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AHHOTanms. B nocieane ro1s1 MUpOKyro MOy sipHOCTh moiyuni npotokon QUIC, kak anstepHatuBa TCP.
Kpowme Toro, B HacTosiIee BpeMs IIHPOKO BHEAPSIETCS M UccienyeTcs TexHosorus Multipath, peannzoBaHHast
B nportokosie MPQUIC. IlentpansubiM KoMnoHeHToM mnpoTtokosna MPQUIC sBnsercss IUIaHUPOBILUK,
NPUHUMAIOIMH pEIIeHHe MO KaKoMy IyTH M B KaKOil MOMEHT BPEMEHM OTIIPAaBUTH CJIEIYIOIINE MaKeThl
JaHHbIX. CyIecTBYIOT peali3alti JIAHUPOBIIUKOB KaK HA OCHOBE 3BPUCTHUYECKUX MIPABUJI, TAK U Ha OCHOBE
o0yueHus ¢ nmoakpernsieHreM. Ha naHHbI MOMEHT HOBECHHE IJIAHMPOBIIUKOB B PA3JINYHBIX, C TOYKH 3PEHUS
XapaKTEePHUCTHK ITyTeH, cpenax m3ydeHo MoapoOHo. OqHaKko BOMPOC WX dPPEKTUBHOCTH B 3aBUCUMOCTH OT
HCTIONB3YEMBIX AITOPUTMOB KOHTPOJIS TIEPETPY3KH HEJOCTAaTOUHO OCBAIIEH. B manHO# pabore mpeacTraBieHa
peanu3anust pa3IHIHBIX IUIAHUPOBIIUKOB U HUCCIIEOBAaHNE UX 3((PEKTHBHOCTH B 3aBHCHMOCTH OT aJITOPHTMA
KOHTpOJISI Ieperpy3ku. [lomydeHHbIe pe3yabTaThl, HA OCHOBE IPOBEIEHHBIX YKCIIEPUMEHTOB, TOBOPSIT O TOM,
YTO IUIAHUPOBIIUK MOXKET 3((GEeKTUBHO paboTaTh B CETEBOIl cpeie ¢ ONpeaeIEHHBIM alrOpUTMOM KOHTPOJIS
Heperpy3Kku, HO IPU 3TOM OBbITh He 3 (PEKTHBHBIM B CpeZie C APYTHM aJrOPUTMOM KOHTPOJIS EePErpy3KH.

KnioueBble cinoBa: MuoromyreBoil mianuposuuk; nporokon QUIC; mporoxon MPQUIC; anroputmsl
KOHTPOJIS TIepETPy3KH; 00ydeHHEe C MOAKPETUICHUEM.

Jas murupoBanusi: [lomo M.B., CremanoB W.A., Tersman A.M. UccnemoBanme 3¢d¢exTuBHOCTH
MIaHApOoBIIMKOB NpoTokora MPQUIC B 3aBHCHMOCTH OT alrOpHUTMOB KOHTpOIS meperpy3ku. Tpymer UCIT
PAH, tom 37, Bei. 6, uacts 2, 2025 r., ctp. 7-20. DOI: 10.15514/ISPRAS-2025-37(6)-16.
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Abstract. In recent years, the QUIC protocol has become widely popular as an alternative to TCP. In addition,
Multipath technology implemented in the MPQUIC protocol is currently being widely implemented and
researched. The central component of the MPQUIC protocol is the scheduler, which decides which path and at
which time to send the next data packets. There are implementations of schedulers based on both heuristic rules
and reinforcement learning. At the moment, the behavior of schedulers in various environments has been
studied in detail in terms of path characteristics. However, the issue of their effectiveness, depending on the
congestion control algorithms used, is not sufficiently sanctified. This paper presents the implementation of
various schedulers and a study of their effectiveness depending on congestion control. The results obtained
suggest that the scheduler can work effectively in a network environment with a certain congestion control
algorithm, but it may not be effective in an environment with a different congestion control algorithm.

Keywords: Multipath scheduler; QUIC protocol; MPQUIC protocol; congestion control algorithms;
reinforcement learning.

For citation: Popov M.V, Stepanov |.A., Getman A.l. Research of the effectiveness of MPQUIC protocol
schedulers depending on the Congestion Control Algorithms. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 6,
part 2, 2025, pp. 7-20 (in Russian). DOI: 10.15514/ISPRAS-2025-37(6)-16.

1. BeedeHue

Multipath (MHOTOMyTEBasl Iepenaya NaHHBIX) — 3TO TEXHOJOTHUS, MTO3BOJIIONIAS OJHOBPEMEHHO
HCTIOJIB30BaTh HECKOJNBKO ceTeBhIX MHTepdeiico (4G, 5G, Wi-Fi u T.1.) 11 nepenadu TaHHBIX.
I'maBHass 1nenb MAaHHON TEXHOJOTMM 3aKIIOYaeTCs B TIOBBIMICHUH NPOWU3BOIUTEIBHOCTH H
oTkazoycroiunBocTH. [lepBOHaYaNbHO AaHHAs TEXHOJIOTHs ObliIa peanm3oBaHa Juis nporokona TCP
B BHJIE MHOTOMyTeBOTO mpotokosna MPTCP [1-3].

B nocnennee Bpemsi mporokon QUIC cran anprepHaruBoit nporokosny TCP u momyuwin
MOMYJIAPHOCTh Oyarosapsi BBICOKOM NPOW3BOJUTENBHOCTH. [lo3TOMy B TOCHEICTBUM OBLIH
peanuzoBansl TexHosmorud multipath mis QUIC B Bume mporokoisa MPQUIC [4-5].
[Mpunmumuaneaoe otamuue nporokora QUIC ot mpoTtokona MPQUIC npencrasneHo Ha puc. 1.
LentpaneusiM  31eMeHTOM mnpotokona MPQUIC sBnfercs mNNaHUPOBINMK — KOMIIOHEHT,
OTBEUAIOIIUI 3a pacHpeiereHUe JAHHBIX MEXIY HECKOJIBKUMHU JOCTYMHBIMU CETEBBIMM IyTSIMU
TakuM 00pa3oM, 4ToOBl 00ecneyrBaTh BBHICOKYIO MPOHM3BOAWTEIBHOCTh, OTKA30yCTOHYHMBOCTH H
MUHHMH3ALUIO 3a1epkeK. [ ITaHupOBIINK B3aNMOEHCTBYET C alTOPUTMOM KOHTPOJISA ITEPErpy3KH.
CToUT OTMETHTH, YTO ATH JBa KOMIIOHEHTA PEIIAlOT OJHY OONIyI0 3amady — ONTHMH3AIUIO
MIPOU3BOIUTEIHLHOCTH, HO UCTIONB3YIOT Pa3Hble MeTOAbI. [ [ITaHMPOBIINK penaeT, Kak pacupeneIuTh
JTAaHHBIE MEX]Ty HECKOJBKHUMH ITyTSIMH, a alrOPUTMBI KOHTpois reperpys3ku (Reno, Cubic, BBR)
YOPaBJIIOT HHTEHCUBHOCTBIO TEpelayd JaHHBIX Ha Ka)KIOM IIyTH, YTOOBI M30€XKaTh MEeperpy30K
cerTu.
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Quic MPQUIC

COop cTatueTHEm
{RTT)

KoHTpOME Neperpy 3k

CHOp CTATHCTHKW
{RTT)

CHOop CTATHCTHKN
(RTT)

KoHTpOns neperpyskm

KOHTpOnb neperpyam

Ofpafomivk | OBpaBomunk I'InaHHpoau.l,HK
oTnpasneHHbL! NENYYEHHBIX L e Trarm el S TR L L
P i Y s UbpaboTiik | ObpaboTink ObpaboTuik | Obpaborink
CTNPABNEHHKD]  NONY-EHHR DINPEBENEHHBIX | NOAYYEHHEI

del G

Puc. 1. npomoxon QUIC u npomoxon MPQUIC.
Fig. 1. QUIC protocol and MPQUIC protocol.

"

B HacTosmIee BpeMs CyIIECTBYIONINE NIAHUPOBIIUKHA MOXKHO pa3ONTh Ha Ba KJIacca: OCHOBAHHEIC
Ha JBPUCTUYECKHUX TPaBWJIAX M OCHOBaHHBIC Ha OOydeHWH ¢ TMonKpervieHneM. K HemocraTkam
TIEPBBIX OTHOCUTCS Hed(pPEeKTUBHAA paboTa B JMHAMHUICCKH MEHSFOIIUXCS Cpeaax, K HeIoCTaTKaM
BTOPBIX - BHICOKAsl BBIYUCIUTEIbHAS CIOKHOCTH W BO3MOXKHOE mepeodydeHrne. CTOUT OTMETHUTH,
9TO Ha pabOoTy IUIAHMPOBIIUKA MOKET 3HAYUTENBHO BIHATH AITOPUTM KOHTPOII TEPETPY3KH,
KOTOPBII YIPaBIsSET CKOPOCThIO Nepenayd jAaHHbIX. OJHAKO B M3BECTHBIX HaM paboTax He
MpCACTaBJICHBI UCCIICJOBAHUS 3(1)(1)CKTI/IBHOCTI/I PCaIn30BaHHLIX IJIAHUPOBUIUKOB B 3aBUCUMOCTH OT
ANTOPUTMOB KOHTPOJIS TIEPETPY3KH.

B nanHOW paboTe mpeicTaBlieHbl peaju3aliy IUIAHUPOBIIMKOB KaK Ha OCHOBE OOy4eHHs C
MOJAKPEIIJICHUEM, TaK W Ha OCHOBE I3BPUCTUYCCKUX IIpaBUJI, U MPCIACTABICHO CpPaBHCHUC HUX
3((eKTUBHOCTH B 3aBUCIMOCTH OT UCIIOJIE30BAHHOTO aJTOPUTMA KOHTPOJIS TIEPErpy3KH.
OcranbpHas 4YacTh pabOTHl OpraHW30BaHA CIEAYIOUIMM o0pa3oM. B pasmene 2 mpencraBiicHa
MOCTaHOBKa 33/1a4M M JaHbl OCHOBHBIC ONpeNeNeHHs N0 JaHHOH Teme. B pasmene 3 omucaHbl
MOMYJIAPHBIC MJIaHUPOBIINKHN, OCHOBAHHBIC KaK Ha S9BPUCTUYCCKUX MpaBUIax, TaK U Ha O6y‘leHI/II/I C
noakperyieHueM. Pazzen 4 COJEpKUT OmNKMcaHWe IUIAHWPOBIIMKOB HAa OCHOBE OOydYeHHs C
MOJAKPEIJICHHEM, pealli30BaHHbIX B JJAaHHOW pabote. B paszmene 5 mpeacTaBieHbl SKCIIEPUMEHTBI
3¢ (EeKTUBHOCTH peaan30BaHHBIX IUIAHUPOBIIMKOB B PAa3IMYHBIX CETEBHIX CICHAPUSAX W TIPH
HCIIOJIE30BAaHUH Pa3INYHBIX AITOPUTMOB KOHTPOJIS MIEperpy3Ku. B pasmene 6 mogBoasTCS UTOTH Ha
OCHOBE TOJIy4EeHHBIX Pe3yJIbTaTOB M 00CYKAAIOTCS HAIIPABJICHHsS AaIbHEHIINX NCCIIeIOBAHUN.

2. [locmaHoeka 3adayqyu

B nmanHOM pazgene OymayT paccMOTpeHBI 0a30BbIE ONpEJENCHNUs], CBSI3aHHBIE C JAHHOH TeMOW M
HEOOXOIUMBIE [T TOCTAHOBKH 3ajauH.

2.1 OnpepeneHuns

3apep:xkka (delay) — Bpems, HeoOX0oAMMOE IS TIEPENAYH JAHHBIX OT OTIIPABHUTENS K MOIYYaTeIo.
Bpems npuema-nepenaun (Round trip time, RTT) — Bpemsi, HeoOX01UMOE 151 Iepeadu JaHHBIX
OT OTIIPABUTEIIS K TOIYYATEIO U MOJyYSHHS [TOITBEPKICHUS, YTO TAHHBIC OBUTH OJTYYCHBL.

SRTT (Craamennoe RTT): SRTT, = ZSRTT,_; + = RTTyqs,, RTTiqq — TOCTENHEE 3HAUCHNE
JTAaHHOTO TapameTpa.
CWND (oxkHO meperpy3ku): MakCUMajbHOE KOJHUYECTBO JAHHBIX (B OaWTax WM CETMEHTax),

KOTOPOE OTIPAaBUTEIs MOXKET MepeaTh MMoJIydaTel o Yepe3 CeTh IO MOTyUSHHS ITOITBEPKACHUS O
JIOCTaBKE 3THX JIaHHBIX Oe3 yuéra okHa npuéma RWND.

RWND (okHO mosay4aresi): OKHO MpuEmMa, KOTOPOE YKa3bIBAET, CKOJILKO JAHHBIX TOTOB MPHUHSTH
noxydarens (onpeneinsercs 0yhepomM moydaress).
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SWND (oxkHO oTmpaBjeHHs]): MaKCHMaJIbHOC KOJMYECTBO MaHHBIX (B 0OaiiTax), KOTOpBIC
OTIPaBUTENh MOXKET TepeAaTh MoJydaTenro 1o mosrydeHus nonareepxkaeHuii (ACK). SWND
onpenensercs kak min(CWND, RWND).

Bytes in Flight (P, 6aiiTel B moJ1€Te): 4nCiIO OTNPABICHHBIX €IIE HE MOATBEPKIEHHBIX OaMlT.
[ponycknas cnocodHoctsb (throughput) — orHOmEeHNE 06BbEMa TAHHBIX, IPOXOIAMINX YepPe3 CETh
(kaHam) 3a 3aJaHHBIM HMHTEpBAJI BPEMEHH, K JaHHOMY HHTEepBaly BpeMeHH. IIpomyckHas
CIOCOOHOCTB SIBJISICTCSI N3MEHSIEMON BENMYNHON M MOKA3bIBAET CKOPOCTh OTIIPABKH JAHHBIX, B TO
BpeMss Kak ImMpuHa kaHana (bandwidth) — »To BenmmuWHa HeW3MEHHas, SBILIOIMIASCS
MaKCHMaJIbHO BO3MOYKHOMU IPOIYCKHOI CIOCOOHOCTBIO.

Capacity (Mepa cB000AbI KaHAJIa) — OTHOIICHHE MPOITYCKHOM CIIOCOOHOCTH K IIMPHHE KaHAJA B
JTaHHBIII MOMEHT BPEMEHHU.

Loss (moTepu) nakeToB — YHCIIO TOTEPSIHHBIX TAKETOB 32 HEKOTOPBII MHTEPBAJ BPEMEHHU.
Loss_rate (CKopocTh IOTepH NMAKeTOB) — OTHOLIEHHE YMCIIa TOTEPSHHBIX [TAKETOB 32 3a/1aHHBIN
MHTEPBaJI BPEMEHHU K JaHHOMY HHTEPBAJTy BPEMCHHU.

2.2 NMocTaHoBKa 3aga4yu Multipath

Kak yxe orTMmeuanoce panee, TexHomorust Multipath mnpenHasHaueHa JUisi TOBBILICHUS
MIPOM3BOIUTEIBHOCTH U OTKa30yCTOMYMBOCTH. bojiee cTporo nocTaHOBKY AaHHOH 3a7a4u MOKHO
3ammcath ciepyomuM obpasom. [lycts cymectByeT N JOCTYIHBIX MyTel, KaXIBIH U3 KOTOPBIX
UMeeT CIEAYIOUINe XapaKTePUCTUKHU:

e RTT;- RTT i-ro nytu

e L, - TIPOIICHT MOTEPH i-TO IMYTH

® 77 - MPOMYCKHAS CIIOCOOHOCTD i-TO IMyTH

e (; - mMpHHa i-TO KaHaja
Torpma 3agaua texnonmormu Multipath BEITISAUT criegyrommM o0pa3om:

N N N
aici Ty — B Uiz RTT; — y Xi=q Ly > max (1)
a, S,y - HEKOTOPbIC YUCIOBBIC KO PHUIIMCHTHI.

CTOUT OTMETHUTH, YTO 33/a4M MaKCHMM3ALUHU NPOMYCKHON crocoOHocTH M MuHHMEU3amu RTT
MOTYT OBITh OPTOTOHAIBHBIMU. TaK Kak i yBEJIMYESHHsI TPOMYCKHONW CIIOCOOHOCTH HEOOXOIMMO
MaKCHMaJIbHO HCIIOJIb30BaTh JOCTYITHYIO IIMPUHY KaHajla CeTH. DTO JocTUraeTcs 3a c4eT Ooiee
arpecCHBHOTO 3aloJjHEeHUsT Oy(epoB MapHIpyTH3aTOPOB H KOMMYTATOPOB, YTO ITO3BOJISCT
mepeaaBaTh OONbBIIE NAaHHBIX. JTO B CBOIO OYepelbh NMPUBOIUT K BOSHUKHOBCHHIO OYEpEeH, UTO
yBennuuBaeT RTT. [loaToMy B JaHHOM MOCTaHOBKE 33/1aud PEaIM30BAHHBIN aNTOPUTM JOJDKEH
cobmonaTh 6ananc Mexxy MuanMu3anueit RTT u makcuMu3anueil mpomyckHOM ClIOCOOHOCTH.
C Toukn 3peHHs OOY4YCHHS C TIOAKPEIUICHHEM AareHT, KOTOPBIH SIBISETCS ILIAaHHPOBIIMKOM,
BEIOMpAaeT JCUCTBHE HAa OCHOBE HEKOTOPOW MONUTHKH. [leicTBHEM OOBIYHO SBIISICTCS BBIOOD
HEKOTOPOTO MYTH WIN 0KUAJTaHUS OCBOOOXKICHUS OKHA ieperpy3ku. [locne BeiOopa aewicTBus cpena
reHepupyeT HOBOE coCTossHHEe M Harpajgy. CoCTOsHUEM SBISIETCS HEKOTOpPOE OINHUCaHHe

XapaKTEepUCTUKU CETH B JIaHHBIH MOMEHT. Harpajoil BBICTYyNarOT METpPHKH, 3HAUE€HHS KOTOPBIX
ONTUMU3UPYIOTCA B hopmyie 1.

2.3 AnropuTtMbl KOHTPOSA NeperpysKu

Kak yxe ormeuasoch paHee B JaHHOW paboTe OoublIOe BHUMAaHHE YJENIEHO HCCIIEIOBAHHIO
TexHoJoruu Multipath u1s pa3nUMYHBIX anrOPUTMOB KOHTpOJsl meperpysku, Taknx kak CUBIC,
BBRvl u BBRvV2. YnoMsHyTble anropuTMbl SBISIOTCS HamOoiiee MOMYJSIPHBIMH HAa JaHHBIA
MOMEHT, I03TOMY OBLTH BEIOpaHBI B Ka4eCTBE MCCIIeIOBaHUN. J[aHHBIE alTOPUTMBI OBUIN BIIEPBEIC
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peanmzoBanbl ais npotokosia TCP, omHako BmocnenctBuu mosiBumCh peanmzanun st QUIC,
YUHUTHIBAIOIINE OCOOEHHOCTh JAHHOTO IPOTOKOJIA.

New Reno (1999 r.) [6]. [daHHBI anropuT™M SBISETCS YIYYIICHHON BepcHell KIAaCCHYECKOTO
anmroputMa TCP Reno (1990 1.), KOTOpEI BKIIIOYan B ceOs IKCIOHEHIHMANLHOE WM JIMHEHHOE
YBEIMYCHHE OKHA MEPETPY3KH B ciydae paboTel Oe3 IMOTeph W yMEHBIIEHHE OKHA IEPETPY3KH B
ciydae morepb. XoTh New Reno kpaifHe cTaOWIBHBIN aNrOpHTM, OZHAKO, 3a9aCTYI0, HCIIOIB3YeT
HMIMPUHY KaHajla He CTONb 3()(EeKTHBHO, KaK AITOPUTMBI, MOSIBUBIIMECS IO3IHEE, U MOITOMY B
JAaHHO paboTe OH MoAPOOHO HE UCCIEeTYETCS.

Cubic (2005 r.) [7]. BMecTto nuHEHHOTO YBEIWYEHHS OKHA TEPETPY3KH, TaHHBIA aIrOpUTM
UCIIONIb3YeT KyOMuecKylo (yHKIHMIO, KOTOpas 3aBUCHT OT BPEMEHHM, IMPOILIEIIIEr0o ¢ MOMEHTa
nocinenHed norepu makera. Takum oOpazom CUBIC s¢dextuBen B KaHamax C BBICOKOH
HPOIMYCKHONW CIOCOOHOCTBIO M Ha JaHHBIH MOMEHT SIBISIETCS OJHMM K3 CaMbIX MOIYJISPHBIX
ITOPUTMOB KOHTPOJIS IEPETPY3KH.

BBRv1 (2016 r.) [8]. B oTiuune OT mpeABLAYIIUX aIrOPUTMOB, OMPEICISIONIUX MEPErPy3Ky MO
MOTEpHU MAKETOB, JAHHBIA aITOPUTM UCIOJIB3YET MOJIeNIb, OCHOBAaHHYIO Ha OLICHKE IITMPUHBI KaHaJa
U MUHHMAJBbHOHN 3aJiepKKe Ui ONpeAeseHHUs ONTHMAalbHOTO pa3Mepa OKHa. DTOT pa3Mep OKHa
COOTBETCTBYET HJealbHOMY OOBEMY JaHHBIX, KOTOPBIH MOXET OBbITh IepeiaH Mo ceTu 0e3
neperpy3ku 1 0e3 HeOOXOAMMOCTH JOXKHIAThCSI NOTEPh IMAaKETOB Ui KOPPEKTUPOBKH CKOPOCTH
nepemaun. Takum oOpazom BBRv1 wmcnomp3yer muprnHy KaHana MaKCHMalbHO 3(P(EKTHBHO,
OJTHAKO MOXKET He 00eCIIeYrBaTh PABHOMEPHOE pacIpe/ieieH e POIYCKHON CHOCOOHOCTH.
BBRv2 (2018 r.). Bropas Bepcus anmroputMa BBR crpemuTcs k mydmieil cripaBeIMBOCTH MIPH
pa3leNiCcHNH TIOJIOCHI MPOIYCKAaHUS C APYTMMH COCOUHEHHSMH, YCTpaHAsd TakuM o00pa3oM
HepocTaTku nepsoi Bepcuu. Ognako BBRv2 B cuity cBoell cripaBeAIMBOCTH HCIONb3YET MUPHUHY
KaHaJyia He CTOJIb 3G ()EKTHBHO.

3. O630p cywecmeayrowux peweHul

B JAaHHOM paszaeiie 6yZ[yT pPacCMOTPEHBbI MOIMYJAPHBIC IUIAHUPOBIIWKHW, OCHOBAHHBIC KaK Ha
OBPUCTHUYCCKUX IMpaBUJIaxX, TaK U Ha O6y‘IeHI/II/I C IOAKPCIUICHUEM.

31 nﬂaHMpOBLI.lMKM, OCHOBaAHHbI€ HA 3BPUCTUYECKUX NnpaBunax

3.1.1 Round Robin (RR). Omur wu3 caMbix MOpPOCTHIX IUIAHUPOBIIMKOB, KOTOPBIA
HOCJIEJ0BATENBHO U IUKIUYHO OTIPABISET MAKETHI 110 JOCTYIHBIM MyTsAM. JlaHHBIA IIIAHUPOBILUK
He TpeOyeT CII0XKHBIX BBIYMCICHUH COCTOSIHUH ITyTH, YTO HEM3MEHHO SIBJISETCS €r0 JOCTOMHCTBOM.
OzHaKO CTOMT OTMETUTH CYIECTBEHHBIE HENOCTATKU JaHHOTO MeToa. Bo-niepBhIX, B TOM ciydae,
€CII OJWH IIyTh 3aBEJOMO JIydllle NPYTHX, IUIAHUPOBIIMK He OyAeT YUYWTHIBATH JaHHOE
00CTOATENHCTBO M 3 PEKTUBHO UCIIONH30BaTh JyUINi MyTh. BO-BTOPHIX, B Cllydae AMHAMUYECKH
MmeHsttomeiics cpeasl Round Robin He MoeT aganTHpoBaThCs K HOBBIM YCIIOBHUSM. Tak Kak JaHHBIHA
TUTAHUPOBIIUK HE YIUTHIBAET COCTOSHHUE CETEBOM Cpeibl, B KOTOPOH paboTaeT, TO B JaJbHEHIIIEM
paccmatpuBaThes Round Robin He OynerT.

3.1.2 MinRTT. RTT sBnsieTcsi BaXKHOI XapaKTEepUCTUKON IyTH, YKa3bIBAIOLICH Ha 3aIepIKKy MPH
nepenaue gaHHbIX. [ImanupoBomk minRTT yuuThIBaeT 3Ty XapaKTepHCTHKY, OTIIPABIISS IIAKET B
NyTh C MUHUMaJIbHBIM 3HadyeHneM RTT, B Tom ciydae, ecim myTh JOCTYHEH. JTO MOXET OBITh
BaXHO IS TMPWIOXKEHUH, YyBCTBUTENBHBIX K 3alepkKkaM (Bupeompmioxkenus, VolP u T1.1.).
JlaHHBIH TUTAHUPOBIIMK MOXKET OBICTPO pPearupoBaTh Ha M3MEHEHUS B COCTOSIHUU CETH, B TOM
cinydae eciau RTT myrteii yBennuuBaeTcsl Wi yMeHbIaetcst. OJJHAKO HMCIIOJIb30BaHHE B Ka4ECTBE
MeTpuKH 3P PekTUBHOCTH TOJIbKO RTT MoXkeT ObITh HEIOCTATOUHBIM B psizie ciydaeB. K mpumepy,
B TOM Cllydae, ecl HepBbeId myTh mMeeT Hu3kui RTT M HU3KYIO MPOMYCKHYIO CIIOCOOHOCTH, a
BTrOopoil myTh uMeeT RTT 4yTh BbIIIE W OYEHP BBICOKYIO MPOIYCKHYIO CIIOCOOHOCTB, ajTOPUTM
OyneT nepenaBaTh NakeTHl 11O IIEPBOMY ITYTH, YTO OTPaHUYHMBACT OOLIYIO MPOU3BOIUTENBHOCTD, TaK
Kak BTOpOH Oosiee 3 QEKTHBHBIN NMyTh HE HCMOJb3yeTcs. BTopas mpobieMa NIaHHPOBIIMKA
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minRTT npu Be16ope Myt ¢ MUHUMaTEHBIM RTT 3aKimrodaeTcst B TOM, YTO €CITH B KAKOH-TO MOMEHT
OBICTPBI IYTh CTaHOBHUTCS HEAOCTYNHBIM, TO MAaKEThl OTNPABISIIOTCS B MEJICHHBIH ITyTb.
ITosTOMy MOXET BOSHMKHYTH CHUTYaIHs, P KOTOPOH OBICTPHIA MyTh OyAeT cBOOOMAEH, OXHAKO
MaKeThl OBUIH OTHPABJICHBI 110 MEJUICHHOMY ITyTH.

3.1.3 BLEST. ITnaauposumk BLEST [9] oTyactn pemaer mpoGiemy mianuposiuka minRTT
cilenyromM o0pa3oM: B TOM ciiydae, ecnu ObICTpeIi myTh HemoctyneH, BLEST omenmBaet
Oymymiee 3aloJIHEHWE OKOH IEPErpy3KH Ha YPOBHE COCIMHEHHS. B ToM cirydae, ecnm OIEHKa
MOKaXET, YTO MyTH OYIyT 3aII0JIHEHBI, INIAHUPOBIIHUK OXHUIACT, a HE OTHPABIISCT MAKETHl B Ooee
MeaJeHHbIM BTOpoi myTh. CTOMT OTMeTUTh, 4TO B cBoux oneHkax BLEST momumo RTT
ucnone3yeT Takke CWND u unciio 6aifT B monére i OneHKH 3PPEKTHBHOCTH MyTH.

3.1.4 ECF. Jlauusnii mwianuposimuk [10] Beioupaer myts ¢ MuanMansiHeiM RTT. B Tom cryuae,
€CIIN JaHHBIN My Th He focTyneH, To ECF BoIOMpaeT myTh ¢ MUHIMaJIBHBIM OKHIa€MBIM BPEMEHEM
nmoctaBku. OIleHKa 0)KAIAeMOTO BPEMEHH TOCTAaBKU Takke ocHoBaHa Ha mH(popMmarmu o0 RTT u
CWND, uTo0 oTim4aeT AaHHbIH miIaHupoBIMK oT minRTT ¢ Touku 3penus oueHkH 3 (HEeKTHBHOCTH
MyTEH.

3.2 MnaHMpPOBLUMKN, OCHOBaAHHbIEe HA OOY4YEeHUM C NoAKpeNnNneHnem

I'maBHBIM HEOCTATKOM IUIAHUPOBIIMKOB, OCHOBAaHHBIX Ha IBPUCTHYECKUX IPABUIIAX, SABISAETCSA UX
HU3Kas aJalTUPYEeMOCTh K JUHAMUYECKH MEHSIOIIMMCS YCIOBHAMHU CPEbl B CHIy TOTO, YTO OHU
paboTaloT Ha OCHOBE OIpEAEIEHHBIX NpaBwil. B maHHOM mnopapaszene OyXyT pacCMOTPEHBI
MOTYJISIPHBIE ITAHUPOBIIUKU Ha ocHOBe RL M BbIETIEHBI X OCOOCHHOCTH C TOYKH 3PEHUS 3a1a4u
00yUYeHHS C TTOIKPEIUICHUECM.

3.2.1 Peekaboo. Jlaunsiii mnanuposiuk [11] octosan Ha anroputme Linear Upper Confidence
Bound, sBnsrommMes yimydiieHueMm kiaccudyeckoro anroputMa UCB. B kadecTBe cCOCTOsSHUIA
aBTOpaMH BBIOpaHBI HOpMann3oBaHHbIC 3HaueHUs oTHomieHM CWND, SWND u uucna Gaiit B
nonére (P) x RTT ans kaxknmoro u3z AByx myreil. Takum o0pa3oM, BEKTOp COCTOSIHUI UMeeT 6
aneMeHTOB. Harpama mpezacraBisier co0oil CymMMy Harpaa 3a Kaxaoe ACHCTBHE C y4ETOM
ko3 dunrenra auckonTHpoBanus. Harpana 3a kaxzoe ieiicTBue (OTIpaBKH TaKeTa) ONpeessieTcs
KaK OTHOIICHHE MEX]Ty pa3MepoM IakeTa B 0aiiTaX ¥ BpeMeHeM, MPOIICIIINM C MOMEHTA Iepeaadu
makeTa 1o noxydenus noarsepxkaeans (ACK). Habop meficTBHiA 3aBHCHT OT TOCTYITHOCTH ITyTeH.
ABTOpHI paccMaTpHWBAlOT IBa ciaydas. Ecim MOCTymeH TONBKO OOWH MyTh, HaOOp IeicTBUit
BKITIOYAeT B ce0s: mepenady 1Mo 3TOMY ITyTH WIH OXKHIaHHUE 10 TeX II0p, ITOKa APYToi IMyTh CHOBA
HE CTaHeT JOCTYITHBIM; €CIIH JOCTYITHBI 00a IyTH, TO HaOop IeHCTBUI BKIFOUALT B ceOs: mepenaqy
MaKeTa Mo MEepBOMY ITyTH HIIHM K€ Tepeaady ITaKeTa 10 BTOPOMY ITyTH. ABTOpaMH OBLT IPOBEIEH
aHamu3 paboOTHl aNTOpUTMa B PA3IMYHBIX CETEBBIX CPEAax C TOYKHM 3PEHMS INUPHUHBI KaHAaJa,
3aznepkky, qucnepcun RTT v ypoBHS NOTEPH 110 CPAaBHEHUIO € KIACCUYECKUMU TUIAHUPOBIIUKAMH,
takumu Kak: RR, minRTT, BLEST u ECF.

3.2.2 M-Peekaboo. J[laussii mmianupoBmuk [12] Obul mpeACTaBlIeH KaK paclIMpEeHUe
ranupoBinuka Peekaboo mist cereii 5G. C Touku 3peHus o0y4enus ¢ moakperuieHrnem M-Peekaboo
OTIIMYANCA OT CBOETO NPEANIECTBEHHHKA HE3HAYMTENIhHO. [JIaBHBIM BKJIAZOM aBTOPOB OBLIO
WCCIIeIOBaHUE TIUIAHUPOBIIMKA B CIeHapuu cereil 5G, TO ecTh ceTeid COo CIeIyIONINMH
napamerpamu: mupuna kaHaita (Bandwidth) = 1100Mbps, RTT = 27.4 + 6.4 ms, noas moTepb
makeToB = 0.01.

3.2.3 NMnanupoBwmk MPQUIC Ha ocHoBe DQN. [lanubiii mianuposmmk [13] ocHoBaH Ha
rryookoM Q-o0yueHur W OBbLT UCCIIEOBAH B CIEHAPUU MOTOKOBOH mepenaun Buaeo. OgHUM u3
0COOEHHOCTEH JaHHOTO IIAHWPOBIIMKA SBIISETCS MIPUHATHE PELICHUH HE T KaK0T0 OT/AETBHOTO
makeTa, a JJIs BCeX B TEUEHUH ONpeAeTIEHHOro HHTepBaia BpeMeHu (50ms). DTo caexaHo mo AByM
MIPUYHHAM: BO-TIEPBBIX, YACTOE MPUHATHE PEIICHUH TpeOyeT BEICOKUX BEIYHCIUTENBHBIX 3aTPaT, BO-
BTOPBIX, M3-32 3aJePXKKH B CETH TpeOyeTcs Bpems, YTOOBI y3HaTh, OBLI JIM YCIEIIHO TepelaH
3aITAaHUPOBAHHBIH TAKET, TO €CTh OBLIO JIN YCTICIIHBIM TO WIIM HHOE JeHCTBHE. ABTOPHI PACITHPIIIN
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MIPOCTPAHCTBO COCTOSIHUM, BKITIOYHMB moMuMo knaccuaeckunx RTT, CWND, taxxe SRTT, pasmep
okHa otnpaBku (SWND) u T.1. B kauecTBe nelicTBuii BEIOpaHO ciydaifHOE MEHCTBUE C HEKOTOPO
BEPOSATHOCTBIO WIN K€ BBIOOp myTH ¢ MUHHManbHEIM RTT. Peanm3oBaHHBIN ITTaHHPOBIIHK
HCCIIEZIOBAJICS B CJISTYIOLIMX CETEBBIX CIIEHApUsIX: CeTh 0e3 moTeph U ¢ pasHooOpasHeiM RTT s
IyTeH, CETh C MOTEPSAMHU U OAUHAKOBBIMU MYTsAMU ¢ TOUkH 3peHust RTT.

3.2.4 NnanupoBwmk MPQUIC Ha ocHoBe DQN ans 5G. [lauusiii mianuposiuk [14] Gsur
npetokeH s ceteit SG u ucnonp3oBan kraccuaeckue coctosHms: SRTT, CWND u uncio 6aiit
B nosiéte. MToroBast Harpaza onpenessiiach Kak CpeJHss NPOITyCKHast CHOCOOHOCTh B METaONTax B
cexyHny. Kpome Toro, B kauecTBe BO3HArpakaeHHst ObLT IIPeIyCMOTPEH MTpad MpU JOCTHIKEHUN
HEKOTOpPOTO KOJINYECTBA IAaKeTOB O3 MOATBEP)KICHUs MM MOBTOPHBIX IHakeToB. B kauectBe
JEeWCTBUH aBTOpaMu OBLIO BBIOpaHa OTHpaBKa B Jydininii myTs (¢ Touku 3peHus RTT) wmm
oxkuanue. OCHOBOH IUIaHUPOBIIYKA SIBISAETCS HEMpPOHHAs CeTh, MPEJCTAaBICHHAs KIaCCUYECKOM
apxuTeKTypod Juist 3amaun DQN: HeOosbIIOoe YUCIO CKPBITHIX CIOEB ¢ (YHKIMEH aKTUBalueH
ReLU. K coxaneHHio, 3KCIIEPUMEHTHl OBLIM IPOBEJCHHI B Y3KOM JHMala3oHE CETEBBIX
XapaKTEepUCTHK U HE B PEaJbHBIX CETEBBIX YCIOBHUSAX, HO B TOXE BpPeMs, B JaHHOI pabore ObLIO
NPE/ICTaBICHO CpaBHEHHE 3(P()EKTHBHOCTH Mepenaddl NaHHBIX MPH HCIOIb30BAHUN TEXHOJIOTHH
Multipath ¢ nepenaueit qaHHBIX 0€3 UCTIOIB30BAHMS JAHHOW TEXHOJIOTHH.

3.2.5 FALCON. Em¢ omun mmanupoBiuk [15], paspaborannsiii ms cuenapus 5G. laHHBII
TUIAaHUPOBIIUK ocHOBaH Ha DQN u siBisieTcs: npojoinkeHue raHuposiinka M-Peekaboo, onnako
TJIaBHBIM €r0 OTJIMYHMEM SBILSIETCS IMapajurMa agalnTHpPOBaHHOrO oOydeHHs. lcmomb3oBaHue
alalTUPOBAHHOTO O0YYEHUs MOBBIMACT 3(Pp(HEeKTHBHOCTH TUIAHUPOBINMKA B Pa3NYHBIX CETEBBIX
cpesax, pacCMaTpHBaeMbIX aBTOPAMH: B CPelaX C BBICOKOH MPOIyCKHON CIIOCOOHOCTBIO, HU3KOH
MPOITyCKHOH CHOCOOHOCTRIO M Tak janee. CeTeBble Cpefbl HCCIEAOBATNCH C TOUYKH 3PEHHSA
XapaKTEpUCTHK CETEBBIX KAHAJIOB, OJHAKO HCCIEIOBAHMSA CPel C TOYKH 3PEHUS AITOPUTMOB
KOHTPOJISI IEPETPY3KH BBINIOJTHEHO HE ObUT0. CpaBHEHHE IUIAHUPOBIIMKOB HA OCHOBE OOy4YEeHHS C
MOAKPEIJICHUEM TIpeJICTaBIeHo B Tabu. 1.

4. Peanu3oeaHHble NniiaHUpo8W,Uku Ha OcCHoge o6yquun Cc nodkpenneHueM

[Homumo kmaccuueckux twranupoBmukoB minRTT, ECF u BLEST B manHo#t pabote ObLIH
pean30BaHbl IUIAHUPOBIIMKKA Ha ocHOBe Q-learning, DQN u LinUCB. B manHoMm pasaerne
MOPOOHO OTHCAHBI APXUTEKTYPHI OCIECIHUX TPEX.

4.1 Q-learning

[ImaHupoBImIKMK, OCHOBaHHBIM Ha (Q-00yueHHM, BHauaje CBOed pabOTHI Ompenenser MIyTh C
muauMaibaeiM RTT (path_f). 3arem mmanupoBmmk ompesesnser myTh ¢ MUHEMaabHbiM RTT,
KOTOPBIN siBIsieTcst ocTymHbM (Path_s). JIoCcTymHOCTh ompemenseTcsl 3amoHeHHOCTRI0 OKHA
neperpy3ku y nytua. B tom ciyuae, ecnu path_f we pasen path_s samyckaercs amroputm Q-
00y4YCHHS.

