, KaK oNnTHMHU3anuoHHble ctpaternd LSTM u Bi-LSTM + DT
MOBBIIIAIOT 3HEPT03(PPEKTHBHOCTH, 0COOEHHO B YCIIOBUSX BEICOKOHM IIOTPEOHOCTH B DHEPTHH, TAKHX
KaK IIOCCe W TOpOJCKOW TpaduK. DOTH ONTHMH3ALNUU aJalTUPYIOT MOTPEOJICHUE SHEPTHH
TPAHCIIOPTHBIM CPEJCTBOM B PEalbHOM BPEMEHH, YTO NPUBOAMT K YBEIHUCHHUIO TaJbHOCTH X0/,
Kak 9TO MOKa3aHO Ha KPyroBoil auarpamme (puc. 4). B 1emom, pe3ynbTaThl IeMOHCTPUPYIOT, YTO
CTpaTerud Ha OCHOBE MAIIMHHOTO oOyueHuss MOryT 3¢ @deKTuBHO ymydmuTs pabdoty OTC,
obecrieunBasi Oonee NaibHUE MOE3AKA M YIYYIIEHHYIO YCTOHYMBOCTh B PEAIBHBIX YCIOBHSX
BOXKJICHUSI.
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Tabn. 5. Pacuem 0anbHocmu X004 npu pasnuidHbiX YCL0GUSX GONHCOCHUsL ¢ ONMUMUSUPOBAHHBIM
nompebaeHuem dHepuu.
Table 5. Range Calculation under Different Driving Conditions with Optimized Power Consumption.

O0uiee norpediaenne PaccuuTanHasi JaJIbHOCTH
Yeaosus Boknenns 3Heprum (Br) X012 (KM)
Tlo ymom4auuio 4885 200

[occe (LSTM) 4410 221,54
IMocce (Bi-LSTM + DT) 3908 250,00
Topox (LSTM) 4512 216,53
Topox (Bi-LSTM + DT) 4030 242,43
Cnyck ¢ rop (LSTM) 4870 200,62
Cnyck ¢ rop (Bi-LSTM + DT) 4378 223,16

Highway (LSTM) Downhill (Bi-LSTM + DT)

Downhill (LSTM)

Urban (Bi-LSTM + DT)
Highway (Bi-LSTM + DT)

Urban (LSTM)

Puc. 4. Kpyeosas ouazpamma, urniocmpupyiowas npoyenmuoe ygeaudenue oansnocmu xooa ITC npu
PA3IUYHBIX YCIOBUSAX BOMHCOCHUS C ONMUMUSUPOSAHHBIMU CIPAMeESUAMU ROMPeONIeHUs SHepeuY (Wocce,
20po0 u cnyck c 2op) c ucnoavzoganuem LSTM u Bi-LSTM + DT.

Fig. 4. Pie chart illustrating the percentage increase in EV range under different driving conditions with
optimized power consumption strategies (Highway, Urban, and Downhill) using LSTM and Bi-LSTM + DT.

6. 3aknroyeHue

B nanHoii pabote pa3paboTaH 1 peann30BaH aJanTHBHBINA OJIOK ynpaBineHus nutanueM (APMU) Ha
6aze TIJIMC c wucnosnb3oBanuem Iardpopmel Zynq UltraScalet MPSoC, HampaBieHHbId Ha
MOBBIIIEHHE 9HEPro3((GEKTUBHOCTH M  PEANM3ALUI0 HHTEIUIEKTYalbHOTO  PACIHpeeNCHUs
MOIITHOCTH B PEajJbHOM BpeMEHU s djaekTpomodOmieir. KomOunamus Bi-LSTM mis oneHKH
COCTOSIHMS 3apsifia M JepeBa PELICHUH AU KIAaCCU(PUKALUKN yCIOBHH ABHXEHUsI 0OECIedYnBacT
JUHAMHUYECKOE YIIPaBJICHUE 3HEPTONOTPEOIEHHEM Ha OCHOBE PEANbHBIX TAPAMETPOB. AMapaTHas
peanuzanys ToKa3aja CyIIECTBEHHbIC NMPEUMYIIECTBA IO 3aJEpiKKE, MPOIyCKHONH CHOCOOHOCTH,
9HEPronoTPeOJICHUIO M HCIOJIb30BAaHMIO PECYPCOB 0 CPaBHEHHIO C TpaguuuoHHbIMH BMU.
IpemnoskeHHbIH MOIX0A 00SCIIeUrIT YBEIMICHUE 3ammaca xoaa 10 25% Ha miocce U Oonee yeM Ha
20% B TOPOJACKMX YCIOBUSX NPU MHHHUMAJIBHOM SHEPrornoTpedIeHUH M BBICOKOW CKOPOCTH
ob6paborku. IlomyueHHsle pe3ynbTaTel moaTBepxaaloT mnoreHuuan [1IJIMC-apxurektyp c
NPUMEHEHHEM METOJIOB MAIIMHHOTO OOydYeHHs JUIl BBICOKO3()(EKTHBHOI'O  yNpaBIEHUS
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SHEProMUTAHUEM B 3JICKTPOMOOMIISIX HOBOTO TOKOJIeHHsL. B OyayliieM miaHupyeTcs pa3BepThiBaHIe
mogenu B cucremax HIL (Hardware-in-the-Loop) u pacumimMpeHde Ha MHOTOMAIIMHHBIE CETH C
COBMECTHBIM HCITOJIb30BAHUEM SHEPTHH.
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OOHUHCKUTL UHCTNUMY M AIMOMHOU dHEPLeMUKU — QUAUATL PedepalbHO20 20CYOapCmMEeHHO20
ABMOHOMHO20 00PA308AMENLHO20 YUpecOeruUs: 8bicue20 0bpazoeanus « Hayuonanviwlil
uccreoogamenvckuil s0epruill yuusepcumem « MUDPHy (MATO HUAY MUDH),
Poccus, 249039, . Obnunck, mep. Cmyo2opooox, o. 1.

AHHOTanMs. ABTOMATH3alUs PYTUHHBIX OIEpaluil, CBSI3aHHBIX C AHAIN30M MEIWIMHCKHX CHHMKOB,
HpescTaBIsieT coOOl BaXKHYIO 3aiady, TaK KakK IO3BOJIIET CHM3UTHh HAarpy3Ky Ha PEHTTCHOJOToB. Bribop
CHHMKOB KOMIIBIOTEPHOH TOMOTpaduy, COOTBETCTBYIOIINX YPOBHSIM KOHKPETHBIX ITO3BOHKOB, JUIS OLEHKH
COCTaBa Tela MalMeHTa OOBIYHO OCYHIECTBISIETCS BPYUYHYIO, YTO TpeOyeT IONOIHHUTENBHBIX BPEMEHHBIX
3arpar. Llenp wccnemoBaHus — pa3paboTKa MOAXOAA K PELICHHIO 33/audl JIOKAIW3alUH IT03BOHKOB Ha
CPEIMHHBIX CarUTTAJIBHBIX CPe3aX KOMITBIOTEPHON TOMOTpaduH JUIsi aBTOMAaTHIECKOTO BBIOOpA aKCHAJIBHBIX
Cpe30B, UCTIOIB3YEMBIX JUIS OIIEHKH COCTaBa Tesia. B ocHOBe pa3paboTaHHOTrO IOIXO0JA JISKHUT NMPUMEHEHHUE
MOJIEIM MYJbTHUKIIACCOBOM CerMeHTallMM, HuMeloled apxurekrtypy cemedictBa U-Net, U MeToq0B
KOMITBIOTEPHOTO 3pEHUs U1 MpeaoOpaboTKH CHUMKOB M MOCTOOpabOTKM Macok cerMeHTanuu. C Imenbio
OLICHKH BJIMSTHHS THIIOB BXOJHBIX JAHHBIX U aPXUTEKTYpP MOJIeNel Ha TOYHOCTh CeTMEHTAIMH paccMoTpeHo 20
KOHUrypauuii moaxona. BrvBIeHO, 4YTO mpe/ularaeMblii MeTOJ NpeqoOpaboTKH BXOJHBIX JaHHBIX,
OCHOBAaHHBIH Ha (OPMHPOBAHMHM TPEXKAHAIBHBIX CHHUMKOB, IOBBIIAET TOYHOCTh MYJIBTHKIACCOBOM
CerMEHTAllUU JUIS 4YeThIpEX apXuUTeKTyp u3 natd paccMorpeHHbIx (Dense U-Net nemoHcTpupyer
MakCUMalbHOEe 3HaueHHe Kod(pduimenta cxoxectn [laiica — 0,8858). Tawke ycTaHOBIEHO, YTO
MpeUTOKEHHBIH METO PacIIMpeHHs oOydaromieil BEIOOPKH, OCHOBaHHBIN Ha MPOITyCKEe aKCHAIBHBIX CPE30B
npu (OPMUPOBAHUHM CATHTTANBHBIX CPE30B, IIOBBIIIAET TOYHOCTh MYNIBTHKIACCOBOM CErMEHTAIWH ISt
Mmogeneir ¢ apxutekrypamu ResU-Net m Dense U-Net. Ha 6a3e mpemioskeHHOTO MOAXoJa peaTn30BaH
MPOrpaMMHBIN MOJTyJTb, pELIAIOIINi 3a/Jaul aBTOMATUYECKOT0 ONPEeNIeHHSI TIOJI0XKEHUH TO3BOHKOB IIEHHOTO0,
IPYJHOTO U IOSCHUYHOIO OT/AENOB IO3BOHOYHHMKA HA CPEIUHHOM CaruTTalbHOM Cpe3e KOMIBIOTEPHOH
ToMOrpaduu, X BU3YaTM3aI[MH U ONPEACNICHNS] NHICKCOB aKCHAJIBHBIX CPE30B, COOTBETCTBYIOLIUX IIEHTPaM
TeJ TO3BOHKOB. Pa3pa®oTaHHBIM MOXynb MHTErpUPOBaH C NPOTpaMMOil AN BU3yaIM3allMd M aHaIu3a
meauiuHckux ¢aitnoB DICOM. Pa3paGoTaHHBIN MOZYIb MOXKET PUMEHSTHCS B KAYECTBE BCIIOMOTaTENEHOTO
UHCTPYMEHTA IPU PEIICHUN NTUArHOCTUYECKUX 3a/1ay.