CocTosiHUS: U KOXIOTO M3 JIBYX aKTHBHBIX ITyTeH BBIUMCISAETCS KJIACC MPOU3BOIUTEIBHOCTH
(HM3KHH, CpeHNH, BRICOKHIA), OJTYUYSHHBIH U3 OLIEHKH Ka4ecTBa Iy TH.

e Huskmii kiaacc — Beicoknid RTT wmm Gonbmioe xonmdectBo cpabarbiBanuii PTO wnm
BBICOKHE MOTEPH.

e Cpeannii kiacc — cpenanauit RTT, HU3Kas npomyckHas CHOCOOHOCTh Y TH M YMEPEHHBIE
MOTEPH.

e Broicokuii knace — RTT wuskwuii, motepu manel, PTO He cpabaThiBaert.
Taxk kaKk K&l IyTh MOKET UMETh 3 KJlacca, a IyTH BCEro J[Ba, TO, CIEJOBATEIIFHO, Cpea UMEET
BCET0 9 COCTOSIHUH.

HeticTBus: neiictBuel — oTHpaBUTh MAKET 10 NEPBOMY MyTH, AeHCTBUE2 — OTIPABUTH MAKET IO
BTOPOMY ITyTH.
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Harpana: a(throughtput, + throughtput,) — B(RTT; + RTT,) .
IMpu 5TOM 3HAYEHHS KAKAOU U3 4 IIEPEMEHHBIX OBLIM HOPMAIH30BaAHBIL.

Taon. 1. Cpasnenue paznuunvix areopummos Multipath.
Table 1. Comparing different learning algorithms Multipath.

N T'on CocrostHus Harpansl HeuctBus
1. oxxunanue
CWND, SWND, InP, CBOOOJHOTO ITyTH
11 2020 RTT throughtput 2. mepenaa 110
OBICTpOMY ITyTH
1. oxxunmanue
12 2021 CWND, RTT, InP throughtput cBoboAHOro MyTH
2. mepenaya 1o
OBICTpOMY ITyTH
1. oxxunmanue
13 2022 CWND, SRTT, P u NIOATBEPKIEHHBIE CcBOOOJTHOTO MyTH
em€ 7 cCoCTOAHUI MAKEThI 2. mepezaaya 1o
OBICTpOMY ITyTH
1. oTpaBKka makera B
14 2019 CWI}]D’ SRTT, Pu throughput myTe 1
emeé 3 COCTOSHUSA 2. oTmpaBKa IIaKeTa B
myTh 2
1. oTnpaBKka makera B
CWND, SWND, myTh 1
15 2022 RTT,P throughput 2. oTmpaBKa IaKeTa B
nyTb 2

4.2 Deep Q-learning

B manHOM ITaHHPOBIIMKE TaOIMYHOE MPEACTaBICHNAE (PYHKINHU KadecTBa Q(s,a), IpUMCEHsIBIICECS
B 0azoBoM Q-learning, 3aMEHEHO aNIPOKCHMAITEH Ha OCHOBE TOJHOCBSI3HONH HEHPOHHOH CETH.
[MomHOCBsA3HAST HEHPOHHAS CETh MMEET 6 BXOMHBIX IMPH3HAKOB, JBA CKPBITHIX CIIOSI MO IIECTh
HEHPOHOB U JiBa BBIXOJIHBIX HelipoHa. B kadecTBe QyHKIMM aKTHBaMHU Hcnoas30Banach ReLU.
[TraHMpOBIINK, OCHOBAHHBIN Ha ITy0oKoM Q-00ydeHHH, BHaYalle CBOCH paOOTHI ONpeeNsieT Iy Th
¢ munumanbibiM RTT (path_f). 3atem mnanupoBmuk omnpeaenser nyth ¢ MuHuManbHbiM RTT,
KOTOpBIA siBisieTcst joctynHbiM (path_s). JlocTynmHocTh ompesenseTcss 3aloHEHHOCTHIO OKHA
neperpy3ku y nyt. B Tom ciyuae, ecnu path_f ue paBen path_s 3amyckaercst anroput rirybokoro
Q-00yueHwus.

Cocrosinusi: CWND1, CWND3, SRTT1, SRTT,, Bytes in Flight;, Bytes in Flight..

HeiicTBus: neiictBuel — 03)KuIaTh 0CBOOOXKICHHS TIEPBOTO (Hanbosee OBICTPOro) MyTH, JSHCTBUE2
— OTHPABUTH MAKET 110 BTOPOMY ITyTH.

Harpana: «a(throughtput, + throughtput,) — f(RTT; + RTT,) (KOMIOHEHTHl Harpaipl
HOpPMAaJIN30BAHBI).

4.3 Linear Upper Confidence Bound (UCB)

OcHoBHas HJiest JaHHOTO TIAaHUPOBIIMKA OblIa B3sTa U3 [11]. AIropuT™M NpUHUMAET pelieHue, mo
KakoOMy U3 JIBYX aKTHBHBIX ITyT€il OTIPABUTH IAKET, paccMaTpuBas 3TO Kak 3anady Linear Upper
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Confidence Bound (LinUCB) ¢ mByms neiictBusMu. IlnanupoBinuk, ocHoBaHHbli Ha LinUCB,
BHaJaJie CBOei paboThI onpeaenseT myTh ¢ MUHUMaIbHBIM RTT (nymo F) v iyTh ¢ 6osbmum RTT,
yeM y myTu F, HO MEHBIINM, 4eM y BCeX OCTaNbHBIX (nyms S). Ecin y nymu F emé ectb cBoO0OIHOE
okHo CWND, naker cpady OTIpaBiseTcs 10 HEMY, WHAa4ye 3aIyCKaeTcs aJfOpUTM OO0ydeHHs
LinUCB.

CocrosHuS X AT KOKAOT0 U3 nymei F u S paccUUThIBaeTCs OTHOIIEHHE TeKyero okHa CWND
k yepenuéaHomy RTT, orHomenne RWND k ycpenuénnomy RTT u konudecTBo 6aiiT B monére K
ycpenHéHHOMY RTT cOOTBETCTBYIOLIETO MY TH.

HeficTBus: neiictBuel — oTIpaBuUTh NakeT Mo nymu F, neficTBue2 — OTNPaBUTh MAKeT IO nymu S.
Jnst kaxaoro NedcTBHS XpaHHUTCS Marpuua A pasmepa 6 X 6 m BeKTOp b JUIMHOW 6 — BEKTOp
HaKOIJICHHBIX Harpas.

Harpana: a(throughtput, + throughtput,) — B(RTT; + RTT,).

OcHOBHBIE 3Tamnbl PadOTHI INTAHUPOBIINKA 3AKIIOUAIOTCS B CICAYIOIEM:

1. JIns Tekymero BEKTOpa COCTOSHMH X BBIYHCISIETCS HMPOrHO3 3((GEKTUBHOCTH KaXKIOTO
neiictus: valy = (Aptbp) x u valg = (Agthg) x.

2. B ToMm ciryuae, eciu valg < valg, T0 co ciydaitHo#t BepositTHOCTEIO 0.3 BRIOMpaeTcs nymo
S, a B IpyroM ciry4ae MpoUCXOAUT OXunanue nymu F.

3. B Tom ciyuae, eciu valg = valp, To co ciyuaiiHoi BeposiTHOCTRIO 0.9 BRIOMpaeTCs nymo
S, a B IPyroM ciiy4yae MPOUCXOANT Okupanue nymu F.
PaccunThiBaeTCs HAKOIUIEHHAs Harpajia Ha OCHOBE MPEIBIIyIIei (OpMYIIBL.

5. Pacuér thetap = Az' - bp u thetayp = A3 - bs cnenyromum obpaszom: 9[i] = [i] + Ir -
(reward — val).

Takum 00pa3oM, NaHHBIM IUIAHUPOBIIMK PeAJM3yeT HJEH SBPUCTUYECKMX METOJIOB, UCHOIb3Ys
BEpPOSATHOCTHBIH BBIOOp, W 00ydeHHs ¢ MOAKperuieHueM, ucmonb3ysi Linear Upper Confidence
Bound (LinUCB).

5. Pesynsmambl

B nanHOM paszene coaepkKarcs OCHOBHBIC pPE3yJbTaThl, IOJY4YEHHBIE IPH MPOBEICHUH
9KCIIEPUMEHTOB.

5.1 OkcnepuMeHTanbHbIN CTeHA,

Jis mpoBeieHnsT HCCIIEAOBAaHUI UCTIONBb30BaIach cpena Mininet [16], ¢ moMonpio KOTOpoit OblIa
co3nana tonoJiorus, cocrosmas u3 MPQUIC-knuenta u MPQUIC-cepBepa, Kakaplid U3 KOTOPBIX
UMeJ JiBa CETeBbIX MHTepdeiica. OTn MHTepQeics ObUIM TOAKIIOYEHBl K JIByM HE3aBHCHUMBIM
MaplipyTam Iepefadyd JaHHbBIX, KaXJbIH M3 KOTOPBIX MOT MMETh Pa3IM4HbIe XapaKTEPHCTHKH.
Tormonorust ceT mpeacTaBiIeHa Ha pucC. 2.

B Xxozme sKcmepMMeHTa KIHMEHT OTIPABIsUl cepBepy (ailiibl pa3iIndyHOro pasMepa, HCIOJIb3YsS
nportokos QUIC. B kaduecTBe koHKpeTHOU peann3anuu nporokosa QUIC Obuta B3siTa peannzanys
XQUIC [17]. Crout otMetuTh, uto B XQUIC npHcyTCTBYET BCEro OMH IUTaHUPOBLIIMK — MINRTT.
[TosTomy B naHHO# paboTe ObUIM peaan30BaHbl TaKke cienyromue miaHuposuku: ECF, BLEST,
OCHOBaHHBIM Ha Q-00ydenmn, ocHoBaHHBI Ha DQN, ocHoBanHbi Ha LinUCB. [Ins kaxmoro
CIICHapHs U KaXIO0TO aJITOPUTMa KOHTPOJIS MEperpy3Ku ObUTO BHIMOIHEHO 10 3aIIycKOB M 3aMepoB
BpPEMEHH Iepenaqn Gaiios.
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Puc. 2. Tononozus cemu.
Fig. 2. Network topology.

5.2 XapaKkTepucTnkn aKCnepmMmeHToB

HaubGoiee BaXHBIMH C TOYKH 3PCHHUS XapaKTCPUCTUK HYTef/'I SABJIAKOTCS: HIMPHUHA KaHaJIa, 3a/ICPIKKA,
MPOHCHT NOTCPb U AUCIICPCUA 3aACPIKKH. XapaKTepI/ICTI/IKI/I HYTeP'I B Pa3/IMYHbIX SKCOCPHUMCEHTAX
MPECTaBJICHbI B Ta0J. 2.

Tabn. 2. Xapaxmepucmuku nymeil.
Table 2. Paths characteristics.

HIupuna Janepika TpomerT Jucnepcust
KAHAJIOB (Mc) noteph (%) 3a/1ePIKKH
(Mb/s) (mc?)
I[Iyte Ilyte | IlyTh ITyTh [TyTh ITyTh ITyTh IIyth

Nel No2 Nel Ne2 Nel No2 Nel No2

1 70 20 40 10 0.5 1 5 5
2 70 20 10 40 0.5 1 5 5
3 70 70 15 15 0 0 0 0

Cyenapuii No'1 COOTBETCTBYET CHUTyallMH, MPU KOTOPOH IEPBBIA MyTh MMEET BHICOKYIO MIMPUHY
KaHala M BBICOKYIO 3aJIEpKKy OTHOCHTEIBHO BTOPOro MyTH. IIpM 3TOM, KaXIbli IyTh MMEET
OTIPEJICIICHHYIO JHUCIICPCHUIO 3aJeP)KKH U YHUCIIO MOTepb. JlaHHbIN crieHapuil MojaenupyeT 4G wim
Wi-Fi coenuHeHne, mpH KOTOPOM HAOJIIOMAETCs HECTAOMIIBHOE CcoeauHeHne. TakkKe CTOUT
OTMETHUTH, YTO B TAKOM CJIyda€ CJIOKHO ONPEACINTH KaKkou u3 ABYX nyTeﬁ ABJIACTCA JIy4YlIIUM C
TOYKH 3peHNus 3PPEKTUBHOCTH.

Cyenapuii Ne 2 COOTBETCTBYET CUTYyalluH, [IPU KOTOPOM MEPBbIil MyTh UMEET BBHICOKYIO LIMPHHY
KaHalla ¥ HU3KYI0 33epXKKy OTHOCHUTEIbHO BTOPOro IyTH. IIpum 3TOM, KaKAbli IyThb HMEET
OTIPEJICIICHHYIO JTUCIISPCHIO 3aJIePXKKU U YHCIIO MTOTeph. JlaHHBIN clieHapuii Takxke Moaenupyet 4G
nmm Wi-Fi coenmnaenune, mpy KoTopoM HaOmo1aeTcsl HecTabmiIbHOE coeTUHEHHE. | TaBHOe OTIIue
3aKJII0YaeTcsi B TOM, YTO B TakOM Cilydae CYIIECTBYeT MyTh (IyTh 1), KOTOpBIH sBisieTCS
MIPEIOYTUTENBHEE C TOUKH 3PEHHS YPPEKTUBHOCTH.
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Cyenapuii Ne 3 COOTBETCTBYET CHTyallMd, IPH KOTOPOH o00a IMyTH HMEIOT OIWHAKOBBIC
XxapakTepucTuku. [Ipu 3TOM Kaxabld MyTh HE MMEET IUCIIEPCUIO 3aJEPKEK M moTeph. JlaHHBIN
cueHapuii mMomemupyer 4G wnu Wi-Fi coeamHeHuMe, mpu KOTOpOM HaOmromaeTcs cTabWibHOE
COe/IMHEHHUE.

5.3 Mony4yeHHbIe pe3ynbTaThbl

PesynbraThl IepBoT0 SKCIEpIMEHTa MpecTaBIeHbI Ha puc. 3. B kagectBe Q-learning, DQN u UCB
TUIAaHWPOBILUKA BBICTYNAJIH TUIAHUPOBIIUKH, TIOJAPOOHO OIMCaHHEIE B pasjene 4.
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Puc. 3. Pesynomamui sxcnepumenmos 6 cyenapuu Nel.
Fig. 3. Results of experiments in scenario 1.

ITnanuposmmk UCB noka3zan pe3ysbTaT 3HaUUTENbHO JIy4lle OcTalbHbIX B cueHapuu BBRv1, Ho B
TOXE BpeMsI ero 3(Q(EeKTUBHOCT B ABYX IPYTHX CIEHApUAX OKa3zayiach KpaitHe HH3KOH. OTdacTn
9TO CBS3aHO C €r0 ABPHUCTHYECKOW TMPHUPOJIOH, B pe3ynbrare KoTopoid mianupoBmmk UCB Obur
kpaiine s dexrrsen B cuenapurt BBRv1 1 He addexTHBeH B IBYX APYrux ClEHApHUSIX.
[ImaHUpOBIIMK, OCHOBaHHBIN Ha TITyOOoKOM Q-00ydueHuH, IOKa3al pe3ynsTar aydme, yeM minRTT,
ECF u BLEST, a Takke Q-o0ydenue B creHapuum BBRvI. DTo cBs3aHO ¢ JAMHAMHYECKH
MEHSIOIUMKCSA YCIOBHSAMHU CpPEIbl, TaK KaK IUIAHUPOBINUKH, OCHOBAaHHBIE HAa IBPHUCTHUECKUX
MpaBUIax, HE BCErZla MOryT ONPEAEIUTh KaKO! U3 ABYX IMYTEH SBIIAETCS JIy4IIUM C TOUKU 3PEHHS
s dpextuBrocTr. B Toxke Bpems B crieHapun CUBIC u BBRV2 1miaHHpOBIIUK, OCHOBAHHBIH Ha
riybokom Q-00yueHuH, OKa3an pe3yabTar HeMHOro xyxe, ueM minRTT, ECF u BLEST, a takxe
Q-o6yuenue. Jto oOwsicHsETCS TeM, uTo DQN 0511 00yueH B cpene BBRv.
PesynbTaThl BTOPOro SKCIIepUMEHTa NpeicTaBieHsl Ha puc. 4. B kauectBe Q-learning, DQN u UCB
TUTAaHWPOBIIUKA BBICTYIAIH TUIAHUPOBIIUKH, TIOAPOOHO OIMCAaHHEIE B pa3jerne 4.
B nanHOM 53KcniepuMeHTe moBeaeHHe MIaHupoBIUKOB B ciydyae CUBIC u BBRv2 ananorngyno
nepBoMy odKcmepuMmeHTy. OmHako pe3ynabTaTel B ciiydae BBRvI HeckoibpKko OTIHYarOTCS.
ITnarupoBmuk UCB paboTaer TUIIE HEMHOTO JIydIlle APYTHX. DTO CBS3aHO C TEM, YTO B JAHHOU
cpele cymecTByeT MmyTh (IMyTh 1), KOTOPBIH SBIISETCS TNPENNOYTHTEIBHEE C TOYKH 3PEHHS
s¢p¢pextuBHOCTH. [lOATOMY TNIAaHHWPOBIIWKH, OCHOBAaHHBIE Ha HIBPHUCTHUECKUX TNpaBmiax u Q-
learning paboTaroT He Tak miIoxo mo cpaBHeHnio ¢ UCB. B Toxe BpeMs MoBeeHUE U Pe3yIbTATHI
IUIaHWPOBILMKA, OCHOBAHHOTO Ha TITyOoKoM Q-00yueHHH, aHaJIOIMYHBI crieHapHio Ne 2.
PesynbTaThl TpeThero SKCIeprMeHTa MpeCTaBlIeHB! Ha puc. 5. B kauectse Q-learning, DQN u UCB
TUTAaHWPOBILMKA BBICTYAJIH TUIAHUPOBIIUKH, TIOAPOOHO OIMCAaHHEIE B pasjerne 4.
B nmamHOM »SKCmepuMeHTe HaONIOJaeTCs NPUMEPHO OAMHAKOBOE TIOBEICHHE PA3TUYHBIX
TUTAHUPOBIIMKOB C TOYKH 3peHHS JPPEKTHBHOCTH. OITO BIIOJHE OOBSCHUMO TEM, YTO
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XapaKTEePUCTUKH MyTEH SIBIISIOTCS WACHTUYHBIMH M [IPU 3TOM KaXIIbIH IyTh HE UMEET JUCIEPCHIO
3aepkek U motepb. CTOUT TaKkke 3aMETUTh, UTO IIAHUPOBIINK, ocHOBaHHBIM Ha UCB, paboraer
HECKOJIBKY XYK€ B CIITY IBPUCTHUYCCKUX TPABUIL.
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Fig. 4. Results of experiments in scenario Ne 2.
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5.4 Utorn

Uroroseie pesymbraTsl 3((eKTHBHOCTH (CpemHss CKOpocTs B MOWT/C) IUTaHUPOBIIHUKOB B
3aBHCUMOCTH OT aJIFOPUTMa KOHTPOJIS IEPErpy3KH MPeJCTaBICHbI HA PUC. 6.

Ha ocHOBe noTy4eHHBIX pPe3yabTaTOB HEOOXOIMMO OTMETUTDH CIIEAYIOLIHE:

1. Hu oaMH M3 NpEICTaBICHHBIX IJIAHUPOBIIMKOB He OKa3ajcs 3((GEeKTHBHBIM BO BCeX
CLICHAPHSIX;

2. DQN mpoaeMOHCTPUPOBAI CaMyI0 CTAOUIBHYIO paboTy;

UCB oxkazaicst 3)(peKTHBHBIM B IEPBOM CLICHAPHUU U KpaiiHe Hed((PEKTUBHBIM B IPYTHUX;

4.  DddexruBrocts minRTT, ECF u BLEST npumepHo onuHakoBa.

w
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Cuenapuii 1 CueHapui 2 CueHapuit 3
minRTT- 18.36 4.48 4.68 16.33 4.49 4.69 70.64 19.68 29.82
ucs- 31.82 1.68 2.25 16.89 1.66 2.35 58.36 20.68 32.22
ecF- 18.79 4.45 4.69 1615 4.49 4.57 69.96 18.12 20.80
BLEST-  18.38 4.46 4.79 16.60 4.48 4.68 70.96 20.32 31.23
Q-learning - 20.42 4.43 422 17.18 4.40 4.26 68.04 21.02 28.68
DON-  24.52 4.09 4.03 19.30 4.09 4.08 61.96 19.94 29.76

Q;Q’@\x. i O@L F F %“’QS\’ q,f’ﬁb %“’Q:;LI Q»q’@p % OF\L Q;Q’Q\p‘
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Puc. 6. Cpasnumenvraa mabauya pabomsl NAAHUPOBUUKOS.
Fig. 6. The comparative table of schedulers performance.

6. BbieoObI u HanpaeneHus1 6ydyuwjux uccnedosaHul

B xome maHHO#M paGoTHI OBUTH MCCIIEIOBAHE U PEAM30BAHBI TUIAHUPOBIIUKY KaK OCHOBaHHBIC HA
9BPUCTHIECKUX TIPABUIIAX, TAK U HA OOYUEHHH C TIOMKPEIUICHHEM. Pea30BaHHbIe IIAHUPOBIIUKA
HCCITETOBAITICEH HE TOJNBKO C TOUKH 3PEHHS XapaKTEPHUCTHK MyTEeH, HO M ¢ TOUKH 3PEHHS aropUTMa
KOHTPOJISL TIeperpy3ku. [lofydeHHBIE pe3yJabTaThl TOBOPAT O TOM, YTO TUIAHHPOBIIMK MOXET
3¢ }eKTHBHO paboTaTh B CETEBOM CpEJe ¢ ONMPEAEIEHHBIM aJrOPUTMOM KOHTPOIIS TIEPETPY3KH, HO
TP 5TOM OBITh HEI(PEKTHBHEIM B CpeJie ¢ APYTUM AJITOPUTMOM KOHTPOJIS TIeperpy3ku. Perrenne
JAaHHOM MpoOJeMBl SBIAETCS OTKPBITBIM M IPEACTaBIseT co0OW HampaBieHHE OyIyIIux
HCCIICIOBAaHMIN: pa3paboTKa I[UIAHUPOBINKKA, paboraroniero 3((EKTHBHO HE3aBUCHMO OT
HCIIOJIB3yEMOTO aJrOPUTMa KOHTPOJIS TIEPETPY3KH.
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Annotanusi. B onepammonnoii cucreme (OC) Astra Linux kpome TpamuiuonHoro s OonbmmHCcTBA OC
JCKPEIIMOHHOTO YIIPaBJICHHS JOCTYIIOM ee mopcuctemoi 6ezomacHoct PARSEC peamusyroTess MeXaHU3MBI
MaHzatHoro koHTpoins nenoctHoctd (MKL) m manmatHoro ympasienust poctymom (MPJ]). C yderom
MHoOroo0Opasus umeronuxcs B ganHoit OC cymrHocTel (00beKTOB JocTyna, (pailiioB, KaTanoroB, COKETOB U p.)
U CyOBEKTOB (IIPOLIECCOB) ATH MEXaHU3MBI HMEIOT CIIOXKHYIO JIOTHKY (PYHKIIMOHUPOBAHHUS, 3aTPYAHSIIOLIYIO UX
TECTHPOBAHHUE C UCIOIB30BaHHEM BPYUHYIO ITOJIrOTOBJICHHBIX TECTOB. Bimsier Ha po6ieMy HE0OX 0TUMOCTD
BBIMTOJTHEHUS TIPOLIECCOB pa3paboTKH Oe3omacHoro nporpammuoro obecneuerus (I10) ams coorerctBus OC
Astra Linux TpeGoBaHHsIM BBICIIHX KJIACCOB 3aIlUTHI ¥ YPOBHEH HoBepHs. BMecTe ¢ TeM B 0CHOBE MEXaHH3MOB
MKIL u MP/] stoit OC ucnons3yercst MaHAaTHAsE CyOTHOCTHO-posieBast J{I1-Momens yrpaBieHus: JOCTYIIOM H
uHpopmarmoHHbIMU oTokamu B OC cemeiictBa Linux (MPOCIJI [II1-mMonens), onrcaHHast B KJIACCHYECKOM
MaTeMaTHYeCKO HOTauuu H B (HOpMalM30BaHHOM HOTaUMH Ha s3bIke (opmaipHOro merona Event-B.
ABropamu pazBuBaercs pekoMmeHnoBaHHbIT [[OCT P 59453.4-2025 moaxon K TECTHPOBAHHIO MEXaHM3MOB
yIpaBJIeHHs JOCTYIIOM Ha OCHOBE cOopa Tpacc cHCTeMHBIX BbI30BOB OC UM HX IepeBo/ia Ha 3bIK (OpMaTbHON
MOJIENIH C IIEJIBI0 TIPOBEPKU COOTBETCTBUS €l JIOTUKH (pyHKIIMOHWPOBAHHS MEXaHW3Ma yIpaBJICHUS JOCTYIIOM
OC. Pesynmbratam 3TOW pabOTHI MOCBSAIIEHA HACTOAIIAS CTAThs, B KOTOPOW, BO-TIEPBBIX, U3JI0KEHBI MTOTU
pa3paboTKu M BepU(UKALMK HCIOJIB3YEMOro I TECTUPOBAHHS HIDKHEYpoBHeBoro mpexacrasiaeHuss MPOCII
JIT-monenn (PARSEC-monenn), BEITOTHEHHOTO Ha s3bIKe (hopmanbHOTro Metona Event-B u npencrapmstormiero
(YHKIIMOHATBHYTO CTIEI(HKAINIO CBA3AHHBIX C YIPABICHUEM JOCTYIIOM CHCTeMHBIX Bb130BOB OC. Bo-BTOpBIX,
OIMMCHIBACTCSI CUCTEMa TECTHPOBAHUS, BKITIOUarommast Moxyib siapa OC it coopa Tpacc CHCTEMHBIX BBI30BOB, [10
JUISL UX TIpeoOpa3oBaHKs B MOJIEIBHBIE TPACcCHl, AaHUMATOP MOJIEIBHBIX TPACC, BHITIOJIHEHHBIH C IPUMEHEHHEM
HHCTpyMeHTanbHOTO cpenctBa ProB, m IIO mma dopmupoBaHmst pe3ynbTaToB TEeCTHPOBaHHS B (hopMmare
MHCTpyMeHTanbHOro cpenctsa Allure. B-TpeTbux, B cTathe paccMaTpHBACTCs MOJXOJ K HCIOJIb30BAHUIO IS
pacnapaiienuBaHus TecTupoBaHus TexHoioruu eBPF.

KiioueBble c10Ba: onepaiyioHHas cucTeMa; oneparnuonHas cucrema Astra Linux; MPOCJT ATT-moness; MeTon
Event-B; tecrupoBanue.

Jas unuruposanus: [ewsuun ILH., Xumaxos C.C., CmupuoB A.M. TectupoBaHHe IOICHCTEMBI
6e3zomacHoctr OC Astra Linux Ha ocHOBe ()OPMAII30BAaHHOTO OMHCAHUS MOJENH YHPaBICHUS JOCTYIIOM.
Tpynst UCIT PAH, Tom 37, BbIm. 6, yacts 2, 2025, ctp. 21-36. DOI: 10.15514/ISPRAS-2025-37(6)-17.
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Abstract. In Astra Linux operating system (OS), in addition to the traditional Discretionary Access Control,
its PARSEC security subsystem implements Mandatory Access Control policies such as Mandatory Integrity
Control (MIC) and Multilevel Security (MLS). Given the variety of entities (objects, files, directories, sockets,
etc.) and subjects (processes) available in a given OS, these policies often have a complicated logic of
functioning, which makes it difficult to test them using manual testing. This problem is especially aggravated
in the context of the necessity to fulfill the Security Development Lifecycle in compliance with the requirements
of the highest protection classes and trust levels established by the FSTEC of Russia regulatory documents.
Besides, the MIC and MLS policies of this OS are based on the mandatory entity-role model of access and
information flows security control in OS of Linux family (MROSL DP-model), described in the classical
mathematical notation and in the formalized notation using the formal Event-B method. Therefore, the authors
of this paper have developed and finalized the approach recommended by GOST R 59453.4-2025, taking into
account the specifics of current releases of Astra Linux OS, which consists of tracing system calls and
translating them into the language of the formal model in order to verify the compliance of the functioning
access control policies with the model. The results of this work are described in this paper, which, firstly,
outlines the results of the development and verification of the so-called lower-level representation of the
MROSL DP-model (PARSEC-model) used for testing, performed in the Event-B and in essence represents a
functional specification of access control-related system calls of the OS. Secondly, it describes a testing system
that includes the Linux Kernel Module for tracing system calls, software for their translation into model traces,
an animator of model traces using the ProB toolkit, and software for generating test results in the format of the
Allure toolkit. Thirdly, the paper considers approach to using eBPF technology for parallelizing testing.

Keywords: operating system; Astra Linux; MROSL DP-model; Event-B; testing.

For citation: Devyanin P.N., Zhiliakov S.S., Smirnov A.l. Testing the Astra Linux OS security subsystem
based on a formalized description of the access control model. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue
6, part 2, 2025. pp. 21-36 (in Russian). DOI: 10.15514/ISPRAS-2025-37(6)-17.

1. BeedeHue

TectupoBanue nporpammuoro obecrnedenust (I10) Ha BbIABICHME OTIIMUMIT MEXIy €rO peajbHO
CYIIECTBYIOIMMH M TpeOyeMbIMH cBoMcTBaMH (()yHKIMOHAJIBHOE TECTHPOBAHHE) COTJIACHO
T'OCT P 56939-2024 [1] siBnsieTcss HEOThEMIIEMOI YaCTRIO TIpoIiecca pa3padoTku 6e3omacHoro [10.
Peanmusanus aToro nporecca 0coOeHHO BaxkHa, Korja [10 BemonHsAeT QyHKINHM CPEeCTBA 3AIIUTHI
napopmanuu (C31), Hanprmep, SBISICH onepannorHoi cuctemoit (OC). KimtoueByro poib B TAKHX
C3U1 dacTo BBHIMONHAET MEXaHU3M yhpaBieHus jpoctynoMm. J[lng OomsmmHcTBa OC 3TO
JMUCKPEIIMOHHOE yIIpaBJIeHHe 10CTynoM [2-3]. Takoit MexaHU3M TOCTATOYHO IPOCT IS PeaTH3aiiu
U TIOHWMaHHUS, €ro TeCTHPOBaHWE, Pa3pabOTKa COOTBETCTBYIOUIIMX TECTOB, KaK IPaBWIO, HE
IpeacTaBILIoT 3aTpynHeHnid. Kpome Toro, B OC cemeiictB Linux niun Windows oH He mpeTeprieBait
CYILIECTBEHHBIX U3MEHEHHI B TEUEHHE AECATHIICTHH.

Bmecte ¢ TeM, 3amaya TECTHPOBAaHMS MexXaHHM3Ma ympasiieHHsS AocTynoM OC cymecTBeHHO
YCIIOKHSIETCS, KOTZla B HEr0 BKIIOYAIOT PEATH3alHI0 IPYTUX MHOJIWTHUK YHPABICHHS JIOCTYIIOM
TaKMX, KaKk MaHJaTHBIA KOHTPOJdb nenoctHoctd (MKII) mnm MaHmaTHOe ynpaBiieHHE TOCTYIIOM
(MPII). Ipumepom OC ¢ MKI] u MPJ] sBisiercss cepTHOUIIMPOBAHHAS MO YCTAHOBIEHHBIM
HopMaTtuBHBIMH JoKyMeHTamMu PCTOK Poccum [4] TpeOoBaHMSAM BBICHIMX KIIACCOB 3aLIUTHI U
yposaeii noBepust OC Astra Linux (onepannoHHas cuctemMa cliennagbHOro Ha3HaueHus Astra Linux
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Special Edition) [5-6]. Kak Bo muorux OC cemeiictBa Linux B 310it OC ynpaBjieHHe IOCTYIIOM
OCYIIECTBIIIETCS MEXIY CyOBhekTamMu (mporeccamu), QYHKIIMOHUPYIOIIUMH OT UMEHH JECSATKOB
WU JJa’Ke COTEH JIOKATBHBIX, CHCTEMHBIX HIIH 3aPETHCTPUPOBAHHBIX B JIOMEHE YUETHBIX 3alucel
MOJIb30BATENICH, K IIMPOKOMY CIIEKTpPY cymiHocteil (0O0BeKTOB aocrtyma, (aiioB, KaTaloros,
COKeTOB U Jip.). [Ipu 3ToM cyObeKkTam, y4eTHBIM 3aIHCSAM II0JIb30BATENe HA3HAYAIOTCSl YPOBHU
LIEIOCTHOCTU U YPOBHHU JocTyma, ucnonaszyeMmbie MKI[ u MPJ] mpuBuieruu, a CymHocTM —
YPOBHH LIEJIOCTHOCTU M YPOBHH JOCTYIA, clieluanbHble (rark. Bee nepeuncnenHoe 3aTpyaHseT
noHuMaHue Joruku ¢ynkiuonupoBanuss MKI u MPJ/I, ux TectupoBaHHe C HCIOJIb30BaHHUEM
BPYUYHYIO TIOATOTOBJICHHBIX TECTOB.

Hayunoii ocuoBo#i peanusaruun MKI[ u MPJ[ B OC Astra Linux sBiseTCs COOTBETCTBYIOIIAS
kputepusiv TOCT P 59453.1-2021 [2] mangatHas cymiHOCTHO-poseBas JII-Mozmens yrnpaBieHus
JnoctynoMm u nHdpopMmannonHsMu morokamu B OC cemeiictBa Linux (MPOCIJI AI1-monens) [3].
JlaHHas MOJEeITh ONMCaHA B IBYX HOTAIMAX: MaTEMATHIECKON (aHAIOTHIHO KJIACCHIECKUM MOJIEISIM
[7]) u, uro HambGonee Ba)XHO B KOHTEKCTE HACTOSIICH CTaThH, B (OPMAIN30BAHHON Ha SI3bIKE
¢dopmanproro Metoma Event-B [8-10]. MammHOYHTAEMBIH SI3BIK MTPEACTABICHUS MOJIEIH B 3TOM
HOTAIH 00ecreunBacT BO3MOXXHOCTD BhImoHeHU pekomeHnanmii [OCT P 59453.4-2025 [11] u
MPUMEHEHUs1 anpoOupoBaHHOro moaxona [12-13] mo aBTOMAaTH3MPOBAaHHOMY TECTHPOBAHHIO
MexaHn3Ma yrpasieHus goctynoM OC, 3aKToyaromerocs B coope Tpacc CHCTEMHbIX BbI30BoB OC,
UX TepeBoJie Ha s3bIK (DOPMAJBHOW MOJENN C 1IEJbI0 HPOBEPKH COOTBETCTBHSI €M JIOTHKH
(YHKIMOHMPOBAHUSL 3TOrO MeXaHHM3Ma. Takoil IMOJXO0J, BO-NIEPBBIX, OTBEYAET peaM3yeMOi
«'pymmoit Actpa» (OOO «PycbUTex-Actpa») eaAnHONH METONOJOTUU pa3pabOTKH 0E30I1acHOTOo
cuctremHoro 110 [14], Bo-BTOpEIX, cokpammaeT pecypcesl Ha Tectupoanue MKI[ u MP/] o mepe
pacimpeHus ux QyHKIUA, U3MEHEHHs UX IPOTPaMMHOT'0 KOJ1a, a, B-TPEThHX, [T03BOJISIET YUUTHIBAThH
Momudukanuu, BHOcuMble B MPOCII JII1-mozxens, xotopas cormacHo pekomermammsm ['OCT P
59453.3-2025 [15-16] Takxke peryaspHo gopabarbiBacTcs U pa3BuBaercs [17].

CrnenyeT OTMETUTh, YTO HEMOCPEJCTBEHHO cOOTBeTCTByMoMmIee onmucanuto MPOCII [I1-monenu B
MaTeMaTHYecCKOil HOTaMM €€ onucaHne B (opManu3oBaHHOW HOTanuu (HA3BaHHOE
BEPXHEYPOBHEBBIM ) TI03BOIIACT coriacHO pekomeHmammsM ['OCT P 59453.2-2021 [18] nexykTuBHO
BepH(UIIMPOBATH MOJIENH C IPUMEHEHIEM HHCTPYMEHTalbHOTro cpeactea Rodin [10, 19]. Ograko
UCIIONIb30BaHUE TAaKOTO BEPXHEYPOBHEBOTO OINMCAHWS MOJENIM HANPAMYIO JUIS  3aJa4d
ABTOMATH3MPOBAHHOTO TECTHPOBAHMS HE SBISIETCS BO3MOXKHBIM B CHIIy €ro aOCTpPakTHOCTH, a,
UMEHHO, B HEM HE OOECIIeYMBAEeTCSi TOYHOE COOTBETCTBHE IIPOTPAMMHOMY KOIY CHCTEMHBIX
BbI30BOB si7pa OC u noacuctemsl 6ezonacHoctd PARSEC, peanuzyromeit MKI u MPJl B OC Astra
Linux. B cBs3u ¢ osrtum Ha s3sike QopmanbHoro wmerona Event-B Obuto paspaborano
HIDKHEYPOBHEBOE TIpejcTaBieHre Mozenu (HazBaHHOe PARSEC-monensio), KoTopoe Mo3BOIHIIO
OPUMEHUTh TOJXOJ, M3JT0KeHHbIH B [12-13], W ucmons30BaTh pa3pabOTaHHBIE €r0 aBTOPAMH
MHCTPYMEHTAJbHbIE CPEACTBA. B ToM umcie, 111 MOHUTOpA CUCTEMHBIX BBI30BOB OB IMPHMEHEH
crenuanbHeli Moxyib siapa OC, MCHONB3YIOMMNA MEXaHHU3MBl MHCTPYMEHTAIIMH HCIOJIHSIEMOTO
koma Kprobes, Kretprobes mu oTmpaBmstommii monydeHHble WM JaHHBIE MOHHTOPHHIA B
HoJB30BaTesIbeKoe nmpoctpancTBo OC [uIs fanbHERIIETro UX MpeoOpa3oBaHus B MO/IEIIBHBIE TPACCHI
1 MX aHUMAIlUY C TPIMEHEHHEM HHCTpYMEHTanbHoro cpenctaa ProB [20].

BwMmecre ¢ TeM, gaHHBINA TOJX0] UIMEET HEKOTOPbIE HEAOCTATKH. Bo-1epBhIX, paspaboTka Moaynei
anpa OC Bceraa conpspkeHa ¢ PUCKOM — OIIMOKa B €ro MPOrpaMMHOM KOJIE MOXKET 3HaYHUTEIIHbHO
noBnuATh Ha nosegeHue OC, B TOM dyucie NMPUBECTU K €€ Kpaxy. Bo-BTOpBIX, Takue MOmyIu
TPeOYIOT KOMNWISIIMK TOJA Kaxaylo Bepcuro supa OC, 4TO 3HAYHMTENBHO YCIOXHSET IPOIIEcC
aBTOMaTU3HPOBaHHOTO TecTUpoBaHus OC ¢ HECKOIBKUMH MOJAEPKUBAEMBIMH BEPCUSAMU sifpa (K
takuM OC otHocutcst u OC Astra Linux). B-TpeTbnx, MOHUTOP CHCTEMHBIX BBI30BOB HE 00samaeT
(yHKIMEH OJHOBpEMEHHOro cbopa HMX Tpacc IS HECKOJIBKUX IIPOIECCOB, UTO 3aMeIIseT
TECTHPOBAaHUE W 3aTPYyIHSET pa3BEepPThIBAHHME TECTOBON HMHGPACTPYKTYpPHI B Cpele HENPephIBHOM
pazpabotkn u umHTerpammu OC (CI). Hakonem, Tekymias peaiu3anus MOHHUTOpPa CHCTEMHBIX
BBI30BOB HE OTCIIeKHMBaeT oOpamieHus npukiagHoro 10 k moacucteme 6e3omacaoctn PARSEC
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TIpY U3MEHEHUH YPOBHEH KOHPUICHIIMATHLHOCTH U IIEJIOCTHOCTH (METOK 0€30MacHOCTH) KOMITOHEHT
OC.

B cBsI3U ¢ M3JI0KEHHBIM aBTOpPAMHU CTaThbU OBUI pACCMOTPEH MOAXOJ K MPHUMEHEHUIO TEXHOIOTHH
eBPF, mpencrasisromeii co60ii albTepHATHRY 3arpyKaeMbIM MOAYIIIM sifpa. JlaHHAs TEXHOIOTHS
paHee MPUMEHSUIAch AT TPACCUPOBKH CETEBBIX IMAKeTOB [21], 1 U1 aHaIn3a MPOU3BOAUTEIBHOCTH
OC [22]. B mactosimee Bpems: eBPF Taxoke mpuMeHseTcs B TAKUX CHCTeMaX MOHUTOPHHTA CPEICTB
BUpTyanu3auuu Ha yposHe sapa OC, kak Tetragon, Falco u Tracee [23-25].

TakuM o0Opa3oMm, cTaThsd OpraHW30BaHa CIEAYIONIMM oOpa3oM. B cienyromem pasgene
paccMaTpHBaIOTCSl Pe3yNbTaThl pa3paboTKu M BepH(HUKAINWU HIDKHEYPOBHEBOTO IPEICTABICHUS
MPOCJI Jll-monenun (PARSEC-mopmenu). B pasa. 3 onmceiBaeTcss cuUcTeMa TECTUPOBAHHS
noacuctemsl Oe3omnacHoctH PARSEC OC Astra Linux. B pasa. 4 ananusupyercs Hoaxon K
npuMeHeHunto TexHosoruu eBPF mist paciumpenust pyHKINOHATBHBIX BO3MOXKHOCTEH 3TOH CHCTEMBI
TECTUPOBAHMSI, B TOM YHCIIE 33 CUET €ro paclapajuleiBaHus. 3aKJII0YeHNE 3aBepIIaeT CTaThio, B
HEM TOJBOJSATCS UTOTU BBIIIOJIHEHHBIX HCCIEJOBAaHUN M pa3pabOTOK, a TaKKe paccMaTpHBAIOTCS
JTaTbHEHIINE HANIPaBICHUS UX Pa3BUTHUS.

2. HuxHeypoeHesoe npedcmaeneHue MPOCJ1 All-modenu (PARSEC-
modersb)

MPOCIJI AIl-Mozaemns SBISIETCS. OCHOBOW IS pealln3allii MEXaHu3Ma yrpasieHus goctynoM B OC
Astra Linux. B maremaTrueckodd U (opMaTN30BaHHOW HOTAIIUSAX MOJENb HUMEET HepapXuiecKoe
MIPEJCTaBICHAE W BKIIOYACT COTJIACOBAaHHOE OMHCAHHE POJIeBOro ympasieHus poctymom (PY],
npencrasisromero mrataoe 11t OC cemeiicTBa Linux IHCKpPEIMOHHOE YIIPaBICHUE TOCTYIIOM),
MKI] u MP]] [3]. B o6eux nortamusx cormacao 'OCT P 59453.1-2021 [2] mMozesnp BKIHOYACT
ONHCaHHE COCTOSHMH W MPaBHUI IIepexojila MEXIY COCTOSHUAMH aOCTpaKTHOTO aBTOMAra,
COOTBETCTBYIOIIETO MOJUTHKAM YIPaBICHHUs A0CTyoM, peanusyembiM B OC Astra Linux.

Kak y>xe ObIJI0 OTMEUEHO, HEMOCPEICTBEHHO cooTBeTcTRYoMee onmucanuio MPOCII ITI-mMonenu B
MaTeMaTHYeCKON HOTAI[MK €€ BEpXHEypOBHEBOE MpE/CTaBlIieHHe B (JOPMAIIU30BAHHOM HOTAIMU Ha
si3pike (popmaspHOTO MeToaa Event-B goctarouHo abcTpakTHO. B HeM He yUUTHIBAIOTCSI HEKOTOPHIC
0COOEHHOCTH TPOTPAMMHOW peanu3anuy yhpasieHus noctynom B sjape OC um moacucreme
6esomacuoct PARSEC, sBrstroreiicss moaynem Ge3omacuoctr siqpa — Linux Security Module
(LSM) [26]. HanpuMmep, OHK ONIEpUPYIOT HE aOCTPAKTHBIMU CYIIHOCTSIMH (0OBEKTaMH JIOCTYIA) U
cyObeKkTaMu, a (haiIOBRIMHU JECKPUNITOPAMHU, HHACKCHBIMH JeCKpUNTOopamu (inode) w OpyruMu
cucreMabiMu kKomnoHeHTaMu OC. Taroke peanmu3oBaHHBIC B siape OC 00pabOTYMKU CHCTEMHBIX
BBI30BOB (BBITOJTHSIOIINX ONICPAINH HAL (paiiilaMu, KaTaJIOTaMH, IIPOLIECCAMH, YIS THBIMU 3aITUCIMH
MoJIb30BaTeNIell) MO0 CBOEMY (PYHKIIMOHAIY OTIMYAOTCA OT MX ONHMCAHUS B COOTBETCTBYIOIIUX
mpaBWiIax MpeoOpa3oBaHUS COCTOSHHUNA  a0CTPaKTHOTO aBTOMaTa B  BEPXHEYPOBHEBOM
MIPECTaBICHUN MOJICTIH.

UToOBI MPHOIM3UTH OMIICAHUE MOJICNH B (POpMaNn30BaHHON HOTAITUH K IPOTPAMMHON pean3anui
ynpasieHus: mocryrmom B sape OC u moncucreme OesomacHoctn PARSEC, a takke co3maTth
YCIIOBUSL JUIS IPUMEHEHHUSI ATOTO ONMCAHUS B CUCTEME aBTOMAaTH3MPOBAHHOI'O TECTUPOBAHMS, Ha
Event-B 6su10 paspaborano HmkHeypoBHeBoe npexacraBienne MPOCII AIT-monenu (PARSEC-
MOJIEITh ), KOTOPOE 10 CYTH SBISETCS (YHKITMOHATBHOU crienndukaeir oopaboTINKOB CHCTEMHBIX
BBI30BOB B sijipe OC u noacucteme 6e3omacHoct PARSEC. Bribop Event-B no3Bonw, Bo-TiepBbIX,
COXPaHUTh MPEEMCTBEHHOCTh TEXHOJIOTHIA OMMCAHUS U BEPU(PHUKAIINN MOJIEIH C CTIOJIb30BaHHBIMH
JIJIsl €€ BEPXHEYPOBHEBOTO MPEJICTABICHUS, 4, BO-BTOPBIX, MPUMEHHUTD MOJIX0/1, U3JI0)KECHHBIH B [12-
13], xoropslii Takke 6a3upyercst Ha Event-B.

PARSEC-Moniesib aHalOTHYHO BEPXHEYPOBHEBOMY IPEJICTABICHUIO C NPUMEHEHHEM TEXHUKU
norrarooro yrounenus (refinement) Event-B [8] umeer wnepapxuyeckoe mpeacTaBieHue,
BKJIIOYAIOIIEe TPH YPOBHS, COOTBETCTBYIOIINE KIIFOUEBBIM [UIsl peKMMOB 3amuiieHHoctn OC Astra
Linux monutrkam ympaBieHus JO0CTYyIoMm [6]:
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o TlepBrlit ypoBeHb — «ba3oBblit» («Openy), TMCKPEITMOHHOE YIIPaBIEHUE TOCTYIIOM;
e Bropoii ypoBens — «YcuieHHbli» («BopoHex»), MaHIaTHBIA KOHTPOJIb IIEJIOCTHOCTH;
e Tperuii ypoBeHb — «MakcuManbHbI» («CMOICHCKY»), MAHAATHOE YIIPABICHIE JOCTYIIOM.

Kaxnplii ypoBeHb NMPENCTABIEH COOTBETCTBYIONIIMMHU KOHTEKCTaMHu (contexts), ONMHCHIBAIOIIMMHU
CTaTW4eckne KOMIOHEeHTH Mmozenupyemoir OC, m mammHamu (machines), BKITIOYarOUIMHU
ONHCAaHUS COOTBETCTBYIOIIMX CHCTEMHBIM BBI30BaM COOBITHH (events) W HHBapHaHTOB
Oe3omacHoctH (invariants).

PARSEC-Mozens conepKuT OnrcaHue CIEeAYIOMMX COOBITHH (CHCTEMHBIX BBI30BOB): Open, openat,
mkdir, chmod, fchmod, fchmodat, chown, fchown, fchownat, chdir, fchdir, getxattr, setxattr, link,
execve, umask, exit, close, unlink, rmdir, fork. B Heli Taxke MpPHCYTCTBYeT ONHCAHUE COOBITHA
chlbl, xoropoe coorBercTByer ¢yHKIEM Sys chlbl, Bxomsgmeii B wuHTEpdeic MOICHCTEMBI
6e3omacaoctr PARSEC u no3Bossromneil i3MeHATh YPOBHHU IETIOCTHOCTH U KOHQUICHIINAIEHOCTH
cymHocTH (aitna nim xaranora).

CrouT OTMETHTH, UTO Ha TEKyIIHii MOMEHT PV /], ommmcanHOE B BEpXHEYPOBHEBOM IIPEICTABICHUN
MPOCIJI [l1-moaenu, siBHO He peanu3oBaHo B OC, 1 mosToMy ero popManu3anus OTCyTCTBYET B
HwkHeypoBHeBo PARSEC-monmenn. Kpome Toro, B HeM OTCYTCTBYIOT HEKOTOPBIC
HECYILIECTBCHHbIE, HO CIIOXKHBIC A1 MOJECIUPOBAHHS AJIEMEHTHl JAUCKPELIMOHHOTO YIIPaBIICHUS
JOCTYNOM (HampuMep, paclIdpeHHbIe CIHUCKH KOHTposs noctyma Access Control Lists — ACL),
MOCKOJIEKY OHHM HE MHTEPECHBI IIPH TECTHPOBAaHUH moacucTeMsl 6ezomacHocTi PARSEC.

T.k. HanOosplllee 3HAUEHHWE NPH TECTUPOBaHMM ymnpamineHus poctynmoM B OC Astra Linux
NPE/ICTABIISIOT €€ COOCTBEHHBIE MEXaHU3MBI 3alllUTHI, TO Jajee OyIyT pacCMOTPEHbI PE3YJIbTaThl
paspaboTku BTOporo u Tpetbero ypoBHeit PARSEC-monenu, cootBetctBytomux MK u MP/I, Tem
Goutee, 4TO OOJIBIIIASE YACTH IEPBOrO YPOBHs ObLIa OMUCAHA B paMKax ucclienoBanmii [12-13].
IlepbiM marom npu Mmoxenupoanun MKI[ B PARSEC-Monmenu cranmo ommcanue ypoBHEi
nenoctHoctd. B OC mporpaMmHas peanusaiys KaKI0ro YpOBHS LEJIOCTHOCTH COCTOUT U3 JBYX
YacTeill: HenepapXxu4ecKoro ypoBHs (KaTeropuii) enocTHOCTH (Macku 32 OUT) U JIMHEHHOTO YPOBHS
[EIOCTHOCTH (3HAKOBBIX MENbIX 4ucenl oT -128 mo 127). Hampumep, ypoBeHb NEIOCTHOCTH
0x00000002:-128 cooTBETCTBYET HemepapXxumdeckoMy ypoBHIO «Bupryammsamms» 0x00000002 (B
COOTBETCTBYIOIIEH Macke OWT HEHYJEBOH TOJBKO BTOPOH OWT) U MHUHHMAJIbHOMY JINHEHHOMY
ypoHO -128. IlosTomMy B Momenmu [is CyOBEKTOB (MPOLECCOB), CYITHOCTEH ((ailmoB wim
KaTaJoToB) M YYETHBIX 3alMCEeil MOoib30BaTeNeil 3aJaHbl 0 Mape COOTBETCTBYIOMIMX (YHKIMH,
Harpumep, pynkuuu Entitylnt u EntityLinearInt s cymnocreid (JIuctunr 1).

[Nockomneky ¢opmansnbeiii Meton Event-B He momnepskuBaer OWTOBBIE ONEpalvyl HAJA LEIBIMA
grcaamu, To B PARSEC-Monenn MHOKECTBO HEHEpapXHUECKHX YpOBHEH IeNocTHOCTH Integrity
3a7aH0 KaK MHOXKECTBO BCEX IIOJIMHOXECTB HECYIIEro MHO)kecTBa (carrier set) Int, ajeMeHTHI
KOTOPOTO MPEACTABISAIOT CO00H MO3UIMK OMTOB B JBOMYHOM IIPEICTAaBICHUH IEJIOT0 yncia. Takoe
OIMCaHUE TO03BOJISIET BBIPA3UTh IPOTPAMMHYIO peai3alnio OMTOBOM MAacku B TEPMHHAX TEOPUH
MHOXKECTB, TJIe KaXXJoMy OUTY OyZIeT COOTBETCTBOBAaTh HyMEpOBaHHAs KOHCTaHTA U3 MHOKeCTBa Int.
Hamnpumep, 3HaueHu0 Henepapxuueckoi ypoHs uenoctHoctd 0x0000003f (qBoMyHOMY 3HaUSHUIO
Obl111111, a mecaTHYHOMY 3HAYEHUIO 63 — MAKCUMAILHOMY 0 YMOYaHHIO YPOBHIO IEJIOCTHOCTH
max_ilev B OC Astra Linux) OyaeT cooTBeTcTBOBaTH MHOXKECTBO KOHCTAHT {Intl, Int2, Int3, Int4, Int5,
Int6} € Integrity. CpaBHEeHHe JTIOOBIX IBYX HEHEPAPXUUECKUX YPOBHEH LIEIOCTHOCTH B TAKOM CITydyae
€CTECTBEHHO BBIPAXKAETCS C MOMOILBIO ONepanuil u3 Teopun MHOXkeCTB. Tak kak B OC 3HaueHue
JIMHEWHOTO yPOBHS IIEJIOCTHOCTH OTPAaHUYCHO OJHUM OalTOM M SIBJISIETCSI 3HAKOBBIM YHCIIOM, METOJT
Event-B nosBossier onpenenuTth THI TakoW KOHCTaHTHI Kak WHTEpBan -128 .. 127, n cpaBHeHHe
JIMHEHHBIX YPOBHEH IEJIOCTHOCTH B JAHHOM Ciydae OyAeT COOTBETCTBOBATh CPAaBHEHHUIO IIETIBIX
YHCeIL.

Bropeim marom npu mozpenupoBanuu MKI[ B PARSEC-mozmenu crtano omnucaHue MHBapUaHTOB
cocTostHAH. J{J1s1 IprMepa pacCMOTPHM MHBAapHUAHT, KOTOPHIA YCTaHABIUBAET TPEOOBAHMUS K YPOBHAM
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LEJOCTHOCTH CyOBbEKTa W CYLIHOCTH NpH JOCTyne Ha 3amuch (Jluctuer 2). B atom ¢parmente
HCTIOJNIB3YIOTCS CICAYIOIUE ()YHKIIUH:

® SubjectFDs —3amaet ass mporecca ero (aiioBble JECKPUTITOPHI;

e FDFile — oToOpaxaeT (ailJIoBBIN JECKPUIITOP Ha COOTBETCTBYIOLINH (haii;
e FDFlags — 3amaeT mia (QainmoBoro meckpunropa ¢uard, ¢ KOTOPHIMH OBUT OTKPBIT

COOTBETCTBYIOIIUH (hailir.

sets
Int
ENTITIES

constants
Integrity
LinearIntegrity

axioms
@Integrity type: Integrity = P(Int)
@LinearIntegrity type: LinearIntegrity = -128..127

variables
Entities
EntityInt
EntityLinearInt

invariants
@Entities type: Entities & ENTITIES
@EntityInt type: EntityInt € Entities - Integrity
@EntityLinearInt type: EntitylLinearInt € Entities - LinearIntegrity

Jlucmune 1. @ynxyuu EntityInt u EntityLinearint.
Listing 1. Entitylnt u EntityLinearInt functions.

@SubjectAccessObject Write:
V s, fd s » fd € SubjectFDs A FDFile(fd) € Entities \ Containers A
(O_WRONLY € FDFlags(fd) V O_RDWR € FDFlags(fd)) =
EntityInt (FDFile (fd)) &€ SubjectInt(s) A EntityLinearInt (FDFile (£fd))
SubjectLinearInt (s)

A

Jlucmune 2. Hneapuanm ycmanosku mpedo8aHutl K ypOSHAM Yel0CMHOCHU.
Listing 2. Invariant for setting integrity level requirements.

B OC ¢axt mocryna Ha 3ammch nporecca K HeKOTopoMy (aiily MOXKHO OIPENETUTh MO HAINIHIO
JIECKPUNTOPa 3TOTO (haiiina B MHOMKECTBE (DAIIIOBBIX JECKPUIITOPOB 3TOTO MPOLIECCa,  TAKKE HATMUHS
¢maroe O_ WRONLY mwm O_RDWR, ¢ koTopbiMu ObLT OTKPHIT 3TOT (paitir. Kpome Toro, T.K. aapo
OC orpannunBaeT moxydeHue (airoBoro AECKpHUIITOpa K KaTalory ¢ JOCTYIIOM Ha 3alHCh (B TAaKOM
ciygae Beigaetcs ommoOka EISDIR), To paccMatpuBaeMblii HHBApHAHT BKIIFOUACT TOIBKO MPOBEPKY
JIOCTYIIOB Ha 3amuch mporecca K ¢ainam. Takum o0pa3oM, WHBapHAHT II03BOJISIET BBIPA3UTh
npoBepsieMoe B OC yCloBHE COTJIACOBAaHHOCTH YPOBHEH IEIOCTHOCTH Tiporiecca W (aiiima mpu
HAJIMYUH K HEMY JIOCTYTIa Ha 3aIIMCh — YPOBEHb IIEIOCTHOCTH MPOIIECcca JODKEH ObITh HE HHXKE YPOBHS
LEJIOCTHOCTH (haiina.

IToce KOHTEKCTa M MHBApPHAHTOB OBUTH ONMCAHBI COOBITHS (CHCTEMHBIE BBI3OBHI). [l yymoOcTBa
Bepudukannn PARSEC-mozmenu u ee MCTIONB30BaHMSA B CHCTEME TECTHPOBAHUS U HEKOTOPBIX
cucteMHbIX Bb130BoB OC 3a1aBaiich 110 Ba coObITHs. Hampumep, [t cucteMHOro Bei3oBa sys_chlbl
Obutn omucansl coObITHA: chlbl container — mIs W3MEHEHMS YPOBHS IIETIOCTHOCTH CYIIHOCTH-
KoHTeifHepa (katainora), chlbl object — mig M3MeHEHHs YPOBHS LETOCTHOCTH CYITHOCTH-OOBEKTa
(daiima). Takoe paszaeneHue OOYCIOBIEHO HAJMYWEM Yy KaTaJloroB M (aiyioB cHenu(pUIHbIX
napamerpoB MKII. B ux umcne ¢uar SILEV wucnomasemoro daiina, KOTOpBIH 33aeT MOPSIOK
AKTHBHM3ALMK U3 HEro MpOIEecca ¢ YUYeTOM YPOBHEH LEOCTHOCTH 3TOro (aiina ¥ y4eTHOH 3alncH
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THI0JIb30BATElIs], OT UMEHH KOTOPOH aKTHBU3HMPYETCs IpoILecc (3TO MO3BOJIET MpOLeccaM B CECCHU
YUYETHOH 3alliCH NOJIb30BATelIs ¢ HU3KUM YPOBHEM LISIOCTHOCTH 3aIlycKaTh HEKOTOPBIE IPOLECCHI,
KOTOPBIM ULl BBIIOTHEHHS UX (DYHKIHI HEOOXOJMM BBICOKHI TEKYIIHHA YPOBEHb LIEIOCTHOCTH; TaK C
nomomnpto ¢uara SILEV mnomewaercst uMcHoNHsEeMbId (aill KOHCOJNBHOM yTHIMTHI passwd,
3aIyCKaeMOW JUIsi M3MEHEHHs IapoJisi HHU3KOILIEJIOCTHOW YYEeTHOW 3alMcH I0JIb30BaTelisi, oOpa3
KOTOPOTO XpaHWTCS B O0JaJaiolleM BBICOKUM YPOBHEM LEJIOCTHOCTH (aitne «/etc/shadowy).
IMostomy coObitue chlbl container comepXuUT chelManbHyl0 mepeMeHHyr0 passed silev,
UCTIONB3YEeMYIO JUIsl IpeJoTBpalieHus ycranoBku (urara SILEV Ha kaTanoru, 1 cOOTBETCTBYIOIINE
IIBa OXpaHHEIE ycroBws (guard):

@grdl0: passed silev € BOOL
@grdll: passed silev = FALSE

Takum 00pazoM, eciii B CHCTEME TECTUPOBAHMUS Ha dTalle TPAHCISILIMU CUCTEMHON TPacChl B COOBITHS
PARSEC-monenu 3Hauenne nepemeHHoi passed silev Oyner ycraHoBieno TRUE (uro B OC
COOTBETCTBYET TOMY, YTO Ha KaTaJlor JieJlaeTcsl HombiTka ycraHoBuTh uiar SILEV), To Bo Bpems
aHMMaI|u Tpacchl ycioBue (@grdll He OyzmeT BBINOJIHEHO, YTO OYAET CUTHAIM3HUPOBATH O
pacxokIeHUH IporpaMMHOH peanm3arn noacucteMsl 6ezomacHoctn PARSEC u PARSEC-monemn.
Amnanormyao npu monenupoanrmn MKI onmcriBatotes npyrue ¢aaru ¢aitnos (SSI) u karamoros
(IINH, IRELAX, SSI) [27].

Jns  BemonHeHWsT WHBapuaHTOB Oe3omacHOocTH B PARSEC-mMozenn B COOBITHSX —ONMCAHBI
COOTBETCTBYIOIIIE OXpaHHBIC YCIOBHS. Tak HCTHHHOCTh PAacCMOTPEHHOTO HHBAapHaHTa
@SubjectAccessObject Write B cOOBITHH OTKPHITHS CYIIHOCTH ((paiina mim Katajora) open_exists
o0ecreunBaeTCsi OXpaHHBIM yCIIOBHEM, MOKa3aHHBIM B Jluctunre 3.

@grd24:
(O_WRONLY € flags V O RDWR € flags) =
(file € Containers A IRELAX (file) = TRUE) V
((file € Entities \ Containers V (file € Containers A IRELAX(file) = FALSE)) A

EntityInt(file) & SubjectlInt (proc) A
EntityLinearInt (file) < SubjectLinearInt (proc)
)

Jlucmune 3. Oxpannoe yciogue omkpvimus ¢gaiina.
Listing 3. File open guard condition.

Tpernit  ypoBenb PARSEC-momemn cootBerctByer MPJ[. B ero pamxax ypoBHH
KOH(HJIECHIINABHOCTH (JIOCTYTIA) CYIIHOCTEH, CyOBEKTOB M YUSTHBIX 3aIMCel MOIb30BaTeNield ObIH
3a7aHbl AHAJIOTUYHO YPOBHSM LIEJIOCTHOCTH, T. K. OHHM TAaKXKe COCTOSAT M3 JIBYX YacTeil: JTMHEHHBIX
YpOBHEH KOH(MACHIIMATEHOCTH M HEMEPAPXUIECKHX YPOBHEH (KaTeropuii) KOH(GHICHIHAILHOCTH.
Taroke anamormyao ypoHI0O MK 3amanel crermaneuble ¢uarm cymmuocteit (CCNR, EHOLE,
WHOLE) [6].

[lpu ommcaHMM WHBAapHAHTOB COCTOSHUH AaKLIEHTHPOBAJIOCH BHUMAHHME Ha Te W3 HHX, KOTOpBIC
otpaxator MP/I. Hanpumep, B mro6oif MoMeHT yaKnmonupoBanmst OC HUKaKOU Mporiece He TOIHKEH
MMETb JIOCTYII Ha YTeHHE K (aiiily WM KaTajJory ¢ ypoBHEM KOH(HAESHINAIEHOCTH OOJIBIINM, YeM
YPOBEHB JOCTYIA Ipolecca (32 NCKIIOUEHUEM CIIydaeB HAJIMYWs y Iporecca JIM0O crenuaibHBIX
npusmieruii PARSEC CAP _IGNMACLVL u PARSEC CAP IGNMACCAT, o0beanHEHHBIX B
PARSEC-monenu B MHO)ecTBO PARSEC CAP IGNMAC, nu0o moiHOMO4H# CyNeprioib30BaTesist
root W MakCUMalbHOTO ypoBHsA menocTHoctn Highl, mozBomstonmx emy Hapymarts MPJI).
Wnnroctparus nana Ha Jluctunre 4.

Taroke 1711 IpuMepa BBHITTOJTHEHHE 3TOT0 MHBAapHAHTa B COOBITHH OTKPBITUS CYITHOCTH ((aiiima min
KaTajora) open_exists Obu10 00ecrie4eHo OXpaHHBIM YCIIOBHEM, IOKa3aHHBIM Ha JIuctunre 5.

B wurore paspabotkn PARSEC-mozmenu, BBIIOTHEHHE BCEX HMHBAaPHWAHTOB COCTOSIHHHM OBIIO
JEAYKTHBHO IOKa3aHO MPH BepH(HKALUHK C IPUMEHEHHEM HHCTPpyMEHTalIbHOTO cpenctda Rodin [19].
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@SubjectAccessesConf Read:
Vs,fd + s » fd € SubjectFDs A FDFile(fd) € Entities A s € Subjects A

(O_RDONLY € FDFlags (fd) V O RDWR € FDFlags (fd)) A
- (PARSEC_CAP_IGNMAC < SubjectCaps(s)) A
- (SubjectUser (s) = ROOT_USER A SubjectInt(s) = HighI A SubjectLinearInt(s) 2 0)

= (EntityLev (FDFile (fd)) < SubjectLev(s) A EntityCat (FDFile(fd)) & SubjectCat(s))

Jlucmune 4. Ilpogepxa npag oocmyna u HaIU4us NpUsUIeUll.
Listing 4. Checking access rights and privileges.

@grd26: (O RDONLY € flags V O RDWR € flags) =
(EntityLev (file) < SubjectLev (proc) A EntityCat (file) & SubjectCat (proc)) V
(PARSEC_CAP IGNMAC & SubjectCaps (proc)) V
(SubjectUser (proc) = ROOT _USER A SubjectInt (proc)=HighI A
SubjectLinearInt (proc) =0)

Jlucmune 5. Oxpannoe yciogue omxpulmusi CywHocmu (gaiinia unu kamanozaa).
Listing 5. Entity (file or directory) open guard condition.

B 3akmroueHnm paszmena OTMETHM, 9TO B [28] OBUIO CKa3aHO O TOTEHIMATFHONH BO3MOXKHOCTH
pa3pabotkn PARSEC-momenu myreM YTOYHEHHS HANPSAMYIO BEPXHEYPOBHEBOTO IIPEICTABICHHS
MPOCIJI All-mMonmemu B popManu3zoBaHHO# HOTarmu. OJHAKO TaKOW MOAXOJ KPATHO YBEINYHMBACT
ciokHOCTh MogenH. [Tloaromy mpu paspadborke PARSEC-mMozenu aBTopamu HacTosIIei cTaTby OBLT
HCTIONTb30BaH 3KCIEPTHBIA MOAXOJ, BKIFOYAIOIIUIA B ceOs TIOCTPOCHHE MO Ha OCHOBE aHAIN3a
BepxHeypoBHeBoro mpencrasienus MPOCJI JI[I-monenn B 00eux HOTALMAX, a TaKke aHann3a
ucxonuoro kona ssapa OC Astra Linux n nmoxcucremsr 6e3onacHoctr PARSEC.

3. Cucmema mecmupoeaHusi nodcucmembi 6ezonacHocmu PARSEC OC Astra
Linux

Cucrema TectupoBanus (puc. 1) peanu3yeT aBTOMAaTHYECKYIO MPOBEPKY COOTBETCTBUS MOBEICHUS
noacucteMsl 6e3onacHoctd PARSEC n HimxHeypoBHeBoro mpeactasiaenus MPOCII All-monenu —
PARSEC-monenu. [Ipu 3ToM 3a ee 0CHOBY ObLiIa B3siTa cUcTeMa, onucanHas B [12-13].

[TpumMeHeHne cucTEMBI TECTUPOBAHUS BKIIIOYAET BBINOJIHEHNE CJIETYIOIINX [Iar0B:

1. TloxroroBka HAYAITEHOTO OKPYKEHHS CHCTEMBI TECTUPOBAHMS, BKIIFOUaromas HacTpoitky OC
Astra Linux, co3maHue COOTBETCTBYIONIMX (DaiIOB, KaTajJOroB, YYETHBIX 3alHCei
nosb30Bateneit, 3aaanue ux napamerpos MKIL u MPJ1.

2. Coop u coxpaHenue mHCTpyMeHTOM gather info mHboOpManMu 0 HavyaILHOM OKpYXEHHU
CHCTEMBI, KOTOpPOE ObLTO C(OPMUPOBAHO Ha miare 1.

3. 3arpyska Moxyss monitor B IPOCTPAHCTBO SIpa, M 3allyCK BCIIOMOTaTEJbHOTO Ipoliecca
umonitor JJist B3aMMOZAEHCTBHS C HUM.

4. 3amyck TecTa, BKJIIOYAIOIIEro Bo3zeiicTBus Ha moxacuctemy OesomacHoctn PARSEC, u
3alKCh PEe3yJIbTATOB MOHUTOPHHTA TECTHPYEMOTo mpolecca B 0a3y AaHHBIX (IIOTydYeHUE
CHCTEeMHOM Tpacchl TECTUPYEMOTO TIpoIiecca).

5. Co3zganue MOJENBHOM Tpacchl C MOMOIIBI0 HHCTpyMeHTa mediator U3 CHCTEMHON TPAaccHl,
MOJIyYEeHHOM Ha 11are 4, 1 Ha4aIbHOTO OKPYKEHHS, TOJTy4SHHOTOo Ha mare 2.

6. AHuMmaius Tpacchl, MOJyYeHHOH Ha mare 5, ¢ ucnojib3oBaHuem PARSEC-monenu u
HHCTpyMeHTabHOrO cpenactsa ProB [20], mpeoGpasoBanue ee pe3yiabraroB B (opmar
mnatgopmsl Allure [29] ¢ momompio ckpunta allure report.py.

7. TlomydeHue BHIBO/Ia O COOTBETCTBUH MOBeIeHUsI TecTupyemoro mporiecca B OC Astra Linux
U pe3yNbTaTaMy aHUMAIWH Ha [are 6 ero MOAEIbHON TPacCH.

B KOHTEKCTE HACTOSIIETO MCCIIEM0BAaHMs 110 CpaBHEHUIO ¢ [12-13] Gbuin qOpabOTaHBI PSJT [IArOB.
Tak mpu cOope HaHHBIX O HAYaJHbHOM OKPY)KEHHH CHCTEMBI Ha IIare 2 Ba)KHOH COCTaBIISIOLICH
ABISIFOTCS  3HA4YeHWs crenuainsHbIX ¢umaroB MKI[ wm  MPJ], ypoBHell mneiIoCTHOCTH U
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KOH(QUICHIINATBLHOCTH (IOCTyTa) (PaiioB M KaTaJIOTOB, YUETHBIX 3alUCEH TOIh30BaTeNeH (Ha 3TOM
JTamne He cCOOMpAroTCs MmapaMeTpsl mporeccoB). I 3TOro JaHHBIE O 3HAYCHHUAX (PIaroBs, ypoBHEH
LEJIOCTHOCTH U KOH(UICHIHATLHOCTH (haiiia WM KaTajgora M3BJCKAIOTCS M3 UX PaCUIMPEHHBIX
aTpuOyTOB; a JIJIsl YYCTHOM 3aIUCH MOJIb30BATENS — U3 COOTBETCTBYIOIIMX €€ UACHTUPHUKATOPY uid
(aiimoB B katanorax /etc/parsec/micdb (ypoBeHb IienocTHOCTH) u /etc/parsec/macdb (ypoBeHb
JIOCTyIa).

Ilpoctpancreo | [loaszoBaTennckoe
NpPOCTPAHCTEO

Agpa !

Tpacca CHCTeMHBIX
BHI30B0B

¥
e
mediator *4{ CHMMOK HAYATEHOTO OKPYWKEHHS }_P'anm]
TEecToB
IR

J\“*—._
MogensHas Tpacca ‘
COBEITHIH

: PesymeTar aHMManuu
PIOB rep]ay

| Cesumkm Ha yomosma . Allure
PARSEC-Momems ¥ MPOCI [IlT-mozens allure_report.py | i

Puc. 1. Cxema cucmemsl mecmupoganusi.
Fig. 1. Schematic diagram of the testing system.

MoHuTOprHT Ha miare 4 ocyuecTBisiercs ¢ moMomplo Monyns sapa OC ¢ mpuMeHeHHeM
MEXaHM3MOB HHCTpyMeHTaluK ucnosHsemoro koga Kprobes u Kretprobes. ITpumeuarensHeiM 1uist
paccMaTpuBaeMOil CHCTEMBI SIBISIETCS TO, YTO MOMHMO CTaHJAPTHBIX CHCTEMHBIX BBI30OBOB OBLI
peanu3oBaH nepexBar ¢GyHkuuu mojacucrembl OezomacHoctd PARSEC — sys chlbl. Kak 6buio
OTMEUEHO B MPEbIAYIIEM pa3ziese, 3Ta GYHKIHS SBISETCS MHTepeHcoM Il N3MEHEHHUS YPOBHEH
LEJIOCTHOCTH U KOH(UIeHIHambHOCTH (aitioB n karanoroB. HecmoTpss Ha (yHKIHOHAJIBHOE
CXOJICTBO CHCTEMHBIX BBI30OBOB SYS_Setxaltr (mpegHa3HadeH Uil YCTAHOBKH paCIIMPEHHBIX
arpubyroB) u Sys_chlbl, nasmauenme mocmemuemy otmenpHOro cobeitust chlbl  yopormaer
Bepudukanuio u nenaet cTpykrypbl PARSEC-Monenn 6oiee TOHATHBIMA.

WHCTpyMEHT TpaHCIISIMY TPace Ha Iare S npeodpaszyeT CUCTEMHBIE TPACChl B MOJIENIBHBIE C YUETOM
ocobennoctelt OC Astra Linux 1 PARSEC-monenu:

® OuTOBBIE MacKH, COOTBETCTBYIOIIME HEHUEPapXMUYECKUM YPOBHAM  (KaTErOpHsM)
LEJOCTHOCTH M KOH(QUICHINAIBLHOCTH, OTOOpaKaroTCsi B MX 3a/JaHHBIE C ITOMOIIBIO
MHOKECTB YKBUBAJICHTHI;

® crenualjbHbIe q)narn HUHTEPIPETUPYIOTCA KaK UMCIOIINE 6yJ'I€BLI 3HA4YCHUA,

® COOBITHSI BEIOMPAIOTCSI B 3aBUCHMOCTH OT THIIa 00pabaThiBaeMOi CYIIHOCTH — (aiia Wiu
KaTaJor.

Ha »srame TpaHCJISIIUA oco0oe BHHUMaHHE yaeasaeTcsa 06pa60TI<e KOMIIOHCHT M3 HaydaJlIbHOI'O
OKPYKCHUSI CHUCTEMBI. CO3,HaHI/IC 9TUX KOMIIOHGHT Ha mare 1 He 0T06pa>1<aeTc;{ B BHIC
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MIOCJIEI0BATENILHOCTH CHCTEMHBIX BBI30BOB B CHCTEMHOH Tpacce, M MH(pOpManuio o TOM Kak OHH
OBLTIH CO3aHBI M CKOH(GHUTYPHPOBaHBI HEOOXOJUMO BBIBOJANTH U3 UX PE3YJIBTHPYIOIIETO 110 UTOTY
BBINTOJTHEHM Iara cocrosHus. Hampumep, mycTs npu cozganuu (aifna B Katanore B Ha4aaIbHOM
OKpY)KCHHHM TpPUCYTCTBYeT Katanor /foo u daiin /foo/bar ¢ MakcHMalbHBIMU YPOBHIMHU
nenoctHoctd Highl (B OC Astra Linux emy cOoOTBETCTBYyeT CHCTEMHOE 3HaueHHe max_ilev, 1o
ymomuanuio pasroe 0x0000003f:0, T.e. mecatuuHoMy 3HaueHHto 63). Takke mMycTh Ha KaTajor
/foo/bar He ycTaHOBIEHBI HUKaKue crenuaibHble (iard. [Ipu ommOOYHON TpaHCISIUU MOXKHO
MPEoNIOKUTh, 4To (aiin /foo/bar 6b11 co3aan ¢ ypoBHeM nenoctHoctd Highl, Hacnenys ero ot
poautenbckoro karajgora. OnHaKO Takoe HACIEJOBAaHHUE BO3MOXHO TOJNBKO B Clydae, €ClId Ha
KaTtayor ObuT ycTaHoBINeH crienuanbHbIi ¢uar [INH. Takum obpa3om, coObITHe co3manus ¢aiina
/foo/bar HEOOXOIMMO paccMaTpPHUBATH KaK ITOCIENOBATEIBHOCT NIBYX COOBITHH open_create
(cucTeMHBI BBI3OB open, co3matommid ¢aitm) m chlbl object (ycranaBnmBaeT Ha (aiiin ypoBeHb
uenoctaoctu Highl).

Kak ormeueno B paborax [10, 30] ProB kak WHCTpyMEHTaIBHOE CPEICTBO, HCIOIB3YEMOE ISt
aHMMALMX TPacc Ha mare 6, UMEeT psifi OrpaHWIEHHH, OHO U3 KOTOPBIX — HEBO3MOXKHOCTB pabOTHI C
MHOKECTBaMH  OOJBIIION MOIMHOCTH (W3-3a IPOOJIEMBI «KOMOWHATOPHOTO B3pbIBa»). Takoe
OTpaHWYEHUE HE MO3BOJISIET Hcnoib3oBaTh B PARSEC-mozmenu Hecymiye MHOXECTBAa, TOYHO
COOTBETCTBYIOIINE HEUEPAPXIMUECKUM YPOBHAM (KAaTErOPHSM ) LIETOCTHOCTH ¥ KOH(PHUICHINATBHOCTH,
MIOCKOJIBKY B MporpaMMHoii peanusaiuu OC OHM IIpeACTaBiICHBI B BUE MacOK pazMepoM 32 u 64
OuTa, COOTBETCTBEHHO. [109TOMY Ha miare 5 ais AanbHeWIeld KOPPEKTHOH aHWMAIMK MOJEIbHBIX
Tpacc UCHOIb3YIOTCS Ype3aHHbIE HECYIe MHOXKECTBA JUI HEHepapXUIeCKUX YPOBHEH (KaTeropuii)
LETIOCTHOCTH ¥ KOH(QHUICHINATBHOCTH — § OHT.