KuiroueBsbie cii0Ba: KOMITBIOTEPHOE 3peHHE; IITyOOKOoe 00yUeHNe; KOMITBIOTepHas ToMorpadus; cerMeHTanus,
JIOKaJIM3aIys; IpeaoOpaboTka; ayrMeHTanus; Mo3BOHOK; apxuTekTypa U-Net; MmeanmuHCKre CHUMKH.

Jas ummtupoBanms: TerusikoBa A.P., Illepmue P.B. IlpumeHeHue KOMMBIOTEPHOTO 3peHHS IS
JIOKaJIM3aI[MY TO3BOHKOB HA CPEAMHHBIX CarHTTATBHBIX Cpe3ax KommbioTepHoi Tomorpaduu. Tpymsr UCII
PAH, towm 37, Beim. 4, wacts 1, 2025 r., ctp. 233-248. DOI: 10.15514/ISPRAS-2025-37(4)-14.
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Abstract. Automation of routine operations related to medical image analysis is an important task, as it reduces
the workload of radiologists. The selection of computed tomography images corresponding to the levels of
specific vertebrae for assessing the patient's body composition is usually done manually, which requires
additional time. The purpose is to develop an approach to solving the problem of vertebrae localization on
midsagittal computed tomography slices for automatic selection of axial slices used to assess body composition.
We developed an approach based on the use of a multiclass segmentation model with the U-Net family
architecture and computer vision methods for images preprocessing and segmentation masks postprocessing.
In order to assess the impact of input data types and model architectures on segmentation accuracy, we
considered 20 approach configurations. We found that the proposed method of preprocessing input data, based
on the formation of three-channel images, increases the accuracy of multiclass segmentation for four
architectures out of five considered (Dense U-Net demonstrates the maximum Dice similarity coefficient of
0.8858). We also found that the proposed training set augmentation method based on skipping axial slices when
forming sagittal slices improves the multiclass segmentation accuracy for models with the ResU-Net and Dense
U-Net architectures. Based on the proposed approach, we implemented a software module that solves the
problems of automatic determination of the positions of the cervical, thoracic and lumbar vertebrae on the
midsagittal computed tomography slice, their visualization and determination of the axial slice indices
corresponding to the vertebral body centers. We integrated the developed module with the program for
visualization and analysis of DICOM medical files. The developed module can be used as an auxiliary tool in
solving diagnostic problems.

Keywords: computer vision; deep learning; computed tomography; segmentation; localization; preprocessing;
augmentation; vertebra; U-Net; medical images.

For citation: Teplyakova A.R., Shershnev R.V. Application of Computer Vision for Localization of Vertebrae
on Midsagittal Computed Tomography Slices. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 4, part 1, 2025,
pp. 233-248 (in Russian). DOI: 10.15514/ISPRAS-2025-37(4)-14.

1. BeedeHue

CHcTeMBI MONICPKKH NPUHATHA BpadeOHBIX PEIICHHUH, B OCHOBE ()YHKIIMOHHUPOBAHHS KOTOPBIX
JEKAT TPUMECHEHHE METOJIOB KOMITBIOTEPHOTO 3pPEHHS, CIIOCOOHBI BBICTYNATh B KadecCTBE
HCTOYHHKA BTOPOTO MHEHHS W CHID)KAaTh PYTHHHYIO Harpy3Ky Ha PEHTTCHOJIOTOB IPH aHAIH3E
CHIMKOB, TOJYYaeMBIX METOJAaMH MEIUIIMHCKOW Bm3yanu3anuu. OZHUM W3 3TAlOB PEIICHUS
MUArHOCTHYECKUX 3a/1ad, CBS3aHHBIX C OICHKOW COCTaBa Tella [0 CHUMKAM KOMITBIOTEPHOM
tomorpaduu (KT), sBrsiercss BBIOOpP CHUMKOB, COOTBETCTBYIOIINX ONPEIEIEHHBIM ITO3BOHKAaM. J[i1st
OIIEHKM  CKelleTHO-MbImeyHoro uHaekca (CMU) 4yame Bcero  HCMONB3YETCS — CpeE3,
COOTBETCTBYIOIIMKA TeHTpy Tena mo3BoHka L3. Omnako cHumku KT ypoBHs L3 He Bcerma
JocTynHBL. B cBs3u ¢ 3TuM aBTOpHI [ 1] nccneayroT, B kakoi ctenenn cHUMKH KT Ha ypoBHE Ipyrux
ITO3BOHKOB MOTYT OBITH TIOJIE3HBI TSI OIICHKH COCTOSIHHS MBIIIEYHON TKaHH, M JEJIAI0T BBIBOJ, 9TO
st CMU 3HaumuTenbHBI Koppenmsuui Mexay yposusmu C1-C2, C7-T5, T7-L5 u L3 (r=0,70-0,93)
COOTBETCTBEHHO. ABTOPBI IIOAYEPKHUBAIOT, YTO MPH OTCYTCTBHU CPE30B Ha ypOBHE MO3BOHKA L3
Cpe3bl Ha YpOBHE II03BOHKOB TpymHOro u moscHuuHoro otaenoB (T1-T5, T7-L5) moxHO
HCTIOJIB30BaTh JIJISl OLICHKU KOJNUYCCTBCHHBIX U KAYeCTBCHHBIX MOKA3aTelIed MBIMICYHOW TKAHHU Y
MAaMEHTOB C PAaKOM TOJIOBBI U IlIeW, MUIIEBOJA, JIETKUX W MEJIAHOMOMH, OJHAKO HCIOJb30BaHUE
Cpe30oB Ha ypoBHe N03BOHKOB IueifHoro otgena (C1-C2, C7) obecneumBaer Ooliee HU3KYIO
HaJeXXHOCTb. ABTOpHI [2] mokas3piBaioT, uto oueHku CMU, mnomyyaemble ¢ HCHOIb30BAaHUEM
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TUIoIIa M MbIieuHoi TkaHu cpe3a KT Ha ypoHe T4, corocTaBUMEI ¢ OIICHKaMH Ha 0a3e n3MepeHuit
Ha ypoBHEe L3 y manuenToB ¢ pakoM NpsaMoi KUIIKH. B craTke [3] moquépkuBaeTcs, 9To B CIIydasx
npoBeneHus KT rpynHON KIeTKH CHUMKH YPOBHS IMO3BOHKA L3 MOTyT OBITE HetOCTYIHEL. B cBs3H
C ATHUM aBTOPHI HCCJIEIOBAHUSA AEMOHCTPUPYIOT, YTO Ui MPOBEIEHHs OLEHKH cOCTaBa Tela y
MaIMEeHTOB ¢ paKOM JIETKOT0 TaKXke BO3MOXKHO Hcnonb3oBaHue cHuMKa KT Ha ypoBHe no3Bonka L1.
ABTOpHI [4] OLIEHHBAIOT KOPPESIUY HHICKCOB MAacChl Teja, MOJYYEeHHBIX uepe3 U3MEpeHue JUIs
BCETro TeJa U 4epe3 OLEHKY M0 OJHOMY MM HeckodbkuM cpe3aM KT, u npuxoasT K BEIBOLY O TOM,
4TO YCpeAHEHHE N0 HECKOJbKUM cpe3aM Ha ypoBHAX L1-L3 mpu BeIYMCIEHMH OLIEHOK MOXKET
TIOBBICHTH 3HAUEHHNE KOPPEIISIIIH.

Jis ympoleHuss ofHOro u3 3TanoB aHanu3a cHUMKOB KT ¢ menblo oLeHKH cocTaBa Tena
aKTyalbHOI! ABJsIETCS pa3paboTKa MOJX0Aa K PEIISHHIO 3aauH JOKaIU3aluU T03BOHKOB LIEHHOTO,
TPYJHOTO U MOSICHUYHOTO OT/IEJIOB TO3BOHOYHUKA, JIeJIalolee BO3MOXKHOIM aBTOMaTH3aIUIO BEIOOpa
akcuasbHBIX cpe3oB KT, cOOTBETCTBYIOMNX YPOBHSIM OIPEIeNICHHBIX MTO3BOHKOB. C y4€TOM TOTO,
YTO aBTOpaMH HACTOSIIEeH pabdoTHl paHee OOYYCHBI MOJENH CErMEHTAIMM MBIIICYHOW TKaHW Ha
canMkax KT, COOTBETCTBYIONMIMX ITO3BOHKAM TPYAHOTO W TOSCHHYHOTO OTHENOB [5], momxon
MO3BOJIMT aBTOMATH3MPOBATh 3Tal OTOOpa CHUMKOB, KOTOPBIE MOTYT OBITH 00pa0OTaHBI ITUMH
MOJICIIIMH.

2. 0630p cyuwecmeayrouw,ux nooxodoe

B pamxkax uccnenoBaHusi Obl1 MPOBEAEH 0030p CYLIECTBYIOUIMX MOAXOAOB K PEHICHHIO 33ja4d
ABTOMATHYECKOH CErMEHTAalluM IMO3BOHKOB, KOTOPYIO HEOOXOAMMO BBIIOJHATH AT UX TOYHOU
nokanm3anuud. B mogxone, ommcaHHOM B crathe [6], axcuanbHbele cpe3sl KT gemsarca Ha
HETIePEeKPhIBAIOIINECST TaTYM, KOTOpPBIE TMEpefaloTcs MOAENM Ha 0a3e MHOTOYPOBHEBOTO
pa3pexkeHHOro aBTOKoAupoBIinKa (SSAE). BemmonHseTcs omepaiys CKOJB3SIIET0 OKHA M JUIA
Ka)KJJOTO MaTda ONpENeNsieTCsl, OTHOCUTCS I OH K OOJAcTSIM ITO3BOHKOB MM HET. ABTOPHI [7]
MpeAIaraloT MoJyaBTOMAaTHYECKNH MOAXOJ AJSl CETMEHTALMM IO3BOHOYHMKA 1o aaHHBIM KT,
OCHOBAaHHBIH Ha TEOMETPUYECKOM MOTOKE C IPEABAPUTENBHBIM IPHUMEHEHHEM aHH30TPOIHOU
muddysHoit guibrparmu. s cerMeHTanuu OTAENBHOTO MO3BOHKA IMOJIB30BATENI0 HEOOXOANMO
BPYUHYIO BBIOMpaTh UCXOAHYIO TOUKy. B craree [8] mpeasaraercs moaxoxa Ha 0a3ze JBYXITarmHON
Dense-U-Net, mocienoBaTensHO BBITOMHSAIONMIEH JIokanu3aiuio (¢ momonibio 2D-Dense-U-Net) u
cermeHTanuio (¢ ucnonp3oBanuem 3D-Dense-U-Net) mo3BonkoB. ABTopamu [9] mpemnoskeHa
MoJenb, paboTaromas B ABa dTama: cHadana ¢ nomomnisio CHASPPRAU-Net (Momudukarms
apxutekTypsl U-Net) cerMeHTHpyeTcsi MO3BOHOUYHHK, Iocie dyero mpu nomomm MRU-Net
(MoOmmbHass ocratounas U-Net) pacmo3HaroTcs OTHenbHBIE 1MO03BOHKH. B [10] mpemmaraercs
THOPUIHBIN TOJX0J] K CETMEHTAllMM O3BOHKOB Ha akcuaibHBIX cpe3ax KT, coueratommii B cebe
cBépTounyto HelipoHHyto ceTh (CNN) u noiHocThio cBéprounHyio ceth (FCN). [pepnaraemas B [11]
MoJienb TiTyOoKoro noBepus Ha ocHoBe naTtdei (PaDBN) aBTomarnueckn BEIOMpaeT MpU3HAKH U3
nmarueil m3oOpakenuit KT, mocine wero wm3MepseT MEXKIACCOBEIE pa3nmuus. [lomydeHHBIC
JUCKPUMHHATHBHBIE TPU3HAKM TIIOJAIOTCS HAa BXOJA KJIAcCH(HUKATOPa, KOTOPBHIH OLEHHUBAET
BEPOSITHOCTh TMPUHAIJEKHOCTH K 0O0JacTH TMO3BOHKA. ABTOpHl [12] mpemiaraloT MeToj
ABTOMATHYECKON CerMEHTAINH MOSCHUYHBIX TI03BOHKOB, COCTOSIINH U3 IBYX YaCTEH: TOKATH3aI[H
W CErMEHTAIH MO3BOHKOB MOSICHUYHOTO OT/AeNa. 3a mepBeIid 3Tanm oTBedaeT U-Net, 3a BTOpoi —
tpé€xmepHass XUnet. CNN ans cerMeHTanuy Mo3BOHKOB Verte-Box, ommcannas B crathe [13],
WCTIONB3YeT MEXAaHW3M KOHTPOJS AJS YIyYIIeHHWsS IMPHU3HAKOB M IOAABICHHWA WHGOpPMAIHU O
MOMEeXax, a TalKe BKII0YaeT B cebs MHoromMacimTaOHBIA OJOK CBEPTKH, O0OECIICUMBAOIIIINA
BO3MO>KHOCTb KOMOWHUPOBAHHS Pa3MEpPOB PELETITHBHBIX MOJICH.

Bce paccMoTpeHHBIE TTOAXO0/TBI OOBEIMHSAET TO, YTO OHHU PEMIAIOT 3a7auy TPEXMEPHOH CETMEHTAIIH
MO3BOHKOB, MOJPa3yMEBAIOIIyI0 HEOOXOAWMOCTh 3HAYUTENBHBIX BBIYUCIUTEIBHBIX 3aTPaT UIA
JIOKaIM3allud ONpeAeNEHHOro TO03BOHKAa. B pamMkax HacCTOAIIEro MCCIEJOBaHUS 3ajada
JOKaIM3allud U CEerMEHTalMd IIO3BOHKOB paccMaTpUBAaeTCsl Kak MpPOMEKYTOUHBIH JTam,
HEOOXOMMBIH JUIsl HAX0XKJCHHUS CPE30B, IPEICTABISIONINX HHTEPEC I JajbHeHmed 00paboTKH.
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OpnuM U3 TpeOOBaHMI K peann3yeMOMy IOAXOAY, KOTOPBIH BBICTYNMAaeT B KadeCTBE OCHOBBI
MOJYJISI, PAaCIIUPSIONIero (QyHKIHOHAT pa3pabOoTaHHOTO paHee CpEelCTBa MpocMoTpa (ailioB
DICOM [14], sBisieTcss BO3MOXHOCTH €TO BBITIOJTHEHHUS KaK Ha MEPCOHAIBHBIX KOMIBIOTEPaxX, TaK
u B obnauHoit cpexe. [Ipu nmepBoM BapuanTe HEOOXOJMMO yYHTHIBATH BO3MOKHBIE OIPaHUYCHHS,
HaKJIa/IbIBa€MbI€ BHIYHUCIUTEIBHBIM YCTPOWCTBOM I10JIb30BaTENS (HAPUMED, TaKHe KaK OTCYTCTBHE
rpaduyeckoro npoueccopa). [Ipu BTopoM BapuaHTe CTOMT IPHIEPKUBATHCS MOJIX0JA, B PaMKax
KOTOPOI'0 MUHUMU3HMPYETCs 00bEM JaHHbIX, NepeaBaeMbIX 1o ceTH. C yu€ToM 3TuX OrpaHuueHun
B JIaHHOM HCCIIEJIOBAaHHM TpeUlaraeTcs IOAXOM, aHAIN3UPYIOUIMHA TOJNBKO OJHO H300pakeHue,
COOTBETCTBYIOIIEE CPEeANHHOMY caruttasibHoMY cpesy KT. [IpenmyiecTBo Takoro noaxonaa B ToMm,
YTO OH COYETAaeT B ceO€ BBHICOKYIO TOYHOCTH, MAIbIC BBIYHCIUTEIBHBIC W BPEMEHHBIC 3aTpaThl,
HEOOXOANMBIC IS IPEICKA3aHNs, a B CITydae 00JauyHOTO Pa3BEPTHIBAHMS ITO3BOIIAET PACIIPENEIIAT
HArpy3Ky MEXIy CEpBEpHOM M KIMEHTCKOW YacTSAMH, KpaTHO CHHXKAas CETeBOH Tpaduk (mph
(OpPMHPOBAHUH CPEAWHHOTO CarUTTAIHFHOTO Cpe3a Ha CTOPOHE KIMEHTAa HET HEeO0OXOIUMOCTH
mepefayyl Ha cepBep NOJTHOTO Habopa akcmaimbHBIX cpe3oB uccienoBanHus KT). Ioprermenue
TOYHOCTH OOECTIEYMBACTCS 3a CUET NMPHUMEHEHHS IPEAJIaraéMBIX METOJIOB 00pabOTKM CHHUMKOB.
[lepBBIii M3 HUX OCHOBaH Ha (POPMHPOBAHMHU TPEXKAHAIBHBIX M300paKeHUH, KaHaJbl KOTOPHIX
npeaACTaBJICHbBI CHUMKaMU B HCXOOAHOM BHUAEC, C aJallTUBHBIM BbIpABHUBAHUEM T'UCTOTpaMM C
orpannyeHHbIM  ycuwiieHneM KoHtpacta (CLAHE, Contrast Limited Adaptive Histogram
Equalization) n ¢ npumeneHuem anuzoTporHoi muddysHoit dunerpanmuun (ADF, Anisotropic
Diffusion Filtering). Bropoit MeTox npumeHsieTcs 1uis paciiupeHus o0yJaromiei BBIOOPKH, OCHOBaH
Ha TMPONYCKE AaKCHAJIbHBIX CPE30B NpH (HOPMHUPOBAHMH H300paKCHHH, COOTBETCTBYIOIINX
CaruTTaJbHbIM CpC3aM.