Camu Tectbl 11 mara 4 ObuM COPMHUPOBAHBI B COOTBETCTBUH C BepxHeypoBHeBoii MPOCJI AI1-
MOJIENBIO B MaTeMaTHYECKON HOTAllUH, T. K. UMEHHO B Hell popmanmzoBano omucanne MK u MP/],
peammzyemoe B OC Astra Linux. B ocHOBe cHCTeMBbI TECTHPOBAHHUS UCIIOIB3YETCS (PPEHMBOPK pytest
[31], xOTOpBIil MO3BOJISIET aBTOMATH3HPOBATh €€ KOH(PUI'YPHPOBAaHKE, 3aIlyCK, & TAKIKE «OUHUCTKY
rociie oueperHoro tecta. Kakplid TecT npeacTaBisieT co00i HCIIONHAEMBIH CKpHIT Ha s3b1ke Python
W 33/1a€T ONHMCaHWe mnocienoBarenbHocTH AeicTBuii B OC (co3nanue, ynaneHue, YTeHHe, 3aIlich,
BBITIOJIHEHNE, N3MEHEHHE YPOBHEH IIEIIOCTHOCTH M KOH(pHAEHIHAILHOCTH (ailiioB n kataioros). B
HacToslIIee BpeMs IOJIHOTa TECTUPOBAHWS B OCHOBHOM OOECIIEYMBAETCS SKCIIEPTHBIM aHAIN30M
MPOCIJI AI1-mMonenu, HO B OyAyIIEeM IDIaHUPYETCS CO3aBaTh TECTHI C MPUMEHEHHEM (hOPMAaTbHOTO
ommcanusi PARSEC-Mozeny i OLCHKH ITOKPHITHS €€ MHBAPUAHTOB M OXPAHHBIX YCIOBHUA COOBITHIA.
Tako# MOaX01 COOTBETCTBYET PEKOMEH/AIIHMSM TI0 OIIEHKE MOKPHITUS (popManbHbix Momeneit OCT
P 59453.4-2025 [11] u BkmroyaeT B ceOs CO3JaHHME TECTOB C HCIIOJIB30BAHHEM CTPYKTYPHBIX
9JIEMEHTOB crienuduKanuu coobiTHi Mojien. HarmpuMep, paccMOTpEHHOE B MPEABIAYILEM pasJielie
oxpaHHOe yciioBue @grd26 coObIThs open_exists HEOOXOMMO Pa3OUTh HA TU3BIOHKTHI U 00CCIICUYUTh
MHHHUMAJIbHOE TECTOBOE IOKPBITHE, IIPH KOTOPOM Ka)KAbIM ANM3IBIOHKT XOTS OBl pa3 MPHHUMAET
snadeHue vuctuHa (TRUE).

Ha mare 6 qaHsbIe 0 MPOBEICHHOM TECTHPOBAHHH peodpa3yroTes B popmar miathopmsr Allure [29],
JUTSL 9€TO Pe3yIBTAT KAXKIOTO TeCTa TpPaHCIUpyeTcs B crieruanbHbIi JSON-0OBEKT.

[Ipn aHanm3e pe3ysbTaTOB TECTUPOBAHUS HA IIare 7 HaMOOJBIINHA WHTEPEC MPEICTABIIOT TECTHI,
3aBepIIMBIIAECS Heyaadel. [l ero OCyIecTBICHHS OTYET O KaXIOM TaKOM TeCTe JIOJDKEH B IBHOM
BHJIC YKa3bIBaTh HA COOBITHE M OXpaHHBIE YCIOBUS (guards), KOTOpBIE B HEM ObLIM HapymIeHsl. [l
yrpouenust padotsl ¢ PARSEC-Mozenbio OOJBIIMHCTBO OXPAaHHBIX YCJIIOBUI MMEIOT CCHUIKY Ha
cootBetcTBytonue ycinoBus B MPOCJI [III-mMonenu B MaTeMaTHYeCKOM HOTanuu. Takum oOpazom,
JUISL TECTOB, 3aBEpIIMBINMXCS Heypadeid, B ordere Allure ykaspiBaroTcst cieyrouiye TaHHbIE:
CHCTEMHasi 1 MOZIeNbHas Tpacchl; uMs coobiTis B PARSEC-mMozeny; naentidukarop HapymeHHOTo
OXPaHHOIO YCJIOBHS; IPEAUKAT, COOTBETCTBYIOIIMII OXPaHHOMY YCIOBUIO; KOMMEHTAapHi,
yKa3pBarOImuii Ha TO, Kakoe ycimosue MPOCJI JII1-monmenu ObLIO HAapyIIEHO. DTO TO3BOJSCT
YIOPOCTHUTH aHAIN3 OIIMOOK, T.K. OH He TpeOyeT IrIyOOKOTo «IOTPY)KEHHS» B I€TaJH OIHCAHUS BCEH
PARSEC-mozenn.
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4. [TpumeHeHue mexHosio2uu eBPF Onsi pacnapannenueaHusi mecmupoeaHusi

B ocHOBe crucTeMbl TeCTHPOBaHMsI, PACCMOTPEHHOH B IIPEBIIYIIEM pa3zeie, JIeKUT MOy b monitor
sapa OC, ocylecTBIAIONIMNA MOHUTOPHHT TECTUPYEMBIX MPOLECCOB ¢ MPUMEHEHHEM MEXaHU3MOB
Kprobes u Kretprobes. On nepexsatbiBaeT BbinojHenne GpyHkuui sapa OC, 4To no3BossieT coouparhb
JaHHble 00 OSTHX (YHKUMSX, BKJIIOYas apryMeHTHI, C KOTOPHIMH OHHM OBbUIM BbI3BaHBI. Jlyist
B3aMMOJICHCTBHS C MOJIb30BaTEIBLCKUM MpocTpancTBoM OC 3TOT MOayib siipa ucnons3yet Netlink-
COKETBI.

Takoll moaxox K peanu3allud CHCTEMbl TECTUPOBAHUS HMEET psA CIOXKHOCTeH. Bo-mepBbix,
KOMIWJIALMS U pabOTOCIIOCOOHOCTh MOIYJIsl OyIyT OTIMYAThCs IPH pa3HbIX Bepcusx sapa OC. Bo-
BTOPBIX, IPH TEKYINEH peaan3ayi CHCTEMbI TECTUPOBAHNUS OIWH MOIYJIb Spa CIIOCOOEH BBITIOIHATD
MOHHTOPHHT TOJBKO OJHOTO TIponecca. B-TpeTsux, OmmMOKH, NOMyIICHHbIE NPH HAMCAaHUU KOJa
MOJYJISL SIIpa, MOTYT HETATUBHO BIUSTH Ha paborocrocooHocts OC B 1esiom.

[TosToMy B KauecTBE albTEPHATHBBI MOIYJNIO SIpa B CHCTEME TECTHPOBAHMS aBTOpaMu ObLI
pa3paboTaH MOHHTOP CHCTEMHBIX BBI30BOB Ha OcHOBe TexHomormu eBPF [22]. Dra Texnomorms
MO3BOJISET 3aITyCKaTh CIIELHAIH3UPOBAHHBIE IPOrPAMMBI B IPHBUIETHPOBAHHOM KOHTEKCTE, TO €CTh
Ha ypoBHe snapa OC. JlaHHBIE NPOrpaMMbl aKTUBH3HPYIOTCA INPH BO3HHUKHOBEHHWH HEKOTOPBIX
coOpITHii. Hanpumep, B KoHTEKCTE cOOpa Tpacc CHCTEMHBIX BBI30BOB MCTOUYHHKAMH TaKHX COOBITHH
MOT'YT BBICTYIaTh MexaHu3Mbl Kprobes, Kretprobes nim Kernel Tracepoints.

Texnonorus eBPF mpencrasisier co6oit BupTyansHyo MamuHy, nMeronryro 10 peructpos: RO-R9, n
OTHEJBHBIN yKa3aTellb Ha CIIACOK (ppeiiMoB cteka R10, TOCTYHBINA TOIBKO IS YTEHHS IIPOTPaMMaMHK
eBPF. [Ipu atom kaxnmas nporpamma eBPF uMeeT cBoii He3aBucuMEIiA cTek B 512 GaiiT. Peammsanms
BUpTyanbHOit MainHel eBPF B sinpe OC Bitouaet B ce0si kak nHTEpnperarop, Tak u JIT-komnunstop
CIELMAIbHBIX MAIIMHHBIX UHCTpYKLIU ¢BPF B MHCTpyKIMM JUIsl BBIIIOJHEHUS HENIOCPEACTBEHHO Ha
nponeccope. Bce mammuHble uMHCTpykuuu eBPF mpoxomsT mpoBepky B ero Bepudukarope,
MPE/CTABISIIONIEM co00i BCTpoeHHBIH B siapo OC CTaTHYCCKHA aHATM3aTOp KOJa, KOTOPBIA
NpeJOTBPALIAET UCIOIHEHHE IPOrpaMM C HEOE30MaCHBIMH OTIEPALMIMHE, TAKUMHU KaK HeOe30IacHbIe
oOpamieHus K MaMsATH WM IMKIbl ¢ HEOTPAaHWYSHHBIM YHCIOM HWTEpaluil. APXUTEKTypa Cpeibl
ucnonuenus: eBPF npencrasnena Ha puc. 2.

Jia xoMMmyHUKanuu Mexay nporpammamu €BPF u i nepenaun ux JaHHBIX B I0JIb30BaTENILCKOE
MPOCTPAHCTBO MCHOJIB3YIOTCS TaK Ha3biBaeMble KapTel eBPF. OHu npenctaBisior coboit oOmue st
HNpOCTPaHCTBa SApa M MONb30BaTeNbckoro npocrpanctea OC peanuzanuu CTpyKTyp JaHHBIX. C
UCIIONB30BAaHUEM 3THX KapT, MEpPeAaBaeMbIX B MOJIb30BATELCKOE MPOCTPAHCTBO B BHJE (aiIOBBIX
JECKPHUIITOPOB, MOXKET OCYILECTBIATHCS COXpaHEeHHe NaHHbIX mporpamm eBPF. Hanpumep, maccus
npon3BoibHOTO pa3Mepa (kapra BPF. MAP TYPE ARRAY) no3BomsieT 00XOQUTh OTpaHUYCHHUS 110
pa3mepy cTeka B 512 6alT ¢ menbio XpaHeH!s [UIMHHBIX CTPOK, a kapta BPF. MAP TYPE RINGBUF
— UCIIOJIB30BATh JUIs TIEPe/Iauy IAHHBIX B I10JIb30BaTEIbCKOE IIPOCTPAHCTBO KOJIbLEBOM Oydep. Taxxke
MOXKET OBbITh HCTIONb30BaHa Xa1-tabuuna (kapra BPF. MAP_TYPE HASH), nanpumep, B kKauecTse
MPOMEXYTOUHOTO Oydepa [Jsi XpaHEeHUs] aPrYMEHTOB CUCTEMHBIX BBI30BOB KOHKPETHBIX HPOLIECCOB
WJIH 1711 OCYILIECTBIICHUS! (DMIIbTPAMK IPOLIECCOB MO UX MICHTH(HKATOPaM.

s ynpasnenns nporpammamu eBPF B sape OC npemycMoTpeH crenuaabHbI CHCTEMHBIN BBI30B
bpf(), mo3BomsrOIMIT  B3amMoOmEcTBOBAaTh (CO31aBaTh, YAQIATh, HAXOAUTH JJEMEHTHI) C
COOTBETCTBYIOIIMMH KapTaMH M 3arpy)kaTb MporpaMMmbl. [Ipm 3ToM camum IpOrpamMMBbI
pa3pabaThIBarOTCs Ha 3HAYNTEIHHO OTPAaHNUECHHOM H3-3a BepuduKaTopa BapuaHTe s3pika Cu. Tak oHn
HE MOTYT BBI3BIBATh MPOU3BOJIBHEIE hyHKIHH siipa OC. BMecTo 3T0ro nmpeaycMOTpeH OrpaHNYeHHBIN
COCTaB JOCTYIHBIX «BCTIOMOTaTenbHbIX» (yHKImA [32]. TJoMHMO HEBO3MOXXHOCTH BBINIOJHEHUS
NPOU3BOJIBHBIX (YHKIMHM siqpa ¥ OrpaHHYEeHHH 0O pasMmepy creka Bepudukatopom eBPF
JIONOJHUTEIBHO NIPOBEPSIOTCS CIEAYIOIUE OTPAHUUCHHUS: BO-TIEPBBIX, BCE BBI3BIBAEMBIE B IPOrpaMme
eBPF ¢yHkimn nomkHsl ObITh BeTpamBaeMbIMH (inline), BO-BTOPBIX, BO3MOXKHO HCIIOJIB30BaHHUE
TOJBKO IUKJIOB C OTPAHUYEHHBIM YHCIIOM HTEpPAIHi.
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Puc. 2. Apxumexmypa cpeodvt ucnonnenus eBPF.
Fig. 2. eBPF runtime architecture.

OmHuM U3 KIIOYEBBIX MpeumylecTB TexHomorun eBPF sBmsercs BO3MOXHOCTB cO31aBaTh
MIPOTrpaMMBl, He TpeOyroIne KOMIMIALHN I paboThI ¢ pasHbIMU Bepcusivu sipa OC (310 nemaercst
B cooTBeTcTBUH ¢ KoHIenwmeit Compile Once — Run Everywhere [33]). Takoii pe3ynsTat qocTuraercs
3a CUET HE «IIPSIMOTO» HCIIONBb30BAHHMS BHYTPEHHHX CTPYKTYp sigpa OC, a myTeM NpHUMEHEHUs
cnenuansHOro (aiima ¢ wmeramndopmanumeir popmara BTF (BPF Type Format), B xortopom
OTIpe/ieNIeHbl CHTHATYPHI BBI3BIBAEMBIX (DYHKIMH, a TakkKe MMEHA M JaHHBIE O CMEIICHHH MOJIei
cTpykTyp. OHaKO B CBOIO 04epe/ib AJst 3Toro Tpedyercs s11po OC ¢ COOTBETCTBYIOIINMHI aKTHBHBIMHU
napaMeTpaMu KOMIIWJISLIMM: CONFIG DEBUG INFO BTF u
CONFIG DEBUG INFO BTF MODULES. Otu napaMeTpsl yCTaHOBICHBI B OTJIQJOYHBIX A1pax
cemeiictBa debug OC Astra Linux, Haunnas ¢ penusza 2024 r. (1.8.1), u Ha cTaHIAapTHBIX ee sApax
generic, HaunHas ¢ penmsa 2025 roga (1.8.2).

B cucreme TecTHpOBaHUS MPH 3arpy3Ke MPOrpaMm ¢ moMoibio 6ubnmuoreku libbpf, B cBoto ouepenn
OCYIIECTBIISIIOILEH CHCTEMHBII BbI30B bpf(), Bepru(HrKaTOopoM MPOBOJUTCS UX CTATHYECKUN aHAIN3, U
B clTy4ae ycrexa OCyIIeCTBIISIeTCs Ha3HaueHHe UM 00paboTunkoB B sape OC, To eCTh HHUITHATU3AIIHS
COOTBETCTBYIOIIETO MEXaHW3Ma IepexBara coObITHil. Jlasee mpu BOSHUKHOBEHUH COOBITHS IlepexBara
NpoucxXoauT  Bb3OB  mporpammbl  €BPF,  koTopelii  compoBoXXZaeTcst  BBIIOJHEHHEM
TI0CJIeJOBAaTEeIbHOCTH JACHCTBHH, IIPE/ICTaBICHHBIX AnarpaMMoii Ha puc. 3. [Ipu 3ammycke caMux TecToB
B CHCTEME TECTHPOBAaHWS JUIl TOJydeHHs WH(OPMAIMU O CHCTEMHBIX BbI30BAaX HCIOJB3YETCS
MexaHu3M Todek TpaccupoBku saapa (Kernel Tracepoints): raw_syscalls/sys_enter — i1 TpaccupoBKr
apryMeHTOB CHCTEMHBIX BBI30BOB, raw_syscalls/sys exit — 1 monydeHHs UX KOJOB BO3Bpara M
niepeiavy IaHHBIX B KOJIBLIEBOH Oydep Uit YTeHHs IPOrpaMMOH T10JIb30BaTENIbCKOTO IIPOCTPAHCTBA.
[Ipu 3TOM A7 OJTyYeHHs TaHHBIX O 3HAYCHUSIX apTyMEHTOB (DYHKIMH ITOJICHCTEMBI 0€301TacCHOCTH
PARSEC, Takux kax ypoBHH LIETOCTHOCTH ¥ KOHPUASHITNATLHOCTH (JI0CTYTIa) MPOIIECCOB, (PaidoB 1
KaTaJIOroOB, a TaKKe IS MOJY4YeHHI MX (DaKTHYECKHX MMEH, UCIIONB3YIOTCS MexaHu3Mbl Kprobes u
Kretprobes. [lns coxpanenus qaHHBIX Mexay nporpammamu eBPF mcnonbiyercs: mpoMexyTouHBII
Oydep, mpeactaBisommii coboit xomr-tabmumy. Takum oOpasoM, pa3paOOTaHHBIH MOHHTOP
CHCTEMHBIX BBI30BOB MMEET BO3MOXKHOCTh 3aIIMCHIBATH TPACCY BCEX CUCTEMHBIX BBI30BOB TECTA.

32



Jesaunn I1LH., XKunskos C.C., CvupaoB A.W. TectupoBanue noacucteMst 6e3omacHocti OC Astra Linux Ha ocHOBe opMaIH30BaHHOTO
OMHUCAHUS MOJICNH ypaBieHus goctynom. Ipyost UCIT PAH, 2025, Tom 37, Bbim. 6, gacts 2, c. 21-36.

Mporpamsa LSM-xyK
NONLIOBATENL KOO roacucr ema CHCTEMHBIA MOAYNH RAPA MpoMEeXYTO4YHR Konsueson
NPOCTPAHCTRA eBPF sapa Linux aLI308 PARSEC bythep Bycpep

Jarpysxa nporpammes eBPF
1 TPacCUPOBKWN CHCTEMHOrO BLI308A
(libbpf)

Bepudmrauns
2 i JIT-KOMNUNALMS
nporpaMme: eBPF

HazuaueHue ofipaborinka
3 TONKE TPACCUPORKA RAPA
(Kernel Tracepoints)

3arpysxka nporpamm eBPF
Tpaccupoexn LSM-xyxoe
MOAYNR ANPD
{libbpf

4

Bepudurauna
5 u JIT-kOMNUNALUS
nporpaMMu eBPF

Ha3Hauenve obpaboTuka
JoMAy AAPa
(Kprobe/Kretprobe)

3anuCs pryMENTOR
CUCTEMHONO BLI30B3

g llonomeriue aprymenTon
CHCTEMHOT O Bbi3083

3anuce
9  KoAd Bo3IBpaTa
CUCTEMHOTO BLI30EE

3anuce, cobuimua

10, Koneuesok bydep

1 Yrenne cobeimns
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Puc. 3. Jluazpamma pabomei MOHUMOPA CUCMEMHDBIX 86130808 HA 0CHO6e eBPF.
Fig. 3. Sequence diagram of the eBPF-based syscall monitor.

B urore nmpumenenue texHonornu eBPF mo3Bomster pacimmputh (QyHKIHMOHATBHBIE BO3MOXKHOCTH
CHCTEMBI TECTUPOBAHMsI, B TOM YHCIE 32 CUET pacrnapallieIiBaHus TECTOB.

5. 3aknroyeHue

B HacTosmieil craTbe paccMOTPEHBI UTOTH COOTBEeTCTBYIOmMX pekomeHmauusM I'OCT P 59453 .4-
2025 wuccnenoBaHuMii U pazpabOTOK MO peamu3alii CUCTEMbl TECTUPOBAHHE TOACHUCTEMBI
6e3onacHocty PARSEC OC Astra Linux Ha ocHOBe HiKHEYpoBHeBoro npescrasinenus MPOCJIT AT1-
mozenu — PARSEC-monenu. Jlist aToro aBropamu Ob110 ocyinectsieHo onucanne PARSEC-monenu
Ha s3bIke popmanbHOTO Metona Event-B u ee Bepudukanus ¢ mpuMeHeHHEM HHCTPYMEHTAIBHOTO
cpeactBa Rodin. [lamee Ha ocHOBe pesynsTaTtoB [12-13] OpDTa pa3paboTaHa amanTHpOBaHHAS K
mogcucteMe OezomacHoctd PARSEC cucrema TecTupoBaHUs, OpUCHTHPOBAHHAS B TIEPBYIO OYepelb
Ha peammyemble B OC Astra Linux mexanmmel MK u MP/I. [dns noBeimeHus 3QPEKTHBHOCTH
paboThl ATOH CHUCTEMBI TECTUPOBAHMS B CTaThe MNPEIUIONKEH IOAXOA K HCIIONBb30BAHUIO I €e
pacniapajuienuBaHus TexHoaoruu eBPF.

B nanmbueiimem muanupyercsi npomoipkuth Jnopabotky PARSEC-monenn ¢ yderoM HM3MeHEHWH,
BHOCHUMBIX Kak B BepxHeypoBHeBoe npeacrasiaenne MPOCII JI1-Mozaenu, Tak 1 B IporpaMMHBIN KO,
noacuctemsl O6e3omacHoctn PARSEC OC Astra Linux. [lng cuctembl TecTHpoBaHHA OyayT
pa3pabaTbIBaThCSI HOBBIE TECTHI C ILENBI0 pacIIMPEeHns oxBaTa UMK GyHKIH Mexann3moB MKII u
MPJI. Kpome Toro, mpezmoaraeTcsi HCciaeJ0BaTh IPUMEHIMOCTE TexHosoruu eBPF st pazpaboTku
CHCTEeMbl MOHHUTOPHHTA B PEAIFHOM BpeMEHH (TO eCTh B ITaTtHO pabotatomeii OC mo aHanoruu ¢
texHoorue Run-Time Verification [34]) moxcucremsr 6e3omacaoctn PARSEC Ha cooTBercTBHE
PARSEC-mozenu.
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AnHoTamms. B paboTe mpencTapicHa peanu3anus CTATHUECKOro aHanm3a Juis s3bika Visual Basic NET B
pamkax mpomsinuieHHoro uHeTpyMeHTa SharpChecker. C nomompio ¢peliMmBopka xommuisitopa Roslyn B
SharpChecker Oputa mHTerpupoBaHa moanepkka s3pika Visual Basic .NET. DTo mo3BONMIO BBHIOTHATH
CTaTHYECKHH aHaJM3 MCXOAHOTO Kojaa Ha s3bike Visual Basic .NET. B pamkax paGoTel Takke ObUT CO3IaH
peTpe3eHTaTUBHBII HAa0Op CHHTETHYECKHX TECTOB, coAepkamuii cymmapHo Oomee 2000 TecToB.
TecTupoBaHue MPOU3BOAMIOCH KAK HA CO3JaHHOM BBIOOPKE TECTOB, TaK M Ha HAOOpE PealbHBIX MPOEKTOB C
OTKPBITBIM MCXOJHBIM KOJOM CyMMapHBIM o0beMoM Oonee 1.6 MitH. cTpok koxa. beuto obHapyxeno 7926
HOBBIX MpPEIYNpPEeXICHUH B HCXOomHOM kone Ha s3bike Visual Basic .NET, u3 kotopbix 1093 Obun
[IPOaHAIM3UPOBAHbl U pa3MedyeHbl BpyuHyto. Torosas TouHOCTh aHanu3a coctaBuia 84.72%. Kpome Toro,
ObUTH 0OHAPYKEHBI TPEAYIPEKICHNUS, CBSI3aHHBIC C KOJI0M Ha si3bikax C# u Visual Basic .NET oxHoBpeMeHHO,
YTO MOKA3aJI0 BO3MOXHOCTH MPOU3BOANTH MEXKbA3BIKOBOH aHAIN3 B TPOEKTAX, KOTOPIE COIEpKaT cpa3y ABa
s3b1ka iatdopmel NET. Jlobasnenne nognepkku si3bika Visual Basic .NET B uactpyment SharpChecker He
OTPa3mWIOCh Ha BpEMEHH PadOTHI M Ha KaUeCTBE aHaM3a JUis sA3bika C#.
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JTAHHBIX; TCHEPAIHs KOJa.
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Abstract. The paper presents the implementation of static analysis for the Visual Basic .NET language within
the industrial tool SharpChecker. Using the Roslyn compiler framework, support for the Visual Basic .NET
language was integrated into SharpChecker, enabling static analysis of Visual Basic .NET source code. As part
of this work, a representative set of synthetic tests was created, comprising over 2000 test cases. Testing was
conducted both on this synthetic dataset and on a collection of real-world open-source projects totaling more
than 1.6 million lines of code. A total of 7926 new warnings were detected in Visual Basic .NET source code,
of which 1093 were manually reviewed and labeled. The final analysis accuracy reached 84.72%. Additionally,
warnings related to code written in both C# and Visual Basic .NET were discovered, demonstrating the
feasibility of cross-language analysis in projects that include both .NET platform languages. It was also found
that adding Visual Basic .NET language support to SharpChecker had no impact on the performance or the
quality of analysis for the C# language.
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1. BeedeHue

Visual Basic .NET — 310 uHTeprpeTHpYeMbIii, 00bEeKTHO-OPHEHTUPOBAHHBIH S3bIK CO CTATHUECKOM
TUTM3aImel, pa3paboraHHblii koproparueir Microsoft. Visual Basic .NET mpou3omén ot si3plka
Visual Basic (ceituac nzBecter kak Visual Basic 6.0 wm VBG6), Tarxoke pazpaboTaHHOTO KOMITaHUEH
Microsoft. Hecmotps Ha To, uro Visual Basic .NET — 3T0 odepermHoe, XOTh U 3HaYUTEIHHOE,
oOHoBNeHHEe s3bIka Visual Basic, oOparHas coBmecTuMocTh ¢ VB6 coxpanena He Obbta [1].
KiroueBoit 0cOOEHHOCTBIO SI3BIKA SBISIETCS €TO0 OPUEHTHPOBAHHOCTH Ha cpeay ucronHeHust .NET
IpHU BBICOKO# mpocTtoTe mepexona ¢ VB6. Jlns ymporienus nepexona Ha miardopmy .NET
kommnaunueit Microsoft Obuta paspaborana yrunura Migration Wizard, koropas mHo3BOJSIET
KOHBEpPTHPOBATH POEKTH ¢ VB6 Ha Visual Basic .NET.

Visual Basic .NET siBisiercst BOCBMBIM MO HOIYJIIPHOCTH s13bIKOM cornacHo pedtunry TIOBE [2].
OH IIUPOKO HCIOJIB3YETCs] B KOPIOPALUIX U TOCYJapCTBEHHBIX OPraHU3AIUSIX, YTO OOBSICHSIETCS
cyliecTBOBaHMEeM OOJbIION ycTosiBiueiics komoBoii 6a3bl Ha Visual Basic .NET u VB6 BHyTpH
kommanuii. Ilpn stom, mepexoxn c¢ ycrapeBmero VB6 Ha Visual Basic NET moxer moBmeds
00JIBIII0E KOJTMYECTBO OMMOOK B CYIIECTBYIONINX MPOEKTaX, TaK Kak yruinuta Migration Wizard He
rapaHTHpYeT KOPPEKTHOCTH U KOHBEPTHPOBAHHBIN KO TpeOyeT pyyHoi nopaboTku [3].

Takke CTOUT OTMETUTh, YTO B HEKOTOPHIX COBPEMEHHBIX IPOEKTaX, OPUEHTUPOBAaHHBIX Ha
mwiatrgopmy .NET mpocnexuBaeTcsi TEHACHIUS HA WCIONIB30BAHHE OJHOBPEMEHHO HECKOJBKUX
s361K0B 11aTopMbl .NET. B Takux npoektax HTHOPHPOBAHHE HCXOJHOTO KoJia Ha si3blke Visual
Basic .NET mokeT npuBeCTH K POITYCKY OIIMOOK, CBA3aHHBIX C TUM KOJOM. B kauecTBe npumepa
TaKOT0 ITPOEKTA MOXKHO PACCMOTPETh KOMIMIATOP i1 si3b1koB C# 1 Visual Basic .NET Roslyn [4],
BKIrOgaromuit 1.52 muH. cTpok koxa Ha Visual Basic .NET. Ins Toro 4to0bI cunrtath Takoe 110
6ezomacubiM, corsmacHo ['OCT P 56939-2024 o paspaborke Oe3zomacHoro IO, HeoOxommmo
IIPOM3BOJIUTH, B TOM YHCIIe, KOHTPOJb KauecTBa McXoaHoro kojia [5]. To ects, s codmroneHus
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tpeboBanuii 'OCT, He0OX0qUMO MPOU3BOJUTH CTATHYECKUH aHaM3 He Toibko C#, HO m Visual
Basic .NET.

JI71s1 OLICHKH CII0)KHOCTH MHTErPaliy ¥ BO3MOKHOTO KadecTBa PE3yIbTaTOB aBTOPAMHU paHee ObLT
pean3oBaH MPOTOTHII MOARepKkH si3bika Visual Basic .NET B mpOMBIIIEHHOM HHCTPYMEHTE
SharpChecker. IIporoTunupoBanne moka3ano, 9To 0e3 KapAWHANBHBIX W3MEHCHHWH aHaJIM3aTopa
MOJKHO JIOCTHTHYTH CpaBHUMBIX ¢ C# mokasarenel MoMHOTHI B TOYHOCTH [6]. IIpu 3TOM mosiBIIIach
BO3MOKHOCTb IIPOU3BOJIUThH CTATUUECKHUI aHAJIN3 BCEX THIIOB — KaK CHHTAKCHYECKUI aHaJIH3, TaK 1
OoJiee CIIOXKHBIE, YYBCTBUTEIBHBIC K KOHTEKCTY M ITyTSIM HUCIIOJHEHUS THITBI aHAM3a. DTO IT0Ka3aJio
aKTyaJIbHOCTh J0pabOTKM MPOTOTUNA [0 MOJHOLEHHOTO PELICHUs, KOTOPOE MOXKET OBbITh
MPEI0CTAaBICHO KOHEYHBIM IT0JIb30BATEISIM.

CraTuyeckuil aHaIM3 UCXOTHOTO Koaa Ha si3bike Visual Basic .NET Obut peanmn3oBaH B paMKax
MPOMBIIICHHOTO cTatuyeckoro ananu3atopa SharpChecker, paszpaborannoro B VICII PAH [7].
SharpChecker mpemgycmarpuBaeT crieayromunii KOHBelep aHai3a:

1. mepexsat cOOpkH ¥ cOOp MH(POPMAIMH JUTS MHICKCAIIMH UCXOIHOTO KO/Ia;
2. TOBTOpHast COOpKa M aHAJIN3, pa3/IeICHHBIN Ha CIETYIONINE JTAIlbI:
a. CHHTaKCHYECKUH aHAJIH3;
b. ananM3 MOTOKOB MAaHHEIX;
C. UYYBCTBUTENBHBIH K MyTSM BBIIOJHEHUS MEXKIPOLEAYPHBIH aHAJIW3 Ha OCHOBE
CHUMBOJIGHOTO BBITIOTHEHUS,
d. MexnpouenypHbIi, KOHTEKCTHO-1yBCTBUTEIBbHBIH aHAIN3 NOMEYECHHBIX TaHHBIX [8];
3. oroOpaxeHHe OOHAPYKCHHBIX MNPENYNPSKACHUH B TIpaMUecKOM IOJIH30BATEIbCKOM
uHTepdeiice ¢ BO3SMOKHOCTBIO Pa3METKU M HABUTAIMH 110 HCXOTHOMY KOJY.

Jlns mpoBepku paborocmocobHOCTH M oTiankd uHCTpyMeHTa SharpChecker wucmonb3yroTcs
CHHTETHYECKHE TECThI, MPEICTaBIISIOIINE COOOH KOPPEKTHbIE KOMIHMJIMPYEMbIE MPOTPaMMBI C
JIOITYIICHHBIMH U pa3MeYCeHHBIMU OMIAOKAMH.

IMomumo aHamuza wucxomHoro koxaa, SharpChecker cobupaer METPHKH HCXOAHOTO KOaa —
YHCJICHHBIE 3HAYCHUS, OTPAXKAIOIINE ero XapaKTepUCTHKH. B kauecTBe MpuMepa METPHUK MOXKHO
MPUBECTH LUKIOMATHYECKYIO CJIOKHOCTh, CBA3HOCTD U Jpyrue [9]. JlaHHbIe METPUKH MOTYT OBITh
WCIIONB30BaHbl IS JajbHEWIIero aHajiu3a KadecTBa KOJa WIM aBTOMATHYECKOH pa3MeTKH
CreHEepUPOBaHHBIX NpenynpexaeHui [10].

Apxutekrypa SharpChecker noapasymeBaeT HaqHuue OTACIBHBIX MOIYJCH (Iajee IETCKTOPOB),
MPOM3BOJISIIMX MOUCK ONPE/ICIIEHHBIX THIIOB Ie(EeKTOB MM MPOU3BOISIIMX COOP AOIOJHUTEIBHBIX
JTAaHHBIX, HallpUMep, HH(opMaIuu o 3HaYeHUX moeit [11].

SharpChecker Ob11 BBIOpaH B kadecTBe MIaT(GOpMbI ISl peain3aliii CTaTH4ecKoro aHanusa Visual
Basic .NET, Tak kak OH HCIIOJIb3yeT /JIs1 COOPKH U MOCTPOSHHS MPOMEXYTOUHBIX MPEJCTaBICHUN
ucxonHoro koxa kommuwitop 1t C# u Visual Basic .NET Roslyn [4]. DTo mo3BossieT Ipou3BOIUTE
MEXBA3bIKOBOI aHAJIN3 AJIS TIPOEKTOB, UCIOIB3YIOUTNX 00a ITH A3bIKA.

Lenpto manHON paboThl sBiIsieTcS pa3paboTka METOJOB W alTOPUTMOB JUISl TOJJAEPKKH
cTaThyeckoro ananuza kozaa Ha Visual Basic .NET B unctpymente SharpChecker.

Jn1st TOCTHXKEHUsI OCTABICHHOH LIeJIM HE0OX0MMO:

e pa3zpaboTaTh MeXaHU3MBI IOJAEePKKH si3bika Visual Basic .NET Ha Bcex sTanmax aHanm3za;
® CO03/aTh pENpPe3CHTATUBHBIA HA0OOp TECTOB;

e o0ecneynTh HAaBUTAIUIO 110 HCXOAHOMY KOy B HHTepdeiice moIp30BaTeNs;

e pa3paboTaTh MoJCHCTEMY cOOpa METPHK UCXOIHOTO Koja ais si3bika Visual Basic .NET;

® IIPOU3BECTU TECTUPOBAHUC PCATN30BAHHBIX METOAOB U MEXAaHN3MOB Ha Ha6ope IIPOCKTOB
C OTKPBITBIM UCXOAHBIM KOJIOM.
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2. Cywiecmeyroujue peweHusl

BonbIIMHCTBO MPOMBIIITIEHHBIX CTATHIECKUX aHAIM3aTOPOB HE TOANEPKUBAIOT sI3bIK Visual Basic
NET [12]. Hanpumep, Klocwork [13] u PVS-Studio me mommepkuBator Visual Basic .NET,
HECMOTpA Ha TO, 4T0 OHU nojuepxuBatoT C# n mnarpopmy .NET.

Tem He MeHee, HEKOTOpPbIE CTATHYECKIE aHAIM3aTOPHI Pealn3yIoT aHau3 si3b1ka Visual Basic .NET.
Hampumep, Visual Basic .NET moanepskuBaercst B uHctpyMenTe ReSharper [14-15]. ReSharper
HaTpaBJIeH B TIEPBYIO ouepeab Ha ObICTpHI aHanm3 koxa Ha sa3pikax C# u Visual Basic NET mis
oOecrieueHns TOMOIIM Pa3padOTYMKy HETMOCPEICTBEHHO IIPM HamuMcaHuu Koja. Ilomck
OonpIMHCTBA THITOB omnO0K B ReSharper mpousBoauTcs B pamkax ogHOTO daiina. B pamkax Bcero
MPOEKTa BO3MOKEH TOJIBKO MOUCK OIMIMOOK, CBSI3aHHBIX C UCIIOJIL30BAHUEM U JIOCTYIIOM K 4JICHaM
00bsBIEHHBIX TUTIOB. Takum o0pa3zom, mpu aHanuze ReSharper He y4uThIBaeT Coep)KUMOE APYTUX
(aiiioB, YTO NMPHBOIUT K HEBO3MOXKHOCTU OOHApYXXHTh HETPUBHAJBbHBIC OLIMOKH, UIS IOMCKa
KOTOPBIX HEOOXOANM TPYIOEMKHIA MEXIIPOIETYPHBINH U MEXMOLYIbHBIA aHAIU3.

Cratuueckuii ananmms si3pika Visual Basic .NET Taxoke mpejcraBieH B HHCTpyMeHTe SonarQube
[16-17]. DTOT HWHCTPYMEHT WCHONB3YEeTCS Il OOHApYXEHHs ONIMOOK, VYSI3BHMOCTEH |
MIOJIO3PUTENBHBIX MECT B KOjie Ha OCHOBe IpaBmil. OH mojaepkuBaeT 21 S3bIK, cpelu KOTOPBIX
npucytctByeT u Visual Basic .NET. OtmeTnm, 4To konmmyecTBO IpaBui s s3bika Visual Basic
.NET 3HauuTe1bHO MEHBMIE, UM JUISL APYTUX S3bIKOB. BONBIIMHCTBO IIPaBUIl HAIIPABJIEHBl HA IOUCK
MPOCTBIX OMIMOOK, TaKMX KaK MOHCK KIACCOB, OOBSBICHHBIX BHE MNPOCTPAaHCTBA WMEH WIIH
HCTIONIb30BAaHHE CNA0BIX KPUNTOTpahUIECKUX aropuT™MOoB. OTHAKO CYIIECTBYIOT U OOJIee CIIOKHBIC
NpaBWiia, HalpUMep, OTCYTCTBHE CHSTHSA OJOKMPOBKM HAa OJHOM MWJIM HECKOJBKHX ITyTSAX
HCTIONHeHUsI UITH pa3biMeHoBaHHe Nothing [18].

WucrpymenT noucka yszsumocteit Kiuwan taxke nognepxuaet anaius si3bika Visual Basic NET.
Kiuwan npenHa3HaueH aisi OOHapyKeHHUs! ySI3BHMOCTEH M OLEHKH KayeCcTBa HMCXOJIHOTO KOJa.
Kiuwan oOHapyXHBaeT, B TOM 4HCIIE, IEPENOTHEHUs Oydepa, MHBEKIUH KOMaH]l, MEKCaWTOBBIN
CKpUNTUHT, SQL-MHBEKIUN U Apyrue TUIbI ys3BuMocTel [19]. OnHako AaHHBIH HHCTPYMEHT He
npeaHa3Ha4YeH il OOHapyKEHUs! APYrHX THIIOB OMIMOOK, TAKHMX, KaK HEJOCTHXXMMBIA KOJ HIIH
paseiMeHoBaHue null (wmm Nothing B cydae Visual Basic .NET).