3. locmaHoeka 3adayu

IIpu npoBeeHNN AMArHOCTHKH, KOTOpPas IMOJIpa3yMeBacT BHIIIOIHEHHE KOJIHMUECTBEHHOM OIICHKU
COCTaBa TeJa YeJIOoBeKa Mo OTAeNbHbIM CHUMKaM KT Ha ypoBHSIX TeN ONpeIeNeHHBIX TT03BOHKOB,
Bpady-pEHTICHOJIOTY CHa4yaja HEOOXOAUMO BPYYHYIO BBIOMPATh CPE3bl, COOTBETCTBYIOIINE STHM
YPOBHSIM, YTOOBI JJIbIIIE BHINOIHATE OKOHTYPHBAHHUE TIPECTABISIONINX HHTEPEC TKAaHEH B pyTHOM
peKMME WM TPH MOMOIIM IPOTPaMMHOIO OOECHedYeHHUs JUIS aBTOMAaTHYECKOH CerMeHTalWu.
3amava 3akimodaeTcss B pa3paboTKe MPOTPaMMHOTO MOAYIIS, KOTOphId m3Biekaer n3 DICOM
¢aitnoB co cpezamu ucciaenosanusa KT m3o0pakeHue, colepikaliee CPeAUHHBIH CardTTanbHBIH
cpe3, TOCIE Yero BBINONHSAET CETMEHTALHUIO MO3BOHKOB HAa 3TOM H300paKCHUHU C LEIbI0 HX
JIOKAJHU3allMd U OTpEeJesIeHUs] MHJEKCOB aKCHANbHBIX CPE30B, COOTBETCTBYIOIIMX BBHIOMpaeMbIM
MOJIb30BaTeIeM II03BOHKaM. B pamkax MaHHOW 3aJad¥l MOTYT OBITh BBLAETICHBI CIETYIOIIHE
oJ13a/1auu:

e [IOMCK MJAHHBIX JUI1 OOy4YeHHsS MOJeNell CerMeHTallMd TI03BOHKOB U pa3paboTKu
anroputMoB (cHUMKH KT ¢ MylbTHKIaCCOBBIMU MacKaMH);

e pa3paboTKa aJrOpUTMOB M3BJICYECHUS W NpeIBApUTEIbHOH 00pabOTKM HM300paKeHHH,
COJIeprKalllX CpeUHHbIe caruTTanbible cpe3sl KT;

® TOCTpOeHHe, OO0y4eHHWEe W TECTHUPOBAHHE MOJEIeH MYIbTHUKIACCOBON CETMEHTAINH
MO3BOHKOB,

e pa3paboTKa arOPUTMOB MOCTOOPAOOTKH MacOK CErMEeHTaIlnU (He0OX0IMMO yOpaTh C HUX
OTPOCTKH ITO3BOHKOB, OCTaBUTh TOJIBKO TEJIa) W ONPEACICHHS HHICKCA HCKOMOIO
aKCHaJIbHOTO CPe3a;

o pa3pa60TKa AJIropuTMa BU3yalin3alluy MOJTYYCHHBIX MAaCOK IMO3BOHKOB JIs1 BO3MOXKHOCTHU
OCYHIIECTBJICHHS TOJIB30BATCJIEM BU3YaJIbHOI'O KOHTPOJISI KOPPEKTHOCTU BI)I60pa cpesa;

e pHTErpaus pa3paboTaHHOTO MOIYJS C IMIPOTPAMMHBIM CPEJICTBOM JJIS BU3YyaJH3aldd U
ananu3a DICOM daiinos.
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4. OnucaHue npednazaemMo20 nodxooda

O6pabotka uccnenosanus KT, cocrosimero n3 nadopa dainos DICOM, B pamkax npezjiaraeMoro
HOJXO0/a Peau3yeTcs B TPH dTaIa.

4.1 3tan 1. U3BneyeHune N npepnobpaboTka CpPeaMHHOro caruTtanbHOro
cpe3sa

Tax xak pe3ynsraT KT npencrasiser coboit Habop akCHaIbHBIX CPE30B, XPAHALINXCS B OTIACIHHBIX
¢aitmax DICOM, nms TOJTy4eHHMS MacCHBa THKCEICH, COOTBETCTBYIOUICTO CPEIMHHOMY
CaruTTalbHOMY Cpe3y, HEOOXOOMMO CHayaja OCYIIECTBHUTH IHUKIMYECKHH 00X0J aKCHabHBIX
cpe30B. MaccuBbI UKCeIeH, COOTBETCTBYIOLINE aKCUAIIBHBIM CPE3aM, COPTUPYIOTCA 110 3HAYEHUIO
anementa paaHHbeix DICOM, wupentudpuumpyemoro terom Slice Location (0020, 1041).
DopmupyeTcst TpEXMEpHbIM MaccuB MNHKCeNell, U3 KOTOPOro BBIPE3aeTcs IBYMEPHBIN MaccCHB,
COOTBETCTBYIOIINI CPEANHHOMY CaruTTalbHOMY cpesy. Jlanee 310 n3o0paxeHne MaciTabupyeTcs
MO BBICOTE C HCIOJIb30BaHUEM KOd(QHUIMEeHTa, pacCUUTaHHOrO Ha 0a3e 3HAYCHUH DIIEMEHTOB
nmarabix DICOM, npertudunupyemsix teramu Pixel Spacing (0028, 0030) u Slice Thickness (0018,
0050). B 3aBrcuMOCTH OT MPOTSHKEHHOCTH OOJNIACTH Tella, OXBaThiBaeMoi mpu mpoBexeHun KT,
COOTHOIIECHHUS BBICOTHl M IIMPWUHBI CPEIUHHOTO CAarUTTAIFHOTO CpE3a MOTYT 3HAYMTEIHHO
BapbUpPOBATHCS, IMOITOMY Ul OOpaOOTKM CHHMKOB BBIOpaHa cTpaTerus 3amoiaHeHus. Ilycts
n3zo0paxkerne mmeeT pazmep WxH, mpu stom W<H. UToOBI moMyunTh KBagpaTHOE H300pakeHUE
(byner momaBaThcs Ha BXOA MOJENEH CErMEHTAIlMM) C NPUMEHEHHWEM CTPATETHH 3arlOJHEHHS,
HEoOX0MMO cO03/1aTh MaccHB 4EPHBIX MuKcelied pazmepa HxH, mocne uero pasmecTtuth B HEM
HCXOITHOE M300paXeHne, OTCTYNHB OT JieBoro kpas 0,5 (H-W) nmukcerneit.

OmnucaHHast TOCIEA0BATEILHOCTD ACHCTBHUIT O3BOJISIET OYYUTh OJHOKAHAIBHBIE N300pa)kKeHNS B
ucxoaHOM BHJe. Ecnu 00ydyeHne wim npeackazaHue BBIOTHICTCS Ha TPEXKaHAJIbHBIX CHUMKAX, TO
B ATy MOCJIEOBATEIbHOCTh JO0ABIsIeTCs eMIé OJUH 1ar — GOpMUpPOBaHHE N300paKEHHH I TPEX
kaHasoB. IlepBoe u3 HUX — ucxoaHoe, BTOpoe — ¢ mpuMeHeHneM CLAHE c npenenom otcedenus 2,
TpeThe — 00paboTaHHOE METOIOM ITyMonoaBieHus Ha 6aze ADF. [IpuMeHneHne nryMmomnoaBieHust
Ha ©Oaze ADF mno3BonsfeT COXpaHUTh 3HAYMMBbIE IS pemIaeMoil 3ajadyd AETadd HCXOJHOTO
M300paXKEHHMs, TaK KaK 3TOT METOJl He pa3MbIBaeT Kpas [15].

Ha puc. 1 nokasan npumep Tpoiiku n300paxeHuii, GOpMHUPYIONMX CHUIMOK B TPEXKaHaJIbHOM BHJIE.
[Tpumep caruTTalbHOTO Cpe3a JIo U IMocie NPHUBEJCHUS K KBaapaTHOH (opMme mokazaH Ha puc. 2
(ms ero popmupoBanus ucnonb3oBano KT uccienosanue n3 nHadbopa aanueix The Cancer Genome
Atlas [16]).

J11s TOBBITIIEHUS TOYHOCTH CErMEHTAIMY TaKXKe IpeaIaraeTcs MoAX0 ] K PaCUIMPeHHI0 00yJaromei
BBIOOpKH, yuuThIBatomuii ceoiicteo KT, Bustroniee Ha popMUpOBaHUE CarUTTaIbHBIX CPE30B. ITO
CBOHCTBO 0O0YCIIaBIMBaeT TPH BO3MOXKHBIX BapHaHTa B3aWMHOTO DPACIOJIOKEHUS COCEIHUX
aKCHaJIbHBIX CPE30B: OHM MOTYT IIEPEKPBIBATHCS, PACIIONaraTbesl BINIOTHYIO JPYT K JIPYTYy WIX Ha
paccTosiHUH (BCE 3aBHCHUT OT 3HAUEHHH TOJIIMHBI Cpe3a ¥ PaCCTOSIHUS MEeXXAy cpe3amH). [l Ooree
YCTOWYMBOW CETMEHTAIMHU CarMTTAJIbHBIX CPE30B, MOTydeHHBIX I cepuil KT, B KOTOpBIX MexIy
AKCHAJIbHBIMU CPE3aMH UMEIOTCS 3a30Pbl, IPUMEHSAETCS] ayTMEHTAalUs, CyTh KOTOPOH 3aKIH0UaeTcs
B HaMEpEHHOM IIPOMYCKE psfa aKCHANbHBIX CPE30B IpH (OPMHUPOBAHHM JIOTIOJHUTEIHHBIX
n300paKeHUH, COOTBETCTBYIONINX CATUTTAIBHBIM cpe3aM. g Gojee HariasgHOW IEMOHCTpAIH
pa3nuauii MeXIy M300pakeHUAMHI CaTrHTTAIBHBIX CPe30B, CPOPMHUPOBAHHBIMH Ha 0a3e OJHOTO H
toro ke KT uccnenoanns 6e3 mporrycka akCHaJbHBIX CPE30B U C MMPHUMEHEHHEM 3TOTO TOAX0/a,
Ha puc. 3 moKa3aHbl 00JaCTH ATUX U300paKEHUH, OrpaHNYEHHBIE OJJMHAKOBBIMU KOOPIMHATAMH.
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(b)

Puc. 1. Cocmasnarowue mpéxkananbHo2o u300paxcenus:
CHUMOK 8 UcxoO0HoM uoe (a), ¢ npumenenuem CLAHE (b), ¢ npumenenuem ADF (c).
Fig. 1. Components of a three-channel image:
the image in its original form (a), using CLAHE (b), and using ADF (c).