3. Unmeepayus si3bika Visual Basic .NET

3.1 NeHepaunsa TecTOBON BLIOOPKHK

Jist otnanku u npoBepku uHCTpyMeHTa SharpChecker B nporiecce no6asnenus noaaepxku Visual
Basic .NET neo0xoaum Habop tectoB. B SharpChecker yxe cyiiecTByeT perpe3eHTaTHBHbIH HA00P
TECTOB, CO3JJaHHBIN Ooee, yeM 3a 5 net s s3pika C#. [1o 3Toi npudnHe OBIIO IPUHSTO pEIIeHUEe
€03/1aTh HHCTPYMEHT aBTOMAaTHYeCKOH TpaHCIAInu Habopa TectoB ¢ C# Ha Visual Basic NET misa
CO3/IaHUSI aHAJOTMYHOTO Habopa TECTOB /IS HOBOTO fA3bIKA C MHUHHUMAJbHBIMH 3aTpaTaMH IO
BpeMeHU. B pamkax crarbu [6] ObUI OnmMcaH MHCTPYMEHT aBTOMAaTHYECKOW IeHepaluu Habopa
CHUHTETHYECKHUX TeCTOB. JJaHHBIH HHCTPYMEHT COCTOUT 3 IByX KOMIIOHEHTOB: MEXaHH3Ma UMITOPTa
U DKCIIOPTa TECTOBOW BHIOOPKHM M MEXaHM3Ma TPaHCILMK Koja ¢ si3bika C# Ha s3pIk Visual Basic
.NET.

J1y1st uMII0pTa BCEX TECTOB B MHCTPYMEHT TPAHCIISILIMH B IIEPBYIO OUepeib HEOOX0ANMO 0OHAPYKUTh
Bce (aiiibl, copepxanime TecThl. Jlanee 1uis kaxaoro ¢aiiia, B KOTOpOM ObIIIM 0OHApYXEHBI TECTHI,
¢ nomonipio Roslyn co3maercsi abcTpakTHOE CHHTAKCHUECKOE JIEPEBO W IIPOM3BOAUTCS ITOHMCK
(GyHKIMH, TOMedeHHBIX aTpuOyToM [Test]. B Takux GyHKIMSAX MCXOAHBIA KOJ IMPOTPAMMBI C
pa3MedeHHBIMH OHIMOKaMH repeaaercs B QyHknuio VerifyCSharp, NpoOM3BOISILYIO aHAIH3
3TOTO HMCXOJHOTO KOJIa M CBEPSIOLIEro pPe3ysbTaThl aHaiu3a C PYy4YyHOH pa3meTko. JlaHHbIN
WCXOJHBIA KOJ M3BIEKAETCS U3 BHI30BA MPOBEPOYHON (PYHKIMH U MEpeaaeTCs Ha TPAHCISAIUIO U3
C# na Visual Basic .NET.
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B nepByro odepenp, nepe TpaHCIAIIEH TPOU3BOINTCS IEPEUMEHOBAHNE CHMBOJIOB, O0BSIBIICHHBIX
B KOZI€, C IOMOILBIO UX Hymepauuu. [lajnee s MICXOAHOTO KOJla CTPOUTCSA CUHTAKCUYECKOE AEPEBO
M CO37aeTCs SKBUBAJICHTHOE M3 aHAIOTHYHEIX y370B sl Visual Basic .NET. ITocie mepeBoaa Bcex
TECTOB TPAHCIATOP BOCCO3/IAET CTPYKTYPY MCXOJHOTO CHHTaKCHYECKOTo JiepeBa (aiiiia ¢ Tecramu,
3aMeHssl MpoBepoYHble MeToabl At C# Ha aHanornusele it Visual Basic .NET u moacrasisist B
KauyecTBE MapaMeTpa ePEBEACHHBII HCXOIHBIA KO,

U3 2680 tecroB mnst s3bika C#, conepkammxcs B SharpChecker, na s3pik Visual Basic .NET
yHajoch aBTOMaTudecku mepeBectu 1928 TtectoB. TecTbl, KOTOpbIE HE YAAJIOCh IEPEBECTH,
UCTIONB3YIOT (yHKIMOHATBHOCTE C#, KoTopas He uMmeer aHanmoruit B Visual Basic .NET. Takum
00pa3oM, B pe3yJIbTaTe UCII0JIb30BAHMUS MHCTPYMEHTa aBTOMaTHYECKOTO IIEPEBO/Ia TECTOB YAAIOCh
MOJYYHUTh PCIPE3CHTATUBHBIA Habop TecToB i s3bika Visual Basic .NET, npaktudecku
SKBHUBAJICHTHBIN aHATOTHIHOMY IS si3bIka C#.

3aMeTuM, 4TO AAHHBIA MHCTPYMEHT NPOU3BOAUT MEPEBOJA Ha OCHOBE CHHTAaKCHYECKOro JepeBa,
3aMeHssl KOHCTPYKIMH si3bika C# cooTBeTcTBYromMME s s3bika Visual Basic .NET. braromaps
9TOMY, I€pPEeBEJCHHbIA HMCXOMHBIH KOJA Iocje NpeoOpa3oBaHusi BO BHYTPEHHEE IpeNCTaBICHHE
kommuisITopa Roslyn, OymeT TpakToBaThCs IKBHBAIICHTHO aHAIOTHYHOMY Ha s3bike C#. Taxmm
00pa3oM, TaHHBII METOJ] MTO3BOJIIET TapaHTHPOBATH OTCYTCTBUE PA3IMIUN B CEMaHTHKE HCXOIHOTO
KoJa.

3.2 ApanTtauums cyLlecTBYHOLWUX AETEKTOPOB

AnHanu3 wucxomHoro kozxa B wuHCTpyMeHTe SharpChecker mnpomcxomutr ¢ HCHOIB30BaHHEM
pa3IMYHBIX METOAOB aHaIW3a. B mepBylo ouepenb CTOMT OTMETHTH JETEKTOPHI, IPOU3BOJIAIIUE
CHHTaKCHYeCKHi aHanmu3. Ha maHHOM »Tame, MOMHMO aOCTpPakTHOTO CHHTAaKCHYECKOTO JIepeBa,
JIOCTYITHBI TaKXKe TaONWIla CUMBOJIOB U JepeBo omeparmii [20]. Omepanuu, mpenocTaBiseMble
wiatgopmoii  Roslyn, sBIAIOTCS yHUBEpCAIbHBIM IIPEJICTABICHHEM Ppa3WYHBIX MATTEPHOB
UCXOAHOTO KOJa, OOmMX s BCEX S3BIKOB. Tak, HampuMep, CYLIECTBYIOT OIEpalHy,
o0o3Hauarolye B 0000IIEHHOM BUJIE IIMKJIbI, BETBJICHHUS, METO/IBI, KJIacChl U Tak nanee. OHAKO
CYIIECTBYET TaK)K€ MHOXXECTBO CHEUU(PHYHBIX JUIsl sI3bIKA KOHCTPYKIMH, KOTOpPbIE HE HMEIOT
AHAJIOTOB B BUJIE OTIEPALIIH.

B 0CHOBHOM CHHTAaKCHYECKHI aHAJIU3 UCTIONB3YyeT 00paboTKy nubo y3moB AC/I, m1b0 CUMBOIIOB,
b0 onepauuii, 00 MX KoMOMHaIMK. B cilyyae, eciu IETEKTOp UCIOJb3YEeT TOJNBKO ONepanuu
W/WIIA CHUMBOJIBI, TO €ro JopaboTka HeoOXoauMa, TOJBKO €CJIH CYIIECTBYEeT Hekas creruduka,
npucymas s3piky Visual Basic .NET. B ocranbHbIX ciiyyasx Takue JETEKTOPHI CIIOCOOHBI
o0OpabaTpIBaTh KOJ Ha JIIOOOM M3 SI3BIKOB. B ciydae, eciam JETEKTOp HCIONB3yeT O0OpaboTKy
CHHTaKCHYECKHX Y3JI0B (HampuMep, €clIM aHaJOTWYHBIX WM ONEpalui He CYIIECTBYeET),
HE00X0IMMO J100aBHUTh MOJIEPHKKY aHAIOTMYHBIX CHHTAKCHUeCcKHX y3JioB st Visual Basic .NET.
[oce cuHTAKCHMYECKOTo aHaNIM3a CIEAYET STall CHMBOJIBHOTO HCIIOJHEHUs. J[eTeKTophl Ha JTarne
CHMBOJILHOT'O MCIIOJIHEHHMSI UMEIOT CJIOKHBIN rpad 3aBucuMocteil. YacTb 1eTeKTOPOB UCTIONb3YeTCs
JUISL TIPEABAPUTENILHOTO aHAIN3a NCXOJHOTO KoJia M cOopa faHHBIX 0 HeM. HasoBem Habop Takmx
JIETEKTOPOB «siApoM». OOBIYHBIE JETEKTOPHI, B CBOIO OYepe/b, MCHOJIB3YIOT COOPAaHHYIO MM
nadopmanuo. Takum 00pazoM, B IIepBYIO ouepe/ib HEOOXOJUMO pea30BaTh MOAIEPKKY S3bIKa
Visual Basic .NET umenno B szgpe. D10 momoxker wuHcTtpymeHTy SharpChecker cobupats
nHpOpMaLIIo 00 HCXOAHOM Koze Ha s3bike Visual Basic .NET u cocTaBisaTh pe3ioMe METOI0B IS
JanpHelero ananu3sa. st yctpaneHus ormmOOK M HETOYHOCTEH B aHAIN3€ OTAEIbHBIC JETEKTOPHI
TaKKe TPEOYIOT JOPaOOTKH.

JleTeKTopbI, UCIIONB3YIOIINE aHAIU3 TOMEUCHHBIX JaHHBIX, PA0OTAIOT HECKOJIbKO nHave. Kaxplii
JIETEKTOp Ha JAHHOM 3Talle MPEeJICTaBICH OTACIBHBIM IIPABIIIOM, ONTUCaHHBIM B BHJIe JSON-(aiina.
JIBIKOK aHauK3a MOMEYEHHbIX JaHHBIX HCIIOJIB3YET ATH MIPaBUIIA IS ONPE/ICIICHHS XapaKTEePUCTHK
CTOKa M MCTOKAa MOMEUYEHHBIX NaHHBIX, & TAK)KEe IMYTHU PACIPOCTPAHEHMS ITHUX JAHHBIX. Takum
00pa3oM, camy ITpaBuiia He HY>K/IAI0TCs B 10pabOTKe, 32 HCKIIIOUSHHEM 100aBIIeHNsI HOBBIX CTOKOB,
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HWCTOKOB WJIM PAaCIpOCTpaHHTeNeH, crenuuIHbIX TOoNbKo uis s3bika Visual Basic .NET.
JlopaboTka He0OX01MMa TOJILKO OCHOBHOMY JIBUIKKY.
ITo Gompmiert gactu, HeKOppekTHas pabora mHCTpyMeHTa SharpChecker ¢ mcxomHsIM KOIOM Ha
s3pike Visual Basic .NET cBs3ana ¢ tem, uro Visual Basic .NET u C# mMeroT pazHBIE THIIBI
CHHTaKCHYECKHX y3JIOB. B pe3ynbraTe meTeKTOpHI, peann3yromue aHanu3 y310B AC/], iTHOpUPYIOT
y3161 AC/] st xona, HanmcanHoro Ha Visual Basic .NET. ITomumo 3toro, s361k Visual Basic .NET
HMeeT psJ OTINYMH OT si3b1ka Ci:

e BcrpoeHHbli XML-cuHTaKCHC;

® VHUIMANIN3ALMS TOJICi BEI30BOM KOHCTPYKTOPa C MOMOUIBIO Orleparopa As;

e CpaBHEHHE OOBEKTOB I10 CCHUIKE C IOMOIIBIO OT/ASNIBHBIX ONepaTopoB Is u IsNot;

® JIONOJHUTENBHBIA MeToln IsNothing ans cpaBHeHHS OOBEKTOB CCHUIOYHOIO THMA CO
3HayeHueM Nothing;

e omneparop ReDim g peajuyloKauy MacCuBa;

e WHOE NpeACTaBICHUE Lemodkn BeTBiIeHUH B ACJ] (Bcs 1emouyka B BHAE CHHCKA BMECTO
BJIOKEHHBIX Y3JIOB);

3.2.1 CuHTaKkcnM4yeckuim aHanums

OCHOBHBIMU OCOOCHHOCTAMHU [I€TEKTOPOB, MPOU3BOMAIIMX CHHTAKCHUYECKUH aHAIM3, SABILIOTCA
BBICOKAss CKOpPOCTh aHallM3a, HHU3KOE IOTPEOJICHHE DPECYpcOB M HE3aBUCHMOCTh OT JAPYTHX
KoMroHeHTOoB HHCTpyMeHTa SharpChecker. DTo mpuBoAMT K HEOOXOIMMOCTH HPOU3BOIUTH
J0paboTKy KaxJ0ro AeTeKTOpa M0 OTAEIBHOCTHU [0 JOCT)KEHHUS IPUEMIIEMOr0 Ka4ecTBa aHaIN3a.
ITomumo cuHTaKCHYeCcKOro aepeBa, Roslyn mpenocTaBisieT yHHBEpCalbHbBIE IPEICTABICHHA
HCXOIHOTO KOJa, Takhe KakK [EepeBO ONEpaluid WM TadMuma CHUMBOJIOB. B HMHCTpyMmeHTe
SharpChecker mpuCyTCTBYIOT [ETEKTOPBHI, KOTOPbIE€ M3HAYAIbHO OBUIM pEaTM30BaHBl C
HCTIONIb30BaHUEM TOJIBKO aHAIM3a JIepeBa ONepani Mk TaOIUIbl CHMBOJIOB. K TaknM geTekropam
MOXXHO OTHECTH, Hampumep, UselessCall wimm DuplicateEnumMember. OpHako
OOJIBIIMHCTBO JETEKTOPOB HCTIONB3YIOT aHain3 y3710B ACJI, 4To NIpHUBOANT K HEOOXOJUMOCTH MX
JopaboTku. J{JIs pa3nuYHbIX AETEKTOPOB OBUIN MCIIOIB30BAHbBI PAa3IMYHbIE TOJXOAbI K aJaNTallu:

® [IOWCK HEHCIOJIb3YeMbIX MOJIeH M 3a0bIThIX MOAu(pHuKaTopoB ReadOnly — mo0aBicHa
nojuepkka XML-cuHTakcuca, no0aBiieHa MOAACPKKA CHHTAKCHUYSCKHX y3JI0B Visual
Basic .NET;

® JCTEKTOp IYyCTHIX HHTEp(EHCOB W IETeKTOp HACHTUYHBIX METOJOB — Jo0aBJeHa
obpaboTtka cuHTakcuueckux y3nos Visual Basic .NET;

® [IOWCK IEPEeKPBITUS HUMEH CHUMBOJOB — aHamu3 y3moB ACJ] OBLT 3aMEHEH aHaIH30M
onepanuii 1 CUMBOJIOB;

e oOHapyXeHHE CKONMPOBAaHHBIX YYAaCTKOB KOJa C HEKOPPEKTHHIMH HW3MEHCHHSAMH —
no6asien ananus y3inoB ACJ anst Visual Basic NET npu aHanuze KOMIUISAIN;

® T[IOMCK HEKOPPEKTHBIX CPaBHEHHUH 4YMCeNl C IUIaBarolleld TOUYKOW M CpaBHEHHUH uucen c
IUIABAIONIEH TOYKOM € ILEeNbIMU, MOUCK JAOCTyNa K IMEPEMEHHBIM C HEKOPPEKTHBIMU
OJIOKMPOBKaMN HAa OCHOBE CTAaTHCTHKH, CPAaBHEHHWH OOBEKTOB HE CCHUIOYHOTO THIIA IO
CCBUIKE, JIETEKTOp WCIOJIB30BaHUA CIAa0BIX KPHUNTOTrpaUIecKux METOHOB, IIOMCK
CpaBHEHHIT 00BEKTOB He CChUTOYHOTO THma ¢ null (Nothing), MOMCK HEKOPPEKTHBIX
UCIIONb30BaHMi atpubyra [ThreadStatic], HEBEpPHBIX MCHONB30BaHUI (OPMAaTHBIX
CTPOK, MIPHUCBAaWBaHWA NEPEMEHHBIX WM IIoJiell camMux B ce0s, WICHTUYHBIX
BO3BpAllAEMbIX 3HAUYEHUN Ha Pa3HBIX MYTAX HCIIOJIHEHHUS, JETEKTOP OTCYTCTBUS BbI30BA
6a30BOro Meroja B HACICTHHUKE, IMOWCK SBHO 33/JaHHBIX MAaTEMATHYECKHX KOHCTAHT U
KOHCTPYKLMH switch - case, He pacCMaTpPUBAIOUINX BCE WIEHBI NMEPEUUCICHUS —
MEPENUCaHbl C UCMIOJIB30BAHUEM OIEPALIHA.
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3.2.2 AHann3 NOTOKOB AaHHbIX

Ha sTane anann3a MOTOKOB JaHHBIX pealn30BaH TOJNBKO OJHWH JAeTeKTop — UnusedValue. On
M03BOJISIET OOHApyXXMBaTh 3HAYCHWS, HE HCIOJIB30BaHHBIC 10 MOMEHTa BBIXOJA M3 o0nacTu
BUIMMOCTH HIJIM JI0 3aMELICHHS APYTHM 3HAUCHUEM.

[Tpn aHanu3e OH MCHOJB3YET TOJIBKO OOPabOTKY Onepalyii, 4To MO3BOJISIET €My OOHapyKUBAaTh
omuOKy 0e3 3HaYMTEeNBHBIX A0paboToK. OHAKO, OH HE MOJIepKHUBaeT 00pabOTKy BCTPOSHHOTO B
Visual Basic .NET cunrakcuca XML. Takum 00pa3oM, Il yOaTeHHS JIOKHBIX MIPEIYIIPEKACHUH 0
HEUCIIOIB3yEeMbIX 3HAYCHHAX HEOOXOIMMO NOOABHTh IOJNCPKKY IAHHOTO BHAA CHHTAKCHCA.
Kpome toro, B Visual Basic .NET HeBO3MOXHO IpOM3BOIUTH IIEpEXBaT HCKIFOUCHHH
OIIPENIeNICHHOr0 THIa 0e3 MPHUCBOCHUS HX B NepeMeHHYIo. TakuM o0pa3oM, IpeaynpexIeHus o
HEUCIIOIb30BaHHBIX 3HAUCHHUSX NIEPEXBAYCHHBIX HCKIIIOUCHUIT SABIIIOTCS 3aBEIOMO JIOKHBIMH, ¥ HX
HE0OXO0IMMO ITOJIaBIISITh NIPU aHAIU3E.

3.2.3 CumBoOnbLHOE UcnonHeHue

Ha sTamne cuMBOJILHOTO MCHOJIHEHHUS TIPOU3BOUTCSI MEXKIIPOLIEYPHBIN, YYBCTBUTEIIBHBIN K Iy TSIM
U KOHTEKCTY BBIMOJIHCHHSI aHAIN3, MMO3BOJISIOMINN 00HAPYKUBATh CIOKHBIC omuoOku [21]. M3-3a
UCIIONIb30BaHMsI HIBPUCTUK, COKPALIAIOIIMX BpeMs aHajiu3a CIOXKHBIX KOHCTpyKUuii 0e3
3HAQYUTEJbHBIX IOTEPh B KauecTBE aHalu3a, OTOT TUI aHalM3a JOIyCKAaeT JIOXKHbBIE
TPEIYIPEKACHIUS U IPOIYIICHHBIE OIHOKH [22].

st peanuzanyu noaziepkku ananusa szbika Visual Basic .NET Heo6xoquMo B nepByro ouepeib
aJanTUpoBath sAApo. s atoro cienyer nodaBuTh 00padboTky y3moB AC/ mis s3eika Visual Basic
NET, a Taxke peanm3oBaTh aHanm3 crenuduanoi it Visual Basic .NET ¢ynknmonamsHOCTH. B
YacTHOCTH, B paMKax sapa HeoOXOoIuMo aHanmm3upoBaTh XML-nurTepansl, MHUIHMAIN3AIUN C
TIOMOIIIBIO omepaTopa As, HCIONB30BaHus crieruduyaHbIX st Visual Basic NET metonoB, Takux
Kak IsNothing M HCIIOIB30BaHMS ONEPAaTOPOB ReDim.

I[J'IH HCKOTOpI)IX [[eTeKTOpOB Ha JAaHHOM DO>Tarie Tpe6y}OTCH )IOpa6OTKI/I IJI1 TOJABJICHUSA JIOXKHBIX
Hpeﬂpre)KI[eHHﬁ. B YaCTHOCTH, B OTACIIBHBIX [[eTeKTOan HpOI/I3BO}:[I/ITC$[ aHaJIn3
CHHTaKCHYECKOTro JepeBa. Hampumep, B CBA3M € OTIIMYMEM CTPYKTYpHI JiepeBa, ObUT JopaboTaH
IIOUCK OIEPaTOpOB Return BHYTPU BETBIECHUS B JAETEKTOPE HEAOCTHKUMOIO KOJa Ul KOJa Ha
s3pike Visual Basic .NET.

3.3 NeHepaumsa gononHUTeNbHbIX apTecakToB

3.3.1 "HpeKkcauus ncxogHoro Koga

WNupaexcamus ucxoIHOTO KoJja — mporiecc coopa nHGOPMaIIMU O PACOIOKEHUAX BCeX 00BIBICHUH,
OTIpeNleNICHHl M WCIIONb30BaHUK CHMBOJIOB, HEOOXOJWMBIA U pealu3allii HaBHUTAIUH 10
ucxonHomy koxy. B pamkax SharpChecker nHaekcaTop HCXOIHOTO KOJa aHATH3UPYET a0CTPAKTHOE
CHHTaKCHYeCKOE JIepPeBO IPOEKTa, codmpas HMHOOPMAIMIO 00 OOBSBICHUAX, ONPEACICHHUAX H
HCIIOJIb30BAaHUSIX CHMBOJIOB B MCXOJHOM Koxe. [l mHIekcanuu mo Koay Ha si3blke Visual Basic
NET neobxoanmo no6aButs 006padotky crieruduynbix st Visual Basic NET y3mos AC. dns
MHAEKCAlMM HUCXOJHOIO KOJa TMPOU3BOJMTCS CHHTAKCHUYECKUMH aHajiu3, B paMKaX KOTOPOro
00pabaThIBAIOTCS Y37bI, COOTBETCTBYIOIIUE OOBSABICHUSIM, OMPEACICHUSIM W WCIOIb30BAHHUIM
CHMBOJIOB.

Jis moIep:KKH WHACKCAIIUH MCXOIHOTO Kona Ha s3bike Visual Basic .NET Ovin peanmu3oBan
CHHTAaKCHYECKHH aHaJIM3aTop, aHAJOTHYHBIHN cymecTBytomeMy st C#. B HeM Opun peann3oBaHBI
MeToBI 00paboTKK cuHTaKcHUIeckux y31oB Visual Basic .NET. IIpu aHanu3e mpoekTa HHCTPYMEHT
SharpChecker BeiOupaeT moaxoasamuii HHAEKCATOP UCXOJHOTO KOAA, HCXOAS U3 A3bIKa, Ha KOTOPOM
peaNn30BaH aHANM3UPYEMBbIA Koj. Kpome Toro, A MpOEeKTOB, MCIIONB3YIOMUX cpazy o0a s3bIKa
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(Visual Basic .NET u C#), moanepxuBaercsi HHIEKCAIUS Ka)XJI0TO M3 S3BIKOB IO OTIEIBHOCTH
COOTBETCTBYIOIIUM HHACKCATOPOM C IMOCICAYIOIIUM 00bEIMHCHHEM COOPAHHBIX JaHHBIX.
WHpgexcatop HMCXOMHOTO KOAA IKCIOPTHPYET JaHHbIE B eQUHOM (opMaTe Ui BCEX SI3BIKOB.
MexaHu3M HaBHUTalUK 110 WCXOJHOMY KOy B MOJIb30BAaTENLCKOM HHTep(deiice He HyxmaeTcs B
OpaboOTKe, TaK KakK sl HaBUTallMK He TpeOyeTcs MOMOJHUTEIbHAs WH(OpMalusi, MOMHMO
COOpaHHOU MHAEKCATOPOM.

3.3.2 Coop mMeTpuK NCXOQHOro Koaa

W3-3a BrICOKOI cxoxecTH s3p1k0B Mrst Visual Basic .NET akTyasnen ToT ke HaOOp METPHK, 9TO 1
s C#. Takum oOpazom, AJS MOJMYYSHHS METPHK HCXOJHOTO KoJa HeoOXoanMo IopaboTaTh
cymectBytomuii B SharpChecker mexanusm cbopa MeTpuK 11t 00pabOTKH HOBOTO SI3bIKa. Tak Kak
cOOp METpHK, KaK M HWHACKCAIWsS HCXOIHOTO Koja, mcmonb3yerT aHamm3 ACJl, HeoOXxommmo
JI00ABUTH MOJICPIKKY CHHTAKCHUYCCKUX Y3II0B si3bIka Visual Basic .NET.

Mexanm3M cOopa METpUK peann3oBaH Ha 0a3ze mMexanm3Ma CSharpSyntaxWalker. OmgHako B
JAHHOM Cliydae peanu3aius Ayomupyroiero coopiirka metpuk s Visual Basic .NET okaszanachk
HEBO3MOXHa, TaK KakK JJis cOOpa METPUK HEOOXOIUMO UMETh MOJHBIN Tpad CyIIHOCTEH IS BCero
aHAJTM3UPYEMOT0 MPOEKTa. B CBsI3U ¢ 3TUM BO3HHKIIA HEOOXOAUMOCTh MPOU3BOAUTH COOP METPHK B
paMKax OJHOr0 MEXaHH3Ma, YTOObI U30ekKaTh B JAIbHEUIIIEM CJI0XKHOTO CIHSHUS TAaHHBIX U3 JIBYX
COOPIIMKOB.

s peanu3alii YHUBEPCAIBHOTO HHCTPYMEHTa cOOpa METPHK OBLT HCIIONB30BaH MEXaHU3M
SyntaxWalker miarpopmer Roslyn. JlaHHbI MexaHU3M  sBiseTCS  0a30BbIM IS
CSharpSyntaxWalker um VisualBasicSyntaxWalker. B oTiuyue OT HUX, OH HE
peanu3yeT MEeTOJI0B sl 00pabOTKH PA3IMYHBIX TUIOB Y3JI0B M UMEET JIUIIL TPU MeToa — Visit
Ui 00pabOTKH JIF000ro y37la CHHTAKCHYECKOro jaepeBa, VisitTrivia mas o0paboTKu
KOHCTPYKLIMM, HE NIPUHUMAIOIIUX Y4acTUs B KOMIIWIALUU UCXOJHOTO Koja U VisitToken g
00paboTKM TOKEHOB, Ha KOTOPbIE OBbUT pa30HUT UCXOMHBIH K01 pu noctpoernu AC/I.

YHUBepcallbHbI MEXaHU3M cOOpa METPHUK MepeorpeaeseT MeToa Visit, B KOTOPOM BPYYHYIO
npoBepsieTcst THI 00padaThIBAEMOTO y3I1a, U, B 3aBUCUMOCTH OT HETro, BbIOMpaeTcst 00paboTuuK Juis
9TOro Tuma y3noB. bosipummHCTBO y31moB B si3bikax Visual Basic .NET u C# obOpabartbiBatoTcs
UJICHTUYHBIM 06pa30M, OJHAKO B HCKOTOPLIX CilIydasaX MUMCIOTCA 3HAYUTCIIbHBIC PA3JINIUA MEKITY
3TUMHU s3bIKaMu. B YaCTHOCTH, 3HAYUTCIIbHO OTJIMYACTCSA o6pa60T1<a BETBJICHUI C MHO>KECTBOM
BETOK, YTO 00YCIIOBJICHO OTCYTCTBHUEM BIIOKEHHOCTH Yy3JIOB.

4. TecmupoeaHue

TectupoBaHue cTaTHueCcKOro aHaiauza Juis si3bika Visual Basic NET npon3Bouiiocs HECKOJIBKUMH
IIyTSMH — Ha CTEHEPHUPOBAaHHOH TECTOBOI BEIOOpKE M HA HAOOPE MPOEKTOB C OTKPBITHIM HCXOIHBIM
kozoM. Kpome toro, Ha ocHoBe cobpannbix Juist Visual Basic .NET merpuk ucxomaHoro koja 0bu1o
MIPOU3BECHO MpeJCKa3aHle UCTUHHOCTH MOJyYEHHBIX MPEAYIPEKICHHN.

4.1 Pe3ynbTaTbl Ha HAabope CUHTETUYECKNX TECTOB

Habop cunTeTHMueckux TecToB ans s3bika C# ObuT coOpaH Oomee 4eM 3a MATH JIET HAa OCHOBE
WCTUHHBIX U JIOXKHBIX OIIMOOK, OOHapy>KEHHBIX B peajlbHBIX MPOEKTaX. TakuM 00pa3om, JaHHBIH
Ha0Op MOKPBHIBAET MHOXKECTBO M3BECTHBIX CLIEHAPHEB BOSHUKHOBEHHMS OIIMOOK B Koxe. IIpoBepka
paboTOCIIOCOOHOCTH CTaTHYECKOTO aHAJIM3aTopa Ha Habope nepeBeneHHbIX Ha Visual Basic NET
TECTOB MOXKET OKa3aTh NPUOIN3NTEIHHOE KaueCTBO aHaIN3a U OLIEHUTh, HACKOJIBKO OHO YCTYIaeT
Ka4yecTBY 1A si3bika CH.

TecroBast BEIOOpKa BKIIOYaeT B ce0s KaK aBTOMAaTHYECKH IEPEBE/ICHHBIC TECThl, OCHOBaHHBIC HA
aHAJIOTMYHON TeCTOBOM BEIOOPKE /11 si3b1ka C#, Tak M HOBBIE TECTHI, peai30BaHHBIE ISl IPOBEPKH
cnenuduanbix s Visual Basic NET cutyarmii. O6mas TectoBast BeIOOpKa coaepkut 2038 Tecton
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Y TIOKpBIBaeT Bce moanepkuBaeMble st Visual Basic .NET Tumbr ommbok. M3 2038 Tecto 311
TECTOB OBUIM WCKIIOYEHBI, TaK KaK ACTEKTOPHI, MPOBEPSACMBIE ITUMH TECTAMH, 3aBEJOMO HE
noIepkuBaroT s3BIK Visual Basic NET wim ske tormka Tecta He oJIepKUBAeTCI HHCTPYMEHTOM
SharpChecker. Pe3ynbraThl 1uis mofaepKUBaeMbIX TECTOB IPUBEAEHBI B Ta0. 1.

Tabn. 1. Pezynomamvl no 0moenibHbiM Munam aHaiu3d.
Table 1. Results for analysis types.

Ha6op TectoB MNponpgeHo | He npoipgeHo | [ona npoiiaeHHbIX
CMHTaKCMYeCcKnii aHanus 106 2 98.1%
AHanus rpada BbI30BOB 42 0 100.0%
AHa M3 NOTOKOB AaHHbIX 49 0 96.0%
CmBONbHOE UCMONIHEHNE 1313 71 94.9%
AHanN3 NOMeYeHHbIX AaHHbIX 95 3 96.9%
Bce Tectbl 1650 76 95.5%

Wucrpyment SharpChecker ycmemHo mpomen 95.5% CHHTETHYECKHX TECTOB, CO3JAHHBIX I
s3pika Visual Basic NET. B To e Bpems, ansa TecToB Ha si3bike C# IO MPOHACHHBIX TECTOB
coctaBigeT 98.5%. Takum o6pas3om, ynanocs 100aBUTh HOAAEPXKKY JUIS OONBIINHCTBA CIIEHAPHEB
BO3HHKHOBEHH OINOOK, pACCMOTPEHHBIX B TECTOBOM Habope.

4.2 TectupoBaHMe Ha pealribHbIX MPOEKTax

Jis TecTHpOBaHMA aHAIN3a B PEANBHBIX YCIOBHSIX Obla coOpaHa BEIOOpPKA IIPOCKTOB C OTKPHITHIM
HCXOJIHBIM KOJIOM, COCTOSIIIAs M3 5 MPOEKTOB CyMMapHBIM 00beMOM 1.5 MIJUTHOHA CTPOK KOJa Ha
si3bike Visual Basic .NET. Kpome Toro, B BEIOOpKE MPUCYTCTBYET U KO Ha si3bike CH#.
TectupoBaHue MPOBOAMWIOCH Ha KOMITBIOTEpE, 000pyIoBaHHOM mporeccopoM Intel® Core™ i7-
6700 u 32 rurabaiiTamMu onepaTUBHON MaMATH. AHaIU3 HabOpa MPOEKTOB 3aH:I 2 Yaca, 4 MUHYTHI
u 47 cekyHn, ObUIO creHepupoBaHo 15816 mpeaynpexacHuid, U3 KOTOPHIX 7926 OTHOCSATCS K
ucxogHoMmy koay Ha s3bike Visual Basic .NET, a ocraBmmecs 7890 k kony Ha C#. Yacts
MOJIyYEeHHBIX TpeRaynpexIeHHH Obljla MpoaHAIM3UPOBaHA M pa3MedeHa Bpy4Hyro. Bcero Obuio
pasmeueHo 1161 mpexynpexaeHus, OTHOCSIIMXCS K Pa3IUYHbIM JeTektopaMm. Cpeau HuX ObLIO
oOHapyxeHo 977 MCTHHHBIX M 184 JOXHBIX HpemynpexaeHuil. Pasmerka mpousBoamiace i
KaXI0T0 THIA MPEIYNpPEXKACHUN MO OTACIBHOCTH BCIEMYI0 — IS KaKJOT0 THIA CIydailHbIM
00pa3oM BeIOMpaics HabOp MpenypeKACHUH A Pa3MEeTKA. JTO MO3BOJIIIIO OICHUTH KakK o01ee
Ka4yeCcTBO aHaJIM3a, TaK U KA4eCTBO OTJEIbHO B3ATBHIX AETEKTOPOB U TUIOB aHamu3a. JleTeKTOpHl,
MMEIOIINE 3aBEJOMO BBICOKYIO TOYHOCTb aHallM3a M3-3a MPOCTOTHI MX pealu3aliu (Hampumep,
MOMCK HEHCIOJIb3YEMBIX TOJIeH WM 3a0BIThIX MoAHM(puKaTopoB ReadOnly), He MOJBEPrayuch
pa3MeTKe.

Takum o0Opa3om, o UCTHHHBIX TpexynpexaeHnii cocraBuna 84.2%. Ilpu sToM a1 aHam3a
si3pika C# TOJIE UCTUHHBIX TpexynpexaeHuii coctaBisier 88.7%. CpaBHEHHE TOJIU HCTUHHBIX
TpeYNPEeXICHUH JUIsl OT/IEJIbHBIX TUIIOB aHa/In3a MPUBEAEHO B Tab. 2.

W3 Tabnuibl BUIHO, YTO B CPEIHEM KavyecTBO aHanmu3a i s3bika Visual Basic NET Hmxke, yem
KagectBo a1 C#, OOHAKO JIOCTAaTOYHO BBICOKO JUISI HCIIOJNB30BAaHMSA HMHCTPYMEHTa B
MPOMBIIIJICHHBIX IEeNIAX. XyALIee KadyeCTBO MOXKHO OOBSCHHTH TEM, 4YTO JAETEKTOPH ObUIH
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JIopaboTaHbl TakKUM 00Opa3oM, YTOOBl HE W3MEHHWTH TOBEJSHHUS B ciydae aHanmm3a koma C#, 4To
HaJIOXKHJIO OTpaHUUYCeHHUsI Ha 00paboTKy KoHCTpyKumid Visual Basic .NET.

Tabn. 2. CpasHnenue kawecmea anaiu3a no OMoOeiIbHbIM MUnAm AHAIU3d.
Table 2. Comparison of the quality of analysis for individual types of analysis

Visual Basic .NET Ctt
Tun aHanusa
Jona UCTUHHDbIX, % Aona UCTUHHDIX, %

CUHTaKCUYeCKMN aHanus3 100.0% 94.6%
AHanus rpada BbI30BOB 98.4% 90.1%
AHa/ M3 NOTOKOB AaHHbIX 71.5% 91.9%
CMMBONBHOE UCNOIHEHME 76.5% 79.5%
AHaNN3 NOMeYEHHbIX AaHHbIX 83.2% 94.7%

Kpome Ttoro, Oputo obOHapyxkeHo Oomee 200 MEXBA3BIKOBHIX NpeAylpekaeHuid. B  Takmx
MPEAYNPEXACHUAX IMPUYNHA BO3HHKHOBEHHUS OIMMOKM M MECTO CaMOW ONIMOKHM HaxoIiITcs B
UCXOHOM KOJI€ Ha pa3HBIX f3bIKaX. B wacTHOCTH, ObLIM OOHApyXEHBI HPEXYNPEKICHUST O
pasbiMeHOBaHMHM null, OCHOBaHHbBIE Ha CTATHCTHKE BBI30BOB MeToxa. ITocne mobaBneHus aHamm3a
s3pika Visual Basic .NET, SharpChecker nauan oOHapyXuBaTh BHI30BbI OMOIHMOTEYHBIX METO/IOB
HE TOJIbKO B MCX0aHOM Koze Ha C#, Ho u Ha Visual Basic .NET, 4To m03BOJIIIIO MOCTPOUTH OoJice
KOPPEKTHYIO CTATUCTUKY U MOBBICUTH TOYHOCTh aHAIIN3A.

CpaBHEHHE C JPYrUMU CTaTHYECKHMH aHAJU3aTopaMu HE IPOHM3BOAMIOCH M3-32 3aKPBITOCTH
MOCJACIHMX WM HENOKa3aTelNbHOCTH cpaBHeHus. B  wactHoctH, ReSharper u Kiuwan
IIpeHa3HAYeHB! IS 3a71a4, OTIIMYHBIX OT 3a/1a4 nHCTpyMenTa SharpChecker.

PaccMoTpuM HEKOTOpbIE U3 MPEAYNPEkIeHUH, 00HApYKEHHBIX B HCXOIHOM KOZIe Ha si3bike Visual
Basic .NET.

4.2.1 UNREACHABLE_CODE

[penympexaeHue Ha TUCTHHTE 1 0 HETOCTHHKUMOM Kozie OBLIO OOHapYKEHO B IpoekTe EVE-IPH
[23] B daiine ManufacturingFacility.vb B cTtpoke 2026.

1 Public Class ManufacturingFacility
2 Private Sub LoadFacilities(...)
3 If Cl1 Or C2 Or C3 Or C Then
4 ’” CODE

5 Else

0 If Not C Then

7 7 CODE

8 Else

9 ’ U/\/RH’ACHAH./','H‘;CO/)H’
10 End If
11 End If
12 End Sub

13 End Class

Jlucmune 1. Heoocmuoicumvlii koo 6 npoexme EVE-IPH.
Listing 1. Unreachable code in EVE-IPH project.
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B pannom mnpumepe C1l, C2, C3 m C — HEKOTOpbIE YCJIOBHUS, HE 3HAaYMMble B paMKax
paccmaTpuBaeMoro mnpumepa. B ciyyae, eciu yclioBUe, NpPOBEPSIEMOE B CTPOKE 3, HUCTUHHO,
WCIIOJTHEHUE HE MOXKET JOWUTH A0 CTpOoKU 9. B mpoTUBHOM cilydae, €clid 3TO yCJIOBHE JIOKHO, TO
MOJKHO CJIeJTaTh BBIBOJ, UTO Kaxxias u3 gyacteit ycioBus C1, C2, C3 u C — moxkHa. Takum o0pazom,
B CIIydae BXo/a B BeTKy E1lse B cTpoke 5 ycioBue Not C OyzaeT uctuHHO Beerza. OTcioza MOKHO
CIenaTh BBIBOJ, YTO KOJ, PACIOJIOXCHHBIA B BeTKe Else B CTpoke § OyZeT HENOCTIDKUM IpH
JFOOBIX My TSIX UCTIONHEHUS IPOTPaMMEL.

4.2.2 DEREF_AFTER_NULL

[penynpesxnenne o pa3bIMEHOBaHMM OOBEKTa MOCIE MPOBEPKU €ro Ha paBeHcTBO Nothing,
MIPUBEICHHOE Ha JMCTUHTE 2, OBII0 00HAPYKEHO B KOMIIIATOpe Ros1lyn Bepcuu 3.2.0, B CTpoOKe
1909 ¢aitna Binder Lookup.vb.

1 If cont IsNot Nothing And cont.SpecialType = ... Then
2 Return
3 End If

Jlucmune 2. Pazvimenoganue Nothing ¢ npoekme Roslyn.
Listing 2. Nothing dereference in Roslyn project.

B nanHOM mpuMepe MpOM3BOAWTCS CpaBHEHHE 00BEKTa cont co 3HadeHneM Nothing. Jloruka
JIAHHOTO CPaBHEHUS MPEAIOoJIaraeT, 4YT0 BTOpasi 4acTh BBIPAKEHHS OyJEeT BBIYUCIICHA TOJBKO MPH
WCTHHHOCTH TIepBOH YacTu BeIpakeHms. OxqHako omeparop And B Visual Basic .NET He neHuBHIi
1 0e3yCIOBHO BBIYMCISAET 00a cBOMX omepaHza. Takum o0pa3oM, BHE 3aBUCUMOCTH OT pe3yibTaTa
CpaBHEHUsI IPOU3ONUAET pa3bIMEHOBaHUE cont. B JaHHOM citydae cieayeT UCI0JIb30BaTh JIEHUBbIN
ornepatop AndAlso s MPeAOTBPALCHUS BO3MOKHON OIINOKY.

4.3 BbicTpogencTemne

Jnist cpaBHEHHMST OBICTPOIEHCTBHS UCIIOIB30BAJICS MTPOEKT C OTKPBITHIM UCXOIHBIM KoJIoM Roslyn —
iatdopma Juisi KOMITWILSIIMK U aHaJIM3a UCXOAHOro Koja Ha sizbikax C# u Visual Basic .NET [4].
JlaHHBIH TIPOEKT COAEPXKUT 2.2 MIH. CTPOK Koja Ha s3bike C# u 1.5 MIIH. CTPOK KOja Ha SI3bIKE
Visual Basic .NET.

st cpaBHeHHMs1 ObLT POU3BENICH aHAM3 MPOEKTa C OTKIIOUYEHHBIM U C BKIIIOUEHHBIM aHAJIM30M
Visual Basic .NET. Pe3ynbTaTsl TeCTHUpOBaHHS PUBEACHHI B Ta0MI. 3.

Tabn. 3. Koppensayus ob6vema Kkoda u 8pemenu aHaiusa.
Table 3. Correlation between code size and analysis time.

MapameTpbl aHaAn3a Konuuectso cTpok Bpemsa aHanusa
Ananus CH# 2.2 MJH 0:36:04
AHanwns C# n Visual Basic .NET 3.7 mnH 0:46:40
Mpupoct 68.1% 29.4%

IIpupoct BpeMeHHU aHaiw3a B MPOIEHTHOM COOTHOIICHUH 3HAYUTEIBHO HIDKE MPUPOCTa 00beMa
AHATM3UPYEMOTO KOJa B IMPOICHTHOM COOTHOIICHHWH. Pa3HWIA MPUPOCTa MOXKET OOBICHATHCS
Oompireii o cpaBHeHUIO ¢ C# «MHOTOCTIOBHOCTRION si3bIKa Visual Basic .NET.

BricTponeiicTBue aHanmm3a MCXOOHOTO Kona Ha si3bike Visual Basic .NET Obuto 3amepeHo s
Ha0opa U3 5 MPOEKTOB C OTKPBITHIM UCXOIHBIM KOJOM CyMMapHBIM 00beMOM 1.6 MITH. CTPOK KOJA.
PesynbraThl TecTHpOBaHUS MPUBEACHEI B Ta0l. 4 BMecTe ¢ 00beMaMH aHAITM3HPYEMBIX IIPOCKTOB.
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Kpome Toro, B Tabmmie i npoekta Roslyn nomomHnTensHO MpHBEAEHBI 3aMEPbl BPEMEHH IS
aHaJIM3a UCXOMHOro Koaa Ha s3bikax C# u Visual Basic .NET no otaensHOCTH.

W3 TabnuIel BUAHO, 9TO BpeMs aHaJIM3a He KOPPEIUPYET ¢ pocToM 00beMa Kosia. DT0 00BSICHACTCS
3HAYUTEIbHBIMH PA3INYMIMH B aHAIM3UPYEMBIX TIpoeKTax. B Tabun. 5 nmpuBeneHo pacnpenencHue
BPEMEHH 110 OTACIBHBIM CTaIIsIM aHain3a s mpoektoB Roslyn u EVE-IPH. Pactipenenenmst s
OCTaJILHBIX ITPOEKTOB HETIOKa3aTeNNbHBI, TaK KaK UX aHaJIU3 3aHUMaeT Majoe BpeMsl.

Tabn. 4. Bpems ananuza npoekmos.
Table 4. Projects analysis times.

MpoekT Kon-Bo cTpok Kon-so npeaynp. Bpemsa
DeployOffice 968 26 0:00:12
JavaRa 2.5 TbIC. 110 0:00:41
QuickVB 5.8 Tbic. 99 0:00:19
EVE-IPH 86.8 TbIC. 2759 0:17:39
Roslyn (Visual Basic .NET) 1.5 maH. 4907 0:20:53
Roslyn (C#) 2.2 MNH. 7961 0:41:44

Tabn. 5. Pacnpedenenue spemenu no cmaousim aHamu3sd.
Table 5. Distribution of time by stages of analysis.

Roslyn

Crapua aHanmsa EVE-IPH

C# Visual Basic .NET
CUHTaKCNYEeCKMUN aHaNu3 1 16.3% 15.9% 2 2%
aHanu3 rpada BbI30BOB
CMMBOIbHOE UCMOIHEHUE U 80.1% 82.9% 36.8%
aHa/n3 NOTOKOB AAHHbIX
AHann3 NoMeYeHHbIX 36% 1.1% 61.0%
JaHHbIX

Mo>HO 3aMeTHTb, YTO B CITy4dae mpoekTa Roslyn pacnpenenenus BpeMeHH 1O CTaAUSM aHAIN3a IS
000MX SI3BIKOB CXO/HBI, YTO OOBACHAETCS €MHOOOPA3HOCTHIO BCETO MPOEKTA BHE 3aBUCHMOCTH OT
ncrnonb3yemMoro s3bika. Omgaako B ciydae npoekta EVE-IPH Gonbiyto 4acTh BpeMeHH 3aHUMAET
CTamusl aHajM3a IIOMEUYEHHBIX MaHHBIX. OTO CBA3aHO C TEM, YTO JTOT IPOEKT HMEeT
TI0JIb30BaTENECKUI HHTEp(eiic 1 OONbIIoe KOJMYECTBO MOJIEH JUIs T0JIb30BATENLCKOTI0 BBO/IA. JTO
MOpOXKAaeT OOoJbIIOe KOJIMYECTBO MCTOKOB JUI aHAIM3a NMOMEUYEHHBIX JaHHBIX M 3HAYMTEIILHO
YBEJIMYHMBAET BPEMSI aHANIN32 B IIETIOM.

TectupoBaHMe Ha NMPOEKTaX, HE colepKalInX UcxoaHoro koaa Ha Visual Basic .NET, nokasaio,
YTO BpeMs aHalM3a AN HUX HE H3MEHHJIOCh, HECMOTpS Ha 3HAYUTEIbHbIE H3MEHEHUS B
OOJBIIIMHCTBE IETEKTOPOB.
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4.4 KayecTBO aBTOMaTM4YeCKOMN Knaccudpmkaumm npeaynpexaeHmm

Jlnst ympomeHus aHanmM3a W pasMeTku npemynpexaeHuii B SharpChecker mpemocTamisieTcs
MEXaHN3M aBTOMATHYECKOH Kilaccu(UKaLUK, OCHOBaHHBIM Ha METOJaX MAIMHHOTO 00yueHus. {1
MpOBEPKH pabOTOCIOCOOHOCTH IAHHOTO MEXaHMW3Ma HCIIOJIb30BAINCH PE3yJbTAThI, MOIyYCHHBIC
TIpY aHajn3e HaOopa M3 5 MPOEKTOB C OTKPHITHIM HCXOJHBIM KOZOM ob0mmmM obsemoM Oornee 1.6
MJIH. CTPOK Koza. JIJIsl OleHKH KauecTBa aBTOMAaTHIECKOH KiIaccu(pukamuy 6pU1 0TOOpaHbI TOJIBKO
pa3MedeHHbIE IpeynpexacHus. Jlanee 3Tu npexynpexaeHns ObUIN pa3AeieHbl Ha IBE BEIOOPKH —
00y4aloIIy0 U TECTOBYIO.

B mpomecce BBINMONHEHHSA CTaTHYECKOTO aHaIM3a ObUI MPOM3BENEH cOOp METPHK Ul KIIAcCOB,
METOJIOB, IOJIel, CBOMCTB, a TaKKe pa3lIMYHbIX JIOKAIBHBIX OO0BsBICHHH. Jlanee momyueHHbIE
METPHKHU U 00ydarolasi BEIOOpKa MpeaynpekaeH!i ObUIN NepeiaHbl MEXaHU3MY Kiacch(uKamn
st obyuenusi. Ilocme oOyueHmst ObUIO BBIMOJHEHO IPEICKa3aHWE Ha TECTOBOM BBIOOpKE
TpeaynpexaeHIi. Pe3ynpTaTsl peacKka3aHuid IpUBEACHBI B Ta0M. 6.

Tab6n. 6. Pezynomamul knaccugurayuu ona Visual Basic .NET.
Table 6. Classification results for Visual Basic .NET.

Pe3ynbTaTt Knaccudpumkaumm UCTUHHbIE J1oXKHble
KnaccndumumnpoBaHbl Kak UCTUHHbIE 167 6
KnaccndumumpoBaHbl Kak JIOXKHble 24 40

Takum 00pa3oM, 1101 BEPHO KIACCU(PHUIUPOBAHHBIX HCTHUHHBIX IPEAYNPEKACHUNA COCTaBUIA
87.4%, noxueix 87.0%. Hns s3pika C# monu BepHO MpEICKa3aHHBIX HCTHHHBIX M JIOKHBIX
NPEIyNpexAeHHH COCTaBIAIOT COOTBETCTBEHHO 95.4% u 79.9%. CpaBHeHHe KauecTBa
npenckasanui 1 s361koB Visual Basic .NET u C# npuenero B Tabmmie 7.

Tabn. 7. Cpasnenue pe3ynomamog ¢ npeockazanuem 011 CH.
Table 7. Comparison of results with prediction for C#.

MeTtpuka Visual Basic .NET C#

ToyHoCTb 87.3% 92.1%
MonHoTa 87.4% 95.4%
Fi-mepa 87.4% 93.7%

BOJ‘ICG HHU3KOC€ KadeCTBO npez[cxa3aHI/I;1 10 CpaBHeHI/IIO C C# MOXHO O6’b$[CHI/ITL MaJIbIM
KOJINYECTBOM paSMe'IGHHbIX Hpez[ynpex(z(eHI/H‘/'I. OZ[HaKO peSy.TIBTaTLI IO3BOJIAKOT CACIaTh BBIBO/,
YyTO MEXAaHU3M aBTOMaTH‘IeCKOﬁ Knaccn(bmcaupm l'[pI/IMeHI/IM K CTaTI/I‘ICCKOMy aHam/By SA3bIKA
Visual Basic .NET.

5. 3aknroyeHue

B pamkax pabotsl mHCTpyMeHT SharpChecker Obin mopaboTaH ais MOAAEPKKH CTaTHYECKOTO
aHanmmu3a s3pika Visual Basic .NET. Pa3paboTanHble METOABI aianTalud JCTEKTOPOB TO3BOJIMIIA
MIPOU3BOUTH MOUCK OOJBITMHCTBA MOAJIEP)KUBaeMbIX it C# THUIOB OMHNOOK.
B orimawme ot nporotua, B JaHHOU paboTte ObUIa ToOaBIIeHA OTHAS MTOIACPIKKA CIICITUPUKH S3bIKA
Visual Basic .NET Ha Bcex 3Tanax aHajim3a ¥ ObUI peali30BaH MEXaHH3M cOOpa METPUK HCXOIHOTO
kona. Kpome Toro, 06110 MpOBEcHO MacITaOHOE TECTHPOBAHUE KAUYECTBA CTATHYECKOTO aHAIIH3A
Ha Habope peabHBIX MPOEKTOB C OTKPHITHIM UCXOTHBIM KOJIOM.
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[Tpu npoBepke pabOTH HAa peaNbHBIX MPOSKTaX CYMMapHBIM 00beMOM OoJiee 1.6 MIIIITMOHA CTPOK
yaanocs oOHapyXuTh 7926 npenynpexxaeHuii. J{oms HCTHHHBIX IpeAyIpek IeHuMH npeBricuia 84%,
YTO COTMOCTaBHMO ¢ pesynsTatamu st C#. JlobGaBnerne momepkku s3pika Visual Basic NET B
MPOMBINLICHHBINH cTaTnieckuii ananm3atop SharpChecker He yxymmmio ero ObICTpOJCHCTBHC Ha
MPOEKTaX, HE COJAEPKAIIUX MCXOMHOro kona Ha si3pike Visual Basic .NET. Kpome Toro, Obuti
0OHAPY)KEHBI MEKBSI3BIKOBBIC MPEITYNPEIKIACHUS, CBA3aHHBIC C HCXOHBIM KojioM Ha C# u Ha Visual
Basic .NET. Takxe CTOUT OTMETUTb, YTO OJIarojaps peanu3aliu MeXaHu3mMa coopa METpHK, cTaia
BO3MOYKHA aBTOMAaTHYECKas pasMeTKa MpeIyTpeskaeHnit 1ust si3pika Visual Basic .NET.
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greybox fuzzing is one of the most popular automated testing methods that focuses on error detection in
predefined code regions. However, it still lacks ability to overcome difficult program constraints. This problem
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In this paper, we propose a hybrid approach to directed fuzzing with novel seed scheduling algorithm, based
on target-related interestingness and coverage. The approach also performs minimization and sorting of
objective seeds according to a target-related information. We implement our approach in Sydr-Fuzz tool using
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AHHOTAIUsI. AHaJIM3 TIPOTpaMM ¥ aBTOMATH3HPOBAaHHOE TECTHPOBAHHE B IIOCIEIHEE BpeMs CTalH
HeoThemiiemoit wacteio PBIIO. HampaBnenusiit (a33uHr — OAWH U3 CaMbIX IIOMYyJSPHBIX METOIOB
ABTOMATH3UPOBAHHOTO TECTUPOBAHUS, KOTOPBIil (POKYCHpPYETCs Ha IOUCKE OLIMOOK B 3apaHee ONPEACICHHBIX
obmacTsax kona. OJHAKO 3TOT METOJ HE CIIOCOOEH MPEeo10eBaTh CIOXKHbIE TPOTPaMMHBIE OTpaHHYeHU. DTa
npo6ieMa MOXeT OBITh 3()(hEeKTHBHO peleHa ¢ HOMOIIBIO CHMBOJIBHOTO BBIIIOIHEHHUS, HO LIEHOH Oonee HU3KOH
MIPONU3BOUTENBHOCTH. Takum 06pa3oM, KOMOMHHPOBAHUE METOJI0B HAIIPABJIEHHOTO (Da33UHIa K CHMBOJIBHOTO
BBITIOJTHEHUSI MOYKET PUBECTH K Ooliee 3(h(heKTUBHOMY IIOMCKY OLIMOOK B IPOrpaMMax.

B 310l crathe MBI IpemnaraeM THOPHIAHBINA TOAXOJ K HAaNpaBlIeHHOMY (a33MHTY C OPHTHHAIBHBIM
AJITOPUTMOM IUIAaHUPOBAHMS BXOAHBIX JAHHBIX, OCHOBAHHBIM Ha IOJIB3€ IJISI JOCTIDKEHUS IETEBBIX TOUEK U
YBEIMYEHHsI TTOKPHITHSA KoAa. B momxone Taxke BBIMONHSAETCS MHHUMH3AIMSA M COPTHPOBKA PE3yIbTaToB
aHaNM3a B COOTBETCTBUU C MH(OPMAIMEH 0 LEeNeBhIX TOUKax. MBI peaan30Balu Hall MHOAXOA B HHCTPYMEHTE
Sydr-Fuzz, wucnons3ys LibAFL-DiFuzz B kauecTBe HampasieHHOro ¢assepa u Sydr B KauecTBe
JIMHAMUYECKOTO CHMBOJIBHOTO HCIIONHUTENS. MBI ONEHWINM Haml IOIXOJ C IIOMOLIbI0 MeTpHku Time to
Exposure u cpaBammn ero ¢ uucteiM LibAFL-DiFuzz, a Takxe ¢ mHctpymentom AFLGo um apyrummn
HampaBJeHHBIMH (a3z3epamu. CoryacHO pesyibTaTaM, TMOpuaHBIE noxaxon Sydr-Fuzz x HampaBieHHOMY
(ha33uHry JIEMOHCTPHPYET BBICOKYIO IIPOW3BOJMTEIBHOCTE M IIOMOTaeT HOBBICHTH 3((HEeKTUBHOCTH
HampaBlIeHHOTO (a33uHra.

KnroueBble cioBa: HampaBieHHBIH (a33uHr; CHMBOJIBHOE BBINONHEHWE; THOPUIHBIA (a33uHr; aHaIn3
IPOrpaMMm.

Jonst murupoBanusi: Ilaperuna J[.A., Mexyes T.I1., Kyn [.0. T'uOpuaHblii mOAX0X K HampaBIeHHOMY
¢azsunry. Tpyast UCIT PAH, tom 37, Beim. 6, yacts 2, 2025 r., ctp. 53-64 (Ha anrnuiickom s3bike). DOI:
10.15514/ISPRAS-2025-37(6)-19.

BaarogapHocT: Pe3ynbTaThl HMONydeHBI ¢ HCTIOMB30BaHMEM yCIyT LIeHTpa KOJIEKTHBHOTO MOJB30BaHMS
HuctuTyTa cucremuoro nporpammupoBanus uM. B.I1. Misanaukosa PAH — LIKIT UCIT PAH.

1. Introduction

Program analysis and automated testing have recently become an essential part of SSDLC [1-3].
New software should be properly tested before releasing to reduce the probability of vulnerabilities.
Among various testing methods, fuzzing [4-5] still remains one of the most popular choices. It is a
comparatively fast dynamic testing technique that allows checking program behavior on a wide
range of input seeds. However, for certain specific goals, such as static analysis report verification,
patch testing, crash reproduction, coverage-guided greybox fuzzing may appear less effective as its
only metric to optimize is the global coverage value. Directed greybox fuzzing [6], in opposite,
focuses on predefined program locations, called target points, to address these goals. In directed
fuzzing, there are special proximity metrics that show how close a certain program execution is to
reaching target points.

But for all the advantages of directed fuzzing approach, it still lacks the ability to overcome difficult
program constraints, and thus can be unable to explore important code parts. Such problems are well
addressed by symbolic execution [7-9] technique that interprets program instructions in terms of
symbolic values associated with program variables, and discovers new program paths by inverting
branch constraints. SMT-solvers [10-11] assistance allows symbolic executors solving complicated
formulas and generate inputs that will lead the program along the desired execution path.
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The main limitation of symbolic execution is its high overheads. Thus, both directed greybox fuzzing
and symbolic execution can benefit from their combination. In this paper we propose hybrid directed
fuzzing approach with novel seed exchange algorithm. We propose also post-analysis minimization
and sorting of objectives (generated inputs considered to be analysis results) to determine which
target points are reached, and what side effects (e.g., real program crashes or timeouts) are obtained.

This paper makes the following contributions;

e We propose a hybrid approach to directed fuzzing with novel seed scheduling algorithm,
based on target-related interestingness and coverage. The approach also performs
minimization and sorting of objective seeds according to a target-related information.

o We implement our approach in Sydr-Fuzz [12] tool using LibAFL-DiFuzz [13] as directed
fuzzer and Sydr [9] as dynamic symbolic executor.

o We evaluate our approach with Time to Exposure metric and compare it with pure LibAFL-
DiFuzz, AFLGo [6], BEACON [14], WAFLGo [15], WindRanger [16], FishFuzz [17], and
Prospector [18]. We get 3 out of 7 best results with speedup up to 1.86 times from the
second-best results. We get significant improvements on 3 out of 7 examples comparing
with pure LibAFL-DiFuzz fuzzer with gaining speedup up to 4.9 times, and reaching an
undiscovered target point.

2. Related Work

2.1 AFLGo

One of the first solutions in the field of directed greybox fuzzing was AFLGo [6] tool. The authors
solve the problem of exploring given target points in code by scheduling energy of the inputs based
on simulated annealing algorithm [19-20]. According to the algorithm, during energy scheduling,
large energy values are assigned to inputs that provide the closest approximation to the target points.
AFLGo treats the target point exploration problem as an optimization problem. The resulting set of
inputs with the largest energy values converges asymptotically to a set of global optimal solutions
that allow to explore the program execution paths closest to the target points. To regulate the
convergence rate, the authors use the exponential law of decreasing parameter temperature, which
characterizes the probability of assigning large energy values to the worst solutions.

A metric based on the distances over the target basic blocks is proposed as a metric for the proximity
of the program execution to reach the target points. Before fuzzing begins, a stage of static program
instrumentation is performed: a program call graph and intra-procedural control flow graphs (CFGs)
are constructed. Each vertex is matched with a metric value characterizing the distance from this
vertex to all target vertices of the graph. The metric value for specific input is calculated as a
normalized sum of metric values of each basic block in the program execution trace. The proposed
metric allows to assign large energy values to those inputs that provide a shorter distance to the
target points. However, such a solution has some drawbacks. First of all, due to the need for
calculation metric values for all CFG basic blocks and all program functions, the stage of static
instrumentation entails considerable time expenses and a large number of unnecessary calculations.
At that, any changes in the target program require the static instrumentation stage to be performed
anew. In addition, the solution converges to the selection of input data providing the minimum path
length to the target positions without considering the execution context, indirect transitions, and
program data flow.

2.2 BEACON

BEACON [14] uses reachability analysis to prune irrelevant basic blocks. It computes the
reachability to the target point for every basic block and then the irrelevant ones are pruned, so they
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are not being instrumented. Interesting blocks are used in further analysis to apply constraints on
them. Such approach tends to reduce overheads significantly, however limits BEACON to support
only single-target mode.

In the next phase the backward interval analysis is used. It slices the program using statically
computed control flow information and then applies the analysis that builds value intervals for all
variables in program basic blocks. These value intervals are used to construct formulas for target
reachability depending on value constraints. Then it inserts such formulas in code as instrumentation.
At runtime values are checked for these constraints, if so, then program proceeds further to target
point, otherwise it terminates.

2.3 WAFLGo

WAFLGO [15] is a directed greybox fuzzer that was designed to discover bugs presented in new
code commits. Traditional fuzzers usually focus only on reaching the commit-modified code, but
they miss bugs that emerge in the wider affected code. WAFLGO solves this by introducing Critical
Code Guidance, which separates path-prefix code (that leads to the change site) from data-suffix
code, which represents the code influenced by the modified variables. It also has multi-target
scenarios to balance precision and efficiency using a lightweight, function-level distance metric,
effective input generation strategies using special mutation stages. By focusing the fuzzing effort on
the critical code introduced in a commit, WAFLGo improves the efficiency and effectiveness of bug
finding. It allows developers to quickly identify and fix vulnerabilities introduced by recent changes,
reducing the risk of shipping buggy code.

2.4 WindRanger

WindRanger [16] is a directed greybox fuzzer that was designed to improve the efficiency of
vulnerability discovery toward specific code regions (called target sites). Many greybox fuzzers
treat all basic blocks the same, but WindRanger introduces the concept of Deviation Basic Blocks
(DBB), the blocks that have the strongest impact on fuzzing planning, using them to calculate seed
distances, guide mutations, and prioritize inputs more accurately. It also uses data flow analysis
(taint tracking) to evaluate the difficulty of reaching conditions, enhancing both precision and
efficiency. By actively identifying and mitigating path divergence, WindRanger improves the
efficiency and effectiveness of DGF. It reduces the amount of time wasted exploring irrelevant code
regions, allowing the fuzzer to focus on paths that are more likely to lead to the target and uncover
vulnerabilities.

2.5 FishFuzz

FishFuzz [17] addresses the challenge of generating high-quality inputs for directed greybox
fuzzing, specifically focusing on the creation and adaptation of a dictionary of "interesting" input
tokens. It introduces an adaptive dictionary creation and update strategy. Instead of relying solely
on seed inputs, it monitors the program's execution during fuzzing and extracts constant values used
in comparisons (e.g., equality checks, greater-than/less-than). These values are then dynamically
added to the dictionary. This allows FishFuzz to "fish" for relevant constants revealed during the
fuzzing process itself. FishFuzz can optionally integrate with a constraint solver (Z3) to further refine
and generalize the extracted constants, potentially discovering related values that can lead to new
code coverage.

2.6 Prospector

Prospector [18] tackles the problem of imprecise call site targeting in directed greybox fuzzing. It
introduces a novel approach that combines precise call site identification with adaptive seed
selection for directed greybox fuzzing. Prospector uses a static analysis technique that is more
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sensitive to the program's control flow and data flow context. This allows it to differentiate between
different call sites of the target function by analyzing the code paths that lead to them. To further
refine the call site identification, Prospector performs dynamic validation during fuzzing. It monitors
the execution of the program and confirms whether the execution path actually leads to the intended
call site based on input. Prospector uses the information from the static and dynamic analysis to
prioritize seed inputs that are more likely to reach the correct call site. It ranks seed inputs based on
their estimated distance to the target call site (considering the context information).

2.7 Hybrid directed fuzzing

In order to help directed fuzzer overcome complicated code constraints, several works propose a
hybrid approach. The fuzzer is aided by symbolic or concolic executor that generates new inputs
and discovers new code coverage.

In 1dVul [21], a dominator-based symbolic execution mechanism is involved when the fuzzer gets
stuck for a specified time threshold. It takes the input with the shortest distance to the target point
and tries to generate new ones that could reach target point dominators on the further paths.
DrillerGO [22] limits directive concolic execution to a subset of specific branch constraints. This
subset is defined during backward pathfinding analysis that is based on searching suspicious API
call strings in the recovered control flow graph.

Berry [23] and LeoFuzz [24] run concolic execution in parallel with the directed fuzzer sharing
inputs via several input queues. The division is made based on inputs priority and capability of
reaching target points, or discovering new coverage.

HyperGo [25] proposes an Optimized Symbolic Execution Complementary scheme for hybrid
directed fuzzing. The scheme prunes the unreachable unsolvable branches, and prioritizes symbolic
execution of the seeds whose paths are closer to the target and have more branches that are difficult
to cover with the fuzzer.

Despite the variety of approaches, all of them are closed-source with no way to conduct comparison
experiments.

3. Hybrid approach to directed fuzzing

In this paper, we present a novel hybrid approach to directed fuzzing. We combine directed greybox
fuzzing and symbolic execution to share interesting inputs and benefit from each other. In this
section, we describe the details of our integration approach.

3.1 Architecture overview

The overall integration scheme is shown in Fig. 1.

There are instances of directed greybox fuzzer and symbolic executor working in parallel and
controlled by orchestrator instance. Orchestrator manages the whole analysis pipeline (described in
section 4.1), validates configuration, launches fuzzer and symbolic executor instances, and provides
their effective communication. After analysis, orchestrator sorts and minimizes found objectives —
inputs that allow reaching specified target points.

Directed fuzzing tool LibAFL-DiFuzz [13] performs greybox fuzzing of the program focusing on
reaching predefined target points. LibAFL-DiFuzz calculates proximity metric for each target
program execution. Proximity metric is based on similarity between Enhanced Target Sequences
(ETS) and the execution trace. ETS are built separately for each target point, and contain all the
dominator functions and basic blocks of this target point.

Symbolic executor tool Sydr [9] performs concolic execution of the program. During the concrete
execution of the tested program on some input, Sydr collects symbolic path constraints. They are
used to invert branches by building corresponding path predicates and validating them with SMT-
solver [11]. For all successful solutions new inputs are generated.
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3.2 Seed scheduling algorithm

In hybrid fuzzing, fuzzer and symbolic executor are running in parallel and sharing input seeds.
Symbolic executor puts generated inputs in a separate directory called sync dir. LibAFL-DiFuzz
performs synchronization with symbolic executor at dynamically calculated time intervals by
analyzing all seeds from this directory. It measures whether each seed is interesting for ETS metric
or explores new coverage, and if either is true, saves it into the fuzzing corpus directory corpus. In
case an input causes the program to crash or hang, or leads it to one of the specified target points, it
is saved into an objective directory. Additionally, LibAFL-DiFuzz has a feature to import all seeds
from symbolic executor without preliminarily measuring them. In some cases, the fuzzer cannot
produce many inputs on specific target programs, thus adding all seeds can give a boost to find new
coverage paths or improve ETS metric.

Scheduling inputs for symbolic execution is another part of seed exchanging algorithm. Since Sydr
analyzes only one program execution path at a time, the quality of selected seed is crucial for hybrid
fuzzing performance. All seeds generated by the fuzzer and stored in its corpus directory are ordered
by the orchestrator with the help of priority queue (see section 4.2). The seeds are ranked by interest
score, which is calculated based on ETS exploration and coverage growth. The input is assigned
higher priority if it is useful for both ETS and coverage exploration. After that, the seed is taken
from the queue and analyzed by symbolic executor. In case of successful path inversion, the
modified input is put into the sync dir.

Synchronization interval for the fuzzer is determined dynamically to improve fuzzing performance.
Default time is 60 seconds, but after the first synchronization it is computed as max(60, t*3), where
t is the time in seconds that was spent on importing all seeds from symbolic executor. This heuristic
is needed to compensate a possibly long synchronization and allocate more processor time on
fuzzing process.

3.3 Objective sorting and minimization

In directed fuzzing, an input that is considered objective can be one of three types: 1) input that
reaches one or more target points without crashing the program; 2) a real crash; 3) a timeout (set to
10 seconds by default). For each objective its type is explicitly specified in the corresponding
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metadata file created by LibAFL-DiFuzz (see section 4.3). The list of reached target points is also
saved in this metadata file.

Once the fuzzing is complete, all found objectives can be minimized and sorted by analyzing their
metadata files. Objective minimization is based on ETS novelty. During the target program
execution on certain input data, the fuzzer collects an ETS trace — a sequence of IDs of visited basic
blocks belonging to at least one ETS. This trace is also saved to the corresponding metadata file. If
several objectives have the same ETS traces, we can keep only one of them since only unique ETS
traces can bring new useful feedback. Thus, all objectives can be clustered by ETS traces, and only
one from each cluster can be taken. This will result in a minimized objective set with variety of ETS
traces.

After minimization part is done, remaining objectives are sorted by reached target points. We create
a separate directory for every reached target point and copy all corresponding objectives there.

4. Implementation

We implemented our hybrid approach to directed fuzzing with Sydr-Fuzz [12] tool as orchestrator,
LibAFL-DiFuzz [13] as directed fuzzer, and Sydr [9] as dynamic symbolic executor. In this section,
we describe practical details of the integration.

4.1 Sydr-Fuzz pipeline

Sydr-Fuzz tool allows to run hybrid fuzzing by launching such fuzzers as libFuzzer [1], AFL++ [2],
or Honggfuzz [26] alongside with Sydr symbolic executor. For directed fuzzing we implemented a
hybrid fuzzing approach that allows Sydr-Fuzz combining LibAFL-DiFuzz and Sydr.

Analysis specification is set by configuration TOML-files that match the following sample:

[sydr]

args = "-j4"

target = "/target_sydr @@"

jobs =3

[difuzz]

target = "/target_libafl_difuzz @ @"
args = "-j2 -i /corpus -e /ets.toml"
path = "/fuzzer _libafl_difuzz"

This sample Sydr-Fuzz configuration specifies two tables — [sydr] and [difuzz], containing
parameters for launching each tool, respectively. Every table specifies arguments to run a tool, and
a binary program to analyze. Symbolic executor Sydr requires the program to be built without any
instrumentation (except debugging information -g). For directed fuzzer LibAFL-DiFuzz the
program should be compiled with specific fuzzer instrumentation that allows tracking ETS traces.
Directed fuzzer also needs its own configuration config.toml that specifies target points. To improve
analysis performance, Sydr-Fuzz can also launch several instances of each tool in parallel (jobs
parameter).

Once Sydr-Fuzz has been started with the specified configuration, it launches the fuzzer and verifies
that all parallel clients specified by jobs parameter have been successfully started. It also enables
watchdog to monitor a fuzzing corpus and track new files. After that, the actual fuzzing stage begins.
There are four main tasks performed by Sydr-Fuzz during the hybrid directed fuzzing with LibAFL-
DiFuzz and Sydr:

1. Sydr-Fuzz constantly keeps launching the specified number of Sydr workers. For each
worker the most interesting seed is pulled from the priority queue (see section 4.2). All
inputs generated by Sydr are stored into sync dir that is analyzed by LibAFL-DiFuzz
directly.
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2. Every second Sydr-Fuzz parses a fuzzer log and prints a basic information from every
client: the number of files in its corpus, the number of objectives found, execution
speed, etc.

3. Every minute Sydr-Fuzz updates the priority queue with new files from fuzzing corpus,
which are received from watchdog. It also checks conditions to stop analysis, such as time
without new coverage, or reaching all target points. Sydr-Fuzz prints analysis statistics
(total number of files in the corpus, total number of objectives, average execution speed,
last saved objective/corpus time, etc.), and the list of unique reached target points.

4. When Sydr-Fuzz receives a signal to terminate, all LibAFL-DiFuzz clients and Sydr-
workers are killed, the final statistics are printed. After that, all files from the objective
directory are minimized and sorted according to the algorithm described in section 3.3.

4.2 Seed priority queue

The priority queue is organized as a binary heap, where the seeds are stored along with a special
data structure describing input priority. This structure has three fields:

1) is_interestring_ets flag shows whether the input is interesting for ETS;
2) is_interesting_map flag shows whether it is interesting for program coverage;

3) file score metric based on file system metadata: file creation time / file size. Let us call the
first two flags ETS score and coverage score, respectively.

At runtime, Sydr-Fuzz collects a list of newly found inputs from the corpus once a minute. For each
of them, ETS and coverage scores are obtained from LibAFL-DiFuzz metadata described in section
4.3. The file score is calculated based on file system metadata, and a final structure with three fields
is constructed. Since the priority queue is a binary heap, when a new seed is added, it is placed in
the correct sorted order. That is, when scheduling inputs for symbolic execution, the most priority
is given to seeds that discover new ETS traces (interesting for directed fuzzing). The next priority is
assigned to seeds that discover new program coverage. A file score is a metric that allows choosing
new file according to its size. While it is important to always choose the newest file in order to
produce the most relevant inputs for the fuzzer, symbolic executor may be less effective on large
inputs.

4.3 LibAFL-DiFuzz seed metadata

For the effective communication between LibAFL-DiFuzz and Sydr, all important input information
is saved in a separate metadata file next to the input. This file includes fields used for calculating
seed priority when adding new seed to Sydr priority queue, and also fields used for crash sorting
and minimization.

Seed priority is based on ETS score and coverage score (see section 4.2) that are saved by LibAFL-
DiFuzz in the form of flags. Whether the seed is interesting for ETS or program coverage, is
determined when evaluating LibAFL modules ETSFeedback and MapFeedback after target program
execution, respectively.

Objective minimization is based on ETS trace values that are also saved in metadata files. ETS trace
is kept as a list containing IDs of visited basic blocks belonging to at least one ETS. And for sorting,
we need to know which target points are reached during execution on each objective file. The list of
reached target points is saved to metadata file too, and each list element keeps source file name and
line number of the target point. For the further analysis and results presentation, we need to know
whether the objective is a real crash, or timeout, or just the one that leads to reaching some target
points. For these reasons, two flags are saved in metadata: is_crash and is_timeout. They are set
when evaluating LibAFL modules CrashFeedback and TimeoutFeedback, respectively. All seeds in
objective directory with both flags set to false are considered to be just reaching target points.
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5. Evaluation

We evaluated our hybrid approach using TTE (Time to Exposure) metric that shows the time spent
on crash discovering. Experimental setup included one machine with two 32-core AMD EPYC 7542
CPUs, 512 GB of RAM, and Ubuntu 20.04 LTS. We compared our hybrid directed fuzzer (Sydr-
Fuzz) with pure LibAFL-DiFuzz and other directed fuzzers, such as AFLGo, BEACON,
WindRanger, WAFLGo, FishFuzz, and Prospector. For the evaluation, we selected five different
projects from the AFLGo experimental set. These projects have publicly known CVEs in specific
versions with TTE no greater than 150 minutes on AFLGo. The set of chosen target points with their
IDs, locations, and experiment timeouts, is shown in Table 1.

Table 1. Target points chosen for experiments.

Project | Target point ID Location TimeOut
exxfilty libiberty/cp-demangle.c: 1596

exxfilt 45 min
cxxfiltz libiberty/cplus-dem.c: 4319

giflib giflib util/gifsponge.c: 61 30 min

jasper jasper src/libjasper/mif/mif_cod.c:491 30 min

libming libming util/outputscript.c:1493 150 min
libxmly valid.c:1181

libxml 60 min
libxml, valid.c:1189

Each experiment was run several times with a defined timeout. In Sydr-Fuzz experiments, one
instance each of LibAFL-DiFuzz and Sydr were launched simultaneously and worked in parallel.
Sydr inverted branches in direct order with one solving thread. Every Sydr process was limited up
to 2 minutes, with a 10-second timeout for solving a single SMT-query and a 60-second total solving
time. Strong optimistic solutions [27] and symbolic address fuzzing [28] were enabled for Sydr. For
each execution, we measured time intervals between the experiment start and different crashes
discovering. After the end of experiment, we checked crash seeds with gdb to validate they were
real crashes. Experiments results for the best attempts with outliers filtered are shown in Table 2.
Columns represent different instruments, lines — different target points, and each cell contains TTE
value in seconds. Empty cells mean that the instrument was not able to reach target point.