Puc. 2. Cpedunnviii cacummanvhvlii cpe3 KOMRbIOMEPHOU MOMOcpaghuu
6 UCX0OHOM 8ude (a) u nocie npeobpazosanus k keaopamuou gopme (b).
Fig. 2. Midsagittal computed tomography image
in original form (a) and after transformation to a square shape (b).

(@) (b)

Puc. 3. Cpasnenue gppazmenmos uz300paxcenuti CpeOUHHbIX CA2ummanbHbIX CPe308, CHOPMUPOBAHHBIX HA
bOasze akcuaibHbix cpe3o6 00HO20 U MO20 Jice UCCIeO08AHUSL Komnb;omepnoﬁ moxwoepm[mu
6e3 nponycka (a) u ¢ nponyckom (b).
Fig. 3. Comparison of midsagittal slice image fragments generated from axial slices of the same computed
tomography scan without skipping (a) and with skipping (b).
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4.2 Jtan 2: CerMmeHTaLuMA NO3BOHKOB Ha CPeAUHHOM caruTtanbHOM cpese

ITony4yenHoe Ha TMepBOM dTare H300pakeHHe, COAepIKaIllee CPEAMHHBIN CarMTTAIbHBIA Cpe3,
noaérest Ha BXOJ 0O0yYEeHHOM MOJIENN CerMEHTAIlNH, HMerotel oany u3 apxurektyp U-Net [17],
Attention U-Net [18], ResU-Net [19], Inception U-Net [20], Dense U-Net [21]. TIpenckasanue
MOJIENIN TIPEJCTABISET COOOH MacKy, KOTOpas COACPKHUT METKH KIJIACCOB, COOTBETCTBYIOIUX 24
MIO3BOHKAM, CETMEHTAIINU KOTOPHIX 00y4eHa ceTh. B criTy TOro, 4TO Macku st O0y9IeHHs MOZeTIeH
B3SITHI M3 HAOOpa U TOJTHOM CErMEHTAIlMH MO3BOHKOB IO TPEXMEPHBIM MAacCHBAM ITHKCENEH,
HCHYJICBBIMH B MaCKaX, BBITABACMBIX MOJICIISIMH, SBISFOTCS ITMKCEIH, COOTBETCTBYIOIIUE HE TOJIBKO
TeJaM MO3BOHKOB, HO U OTpocTKaM. OTHAKO ISl PEHICHHUS 3a/Ia4d OTPEACICHUS MMOJIOKCHHS Tea
MO3BOHKA HEOOXOJMMO HAWTH aKCHAJbHBIH Cpe3, COOTBETCTBYIONIMH LICHTPY Telia MO3BOHKA,
MOATOMY TIOJIy4YaeMbIe MACKHM CHavajga oOpa0aThIBalOTCS TAaKMM O0pa3oM, YTOOBI MMHKCEIH,
COOTBCTCTBYIOIIIUEC OTPOCTKAM, CTalmu HyJNeBbiMH (4épHbIMHU). [lepBBIi Imar anropurma
MOCTOOPaOOTKM 3aKIIF0YAeTCs B IEPEBOJIe MAacKH B OMHAPHBINA B U MPUMEHEHUH K HEH 3pO3uH —
MOp(OJIOTHYECKON OTepanny, KOTOpas OCHOBAaHA Ha BBIUYUCIICHHH JIOKABHOTO MHHHMYyMa IUIS
3aJTaHHOTO SIJIPA U MO3BOJISCT CY3UTh APKHE 00IACTH N300pasKCHHUSL.

Janee npon3BoanTcs pa30MEeHNE MAacKH HA MPSMOYTOJIEHBIC CETMEHTHI, IMPHHA KOTOPHIX paBHA
MIMPIHE CaMOW MACKH, a BBICOTA ONPENEIACTCS pa3MepaMHy IIO3BOHKOB IyTEM IIPEIBAPUTEILHOTO
aHaliM3a pa3MEpoB OTPAHMYMBAIOIINX WX KOHTYpoB. [locie 3TOro depe3 ONEHKY MOJOXKECHUH H
pa3MepoB KOHTYPOB, TOMAJAIONINX B BBHIICICHHBIC CETMCHTHI, MPOU3BOIUTCA OOHYICHHE TeX
THKCeNeH, KOTOpbIe OTHOCATCS K OTPOCTKAaM TO3BOHKOB. Ha prc. 4 mokazaHa Macka B MCXOJHOM
BUJIE U N10CJIE MACKUPOBAHHS OTPOCTKOB HA HEH.

a b

Puc. 4. Macka myremuxnaccogoii ceemenmayuu H0360HK08 8 UCXOOHOM 8ude (a) u nocie obpabomxu (b).
Fig. 4. Multiclass segmentation mask of vertebrae in the original form (a) and after processing (b).

4.3 3tan 3. OnpepeneHue NOSOXEeHUS BbIOPAaHHOrO MO3BOHKA M MOMCK
COOTBETCTBYHLLEro cpes3a

ITociie popMUpPOBaHUS MAacKH, Ha KOTOPOH NMPUCYTCTBYIOT TOJBKO TENa MO3BOHKOB, BBIIENSETCS
CIIMCOK METOK KJIACCOB ITO3BOHKOB, NPHCYTCTBYIOIIMX Ha oOpaboTanHOM cpese. [IpousBoxurcs
UKJIMYECKUH 00X0/J] CIIUCKA, MPU 3TOM Ha KKIOW MTepauuu (GpUKCUpyeTcs MOJOKEHHE LEeHTpa
KOHTYPa, OIPaHUYMBAIOLIETO MUKCEIH, KOTOPbIE COOTBETCTBYIOT TeKyIel MeTke. Takum o0pazom,
MOJIy4aeTCsl CIHUCOK, COJCpXKal[Mii METKH II03BOHKOB W KOOpAMHATHI HMX LeHTpoB. [laiee
MPOM3BOIUTCA TpeoOpa3oBaHME JTHX KOOPAMHAT C YyYeTOM Kod(duuueHTta, o0paTHOrO
NPUMEHEHHOMY K H300paXKeHHIO Ha JTane 1, M OIpeneneHHe HHAEKCa aKCHAIBHOTO cpesa,
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COOTBETCTBYIOILETO TEJy LIEHTPa BEIOPAHHOT'O IIO3BOHKA, B MaccuBe. [1ociie HaxoKaeHHs HY)KHOTO
aKCHaJILHOTO cpe3a (opMmupyeTcss H300paKeHue, coJepiKallee CpeIMHHbIH CaruTTAILHBIN cpe3 C
HaHECEHHBIMH Ha HEr0 MacKaMH, HUMEHOBAHHAMH IO3BOHKOB, a TAKKe TOPH30HTAJIBHON JIMHHEH,
COOTBETCTBYIOIIEH BBIODAaHHOMY aKcHaJbHOMY cpe3y. OHO MOXET NPUMEHSTHCS s
OCYIIECTBJICHHUS BU3yaJbHOTO KOHTPOJsS KOPPEKTHOCTH BbIOOpa cpe3a. [Ipumep Ttakoro
n300pakeHNs MOKa3aH Ha puc. 5.

Jlornka (YHKIMOHHUPOBAaHUS MOJMYJs, KOTOPBI pa3paboTaH Ha 0a3e ONMUCAHHOTO IOJXO0Ja,
OTpa)XeHa Ha CXeMe, II0Ka3aHHOU Ha pHuc. 6.