Table 2.TTE experiments results.

TP ID Sydr- Li_bAFL AFLGo, |BEACON,|WAFLGo,|WindRanger,| FishFuzz, |Prospector,
Fuzz, s |-DiFuzz, s S S S S S S
exxfilty 22 175 49 60 41 44 384 470
cxxfiltz 136 - 63 55 3043 704 1208 347
giflib 3 3 18 4 5 55 41 45
jasper 18 16 16 50 - 81 287 22
libming 119 127 412 53 - - 862 59
libxmly 8 14 28 43 107 666 2285 1694
libxmlz 61 300 343 44 - 1108 - -

61



Parygina D.A., Mezhuev T.P., Kutz D.O. Hybrid Approach to Directed Fuzzing. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 6, part 2,
2025. pp. 53-64.

TTE results show that Sydr-Fuzz hybrid directed fuzzer outperforms all other directed fuzzers on 3
out of 7 examples: cxxfilts, giflib, and libxml: with speedup up to 1.86 times. For jasper and libxml
Sydr-Fuzz results are second after the best measurements, and the difference is relatively small. As
we see in Table 2, BEACON is another tool that has 3 out of 7 best results, however it supports only
single-target mode, in opposite to all other tools. This can have direct influence on better TTE results,
since in multi-target projects (cxxfilt, libxml) other tools spend their energy on reaching several
target points simultaneously.

Comparing Sydr-Fuzz approach with pure LibAFL-DiFuzz, we can see improvements for all
examples except jasper. This is caused by CPU load introduced by Sydr-Fuzz extra actions (Sydr
launching, synchronization) since TTE for jasper is relatively short. Since the first synchronization
with Sydr is performed after 60 seconds, improvements for cxxfilts, giflib, and libxmli can be
mainly explained by the randomness of fuzzing process. However, for cxxfiltz, libming, and libxml:
hybrid approach shows a real advantage with speedup up to 4.9 times. What is more, Sydr-Fuzz has
managed to reach target point cxxfiltz in a relatively short time, whereas pure LibAFL-DiFuzz has
failed to reach it at all within 45 minutes timeout.

6. Conclusion

In this paper, we propose a hybrid approach to directed fuzzing with novel seed scheduling
algorithm, based on target-related interestingness and coverage. The approach also performs
minimization and sorting of objective seeds according to the target-related information. We
implement our approach in Sydr-Fuzz tool using LibAFL-DiFuzz as directed fuzzer and Sydr as
dynamic symbolic executor.

We evaluate our approach with Time to Exposure metric and compare it with pure LibAFL-DiFuzz,
AFLGo, BEACON, WAFLGo, WindRanger, FishFuzz, and Prospector. We get 3 out of 7 best
results with speedup up to 1.86 times from the second-best results. We get significant improvements
on 3 out of 7 examples comparing with pure LibAFL-DiFuzz fuzzer with speedup up to 4.9 times,
and reaching an undiscovered target point. To sum up, Sydr-Fuzz hybrid approach to directed
fuzzing shows high performance and helps to improve directed fuzzing efficiency.
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AunHotaumsi. O0y4eHre BBICOKOKAQUECTBEHHBIX KIACCH(PUKATOPOB B YCIOBHAX OIPaHHYCHHOTO KOJHYECTBA
pa3MEUCHHbIX JaHHBIX SBISCTCS OAHOM U3 (yHIAMCHTAIBHBIX IIPOGIIeM ManHHOTO 00y4eHus. HecMoTpst Ha
TO, 4TO GosbIIHeE 53b1KOBBIC MOAeH (LLM) neMoHCTpHpyYIOT BHEUATISIONIHE PE3YIbTaThl [IPH PEIICHHH 32184
Knaccuukanun s;BHOro oOydeHust (zero-shot), ux mpsiMoe MpUMEHEHHWe Ha MPAKTHUKE 3aTPYIHEHO H3-3a
BBICOKOU BBIYHUCIMTEILHONW CTOMMOCTH, 1yBCTBUTENHLHOCTH K (hOpMyIHpoBKaM 3ampocos (prompt engineering)
U OrpaHHYCHHOW HHTEPIPETHPYEMOCTH. B kauecTBe MaclTabupyeMoil albTepHATHBBI BBICTYIIAeT 00yUeHHEe
COo CIa0bIM KOHTPOJIEM, KOTOPOE€ OCHOBAaHO Ha OOBEIMHEHHH MHOXKECTBA HETOYHBIX (YHKIMI pa3METKH
(labeling functions, LF). Ognako co3nanue u mocieayromas HacTPOiKa Takux (YHKIHH OOBIYHO TpeOyeT
CYILIECTBEHHBIX 3aTpaT Py4HOro Tpyaa. B nanHo# pabote Mbl peiaraem nojaxox LLM-Guided Iterative Weak
Labeling (LGIWL), koropslii coueraer reHepanuio (QyHKIHMA Pa3METKH C MOMOIIBIO GOJBIINX SI3BIKOBBIX
MOZeNeH U METOAMKY oOydeHHs co clabbIM KOHTPOJIEM B paMKax HTEPaTUBHOIO IWKJIA OOPaTHOM CBSI3H.
Bwmecto npsimoro ncnonszoBanus LLM B kadecTBe kimaccudukaropa, Mbl IpUMEHsIeM €€ Tt aBTOMAaTHIeCKOTO
CO3/IaHUsS M TIOCTENICHHOTO YTOYHEHHs (YHKIMH pa3MEeTKM Ha OCHOBE OLIMOOK IPOMEXKYTOYHOTO
kinaccuduraropa. [lomydeHHple (QyHKIHM QHIBTPYIOTCS C HCIIONB30BAHMEM HEOOINBIIOTO Pa3MEYeHHOTO
Habopa JaHHBIX M 3aTeM NMPUMEHSIOTCS K HEpa3MEUCHHOH BBIOOpKE INPH MOMOIM TCeHEPATHBHOW MOJCIH
METOK. DTO MO03BOJSET 00YYNUTh MTOTOBBIA JHCKPHMHHATHBHBINA KIACCH(PUKATOP BBICOKOrO KAyecTBa MPH
MHUHHMAJIBHBIX ~ 3aTparax Ha py4YHy aHHOTalWi0. O(GEKTHBHOCTh  MPEIOKEHHOTO  MOJX0Ja
MPOJEMOHCTPUPOBAaHA Ha peajibHOW 3ajaue KIacCH(HKAIMU JUAJIOTOB CIYXOBI IMOJIEPKKH KIUSHTOB Ha
pycckoM sizbike. LGIWL cymiecTBeHHO TPEBOCXOANT KaK KJIACCHYECKHE IBPHCTHKN Ha OCHOBE KITIOUEBBIX CJIOB
(Snorkel), tax u momxost zero-shot ua ocaoBe GPT-4, a Takke MOIHOCTHIO KOHTPOJIUPYEMBIi KiIacCH()UKATOP
CatBoost, o0y4eHHBII Ha pa3sMEUCHHBIX JaHHBIX aHAIOTHYHOTO pasMepa. B wactHocTH, Bapmant LGIWL ¢
Mmozensio RUModernBERT nocruraer BBICOKOTO IOKa3aTess MOJHOTHI MPH 3HAYUTEIHLHOM YIYYIICHHH
TOYHOCTH, JIEMOHCTPUpPYS HTOTOBBI pe3ymbrar mo Metpuke F1 = 0.863. IlomydeHHBIE pe3ynbTaThI
MOJTBEPIKIAIOT KaK BBICOKYIO YCTOHUMBOCTH METO/A, TAK M €ro MPAKTHYECKYIO IPHUMEHUMOCTD B YCIOBHSX
OrpaHMYEHHBIX PECYPCOB Pa3MEUCHHBIX JAHHBIX.
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Abstract. Training high-quality classifiers in domains with limited labeled data remains a fundamental
challenge in machine learning. While large language models (LLMs) have demonstrated strong zero-shot
capabilities, their use as direct predictors suffers from high inference cost, prompt sensitivity, and limited
interpretability. Weak supervision, in contrast, provides a scalable alternative through the aggregation of noisy
labeling functions (LFs), but authoring and refining these rules traditionally requires significant manual effort.
We introduce LLM-Guided Iterative Weak Labeling (LGIWL), a novel framework that integrates prompting
with weak supervision in an iterative feedback loop. Rather than using an LLM for classification, we use it to
synthesize and refine labeling functions based on downstream classifier errors. The generated rules are filtered
using a small development set and applied to unlabeled data via a generative label model, enabling high-quality
training of discriminative classifiers with minimal human annotation. We evaluate LGIWL on a real-world text
classification task involving Russian-language customer service dialogues. Our method significantly
outperforms keyword-based Snorkel heuristics, zero-shot prompting with GPT-4, and even a supervised
CatBoost classifier trained on a full labeled dev set. In particular, LGIWL achieves strong recall while yielding
a notable improvement in precision, resulting in a final F1 score of 0.863 with a RuModernBERT classifier—
demonstrating both robustness and practical scalability.

Keywords: weak supervison; financial sector; LLM.
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1. BeedeHue

OOyueHne ¢ y4uTelleM CTaIO0 IOMHHHPYIOIIMM MOAXOAOM K OOyYEHHIO BBICOKO3((EKTHBHBIX
KiIaccuUKaTopoB B 3amadax oOOpPabOTKM €CTECTBEHHOro s3blka. OJHAKO €ro YCIEHIHOCTb
KPUTHYECKH 3aBHCUT OT HalM4us OONbIIOro 00bEMa KAaueCTBEHHO PAa3MEUEHHBIX MAHHBIX —
YCIIOBUSI, KOTOPOE PEJIKO BBITIOIHAETCS Ha ITPAKTHKE, OCOOEHHO B CIIEIMAIN3UPOBAHHBIX 00IaCTsIX,
TakuX Kak (MHAHCHI, 37IpaBOOXpaHEHHE M KIMEHTCKas IMOJJIepKKa. PydyHas aHHOTanus SIBISETCS
JIOPOTOCTOAIICH, MEIEHHON M 3a4acTyio TpeOyeT 3HaUUTeIbHON IPeAMETHOMN 3KCIIEPTH3HI.
OOyuenne co cinaObIM KOHTPOJIEM IIpeAjiaraeT YyOeAWTENbHYI0 aJIbTEPHATHBY, IO3BOJIS
CHeLuaIicTaM IPorpaMMHO 33]1aBaTh IBPUCTUKHI Pa3METKH — TaK Ha3bIBaeMble (QYHKIIMU Pa3METKH
(labeling functions, LF), koTopbie MOTyT OBITh IPUMEHEHBI K OOJBIINM HEpa3MEUSHHBIM KOPITyCcaM.
OtH cnabble CUTHAJBI 3aTEM arperupyOTCs C TIOMOIIBIO BEPOSITHOCTHBIX MOJAETICH [T MTOTyYeHHS
IIYyMHBIX, HO MacmTabupyembix oOywarommx MeTok. DpeiimMBopku, Takue Kak Snorkel,
MTOKa3BIBAIOT, YTO MPH aKKYpPAaTHOM IPOEKTUPOBAHUM (YHKIUI pa3sMETKH MOJAETH, 0OydeHHbIE Ha
c1ab0 pa3MEUeHHBIX JaHHBIX, MOTYT MPHUOJIMKATHECS MO KauecTBY K MOAETSM, OOy4eHHBIM Ha
TIOJIHOCTBIO PY4YHOH pasmeTke. OHAKO pa3paboTka GyHKIUN Pa3METKH OCTAETCsS HETPUBHAILHOM
3ajadeli: oHa TpeOyeT BPEMEHH, JKCIIEPTH3bl M WTEPaTUBHON NOPAOOTKH, YTO OrpaHUYMBAET
JIOCTYITHOCTh U MacCIITa0MPyeMOCTh 00yUeHHs CO cIabbIM KOHTPOJIEM Ha MPaKTHKE.

Tem BpemeneM, Oosbmme si3bikoBbie Momenn (LLM), takue kak GPT-4, mpomeMOHCTpUPOBAITH
BBIJIAIOIIHECS CIIOCOOHOCTH, MO3BOJISASA PEIIaTh HOBBIC 33a7a4d Mpu MuHHUMaibHOM (few-shot) mim
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MOJIHOM OTCYTCTBUH (Z€ro-shot) pasmedeHHBIX JaHHBIX. OnHaKo ucnons3oBanne LLM HampsMyro
B KauecTBe KIACCH(HUKATOPOB IIOPOKIAET HOBbIe cloxHOCTH: BhiBOxA (inference) tpeGyer
3HAYUTENbHBIX BBIYMCIUTEIBHBIX PECYPCOB, NPEACKA3aHUS YYBCTBUTENIBHBI K (HOPMYIUPOBKE
MOJCKa30K, @ OTCYTCTBHUE UHTEPIPETHPYEMOCTH MEIIaeT X MHTErPallii B PerjaMeHTUPOBAaHHbIC
WM KPUTHYECKH BaXKHBIE JUIS IPOU3BOACTBA CHCTEMBIL.

B mannOi#t pabote MBI mpemsiaraeM HOBBIM MOJXOX, OOBEOMHSIOUINA CEMAHTHYECKYI0 THOKOCTh
OoubIINX SA3BIKOBBIX Moielieit LLM 1 Hafé&XHOCTh ¢ MHTEPIIPETHPYEMOCTHIO O0YUEHHS CO CIa0bIM
KoHTposieM. Mel mpeactaBimsiem Meron LLM-Guided Iterative Weak Labeling (LGIWL) -
¢peiiMBopk, B koTopoM Monenu LLM paccmaTpuBatoTcs He Kak Y€pHbIE SIIUKH, a KaK TeHEPaTOPbI
¢ynkimii  pasmerkn. LGIWL paboTtaeT B HTepaTMBHOM LHMKIE: OLIMOKHM KiaccU(pHUKaTopa
UCTIONB3YIOTCS ISt (pOpMUpOBaHUs 1ojicka3ok LLM c 1enblo renepanny HOBBIX MM YTOUHEHHBIX
(GyHKIMA pa3MeTKH; IOJy4YeHHble (QYHKIMM (GHILTPYIOTCS Ha HEOOJBIIOM BaJIMIALMOHHOM
Habope, M WX BBIXOJBI arperupyOTCs I IIOBTOPHOTO O0YUICHNUS KiIacCuPUKaTOpa. ITOT MpoIIecc,
OCHOBAaHHBIH Ha OOpPaTHOI CBA3M, MO3BOJIACT aBTOMAaTHYECKH PACIIMPATD U yIydIlaTh MHOXKECTBO
(yHKIMHA pa3MeTKH, CHIKAas HEOOXOAWMOCTh B PYYHOH HACTpOHKE MOACKAa30K M pa3paboTke
TpaBHJL.

Mer mpumensiem meron LGIWL k peampHOW 3amade kiaccuuKauu OOpalleHHH B CITykKOY
HOACPXKKH B QUHAHCOBOM XKHOCHEPE U IEMOHCTPHPYEM, YTO OH 3HAYHTEILHO MPEBOCXOAUT METOL
3ampocoB 0e3 siBHOro o0Oyuenusi (zero-shot prompting), cratudeckoe oOydeHHe CO chaabbiM
KOHTPOJIEM U JJaKe MOJHOCTBIO CYIICPBH3HPOBAHHBIC MOJEIH, OOyYCHHBIE Ha TaKOM ke 00BEMe
pa3MedeHHbIX NaHHbIX. B wactHocTn, LGIWL gocturaer BbICOKOM HMOJNHOTHI MPH CYIIECTBEHHOM
pOCT€  TOYHOCTH, JEMOHCTPHPYS CBOIO 3(GQEKTUBHOCTh Kak  MacIITadHpyeMoro u
MUHTEPIPETHPYEMOTO NOAX0a K 00YYESHHIO B YCIOBHAX OTPaHHYCHHBIX PECYPCOB.

2. O630p penesaHmMHbIX pabom

IIporpammupyemoe o0y4yeHue co cjJadbIM KoHTposeM. OOydeHHe co cliabbiM KOHTPOJIEM
MO3BOJISIET CO3/1aBaTh pa3MedeHHbIE HA0OPHI JaHHBIX, 3aMEHSS PYYHYIO aHHOTAIMIO 9BPUCTUKAMHU
WM T[paBWJIaMH, W3BECTHBIMH Kak ¢yHKuun pasmerkd LF. ®peiimBopk Snorkel BBén
(hopMann30BaHHBIM MOAXO0A K 3TOMY MNPOLECCY, MOACIHUPYS TOYHOCTh M KOPPEISIIHI0 MEXIy
(bYHKIHSIMA pa3METKH € TIOMOIIBIO TeHEPATHBHOM Mo/ienu MeTOK [1]. DTo mo3BOIHI0 arpernpoBath
IIyMHBIE W TIOTEHIIMAJIbHO KOH(IMKTYIoMmue ciaadble MeTkH. [locnenyromue paboThl pacIIMpHiIn
Snorkel mns nmpumeHeHWs B KpymHOMAacIITaOHBIX 3amadax [2] u paspaboTanm MeTonsl IS
BBISIBJICHUSI CTPYKTYypbl Mexay Gyukuusmu pasmerku [3].  Tlozxe wabop WRENCH
CTaHJaPTU3UPOBAJ POTOKOJIBI OIEHKH st ciiaboro oOyuenust [4].

OnHako, HECMOTpSl Ha CYIIECTBEHHYIO aBTOMAaTH3AIMIO MOJEIMPOBAHUS METOK, HallMCaHUe
(yHKIHUHA pa3MeTKH OCTaéTcs PYJHOW W TPYHOEMKOW 3amadeil, yacTo TpeOyromei MmpeaIMeTHO’
JKCMEPTU3bI K UTEPATUBHO# 1opaboTku. CucteMsl, Takue kak Snuba [5] u WITAN [6], crpemuiuch
YMEHBIINTh Harpy3Ky Ha pa3paboTky LF myTém reneparum mpaBwil U3 HadaabHBIX IPUMEPOB HIIH
00paTHOW CBSI3M MOJIB30BaTENs. TeM He MEHee, MHOTHE U3 3THUX CHCTEM IO-TIpeKHEMY TPeOyroT
y4yacTusl 4eJOBeKa B IIUKJIE WM 3aBHUCAT OT KECTKO 3aJaHHOM JIOTHKH TPaBHJL.

Pa3meTka Ha 0CHOBe MOACKA30K ¢ Hcnob3oBanueM LLM. Bonbiue s3p1koBbie Mogesu (LLM)
Npe/IaraloT HOBBIM IyTh ISl TEHEpaluu NpaBHI IyTEM WHTEPIIPETAMH II0/ICKA30K Ha
€CTECTBEHHOM si3bIKe. B pabote [7] 6110 mpemioxeno ucnosp3oBare LLM s co3nanust crnabeix
METOK IMyTEM [MOCTAHOBKH CTPYKTYPHUPOBAHHBIX BOIIPOCOB, pacCMaTpuBasi BBIXO/IHbIE AaHHbIe LLM
KaK UCTOYHHUK nryMHO# cynepsusun. Cucrema Alfred [8] passina sty uzero, npiuMeHss MOICKa3KH
Ha €CTECTBEHHOM S3bIKE B KadyecTBe HHTepdeiica sl IeHepalud W yHpaBieHHs (QYyHKIHIMH
pasmerku. JIpyrume cucremsl, Takme kak ScriptoriumWS [9], emé Gosbire aBTOMAaTH3HPYIOT
nporecc, npeodpasyst MOACKa3KH B UCTIOJHsAeMble (DYHKIMU pa3MeTKHU Ha s3bike Python.

HenaBHo TOSBWJIMCH MOJIHOCTBIO WTepaTuBHBIE (peiiMBopkn. Hanpumep, DataSculpt [10]
ucnons3yer LLM s pesioskennst HOBbIX (GyHKIHNIA pa3MeTku Ha ocHoBe few-shot mogckaszok u
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YTOYHSET HAOOp MpPaBUII B XOJE HECKOJNBKUX payHIOB oOyueHHss M oreHkd. PRBoost [11]
HPEIUIOKII IUKI B CTHIIE OyCTHHTa, IIe CreHEPUPOBaHHbBIE NIPAaBHIIA OLICHUBAIOTCS U IIOCTEIEHHO
JI0OABIISIFOTCS JUIsl TIOBBIIEHHSI TOYHOCTH KIacCH(UKAIINH.

Bxaan nannoii padorsl. Hamr meton LGIWL ommmpaetcs Ha 3TH pa3paboTKH, HO BBOAUT KIFOYEBOE
HOBIIIECTBO: MTEPATUBHOE yTOYHEHHWE (YHKIWH pa3MeTKH, creHepupoBaHHBIX LLM, Ha ocHoBe
cuTHANOB 00 ommOkax kiaccudukaTropa, BCTPOCHHOE B CTPYKTYPHPOBAHHYIO apXHUTEKTYpPY
o0yd4eHust co cabbIM KOHTpOJIeM. B oTinuune oT npenplayIux METOA0B, KOTOPBIE pacCMaTpUBaIOT
TeHEepalrIo IOJCKa30K WM MpPaBWJ Kak ojaHopaszoBble maru, LGIWL 3amblkaer mukia Mexnuy
noackazkamu LLM, arperanueli MeTok M 0OOydyeHHEM JIUCKPUMHUHATUBHOM MOAEIH. OTO
obecrieunBaeT MacIITaOUPyeMy0 U aIalTHBHYIO CI1a0yI0 pa3METKy B PEATMCTUYHBIX YCIOBHSX C
OrpaHUYECHHBIMHU PECYpCaMi 1 MUHUMAJIGHBIM Y4aCTHEM YeJIOBEKa.

3. locmaHoeka 3adayu

PaccmoTpuM cTanmapTHYIO 3a1a4dy GHHApHOW KiaccH(UKALUH, B KOTOPOil TpeOYeTCsl MOCTPOHTH
oyukmuo fo: X — {0,1}, npeackaspiBaroiyo MpUHAAICKHOCTh TEKCTOBOrO 00bekTa X € X K
3alAaHHON CEMaHTHYECKOW KaTeropwu (Hampumep, OOpalleHHIo, CBsi3aHHOMY ¢ Tapupom). Ilpu
THIIMYHOM TIOOXO/E C yUIUTENeM Ui O0ydYEeHHS MOJCIH HEOOXOAUM IIOJHOCTBIO Pa3MEUYCHHBIN

na6op mauubix Dsup = {(Xi, Yi)}Viz1. OmHAKO HA NpaKTHKE MOJYYEHHE TAKOrO HAbOpa 4acTo
3aTpyJHEHO M3-32 BBICOKOH CTOMMOCTH DPYYHOH aHHOTAllMH, HEXBATKU KBaJIH(UIMPOBAHHBIX
CHEUATMCTOB MM MAJIOr0 KOJMYECTBA IPUMEPOB LIEIEBOr0 Kiiacca.

Bwmecro aToro Oyznem mpearnonaratsk, 4T0 HaM JIOCTYIIEH OOJBIION Hepa3MeueHHbIH KOPITYC TEKCTOB
Du = {(xi)}i=1 1 HEOOMBIION pa3sMeUeHHBIH BamuaanuoHHbIi Ha6op Ddev = {(Xj, ¥;) V=1, mpraém
M « N. BanmmmaunonHsId HaOOp HCIONB3YyeTCS HCKIIOYUTEIBHO IS OTOOpa W (IIBTpAINH
LIYMHBIX 9BPUCTUK M HE PUMEHSETCS] HAPSAMYIO JUIsl 00Y4eHHs UTOTOBOTO KilaccupukaTopa.

Jlist cosmanmst cnabbix (HETOYHBIX) METOK Ha Kopmyce DU BBeAéM Habop (DYHKIMIA pasMeTKH
A = {u}Ki=1, roe kaxmas Qymxmua A : X — {0,1,0}, 160 comocTaBIseT BXOAHOMY OOBEKTY
HETOYHYI0 METKYy Kiacca, JIMOO BO3JepXKHUBaeTCs OT pa3MeTku. Takue (YHKIUH MOTYT
MPEJICTaBISITE COOOM MPOCTHIE MPABUIIA HA OCHOBE KIIFOUYEBBIX CIIOB, PErYIISPHBIC BBIPAXKCHUS HITH
Oosice CIOXHBIE CEeMaHTHYECKHE KOHCTPYKIMH. B paccmarpuBaemoil MOCTaHOBKE (YHKIUH
pasmetku LF renepupyrotcs myTéM 3ampoca K OOJBIION SI3LIKOBOW MOJIENH C HMCIOJb30BAHHEM
MHCTPYKIIUA U IPUMEPOB HA €CTECTBEHHOM SI3bIKE.

Kax et smeMenT BIGOPKU Xi € DU MOXKET OBITh Pa3sMEYeH HECKOILKUMH (QYHKIUSIMU Pa3METKU
OJIHOBPEMEHHO, B pe3yJibTaTe uero popmupyercs marpuna Metok L € {0, 1, @INxK. BeposrHocTHas
Mozens Metok P(Yi | Li;) arperupyer mONydYeHHBIC IIyMHBIE DPa3METKH B BHIE MSTKHX
(BepositHOCTHBIX) MeTOK Y'i € [0, 1], Ha KoTOpHIX 3aTeM 00yuaetcs knaccupurarop fo.
LlenTpanbHas 3a1a4a COCTOUT B TOM, YTOOBI, HCIIONB3Ysl 00paTHYIO CBS3b OT MOZENH fy, HTEpaTHBHO
yiydmare Habop (QyHKOMH pasMeTkH A TakuM o0pa3oM, 4TOOBI KakJoe HOBOE IOKOJICHHE
¢yHKuuit LF TouHee oTpaskaio cCeMaHTHKY 3a/1a4i, 00ecTieYBaio OOJbIee MOKPHITHE BEIOOPKHU H
YMEHbBIIAJIO YPOBEHb IIyMa. [laHHBII 1OIXO0/ JEXKHUT B OCHOBE Ipe/laraeéMoro HamMu gppeiMBopka
LGIWL, xoTopslii mpeBpamniaeT mpouecc NpoeKTUPOBaHMS (PYHKINI pa3METKH B a1 TUBHBIH [TUKII
00paTHOM CBsI3H, YIPABISEMBIN OIMOKaMU 00ydaeMOi MOJIEINH.

4. Memodosnozusi: umepamueHoe oby4yeHue co cslabbIM KOHMPOJsIeM Ha
ocHoee LLM

@peiimBopk LGIWL ocHoBaH Ha njee MCHOJIb30BaHUS OOJBIINX SI3BIKOBBIX MOJIENIEH HE B POJIH
HEMOCPECTBEHHOro Kiaccu(ukaropa, a B KadecTBE TIe€HEparopa CEMaHTHUYECKHX MpPaBHII,
BCTPOCHHOT'O B UTEPATHUBHBIN Hpoliecc 00ydeHus co ciabbiM KoHTposeM. Llenbro Takoro noaxoxa
SIBJISIETCS CO3JaHUe TIIATENLHO MOJ00paHHOro Habopa (YHKUMI pa3MeTKH, MO3BOJISIOLIMX
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dhopmupoBaTh HHOOPMATHBHBIE BEPOATHOCTHBIE METKH JUIsI OOJBITMX HEpa3MEUYeHHBIX HAaOOPOB
JIAaHHBIX TIPY MUHUMAaJIbHOM y4YacTHH YEJIOBEKa.

IIycte mMeeTcs Hepa3MedeHHBIH KOPITYC TEKCTOB W HEOOJBIIOW pa3MEUYCHHBIH BaJIMIAIIMOHHBIN
HaOop, rae M <« N.

Banunannonusiit Habop pasfensercs Ha JBe 4acTH: DdevP™™', UCIONB3YEMYIO IS BBISBICHHS

ommuO0K TeKyIero kaaccuduraropa, 1 Ddev e

¥ QUIBTPAMY KAaHOUIATHEIX QYHKINH pa3sMETKH.
Kaxxnast urepauus t € {1,..., T} mukira LGIWL Brimrouaet cieayoIine maru:

, IPEAHA3HAYCHHYIO IS KOJIMIECTBEHHOH OIICHKH

i. ®opmuposanue noackazok (Prompt Construction). Mcnonb3ys npuMeps! u3 Habopa
Ddev™™!, Ha KOTOPBIX TEKYyIIUH KIACCU(DHUKATOP OMMOAETCS WM JEMOHCTPHPYET
HEONpeeNEHHOCTD, (hopMUpyeTCs TeKcToBas nosckaska 7. [IpuMepsl TpyHIUPYIOTCS MO
MaKeTaM U MepearoTCs B GONBIIYIO SI3BIKOBYIO MOJICNb (HampuMep, Mojens kiacca GPT),
KOTOpasi TeHepupyeT HAOOp KaHAMIATHBIX (YHKIHMHA pa3METKH B BHAE CEMaHTHYECKHX
NpaBWii, MIA0JOHOB WJIM TPYNIl KIIOYEBBIX cloB. O003HaYMM IOJy4eHHBIH Habop
KaK Acand®.

ii. Hopmanusanus n gexymmkamus (Normalization and Deduplication). Jlanee, BHOBB
00pamasch K A3bIKOBOM MoJeH ¢ Ha60poM Acand®, TPOMCXOMMT CIUAHKME CEMAHTHYECKH
9KBHBAJICHTHBIX TPABUI U yJAICHHE 3AIIYMISHHBIX MIH HU30BITOYHBIX (GOPMYIHPOBOK, B
pe3yJsbTaTe Yyero NoIydaeTcsl OUMILEHHBIH HA0Op KaHUJATHBIX (DYHKIHH.

iii. ®uabrpanus na panmuganuonnwix ganneix (Filtering on Development Data). Kaxas
KaHAUIATHAS DYHKIMS Pa3sMETKH Ak € Acand® orleHuBaeTcs Ha HaGope Ddev ™. OyHKIMH,
JUIT KOTOPBIX [OKa3aTelid OILEHKH TouHocTh (precision) u mokpeiTus (coverage)
NpPEBBIIAIOT 3aJaHHble MOPOTH Jp U Jc COOTBETCTBEHHO, BKIOYAIOTCA B  OOIIMiA
HaKOTLICHHBIH Habop (yHkimit pasmerku A,

iv. Pasmerka m arperammsi (Labeling and Aggregation). Bee HakomneHHblEe (QyHKIHH
pasmetku u3 MmuokecTBa AY mpuMensioTes k HepazsMedeHHOMy koprycy DU npu momoru
nérkoro JBwxka mnpasumn (Hampumep, t-lite-it-1.0), uto mpuBOAMT K (OPMHPOBAHHIO
MAaTpPHUIIbI METOK:

L € {0,1,@8}Nx[A0),

3aTeM reHepaTHBHas MOZENb MeTOK ¢ (Hampumep, Snorkel) arperupyer mosrydeHHbIC
CUTHAJIBI B BEPOSITHOCTHBIE METKH:

y'i=¢(Li).

V. Huka odpatnoii ceszu (Feedback Loop). Ha nmonyuennsix metkax {(Xi,y"i)} o0yuaercs
BPEMEHHBIN pabounii knaccudukarop. OmmOku knaccudukanuu Ha Habope Ddey O™
(GUKCHPYIOTCS W HCHOJB3YIOTCS Uil (OPMHUPOBAaHUS MOACKa3KW  CIEIYHOIeit
ureparmu 7Y,

HWTeparuy TIPOAOIKAIOTCA A0 TeX IOp, MOKa KayecTBO clabkIX MeTok Ha Habope Ddey ™

crabmwmmsupyetca. Ilocne mocTmkeHHS CTaOMIM3alUM TPOU3BOAWTCS 0OydeHHe (QHUHANBHON
NPOTHO3HOM MoOjenu Ha MojdydeHHbIXx cinabeix  Metkax  {(Xi, Y'i)}. Takum oGpasom,
BBICOKOIIPOM3BOJIUTEINIBHBIN  KJIacCU(UKATOP OKa3bIBae€TCS IMOJHOCTHIO OTHAENEH OT IHKJIA
MIPOEKTUPOBAHUS QYHKIIUI pa3METKH.

HC

Pasnensisi craguu reHepanuu MpaBWil, UX NMPUMEHEHHs W (QuHAIBHOTO 00yuenus, metox LGIWL
COYETaeT CEMaHTHYECKYl0 THOKOCTh  S3BIKOBBIX  Mopenedl ¢ 3(QQEeKTUBHOCTBIO |

HUHTEPIIPETUPYEMOCTHIO CUCTEM, OCHOBAHHBIX Ha IpaBUJjiaXx.
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5. 9kcnepumeHmarnbHas Yacmb

5.1 3agaya n Habop AaHHbIX

MsI olleHMBaeM TIPEIUIOKEHHBIH IOAXOJI Ha 3agade OWHApHOW TEKCTOBOM KiaccupuKamum
oOpaIeHnii KIMEHTOB B CIIyOy MOIJEPKKM Ha pPyccKOM s3bIke. Llenmb 3amaum — ompenenuTs,
OTHOCHTCSl JIU MHOTOXOJOBOHM IHMajor K BONpOcaM, CBsA3aHHBIM ¢ Tapudamu. [lomHblili Habop
nmaHHbIX conepxutr 10,000 Hepa3MEUYCHHBIX JHMATOrOB, COOpPAHHBIX C IUIATGOPMBI ITHUPPOBOrO
6ankuHTa. LleneBoii Ki1acc mpeAcTaBIeH JOCTaTOYHO PEAKO U COCTaBisaeT mpuMepHO 8.2%

Jlist pa3paboTKK M OLIEHKH METOAa MbI JOTOJIHUTEIBHO Pa3METHIIH JiBa MOAMHOXECTBA JaHHBIX.
Banunarmonnsrit Hadop u3 1,000 pa3MeueHHBIX TUAIOTOB UCIONB3YETCS B MpoIecce OOyUCHUS
UCKJIIOYUTEIBHO ISl TeHepauuu W GuiIbTpauuu (GYHKIUHA pa3METKH, HO HE NPHMEHSETCS
HarnpsiMyIo 1J1s1 00y4eHHUsI UTOTOBOM Moien. B pamkax mpeanaraemoro ¢peiimBopka LGIWL stoT
Ha0Op JenuTCs Ha ABE paBHbIE YaCTH: IIepBas HCIHONb3YyeTcs Ui (OPMHUPOBaHMS I10/ICKA30K
SI3BIKOBOW MO/JIEITH HA OCHOBE OLIMOOK TEKYILETo Ki1accu(puKaTropa, a Bropast — JUlsl OLICHKH KayecTBa
KaHAUOATHBIX (YHKIWH pa3METKH Iepe]] NX BKIIOUSHHEeM B o0muit Hadop LF.

OTIeNbHbIH TECTOBBIA HA0OP M3 THICSYU TUAJIOTOB C PYYHOI pa3MeTKoil ocTaBieH 1isi puHAILHOM
OlLIeHKH. MeTKH U3 TeCTOBOTr0 Habopa He UCIOJIBb3YIOTCS NP 00y4YeHUH WK NoAOOpe MoJeel HU
B OJJTHOM M3 pacCMaTpHBAEMBIX ITOJIX0JI0B CO CIIa0BIM KOHTPOJIEM.

5.2 O630p cpaBHUBAEMbIX METOAOB

B OKCIEpUMEHTANFHOM CPaBHCHHHM MBI HCIONB3YyeM CICAYIOIIME METOIbl, OTPAKAIOIINE
pa3iu9HbIe clieHapuu o0ydeHus (cM. Tabm. 1):

* Zero-Shot Prompting (LLM). Basogsiii zero-shot moaxox, B kotopom momens GPT-4
HAMPSAMYIO KIaCCUHUIUPYET IUATOTH Ha TECTOBOM Habope, Moyyas OMHUCAHKe 3aa49H U
HECKOJIBKO TprMepoB (zero-shot). JTanHblii HOAX0 PEACTABIIET COOO0M KIIacCH(PHUKAIIUIO
6e3 siBHOTO 00y4YeHUs Ha pa3MEYCHHBIX JIaHHBIX.

* Snorkel (Keywords). Kiaccuueckunit momxoq oOydeHHsI CO CIaObIM KOHTPOJIEM, MPU
KOTOPOM (DYHKITUH Pa3METKHU CO3IAI0TCS BPYUHYIO WIIM aBTOMaTH4YecKu Ha ocHoBe TF—IDF
acconanuii ¢ IeneBsIM kiaccoM. IlomydeHHble (QYHKIMHM arperupyroTcss ¢ MOMOIIBIO
Snorkel m7s reseparu BepOSTHOCTHBIX METOK.

» CatBoost + Snorkel (Keywords). [luckpumuHaTuBHbIN Ki1accudukaTop, 00y4IeHHbIH Ha
crmabblX METKaX, IMOJXYyYEHHBIX C IOMOLIBIO ONHCAHHOTO Bbille moaxoxa Snorkel
(Keywords). DToT Meronq JIEeMOHCTPHUPYET MPUPOCT KayecTBA OT MPUMEHEHUS
JMCKPUMHUHATHBHOM MOJIENTH MOBEPX CTATHYECKUX CTAOBIX METOK.

» CatBoost (Supervised, Small Data). Knaccugukarop Ha OCHOBE IpaJHEHTHOTO OYCTHHTA
CatBoost, o0yuennsbIif Hampsimyto Ha 1,000 pazMedeHHBIX MpUMepax U3 BaJHIAIOHHOTO
Habopa. DTOT MOJXOJA OTpaKaeT PEATHCTHYHYIO CHUTYAlHI0, KOrja HeOGonbluas pydHas
pa3MeTKa JaHHbBIX AOCTYIIHA, U TO3BOJIET OLCHUTh JOCTATOYHOCTh NPOCTON CYMEPBU3HH
B YCJIOBHSIX OTPAHMYCHHBIX JAHHBIX.

* Snorkel (Default LLM). OyHkuum pa3MeTKH T'€HEPHPYIOTCS € HOMOILIbI 0O0Ien
S3BIKOBOM MOJENH TI0 OMNPENEJCHHI0 LEJeBOro Kiacca M HMHCTPYKLUAM, 3aTeM
arperupyrotcs 4epe3 Snorkel. {aHHBIN MOAXOM HE UCMOJB3YET UTEPATHBHYIO OOpPATHYIO
CBSI3b M MPEICTABISET COOOH OMHOLIATOBBIA BapHAHT pasMeTKH ¢ momoisio LLM ¢
6a30BbIM 33J]aHHBIM BPYYHYIO OMHCAHUEM IIEJICBOTO Kiacca.

* LGIWL (CatBoost u RuModernBERT). [Ilpemnaraempiii HaMu  METO/,
KOMOWHHUPYFOIINIT KITFOYEBBIE CI0Ba, (pyHKIMM pa3mMeTkn Ha ocHoBe LLM u nrepatnsHyio
JI0paboOTKY, OCHOBaHHYIO Ha 00OpaTHOM CBsI3M 0T Kinaccugukaropa. Hosele LF ureparnsHo
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TEHEPUPYIOTCS, OLIEHUBAIOTCS 10 TOYHOCTH M MOKPBITHIO HA BATUIAIIMOHHOM Habope u
T00ABISIOTCS B arperupyeMbiii Habop GyHKkui. IToroBeie ciiadble METKH UCTIOIB3YIOTCS
1 oO0ydenns kinaccudukatopa CatBoost mnmm ToHKO HacTpoeHHOTO TpaHchopmepa
RuModernBERT. Dtor MeTomx oOTpakaeT TMOJHBIH TMOAXOA K  aJalnTHBHOM,
MacIITabupyeMoi pa3sMeTKe.