Puc. 5. Ilpumep uzobpasicenusi ¢ HAHECEHHLIMU MACKAMU NO360HKO0G U JIUHUEL, COOMBEMCMEYIowell
6bIOPAHHOMY AKCUATILHOMY CPE3).
Fig. 5. Example of an image with applied vertebral masks and a line corresponding to the selected axial slice

Anropntm
dopMupoBaHUA
CPEAMHHOrO  —»
carmTrTansHoro
cpesa

Mopennb
cermeHTayum
no3soMKos

Anroputm
noctobpaboTku
Macku

Macka cermenTauvi

Kcxoanan cepun Cpeanurun
CHAMKO® caruTTanuHui cpes

No3BOKKOB

Anroputmsi ¢opMupoBanua o6paboTaHHoro
CaruTTaNnbHOro Cpesa W MOMCKa aKkcHansHoro
Cpesa, COOTBETCTBYNWErO NOSBOMKY

I

L5

Wckomsit axcHanoHmil Cpea W oBpaboTanumit Macka cormenrayun ron

carwTTansemin cpes nossowxkoe (6es oTpocTkoB)
WMEHOBAHME NO3IBOWKA, CPEe3

Ha yposHe xoToporo
Hechxoanmo HanTu

Puc. 6. Jloeuxa gpynxyuonuposarus pazpabomanHo2o Mooys.
Fig. 6. The logic of the functioning of the developed module.
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5. Mony4yeHHble pe3ynbmamabl

IIporpammHBIii KO pa3paboTaHHOTO MOJYJIS HamvcaH Ha s3bike Python. B pamkax Hactosmiero
WCCIIECIOBaHUA C  HcIoib3oBaHWeM OumoOmmorexknm  TensorFlow oOyueno 20  wmopeneit
MYJIBTHKIIACCOBOW CETMEHTAINN TIO3BOHKOB 110 CPEANHHBIM caruTTaibHbIM cpe3aMm KT, nmerommx
apxurekTypsl U-Net, Attention U-Net, ResU-Net, Inception U-Net u Dense U-Net. [l kaxmoii u3
ApXUTEKTYp BapbUPOBAJICS MOJX0J K (POPMUPOBAHUIO 00YYAIOIIUX JJaHHBIX, BCETO HX YETHIPE:

® HCXOJHBIC CHUMKH (OJHOKAaHAJIBHBIN Ha0OD);
e TpéXKaHaJbHbIE CHUMKH (TpEXKaHAIBHBIH HA0OD);

® JCXOIHBIC CHHMKH C H00aBlICHHEM HMUTHPYIOIINX HAIMYHE 3a30pa MEXIy cpe3aMu
(omHOKAHABHBIN pacIIUpEeHHBIH HA00D);

e TpéXKaHaJbHbIE CHUMKH C 10OaBJICHUEM UMUTHPYIOIINX HAIMYHE 3a30pa MEXAY Cpe3aMu
(TpEXKaHAIBHBIA PAaCIIUPEHHBIA HAOOP).

HaGopsl nanHbix mis oOydeHus copmupoBaHbl Ha Gase HabGopa VerSe [22-24], xoTopsiit
conepxut 374 uccrnegoBanusi 355 MalMEHTOB, BO3PACT KOTOPHIX cocTaBisieT oT 42 no 76 net
(ucmonp30BaHbl AaHHbIC Kak VerSe'l9, tak u VerSe'20). 13 kaxmoro ucciaeoBanus BEIOpaHo mo 15
cpe3oB. [ly1s1 oTOOpa NprMeHsIach ClieAyromas JIOTHKa: BRIOMPAJICS CPEMHHBIN CaruTTaIbHBIN Cpe3
U 110 7 ONKaiIIuX K HEMY MapacariTTalbHBIX CPE30B C KaX0i CTOpOHBI. B TecToByI0 BHIOOPKY
(10% ot oOmiero KoJM4yecTBa CPEe30B) OTOOpaHBI Kak cpe3bl B 0a30BOM BHIC, TaK M CPE3bI C
NPUMEHCHHEM TIIOAX0Ja K PpACIIUPEHHIO BBIOOPKH 3a CYET IIPOMYCKA aKCHANBHBIX CpE30B
(ccnemoBaHWs, W3 KOTOPBIX W3BJICKAIOTCS CPE3bl, IS OJHOKAHAJIBHBIX M TpPEXKaHAJIHHBIX
BapHaHTOB TECTOBBIX CHUMKOB UICHTHYHBI).

Jlist OLleHKH MOJIeNel cerMeHTalu npuMeHsuicst koadduipent cxoxxectu Jaitca (Dice Similarity
Coefficient, DSC), mis pacyéra KOTOPOTo UCIOJIB3YETCs Cieayromias GopMyJa:

|pred N ground_truth)|

bst =2 |pred| + |ground_truth|

rae pred o0o3HAYaeT MacKy, IpeACcKa3aHHyK Monenbto, a ground truth — uctunHyro macky. B
cllydae MyJBTHKIACCOBOM CErMEHTAlMM MAacKU IPEACTaBISAIOT cO000i OJHOKaHAJIBHBIE MAcCHBBI,
3HaYCHMS KOTOPBIX pactpenaeneHsl ot 0 1o 24 (0 coorBeTcTBYET (POHY, OCTAIBHBIE 3HAYCHUS — 24
no3BoHkaMm). [list pacuéra DSC 3T mMacku mpeaBapuTENbHO NPeoOpasyroTcsi TaKMM 00pazoM,
YTOOBI KaXIOMY KJIacCy COOTBETCTBOBAJI OT/AEIBHBIN KaHaN, a 3HAUEHHMS JIeXalH B rpenenax ot 0
10 1 (One Hot Encoding). ITony4yennsie 3uauenuss DSC npuseaeHs! B a0 1.

Cpemn mopeneit ¢ apxurektypoir U-Net (camoif n€rkoidl W3 pacCMOTPEHHBIX) MaKCHMalIbHOE
3HaueHne DSC (0,7855) mist MyITbTHKIIACCOBOM CErMEHTAINH MIPOJAEMOHCTPHUPOBANIA Ta, KOTOpas
o0ydeHa Ha TpEXKaHAIHLHOM Habope 0e3 MPUMEHEHHMs NPEUIOKEHHOTO M0IX0/1a K ayrMEHTAIIH.
[Ipn 3TOM CcpaBHEHHE /IBYX OJHOKaHAJIBbHBIX Mopened ¢ apxurekTypod U-Net mokassBaer, 4To
pacimpeHre BEIOOPKH 33 CUET MMHTANNH 3a30POB MEXKAY aKCHaJIbHBIMU cpe3amu nossiaer DSC.
W3 uetsipéx wmogmenmeidt c apxurextypoir Attention U-Net myuymee 3Hauenme DSC s
MyJbTHKIaccoBoi cermenTanuu (0,8857) y Bepcun, oOy4eHHON Ha TpEXKaHAJIFHOM Habope 0Oe3
pacupeHust. 3aMEeTHO, 9TO IMOAX0 K PaCIIUPEHHUI0 BEIOOPKH HE 0Ka3aj MOJIO0KHUTEIbHOTO BIUSHUSL
Ha TOYHOCTh MYJBTHUKIIACCOBOW CErMEHTallMHd Mojenel ¢ apxuTekTypoil Attention U-Net mpu
o0yuyeHMH Kak Ha OJHOKAaHaJbHOM, TaK M Ha TpEéxkaHaIbHOM Habopax. [lms mopmeneit ¢
apxutektypamu ResU-Net u Dense U-Net mambonee TOYHAsh MYJBTHUKIACCOBAs CETMEHTAIUS
obecrieunBaeTcs MMpu 00y4YEeHUH Ha JaHHBIX PACHIMPEHHOro TpEXxkaHambHOro Hadopa (DSC 0,8162
n 0,8858). s mozeneit Inception U-Net nyumiee 3nauenne DSC MyJIbTHKIACCOBOW CETMEHTALUH
(0,8127) nocturaercst npu o0y4eHUH Ha OAHOKAaHAJILHOM Habope Oe3 pacmmpenus. g pacuéra
METpUK OWHApPHOW CerMEeHTalMd WCTHHHbIE M TpeJCKa3aHHbIE MAacKH MYJBTHKIACCOBOU
CerMeHTaluK ObUIH IIPE/IBapUTENIHLHO NTpeoOpa3oBaHbl B OMHAapHBIE. MOXKHO 3aMETUTb, YTO JUIS BCEX
IITH PAcCCMOTPEHHBIX AapXWTEKTyp HambOoiee BeIcokue 3HaueHHs DSC B ciydae OwnHapHOU
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CEerMEHTAIlN JOCTUTAIOTCS TIPH MCTIONh30BAaHUM TPEXKAHANBHBIX MaHHBIX (ams Attention U-Net,

ResU-Net, Inception U-Net 6e3 pacumpenust, U-Net u Dense U-Net — ¢ Hum).

Taba. 1. 3nauenus DSC.
Table 1. DSC values.

ApXHUTEKTYpbI MOJIENIEH CEerMEHTalluu
THIBI BEIXOTHBIX - -
MACOK U-Net Attention ResU-Net Inception Dense
U-Net U-Net U-Net
OO0ydJeHHBIE Ha 0JTHOKaHAIEHOM Habope
MYJIBTHKIJIACCOBBIE 0,7526 0,8832 0,7879 0,8127 0,8483
OmHapHEIE 0,9505 0,9509 0,9386 0,9426 0,9423
OOyueHHBIE HAa paCIIHPEHHOM OJTHOKaHAJIFHOM Habope
MYJIBTHKIIACCOBBIE 0,7588 0,8720 0,7670 0,7183 0,8758
OmHapHEIE 0,9570 0,9494 0,9441 0,9404 0,9476
OOyueHHbIe Ha TPEXKaHATHHOM Habope
MYJIBTUKJIACCOBBIE 0,7855 0,8857 0,7949 0,7864 0,8503
OWHapHEIE 0,9571 0,9553 0,9501 0,9517 0,9492
OOydJeHHbBIE Ha PaCIIMPEHHOM TPEXKaHATHHOM Habope
MYJIbTHKIIACCOBBIE 0,7224 0,8566 0,8162 0,7478 0,8858
OWHapHEIE 0,9602 0,9525 0,9429 0,9412 0,9527

Jii TIpoBEpKHM TOTO, HACKOJIBKO TOYHO OOYUYCHHBIE B paMKax paOOTHI MOZIETH CHOCOOHBI
CETMEHTHPOBATh MO3BOHKHM Ha CPEIWHHBIX CATMTTAIBHBIX CPe3ax HCCIENOBaHMHA He W3 Habopa
VerSe, OOMONHHUTENBPHO MPOBEAEH OKCIEPUMEHT C JaHHBIMH M3 OTKpBITOro Habopa
TotalSegmentator [25]. [lng 3Toro aBTopamMu Hactosei padoTel oTodpano 535 uccnenosannii KT
u3 TotalSegmentator, comepkaniux 6osee 4 T03BOHKOB, U BBITIOJIHEHBI CIICYIOIIHE IIIaTH:

1. U3 akcuanbHbIX cCHUMKOB uccienoBanuit KT cdopmupoBaHbl CpeAnHHbBIE CarUTTalbHbIC
Cpe3bl B OTHOKAHATIBHOM U TPEXKAHAILHOM BHIAX (PUMEHSIIACH Ta JKE JIOTHUKA, YTO U JIJIsI
JaHHBIX VerSe).

2. N3 (aioB pasmerku wucciaemoBanuii KT  chopMHpOBaHBI  COOTBETCTBYIOIIME
CarduTTalbHBIM Cpe3aM Macku 1o3BoHKOB IneitHoro (C1-C7), rpyanoro (Th1-Th12) u
nosicanyHoro (L1-L5) otnenoB mo3zBoHouHWKa. [103BOHKaM Ha TOJIYYEHHBIX MackKax
Ha3Ha4YeHBI T€ e METKH, Kak 1pu pabote ¢ VerSe (narnpumep, 19 mist Th12, 20 s L1 u
T. 1.). Tak Kak MOIXOABI K pa3MeTKe MAaHHBIX B PacCMAaTPHBAaEMBIX Ha0Opax HMEIOT
pazimmums (s VerSe XapaKTepHO OTCYTCTBHE METOK Ui TPaHUYHBIX IT0O3BOHKOB
uccnenoBarnii KT, Torma xak B TotalSegmentator oHM pa3mMedaroTcs), U MUHUMH3AIAN
ux BiusHUSA Ha 3HaueHHst DSC chopMupoBaHHBIE MACKU TOTIOHUTENFHO 00pa0OTaHbl: Ha
HUX OOHYJEHBI IMKCENH, COOTBETCTBYIOIIME TPAHWYHBEIM II03BOHKAM, KOTOpBIE HE
CEeTMEHTHPYIOTCS 0OyICHHBIMHU Ha TaHHBIX VErSe MolensMu.

3. Bcemu OOydYeHHBIMH  MOJCISAMH  BBINOJHEHA  CETMEHTAUMS  I[O3BOHKOB  Ha
c(OpMHPOBAHHBIX CPEIMHHBIX CATHTTANBHBIX Cpe3ax, MPou3BeaAeH pacuér 3HaueHnit DSC
(npuBeneHsI B Ta0MI. 2).

Maxkcumanbable 3HaueHus] DSC MyIbTHKIACCOBOM CerMEHTANH [T YETHIPEX apXUTEKTYP U3 MATH
PAcCMOTPEHHBIX JOCTUTAIOTCS MOJAEISMH, O0yUYeHHBIMU Ha TpEXKaHabHBIX HaHHbIX (s U-Net,
ResU-Net, Dense U-Net — ¢ pacmpenuem, i Attention U-Net — 6e3 pacmupenns). M3 geTsipéx
MoJenel ¢ apxurektypoii Inception U-Net myumee 3Hauenne DSC MynbTHKIIACCOBOI cerMeHTaH
(0,7978) nocturaercs Toii, KOTOpas 00y4eHa Ha OJHOKaHAaJIBHOM Habope Oe3 paciupenus. Camble
BbIcokHe 3HaueHuss DSC MynbTHKIACCOBOH CErMEHTAlMM IMPOAEMOHCTPUPOBAHBI MOAEISAMH C
apxutekrypamu Attention U-Net (0,8554) u Dense U-Net (0,8580). Uto kacaeTcst MakCUMaIbHBIX
3HaueHuit DSC i GuHapHO#M cerMeHTanuu, Ui TPEX apXUTEKTYp M3 ISTH PACCMOTPEHHBIX OHU
JIOCTHTAIOTCS MOJICIISIMU, 00yYEHHBIMH Ha TpEXKaHAIBHBIX HaHHBIX (a7t U-Net — ¢ pacummpenuem,
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st ResU-Net u Dense U-Net — 6e3 pacmmpenus), a quis aByx ocrasimxcs (Attention U-Net u
Inception U-Net) — mogensimu, 06yd4eHHBIME HA OTHOKaHAILHOM Habope 0e3 pacIIupeHHs.

Tabn. 2. 3nauenuss DSC na dannvix TotalSegmentator.
Table 2. DSC values on TotalSegmentator data.

ApXHUTEKTYpbI MOJIENIEH CErMEHTAaluU
THIBI BEIXOTHBIX - -
MACOK U-Net Attention ResU-Net Inception Dense
U-Net U-Net U-Net
OO0ydJeHHbIE Ha 0JTHOKaHAIEHOM Habope
MYJBTHKIIACCOBBIC 0,7487 0,8396 0,7857 0,7978 0,8396
OWHapHBIC 0,9120 0,9133 0,9056 0,9065 0,9072
OOyueHHBIE HAa paCIIMPEHHOM OJTHOKaHAJIFHOM Habope
MYJBTHKIJIACCOBBIC 0,7153 0,8412 0,7955 0,7591 0,8248
OWHapHBIC 0,9108 0,9120 0,9062 0,9057 0,9082
OOyueHHbIe Ha TPEXKaHATHHOM Habope
MYJIBTUKJIACCOBBIE 0,7439 0,8554 0,7732 0,7741 0,8284
OuHapHbIC 0,9114 0,9090 0,9097 0,9003 0,9118
OOy4JeHHBIE Ha PACIIHPCHHOM TPEXKaHAIHLHOM Habope
MYJBTHKIIACCOBBIC 0,7519 0,8272 0,8006 0,7745 0,8580
OWHaApHBIC 0,9124 0,9069 0,9040 0,9020 0,9083

OrmeHKa BpPEMEHHBIX 3aTpaT Ha MYJIBTHKJIACCOBYIO CETMCHTAlMIO ITO3BOHKOB Ha CPEIUHHOM
caruttanbHoM cpe3e nccnenosanus KT, peanmsyemyro MomensiMH KaXIOW W3 PAacCMOTPEHHBIX
apXHUTEKTyp, ObLIa IpOBEAEHa Ha IepcoHaNbHOM KoMmmbioTepe ¢ 32 I'b omepatmBHON mamsTH,
neHtpanbHbeiM niponieccopoM (LIIT) Intel Core i7-11800H u rpaduueckum npoueccopom (I'IT)
NVIDIA GeForce RTX 3080 (16 I'b BuaeonamsTn) ajis AByX KOH(QUIypauuii: BHIYUCICHUS Ha
00ouX Ipoleccopax U TONbKO Ha LEHTpallbHOM Ipoueccope. [lonyyeHHble OLIEHKH IPUBEICHBI B
tabn. 3. CTOMT OTMETUTh, YTO BCEMH OOYYEHHBIMH MOJCISIMH OOECIICUMBAETCS Majoe BpeMs
Mpe/ICKa3aHus JJake B PeXHUME ¢ UCHOIb30BaHneM Touibko LIIT.

Tabn. 3. Cpeonee spems cecmenmayuu HO360HKO8 HA CPEOUHHOM CASUMMATLHOM Cpe3e, MC.
Table 3. Average time of vertebral segmentation on the midsagittal slice, ms.

ApPXUTEKTYpBI MOJIENIEH Kon¢urypauuu nepcoHaIbHOr0 KOMITbIOTEPa
CEerMEeHTalluu HIT u I'TT 111
U-Net 38,7 65
Attention U-Net 52,3 325
ResU-Net 43,2 130
Inception U-Net 57,1 459
Dense U-Net 55,8 226

Yro kacaeTcsi 9KOHOMUH, 00ECIeYMBaeMOl MPU MPUMEHEHHUH JUIS TIOMCKa HY>KHOTO aKCHaJbHOTO
cpe3a TOJBKO CPEAMHHOI0 CarUTTAIBHOTO Cpe3a, a He TIOJTHOTO MacCHBa CPE30B, TO OHA 3aBUCHT OT
TOT'0, CKOJIBKO aKCHAIBHBIX CPE30B COAEPIKUT UCCIIETOBAHNE M KAaKOW TTOAX0]] UCTIONB3YeTCS I UX
aHanmu3a. s mpuMepa JOMOJHWUTENBEHO HMPOBENEH CIEAYIONINH AKCIEPHUMEHT: oOydeHa MOJeNnb
OHMHapHOI cerMeHTalnny M03BOHKOB ¢ apxuTekTypoil Dense U-Net Ha akcHanbHBIX cpe3ax (pa3mep
n3o0pakeHnst 256x256), peannzoBaHa CErMEHTaIMs TECTOBBIX HccienoBaHuil. CpenHee Bpems
CErMEeHTalluH OT/IEJILHOTO UCCIIEI0BAHUS TAKON MOJENBIO COCTaBIIIO 22 ¢ mpu ucnoab3oBanuu 11
u I'Tl (muHUMansHOE — 9 ¢, MakcHMalTbHOE — 43 C), B peXKHMe UCHOIb30BaHus Tobko LIIT — 106 ¢
(MuHMManeHOE — 41 ¢, MakcuManbsHoe — 216 c). IIpu aTom 3nauenne DSC, paccunTanHoe A7t MACOK
CerMEHTALMM CPEJUHHBIX CaruTTAIBHBIX W OMDKAWIINX K HUM I1apacardTTaJbHBIX CpPE30B,
W3BJICUYCHHBIX U3 MOJIYYEHHBIX TPEXMEPHBIX MAaCCHBOB MAaCOK MCCIIEIOBAHWN TECTOBOM BBIOODKH,
coctaBmio 0,9457. CpaBHeHHE COM3MEPUMBIX TI0 CIIOKHOCTH MOJIENE CerMEHTAIIUH aKCUaTbHBIX
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CPe30B M CPEJMHHOTO CATHTTAIBHOTO CPE3a MOKA3aj0, YTO MPEANOYTUTEIBHBIM BapHAHTOM JUIS
pelieHus 3aJadd  [OMCKAa HY)KHOTO II03BOHKA  BBINVISIAUT  HCIOJIB30BAHHE  MOJEIEH,
CErMEHTHUPYIOUINX UMEHHO CaruTTalbHbIe CPE3bI.

Monemu ¢ apxutektypamu Dense U-Net wu  Attention U-Net, oOyuennble Ha HaGopax
TpéxKkaHaTBHBIX CHUMKOB (y Dense U-Net sto Bepcus Habopa ¢ mpuMEHEHHEM IPEIOKEHHOTO
moaxoma K pacmmmpennto, y Attention U-Net — 6e3 ero npumeHeHws), TOKa3aan OJIM3KUe 3HAUCHHS
DSC nyist MyJIbTHKIIACCOBOM CerMEHTalMH, Ipy 3ToM 3HaueHne DSC nyis OuHapHO# cermMeHTanyn
Boire y Attention U-Net. Dto mo3BosisieT caenarh BBIBOJ O TOM, 4TO 00€ 3TH MOJIEIH MOTYT ObITh
BBIOpaHbI B KaYeCTBE JIyYIINX U3 OOYYEHHBIX B paMKax Hacrosued padoTel. C yu€ToMm TOro, 4to
Monenb ¢ apxurektypoil Dense U-Net, oOyueHHas Ha Habope TpEXKaHAJIBHBIX CHHUMKOB C
MPUMCHCHUEM TIPEAJIOKCHHOTO TMOAXOAa K paclIMpeHuio, obecrmeuuBaeT Ooiee OBICTPYIO
cermeHTanuio npu orcyrcrBun I'Tl, uem monens ¢ apxutekTypoit Attention U-Net, ona BeiOpana
JUTSL CETMEHTAIMY TI03BOHKOB Ha CPEAMHHOM CaruTTaIbHOM Cpe3e B pa3paboTaHHOM Moxyie (Dtan
2). B cBsi3u ¢ atuM B mporenypy (GopMupoBaHHs AaHHOTO cpesa (Drtam 1) mobasisercs miar,
HEOOXOANMBII 1S TpeoOpa3oBaHusi CHUIMKA K TPEXKAHAIBHOMY BHITY.

Pa3paboTaHHbIH MOyIb HHTETPHPOBAH C IIPOTPAMMOH AJISI BU3YaJIM3aliH 1 aHAIN3a MEUIITHCKIX
¢aitmos DICOM. Uepes uHTEepdetic mporpaMMbI IOIB30BaTENb OTKPHIBACT JUPEKTOPHIO C (aiimamMu
DICOM wuccnenosannst KT, BIOMpaeT U3 BRINMANAIONIECTO CIIMCKA ITO3BOHOK, aKCHABHBIA cpe3 Ha
YPOBHE KOTOPOTO HEOOXOIMMO HAaWTH, IOCIE Yero HaknumaeT Ha KHONKy «Haitm». Momymns
BBINIOJHSACT 00pabOTKY, Ha MHTEp(EHC BBIBOAATCS MCKOMBIM aKCHAJIbHBINH cpe3 W 00paboTaHHBINA
CPeAMHHBINA caruTTalbHbIN cpe3. HaliieHHbI akcHalbHBIN Cpe3 Takke MOXeT ObITh 0O0paboTaH
CEPBHUCOM CETMEHTAI[UM MBIIIEUYHOH TKaHM, MHTETPHPOBAHHBIM C IMPOrpaMMOIl BH3yallU3allHH.
Mopenu, npuUMEHsieMble 3THM CEPBHUCOM, OOYydYeHbI B IporpaMme ajisi OOydeHHs MOJelei
CerMEHTAllMM MBIIIEYHOH TKaHW II0 CHHMKaM KOMIIBIOTepHOH Tomorpaduu [26] u Mmoryr
CerMEHTHPOBAThH MBIIICYHYIO TKAHb Ha CPE3aX, COOTBETCTBYIOIINX YPOBHAM M03BOHKOB Th1-Th12,
L1-L5 [5]. OrobOpaxkeHue pe3yabTaToOB MOMCKA HYKHOTO Cpe3a M €ro CerMEHTAIlMU Ha HHTepdelice
IIPOTPaMMBI-IIPOCMOTPIIHMKA [TOKa3aHO Ha puUC. 7.

1 @ Casdooe

Puc. 7. llpumep omobpadxcenus pe3yrbsmamos padomuvl MO0y 6 unmepgetice npozpammul 0 BU3VATUSAYUY
u ananuza meouyunckux gaiinoe DICOM.
Fig. 7. An example of displaying the results of the module in the interface of the program for visualization
and analysis of DICOM medical files.
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6. 3aksroyeHue

Pa3paboTaH moAX0ox K PELICHHUIO 33Jadul JOKAIN3AUK MTO3BOHKOB HA CPEIMHHBIX CarMTTAIbHBIX
cpe3ax KoMmmblOTepHOH ToMorpadguu. Ha 0Gase pa3paboTaHHOTO TMOAXOAa pEATH3OBAH
IIPOrPaMMHBIN MOZlyJIb, KOTOPBIM aHATM3UPYET ceputo CHUMKOB KT, BEINONHAET MyIbTHKIIACCOBYIO
CETMEHTALMIO T03BOHKOB 110 ()OPMHPYEMOMY CPEIMHHOMY CardTTaJbHOMY Cpe3y, ONpeneisieT
aKCHANbHBIH Cpe3, COOTBETCTBYIOIIMM YPOBHIO Tella BHIOPAHHOIO MOJIB30BATENIEM ITO3BOHKA.
Monyns 03BOJIIET YMEHBIIUTD PYTHHHYIO HAarpy3Ky Ha pEHTT€HOJIOTOB BO BPeMsI 0TOOpa CHIMKOB
JUIL  JanbHelIiero aHanu3a. [IpuMeHeHHe TPEIUIOKEHHOro TPEXKAHAIBHOIO TOAXO0Aa K
(hopMHpPOBaHUIO BXOJTHBIX IAaHHBIX Ui MOZEIEH MYJBTHKIIACCOBOH CErMEHTAIlMH IO3BOHKOB
MO3BOJIMJIO TMOBBICUTH TOYHOCTh CErMEHTAllMW JUIA MOJEJed YeTHIpEX apXUTEKTyp H3 IIITH
paccMOTpeHHBIX. [IpeoxkeHHbIH MeTo] paciiupeHns oOyJaroniel BHIOOPKH 3a CYET IMPOITycKa
aKCHaJIbHBIX CPE30B OKasayl MOJIOKUTENBHOE BIMSHUE Ha TOYHOCTh MOJIENIEH C apXHUTEKTypamu
ResU-Net n Dense U-Net. [ cerMeHTanuu Mo3BOHKOB HA CPEIMHHOM CarWTTaJIbHOM Cpe3e B
pa3paboTaHHOM MOIyne BbIOpaHa Monenb ¢ apxurekrypoir Dense U-Net, oOyuennas Ha Habope
TpEXKAaHATBHBIX CHUMKOB C NMPHMEHEHHEM IIPEUIOKEHHOTO MOAX0Ja K PACIIMPEHUIO BHIOOPKH.
Mackn cerMeHTanuy II03BOHKOB, BBIIaBacMbIE MOJEINbI0, 00padaTHIBAIOTCS, IIOCIE YETO
UCTIONB3YIOTCS s TOMCKAa HYXXHBIX AaKCHaJBHBIX CpE30B, a Takke Uil (GOpMHUpOBaHMS
00paboTaHHBIX HM300paKeHUH, COAEpPXKAIMMX CpPEAWHHBIE CaruTTaJbHBIE Cpe3bl. Takue
H300paKeHHS TIEPEIAl0OTCs Ha HHTepQeiic MPOrpaMMBbI ISl BU3yalU3aliK U aHAJIN3a METUIIMHCKUAX
¢aiino DICOM, ¢ KOTOpPOIi HHTETPUPOBAH pa3paboTaHHBIA MOJIYJIb, © MOT'YT UCIIOJB30BaThCS IS
KOHTPOJISI Pe3yJIbTaTOB €ro padboThl. Takke Ha MHTEPQEHC MPOrpaMMbl BU3YaIU3alul BBIBOJATCS
UCKOMBIE aKCHaJbHBIE Cpe3bl, KOTOpblE MOIyT 00padaThiBaTbCsi APYTMMH  MOJIYJISIMH,
UHTCTPUPOBAaHHBIMU ¢ HEW. B paMkax JajlbHEHIIEro pa3BUTUS HUCCIEIAOBAHUS ILIAHUPYETCS
pa3pabarbiBaTh MPOrPAMMHBIC MOJAYJIH JJIs KOJHWYECTBCHHOTO M KAYCCTBCHHOTO aHAIM3a
pa3IMYHBIX TKaHEH 1 opraHoB 1o cHUMKaM KT, nHTerpupyemsle ¢ mporpaMmoii-IpoCMOTPIIUKOM.
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