Tabn. 1. Ceéoora cpasnugaemvix Menooos u UCHOYHUKOE PA3ZMEMKU.
Table 1. Summary of Compared Methods and Annotation Sources.

Metoa

Onucanue

HUctounuk pasMeTKun

Zero-Shot Prompting
(LLM)

Ipsimast Zero-shot knaccupukanust ¢
nomorneio LLM

Toibko TIPOMIITEL

Snorkel (Keywords)

Craruueckue QYHKIIUH Pa3METKH Ha
OCHOBE KJIFOUYEBBIX CIIOB, arPErHPOBAHHBIE
yepes Snorkel

Ospuctuka (TF-IDF)

CatBoost + Snorkel
(Keywords)

CatBoost, 00yucHHBIN Ha CTa0bIX METKaX
ot Snorkel (Keywords)

Ca0bIit KOHTPOJIb
(cratnueckuii)

CatBoost (Supervised,
Small Data)

CatBoost, o6yuennsiii Ha 1000
pa3sMeUEHHBIX PUMepax

Pyunas pa3metka
(orpaHuYeHHAs)

Snorkel (Default LLM)

LFs, crenepupoBannsie u3 LLM u
arperupoBanHbie uepe3 Snorkel

Cna0blit KOHTPOJIb
(LLM)

LGIWL (CatBoost /
RuModernBERT)

WrepaTtuBnas reaeparust LF gepe3 LLM,
¢unpTpanysa u odyueHne

Cna0blit KOHTPOJIb
(amanTHBHBIN)

5.3 AeTtanu peanusauum

Bce cpaBHHBaeMbIe METO/IbI pEaIM30BaHbI C UCTIOJIB30BAHMEM €IMHONW HHPPACTPYKTYPHI U €IMHBIX
npouenyp oOydeHus. B kadecTBe NMCKpUMHMHATHUBHBIX Mozeneil wucnoib3ytorcs CatBoost
(rpamueHTHBI OycTHHT, S(QQEKTHUBHBI Ha HEOONBIIMX CTPYKTYPUPOBAaHHBIX MJAaHHBIX) W
RuModernBERT-base (mpenobyuennasi TpaHchopMepHas MOJIENb Ui pyccKoro si3bika). Crabbie
METKH FeHepupyroTcs uepe3 Snorkel i ucrnonb3yroTest kKak MsrKue LeJeBble METKH Ul 00y4eHHUs
mozeneld. Ilpum 3ToM pa3MedeHHbIE BPYYHYIO METKH BO BpeMsi OOydeHUWs! AMCKPUMHHATHBHBIX
MOJIeJIe He UCTIONB3YIOTCS.

@OyHKINN pa3sMETKH CO3AAIOTCS Kak KOMOMHAIMS KJIIOYEBBIX CJIOB, CEMAaHTHYECKHX IIA0JIOHOB H
yCIoBHH, creHepupoBaHHBIX ¢ momompio LLM. B merome LGIWL HoBeie LF wutepatmBHO
MPe/IaraloTcst I3bIKOBOH MOJIENBIO 110 OIIMOOYHEIM IPUMEpaM M MPUHUMAIOTCS B 0OIIUil Habop
TOJIBKO B CIy4ae NPEBBIIICHUS ITOPOTOB MOKPBITHS M TOYHOCTH, OLEHWBAEMBIX Ha BBIAEICHHOM
YaCTH BAJIMIAIIMOHHOTO Habopa.

5.4 NpOTOKOS OLUEHKMN

PesynbTaThl Kilaccu(pUKaMy Ha TECTOBOM HA0OPE OLICHUBAIOTCSI M0 MATH METPUKAM: TUIOLIA (b O
ROC-kpusoii (AUC), cpeanss Tounocts (AP), TounocTs (precision), nonxota (recall) u F1-mepa.
Ioporn knaccupukauum BBHIOMpaAOTCS MO MakcuMyMmMy Fl-mepsl Ha BanumalMoHHOM Habope.
I[ToMumo TOuYHOCTH KinaccH(UKANWU, Mbl AHAIM3UPYEM IIOKPHITHE W pa3zHOOOpasue IpaBull,
KamuOpOBKY MoJieneid U 3G GEeKTUBHOCTH HcTonb3oBanus LLM.
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6. Pe3ynbmambl u aHanu3s

B nmaHHOM pasmene MpPENCTaBICHBI PE3yJbTATHl CPABHUTEIBHOTO aHAIM3a TPEIIOKEHHOTO
¢petimBopka LGIWL u 6a30BBIX METOMOB, ONHMCAaHHBIX B pa3zgeine 5. OmeHka MpoBOIWIACH Ha
TECTOBOM Ha0Ope M3 THICAYN BPYUYHYIO PasMEUCHHBIX IHAOTOB C MCIOJIB30BAHUEM CTaHIapPTHBIX
METPHK KauecTBa Kimaccupukanuu: miromann mox ROC-kpusoii (AUC), cpenneit Tounoctu (AP),
tounoctu (precision), momuotsr (recall) u F1-mepsr. [Toporu mist kiaccuUKaIMU TOOGHPAIIHCH 10
MakcuMyMy F1-Mephbl Ha BATMIAIMOHHOM HaGOPE U OMYLIEHBI B OMMMCAHUM JUIS YA00CTBA UTEHUS.

6.1 OCHOBHbI€e pe3ynbTaThbl

B Tabu1. 2 mpencTaBieHs! pe3yabTaThI OLCHKH BCeX paccMaTpuBaeMbIx MeTooB. LGIWL, ocobenHo
B peammzanui Ha ocHoBe RUMOdernBERT, meMoHCTpupyeT Hawiydimie pe3yJbTaThl MO0 BCEM
METPHUKaM, MPEBOCXOMAs KaK TPaJAWIMOHHBIC MOAXOABI CO CIa0bIM KOHTpOJIeM, Tak u Zero-shot
knaccupukanuio ¢ nmomomnpio LLM. Taxke LGIWL npeBocXoauT CynepBU3HPOBAHHYIO MOJICIH
CatBoost, 00y4eHHYT0 Ha THICSYE pa3MEUCHHBIX IPHMEPAX.

6.2 CpaBHeHMe cynepBU3UPOBAHHOrO OOy4YyeHMst U aganTUBHOro craboro
KOHTpOnS

Xors cynepBuzupoBaHHas Monens CatBoost, oOyuennas na 1,000 Bpy4yHyro pa3mMedyeHHBIX
npuMepax, mokaspiBaeT crabunmbHsie pe3ynbTathl (F1-mepa: 0.816), oHa He MPEBOCXOAUT METO.
LGIWL. Baxxno noguepkuyTh, 4To LGIWL mocturaeT 6osee BEICOKHX pe3yabTaTOB, HE UCTIONB3YS
HanpsIMyi0 BPYYHYIO Pa3MEUCHHBIC NaHHBIC NPU OOYYEHHUH, a pacxomys aHAJIOTHYHBIH 00BEM
PYYHOH Pa3METKH JIMIIb Ha (PUIBTPAIMIO NPaBHI M YTOUYHEHHUE ITOJCKA30K. DTO JIEMOHCTPUPYET
MPEUMYIIECTBO AJAaNTHBHOTO OOYy4eHHsS CO CabblM KOHTPOJIEM II0 CPAaBHEHHIO C MPSIMBIM
CyNepBU3MPOBAHHBIM 00YYEHHEM IPH OTPAaHUYECHHOM OIOJKETE Pa3METKH.

Tabn. 2. Cpasnenue kawecmea mooeneli Ha mecmogom Habope.

Table 2: Comparison of Model Performance on the Test Set.

Meton AUC AP TouHocTh Ioanora F1-mepa
Zero-Shot Prompting (LLM) 0,926 0,612 0,677 0,890 0,769
Snorkel (Keywords) 0,975 0,821 0,765 0,712 0,738
CatBoost + Snorkel
(Keywords) 0,979 0,828 0,836 0,699 0,761
Snorkel (Default LLM) 0,732 0,323 0,800 0,219 0,344
CatBoost (py4Has pa3merka,
1000 npimepo) 0,977 0,877 0,800 0,833 0,816
LGIWL + CatBoost 0,982 0,905 0,851 0,792 0,820
LGIWL + RuModernBERT 0,987 0,913 0,908 0,822 0,863

6.3 MNMoBbIWweHne TOYHOCTU KaKk OCHOBHOM hakTop pocTa F1-mepbl

KiroueBbiM daktopom Oosiee Bbicokoi F1l-mepbl npu ncnonszoBanuu Merona LGIWL seisiercs
CYIIECTBEHHOE YIIydIlIeHHWe TOYHOCTH 110 CPaBHEHMIO C JPYrMMH noxaxoxamu. Hampumep, npu
3anycke moaenu LGIWL Ha HeliponHoii cetn RuModernBERT nocrturaercs Tounocts 0.908 mpu
coxpanenuy noiaHoTel 0.822. [l cpaBHEHUs, METO/1 3aIIPOCOB 0€3 IBHOTO 00y4eHHs 00ecrieynBaeT
BbICOKYI0 NostHOTY (0.890), HO 3HauMTeNBEHO npourpeiBaet B TouHOCTH (0.677), orpaHuunBas Tem
cambIM utorosyto F1-mepy Ha yposae 0.769. Oto ykaspiBaeT Ha TO, uTo MeToq LGIWL e Tonbko
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3G (GEKTHBHO BBIABISACT HMCTUHHBIC MOJOXXHUTENbHBIE TPHUMEPH, HO H YCIENIHO u30eraet
Mepen30bITOYHOM pa3MeTKH, Oaroaaps 60Jjiee TOYHBIM U CEMAHTHICCKH OCMBICIICHHBIM TIPABUIIAM.

6.4 3anpocbl 6e3 fBHOro obyuyeHus. BbICOKass MOJSIHOTA, HU3KasA
achchekTUBHOCTb

MeTton 3ampocoB 6e3 siBHOro 00ydenus (zero-shot prompting) Ha ocHoBe HeiipoHHo# cetn GPT-4
MOKa3bIBaeT OTHOCHTEIBHO BBICOKYIO MOJNHOTY, OMHAKO TPeOyeT 3HAYMUTEIBHBIX TPYAO3aTpar Ha
PYUYHYIO HacTpoiiKy. Pa3paboTka KauecTBEHHBIX TMOICKAa30K MOTPeOOBaia MHOKECTBA UTEPALHH C
y4acTHEM YeNIOBEKa, a Takke creludruueckoil HacTPOWKH MoA 3amady. HecMoTps Ha oTCyTCTBHE
SIBHOT'O 00Y4CHHUS, JAHHBINA MOAXO0/] TPEOYET 3HAYUTEIbHBIX PECYPCOB YESIOBEKA U BBIYHCIUTEIBHBIX
3aTpar, OpH 3TOM obecredrBasl JHUIb CpelHee HUTOroBOe KauecTBO. Ero HM3Kask TOYHOCTH U
OrpaHHYCHHAs aJaTHBHOCTh 3HAYMTEIHFHO HPOMIPHIBAIOT aBTOMATH3UPOBAHHOMY, OCHOBAHHOMY
Ha oOpaTHO# cBsi3u npoueccy LGIWL.

6.5 AdhekT OT UTepaTMBHOro yTOUHEeHUs1 (PYHKLUNA pa3MeTKu

Cpasuenune oanomraroBoro noaxoaa Snorkel (Default LLM) ¢ merogom LGIWL unmoctpupyer
NPEUMYIIECTBO TEHEPAlMH ITOJCKa30K IO ommMOKaM Kiaccudukaropa. @DyHKIMH pa3MeTKH,
CTeHepUpOBaHHEIC 3a onuH mar mozaenbio LLM, nokaseBaroT 3HaueHne F1-mepsr, pasHoe 0.344,
TOr/la KaKk ureparuBHOe yrouHenue mpasuwi B LGIWL nossimaer 1ot nokaszatens qo 0.820 (na
mogenu CatBoost) u 0.863 (ma ceru RuModernBERT). Viayurienue oOycloBIeHO HE MPOCTO
KOJIMYECTBOM IIPABUJL, @ UX 1IeJICHANPABICHHON HACTPOMKOM 1MOJ1 OIIMOKN KilacCU(BHUKALIUH.

6.6 OrpaHM4YeHUs CTaTUYECKOWN pa3MeTKU No KIYeBbIM CrioBaMm

CraTryecKHe METOJBI Ha OCHOBE KIIIOYEBHIX cjIoB, BKarouas Snorkel (Keywords) u CatBoost na
Snorkel (Keywords), yerynator merony LGIWL. Jlaxe ¢ ucrnonb3oBaHHEM TUCKPUMUHATHBHOTO
ki1accudukaTopa moBepx clabblXx METOK, Jydmias Jgocturnyrtas Fl-mepa ne npesbimaer 0.761.
[To06HBIE IBPUCTUKH TIJIOXO CIPABIISIOTCS ¢ iepedpasnpoBaHieM, MHOTOX0TIOBBIMHI KOHTEKCTAMH
Y OTPHULAHUSMH — CUTyalusiMu, kotopbie LGIWL ycnerno oOpadaTbiBaeT 3a CHET CeMaHTHUYECKO
rerepanuu npasmi yepe3 LLM.

6.7 BoiBOAbI

Meron LGIWL npezncrasisier co00it Ha&XHBINH 1 IKOHOMHYHBIH MOJX0]] K 00yYEHHUIO CO CIa0bIM
KOHTpojieM. OH MPEBOCXOIUT TPAJAUIIHOHHBIC IBPUCTHKH U METO/IbI 3aIIPOCOB 0€3 IBHOTO 00yUCHHSI
LLM mo tounocTu, monHote U F1-mepe. MtepaTuBHas CTPYKTypa ¢ 0OpaTHON CBS3BIO MO3BOJISET
IIeJICHAIIPaBICHHO CHHTE3UPOBATh M OTOMPATh MpaBuiIa, yay4lnas 0000IIaroIIyI0 ClIOCOOHOCTh TPH
CHIDKEHHBIX 3aTpaTax. brmaromapst Beicokoi TogHoctr U monHoTe, LGIWL obmamaet 3HAYMMBIME
MPEUMYIIECTBAMH UTS 33Jad PeaibHOW KiaccH(UKAIUK, TIIe BaKHBI KaK KOPPEKTHOCTh, TaK H
MOJIHOTA Pa3METKHU.

7. 3aknroyeHue

B nanHoit padore mbl npencraBuan LGIWL — uteparuBHbIi moxxoa K 00ydeHHIO CO cinaObIM
KOHTpPOJIEM, OCHOBaHHBIH Ha T€HEpalMu, YTOUYHEHWH M (uibTpannd (QYyHKIMH pa3MeTKH C
NOMOIIbI0 OoNbIIMX s3bIKOBBIX Monened (LLM). IpemnoskeHHBIH METOA MO3BOJSET HOOHUTHCS
BBICOKOTO KauecTBa KJIACCU(HUKALMK B YCIOBUSIX OIPaHUUYEHHOTO 00bEMa pa3MEUCHHBIX IAaHHBIX,
He npuberast K MacIITaOHOM py4YHON aHHOTanuK. B oTimune ot nmoaxonoB 6e3 ssBHOro o0ydeHus,
TpeOYIONINX IKCIEPTHON HACTPOWKH WHCTPYKIUN W MPHU STOM CTPAAAIONMUX OT HEJOCTATOYHOM
toynoctd, Meron LGIWL wucnone3yer Oonbliie S3bIKOBbIE MOJEIM HE HANpSIMYyHO Kak
KJ1acCU(UKATOPBI, 8 KAK FeHEPaTOPbl CEMAaHTHYECKHUX TPAaBHJ, HHTEIPHPOBAHHBIX B UTEPATUBHBIH
IIUKJI ¢ 0OpaTHOM CBA3BIO MO pe3ysibTaraM paboThl KinaccupuKaropa.
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OKCIIeprMEHTBl Ha peanbHOil 3amade kiaccHUKalyu OaHKOBCKMX AMAJOrOB IIOKA3aJH, YTO
LGIWL cyIiecTBeHHO MPEBOCXOIUT CTATHUECKUE MOAXOIbI OOYUICHHS CO CIIA0BIM KOHTPOJIEM H
MeTonsl Oe3 siBHOro oOydeHusi, pocturas Fl-meper 0,863 B peammzamuu Ha OCHOBE CETH
RuModernBERT mpu BBICOKO#T TTOTHOTE U 3aMETHOM POCTe TOYHOCTH. [lonydeHHbIe pe3yIbTaThl
COIOCTaBUMBI C TIOJIHOCTBIO CYNEPBU3UPOBAHHBIMUA MOJENSIMH, OOYYECHHBIMH Ha TaKOM XKe
KOJIMYECTBE Pa3MEUYCHHBIX JaHHBIX, U B HEKOTOPBIX CIIy4asiX MPEBOCXOAAT MX. DTO MOATBEPKIACT,
YTO CTPaTerMYecKOe HCIIOJIb30BaHHE OrPaHMYCHHOrO Ha0Opa pa3MEYeHHBIX JAHHBIX IS
YTOYHEHUS MPABIII MOXKET OBITh AP PeKTHBHEE PSIMOTO 00YIEHIS MOJICIIH.

B oTimume OT MOJTHOCTBIO PYYHBIX ITOJIXO0/I0B, TAKUX KaK MOA0O0pP KIIFOUEBBIX CIIOB WM pa3padoTKa
MOJICKA30K JUIs s3BIKOBBIX Mojenei, LGIWL TpeGyeT MUHMMaIbHOI aHHOTALMH, HAIIPABICHHOM
UCKJIIOYNTENIbHO Ha (uibTpanuio (GYHKIMH pa3MEeTKH Mo omuOKaMm kiaccudukaropa. Mertox
aBTOMATU3UPYET BBIABICHHE BBIPA3UTEIBHBIX M BBICOKOIIOKPBHIBAIOIINX IIPaBWJI, MHOTHE W3
KOTOPBIX OTPaKaf0T HETPHBHAIBHBIE CEMaHTHYECKHE 3aKOHOMEPHOCTH, TPYAHBIE AJSI PyIHOTO
KOAUPOBAHMUSL.

B Oyaymem mianupyercs pacmmpenue LGIWL Ha MHOrokmaccoBble 3ajadyd W CIICHApUU
MEXKIOMEHHOTO IIEPEHOCA 3HAHU, a TAK)KE HHTErpalis 00Jiee MPOJABUHYTHIX CTPATEruii TeHepaluK
MOJICKa30K (HAmpUMep, LENoYeK PacCyXICHUN u camMopedIeKCHu) B IUKI CO3AaHHs (DYHKIUA
pasmetku. Takke mianupyercs: popmanu3aiusi KPUTEPUEB CXOUMOCTH [IPU UTEPATUBHOM cI1aboM
KOHTpOJIe ¢ UcIob30BanneM LLM u n3yueHne BO3MOXXHOCTEH MHTETPALUK CUTHAIOB aKTUBHOTO
00y4eHUst B KOHTYp OOpaTHOM CBSI3H.

Takum o6pazom, LGIWL mpencraBmser coboii Macmrabupyemylo, HHTEPIPETHPYEMYIO U
9KOHOMHUYHYIO albTepHATHBY KaK PYYHOIH pa3sMeTKe NaHHBIX, TaK W HENpO3payHbIM Zero-shot
MOAXOAaM, JBUrasCh B HAIpaBICHHH aBTOMATH3HPOBAHHOIO, HO YIPABIAEMOrO YEIOBEKOM
MIPUMEHEHHS SI3BIKOBBIX MOJIEJICH B pealibHbIX 3a/lauaX MalIMHHOTO 00y4YeHHUS.
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Abstract. The evolution of query compilation in database management systems traces back to System R, which
pioneered a code generation scheme where small machine code fragments were stitched together to form a
specialized routine to process a given SQL statement. Subsequent approaches shifted to generating C code,
compiling it with system compilers like GCC into dynamic libraries, and loading them at runtime. The current
state-of-the-art standard for dynamic query compilation is the LLVM framework, which bypasses frontend
compiler overhead by directly generating intermediate representation, enabling machine-independent
optimizations and efficient machine code generation. LLVM's resource-intensive nature, primarily designed as
an optimizing compiler, however, can lead to compilation times that are orders of magnitude longer than query
execution times, particularly problematic for queries with millisecond-level interpretation costs. This paper
evaluates two lightweight code generation frameworks for x86-64 architecture as alternatives to LLVM in
PostgreSQL, assessing their code generation speed and the quality of emitted machine code. We present a
qualitative comparison with LLVM, analyzing trade-offs between compilation latency and runtime
performance across databases of varying sizes. Experimental results demonstrate that lightweight code
generation can not only outperform LLVM on small-scale datasets but also maintain competitive performance
on larger ones.

Keywords: dynamic compilation; JIT-compilation; query execution; DBMS; PostgreSQL; LLVM; DynASM;
AsmJIT.
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HUnemumym cucmemnozo npoecpammuposanus um. B.11. Heaunuxoea PAH,
Poccus, 109004, . Mockea, yn. A. Conocenuyvina, 0. 25.

AHHoTanusl. Vaes KOMOMIALMK 3alpOCOB B CHCTEMax yNpaBieHHs 0azaMu JaHHBIX Oep&T cBOE Hawano B
System R, rae BnepBble Oblia peaqM30oBaHa cXeMa IEHEPAIMU KOJa, NPU KOTOpoH HeOonbiue GparMeHTs!
MalIMHHOTO Koja OOBEAWHSINCh BMECTE ISl CO3IaHMs CHENUAIN3UPOBAHHONH MOANPOTPaMMBI,
oOpabartsiBarorieii KoHKpeTHBIH SQL 3anpoc. B nanpHelimeM mo1xo 161 H3MEHIUTHCH: BMECTO MAIIIMHHOTO KOJIa
Havyajdl TEeHEepHpoBaTh KOA Ha s3blke C, KOTOpBIA 3aTeM KOMIMJIMPOBAJICS C ITIOMOIIBIO CHCTEMHBIX
KOMIIIATOPOB, Takux kak GCC, B auHamudeckue OHOIMOTEKH M IOATPY’Kajics B MPOILECCe BBITOIHEHUS.
CeroaHsi cTaHIapToM Jie-(hakTo B 00IaCTH TMHAMUYECKONH KOMIIMJISIIUH 3alpocoB crai ¢peiiMmBopk LLVM.
Brarozmapst cBoeif MOAYIIPHOM apXUTEKTYpe OH IMO3BOJISIET M30€kKaTh JOPOTOCTOSIIErO 3Tana TPAHCIAIHUN C
SI3bIKA BBICOKO YPOBHS B IPOMEXYTOUHOE IpEACTaBIeHHE, obOecrednBas €ro NpsIMyl0 TEHEepaluio C
MOCNIEYIOIMM MPUMEHEHHEM MAIIMHHO-HE3aBUCHMBIX ONTHMH3AIMH ¥ TeHepanun 3(PQPEeKTHBHOTO
ManmHHOTrO Kozxa. Oxqnako LLVM n3HavanbHO pa3pabaThIBajcsi KaKk ONTHMHU3HPYIOLIHN KOMIHIATOP, U €ro
HCTIOJIb30BaHIE MOYKET NPUBOJHUTH K 3HAYUTEIHHBIM HAKJIaIHBIM PacXoiaM Ha KOMIMJIILIHUIO — B OTAENBHBIX
CITydasiX OHH HPEBBINIAIOT BPEeMsI BHIIIOIHEHUS 3alpoca B JECATKH pa3. ITO 0COOSHHO MPOOIeMAaTHIHO UL
KOPOTKHX 3aIlPOCOB C MIJUIMCEKYHIHBIM BPEMEHEM WCIIOJHEeHus. B maHHOW paboTe paccMaTpHBAaIOTCS JBa
JIETKOBECHBIX TEHEpaTopa KoJa A apXUTeKTypel x86-64 B kadectBe ampTepHaTHBel LLVM B CVYBJ]
PostgreSQL. OueHnBaroTCcst Kak CKOPOCTh TEHEPAH KOJa C HCIIOJIF30BAHHUEM 3THX (PpEMBOPKOB, TaKk H
KauecTBO MOJIy4aeMOoro ucnoiHsemoro koaa. [Ipuseneno kauectseHHoe cpaBHenue ¢ LLVM, ananusupyrorcs
KOMIPOMHCCHI MEXIY CKOPOCTBbIO KOMIMJIAIMU ¥ NPOM3BOJUTEILHOCTBIO BBIIONHEHHUS 3alIpOCcOB Ha 0a3ax
JIaHHBIX Pa3IMYHOIO pa3Mepa. Pe3ynbTaThl 3KCIIEPUMEHTOB IOKa3bIBAIOT, YTO JIETKOBECHBIE PEICHUS HE
TOJIBKO IpeBocxoaaT LLVM 1o npon3BoauTebHOCTH Ha HeOOJIbIINX HAabOpaxX JaHHBIX, HO M COXPAHSIOT €&
KOHKYPEHTHOCIIOCOOHO# Ha O0bIIMX 00BEMax HHOpMaIHN.

KiroueBble cioBa: nuHamuueckass kommwisauust; JIT-komnunsiuus; BeimonHenue 3anpocoB; CYB/I; 6aza
nanHbIX PostgreSQL; mnardpopma LLVM; kommusitop DynASM; kommmsitop ASmJIT.

Jas uutupoBanusi: [lantTmmumonoB M.B., Bywankuit P.A., 3aBemees J[.B. He LLVM emunbIM:
HccnenoBanne anbTepHATHBHBIX METONOB OBICTPOM TeHEpanmuu KOoAa MAIS KOMIMIIAIUH 3alpocoB B
PostgreSQL. Tpynst UCIT PAH, Tom 37, Bem. 6, gacts 2, 2025 1., ctp. 77-92 (Ha anrmmiickoM s3bike). DOI:
10.15514/ISPRAS-2025-37(6)-21.

1. Introduction

Modern database management systems (DBMS) process queries through a multi-stage pipeline,
beginning with the translation of a declarative query into a logical query plan represented as a tree
of relational algebra operators. This logical plan is then converted into physical execution plan,
which specifies data access methods and join algorithms. PostgreSQL DBMS [1] is a textbook
example of this architecture, using the well-known iterator model, a.k.a. Volcano model [2], where
query execution follows a pull-based approach — data flows from leaf nodes upward to the root, with
each operator recursively requesting tuples from its children. While newer push-based execution
model, popularized by Hyper [3], has demonstrated better performance — even when retrofitted onto
Volcano-based execution engine not originally designed for it [4] — adopting such an approach
would require a fundamental redesign of both the execution engine and the query planner. This
transition would also introduce particular complexities in handling of certain operations like limit
and merge joins [5]. Consequently, PostgreSQL continues to rely on iterator-based model, though
substantial optimizations in expression evaluation have been implemented over the years. Version
10 introduced a bytecode-based interpreter [6-8] with direct threading technique that minimizes
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dispatch overhead while improving branch prediction and cache locality. Building upon this
foundation, PostgreSQL 11 added LLVM-based JIT [9] compilation for expressions [10], further
accelerating analytical workloads. However, JIT compilation does not come for free — while it
improves execution speed, the compilation overhead might outweigh these performance gains. This
is particularly problematic with LLVM, which is fundamentally an optimizing compiler rather than
a lightweight JIT engine. Its optimization pipeline and machine code emission are inherently
expensive [11], making it almost certain to degrade performance when processing small datasets —
cases where interpretation would be faster.

The most straightforward approach to decide whether to apply JIT compilation is to rely on the
DBMS planner’s cost estimation before query execution. However, even with perfect statistics and
the most accurate cost models, these estimations will inevitably be wrong for some queries. Every
such misprediction forces the system to pay full compilation costs for queries that would have
executed faster via interpretation. To address this, multi-tier JIT compilation offers a promising
direction, adopted in browser engines and virtual machines to balance startup latency and peak
performance. Prior research [12] has explored system design with multi-tier compilation in mind,
starting with interpretation and later switch to optimized LLVVM-generated code after reaching a
certain execution threshold. Alternatively, interpretation can be bypassed entirely, generating
unoptimized machine code first [13] and then transitioning to optimized LLVM code compiled in
parallel.

While such design performs well on server-grade hardware with abundant CPU cores, it becomes
less optimal on commodity hardware. In more modest systems, dedicating resources to background
compilation may actually reduce overall throughput. These computational resources could instead
be used to serve additional concurrent queries, prioritizing system-wide throughput over single-
query latency. The issue with (multi-tier) JIT in database systems lies in the low reusability of
compiled query code, in contrast to browser engines and VMs. While one could implement a
compiled query cache, the bookkeeping overhead is far from negligible and introduces significant
challenges:

e Cache management: deciding which queries to cache, when to evict them and how to
efficiently retrieve them. Cache invalidation may occur due to statistics updates or schema
changes.

o Key selection: determining the cache key — should it be based on the query text, AST,
execution plan, IR, etc. The key generation process is computationally expensive regardless
of the chosen approach.

e Handling constants: optimize code with literals i.e. “colA > 5” or replace literal with
variable i.e. “colA > :x” to reuse compiled queries for different values. This is a trade-off
between the number of compiled queries and plan quality due to varying value distributions.

e Handling memory addresses: absolute addresses used in compiled code must be replaced
with relative addresses or patched before execution. This introduces either extra metadata
to track address locations needing patching along with a patching step or requires careful
memory management and relative address calculations.

In contrast, JIT-compiled code in VMs or browser engines executes naturally when control flow
reaches it, requiring minimal bookkeeping. Depending on compilation latency, it may be simpler
and more efficient to compile queries on-demand each time rather than managing a query
compilation cache.

We believe that the optimal solution lies in a JIT compiler with extremely low compilation latency,
ensuring it almost never increases overall query execution time. For the simplest queries, however,
interpretation should still be preferred, as it remains faster than even the most minimal compilation
pipeline.

In our research, the overall goal is to assess whether lightweight JIT compilers can achieve
performance comparable to LLVM-based JIT compilers in DBMS environments, without
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introducing excessive compilation latency due to inaccurate query cost estimation. PostgreSQL
serves as an ideal candidate for this experiment, as it already has a well-integrated LLVVM-based JIT
compiler, which is considered the industry standard. Additionally, PostgreSQL provides a simple
API for integrating alternative JIT compiler. The scope of JIT compilation required for the TPC-H
[14] benchmark is minimal: only two functions need to be compiled — tuple deforming and
expression evaluation. Notably, expression evaluation does not require support for all operation
types to handle TPC-H benchmark completely.

2. Taxonomy of JIT compilers

JIT compilers can be broadly classified into three categories based on their design philosophy,
optimization capabilities and compilation overhead: heavyweight, medium-weight and lightweight.
Heavyweight JIT compilers are characterized by their extensive intermediate representations and
long machine-independent optimization pipeline. Examples include LLVM and GCC [15], which
are originally designed as optimizing AOT (Ahead-of-Time) compilers but can also be used as JIT
compilers. This category also includes JIT compilers tightly coupled with specific run-time
environments, tailored to particular object models, garbage collectors or bytecode peculiarities.
Notable examples include V8 [16], C1/C2 (HotSpot) [17], RyuJIT (.NET) [18], Parrot (Perl) [19]
and MoarVM (Raku) [20]. While these compilers typically generate highly optimized code, they
either incur significant compilation latency or are difficult/impossible to integrate into systems
outside their native run-time environments.

Medium-weight JIT compilers use a lightweight intermediate representation with reduced set of
optimizations. Following the 80/20 principle, they aim to deliver 80% of GCC -O2 performance
level with only 20% of the code. Due to their resemblance to scaled-down versions of LLVM, these
compilers are sometimes referred to as “mini-LLVM”. A notable example is GNU LibJIT [21].
Lightweight JIT compilers lack a high-level IR and perform no machine-independent optimizations.
At most, they may use a very low-level IR, effectively acting as platform-independent assemblers.
These compilers prioritize fast code generation and emit machine code with minimal overhead.
Examples include DynASM [22], AsmJIT [23], GNU lighting [24], sljit [25], xbyak [26], etc.

3. Lightweight JIT compilers

In the current phase of the research, we explored two lightweight JIT compilers: AsmJIT and
DynASM. AsmJIT is a mature project with industrial applications that offers an abstraction with
automatic register allocation — an interesting feature for comparison against manual approach in the
same task. DynASM, on the other hand, promises outstanding code generation performance due to
its preprocessing step and is part of widely used LuaJIT compiler for the Lua programming language.

3.1 DynASM

DynASM is a dynamic assembler designed for code generation engines and was originally
developed as part of the LuaJIT project. It was initially created to serve as x86 JIT compiler in
LuaJIT 1.1 (last released in 2010). In the current LuaJIT 2.1 version, DynASM is primarily used to
generate the interpreter core, which is written in hand-optimized assembly. LuaJIT 2.0 introduced a
new trace-based JIT compiler [27] with SSA-based intermediate representation along with numerous
optimizations. This version also replaced DynASM with a new machine code generator for better
performance in the JIT compiler. DynASM preprocesses source file with a mixture of C/C++ and
assembly code and produces modified output file. The assembler directives are replaced with
runtime calls, primarily “dasm_ put(...)”, while the corresponding assembly instructions are
embedded in an “actionlist” array in internal format. This array contains both the raw instructions
and opcode-like metadata that defines how the code should be dynamically patched with actual
values during runtime code generation phase. This micro-template-based approach considerably
reduces code emission overhead. DynASM’s minimal runtime library handles code generation,
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relocation and linking by processing the precompiled “actionlist”. As LuaJIT 2.1 maintains x86,
x64, ARM, ARM64, PPC and MIPS architecture, DynASM correspondingly supports these
platforms to generate the assembly-written interpreter core for each target architecture.

3.2 AsmJIT

AsmJIT is a lightweight, high-performance C++ library for dynamic code generation, supporting
x86, x64, AArch64 architectures, with AArch32 support currently in development. Its well-thought
architecture offers multiple multiple layers of abstraction, each providing varying levels of manual
control to suit different use cases:

1. Assembler — The lowest-level interface, offering minimal abstraction over emitted
instructions. It directly emits machine code into code buffer with no further
transformations.

2. Builder — Built on top of Assembler, this layer provides simple code representation, which
wraps each instruction into a node within a double-linked list. This structure enables
flexible instruction rearrangement and basic code analysis, i.e. register usage tracking. The
latter can be useful to optimize controlled call sites, reducing register pressure by neglecting
strict calling convention to some extent.

3. Compiler — The highest-level abstraction, extending the Builder interface with virtual
registers, automated register allocation, and ABI compliance for function calls. For register
allocation it uses linear-scan algorithm with live-range analysis, simplifying a code
generator implementation.

Layered design enables applications to combine different emitters as needed — manual register
management for hot paths and automatic allocation for less critical code. AsmJIT is a well-
established project that has high recognition in academic and several industrial level applications,
e.g., Erlang JIT compiler [28].

4. Evaluation

4.1 Scope of JIT compilation

For evaluation purposes, we have selected PostgreSQL 17.2 as a candidate for experimentation. This
DBMS follows a classical query processing pipeline (Fig. 1) that starts with lexical and syntactic
analysis to parse client input and produce a parse tree. The parse tree then undergoes semantic
analysis, where it is augmented with system and schema metadata to produce a query tree.
Subsequently, a series of rewrite rules transform and canonicalize the query tree. Finally, planning
and optimization convert the query tree into the most cost-effective logical plan, which is then
translated into a physical plan suitable for execution via interpretation.

The PostgreSQL interpreter can be roughly divided into two parts. The first one implements data
access, join operations and auxiliary operators such as Limit, Order by, Union (All). The second
handles expression evaluation. These two parts are tightly integrated. For instance, during most join
operations, the expression engine is invoked to compare attribute values between tuples. The
expression engine uses a bytecode-like approach (Fig. 2), where the selected version implements
100 distinct opcodes, each representing a specific operation. Instruction flow between opcodes is
managed via a dispatch table — provided the compiler used to build the DBMS binary supports
computed gotos. This table contains addresses pointing to the relevant code block for each opcode.
If computed gotos are unsupported, a standard switch statement is used as a fallback mechanism.
To achieve full compilation support for all expressions in the TPC-H benchmark, code generation
must be implemented for a subset of 35 opcodes. Among these, one of the most performance-critical
operations is tuple deforming, which converts on-disk tuple representation into in-memory format.
This operation can be accelerated by creating a function specific to the table layout and the set of
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columns being accessed. To ensure a proper comparison across different JIT implementations, all
alternative providers must support compilation of this defined subset of expression engine, including
the tuple deforming operation.

To implement code generation for required opcodes, the JIT compiler only needs to support a
minimal set of operations — basic arithmetic and bitwise operations (mainly for computing offsets),
memory loads/stores, branch instructions with labels (to implement control flow), and label
referencing (to efficiently lower switch statements into jump tables).

Client request

Schema metadata Rewrite rules Cost Model
(System catalog) (Heuristics)
R | 2 .
h 4 h 4 h 4 /—m '
Lexical ; ; : plan :
& S?):; ctic | Semantic | Query Rewrite / < Query Query :
P 2 " Analysis o | canonicalization &£ i optimizer planner !
nalysis J‘e W d\i : Physical )
el @ e ! W '
o o a® : !
Oprimized Physical plan |
Execution
Fig 1. Classical query processing pipeline in DBMS.
Expression parse tree TPC-H Q&
And select sum(l_extendedprice * |_discount) as revenue
from lineitem
where

|_shipdate >= date '1997-01-01'
and |_shipdate < date '1997-01-01' + interval '1' year
and |_discount between 0.07 - 0.01 and 0.07 + 0.01

(Attribute)

‘ {Attribute)
|_shipdate

(Const) ‘
|_shipdate

‘ ‘ ‘1997-01-01"

{Const)
'1998-01-01°

10 = EEOP_SCAN_VAR

‘ (Attribute) ‘ [Cons() | and |_quantity < 24;
|_quanii 24
Expression opcodes:
0=FEDP_SCAN_FETCHSOME = deform [0-10] atributes
‘ {Altribute) ‘ ‘ (Const) | 1 =EEQP_SCAN_VAR == access [10] atiribute
| discount 008 2= EEOP_FUNCEXPR_STRICT == call 'date_ge’
3 =EEOP_QuUAL == result check
4 = EEOP_SCAN VAR == access [10] atribute
5= EEDP_FUNCEXPR_STRICT = call 'date_It_timestamp’
6= EECP_QuUAL == result check
7 =EEQP_SCAN_ VAR ==> access [6] atribute
{Attribute) [Const) 8= EECP_FUNCEXPR_STRICT == call ‘numeric_ge'
| discount 006 9 =EEOP_QUAL == result check

=> acess [] altibute

11 = EEOF_FUNCEXPR_STRICT == call ‘numeric_le'

12 = EEOP_QUAL
13 = EECP_SCAN_VAR

14 = EEQP_FUNCEXPR_STRICT

15 = EEQP_QUAL
16 = EEOP_DONE

== result check

== access [4] atribute
== gall ‘numeric_Ir

== result check

== returm

Fig 2. PostgreSQL expression opcodes for TPC-H Q6 WHERE clause.

4.2 Implementation fragment

We present a minimal excerpt from the implementation of lightweight JIT compilers (Fig. 3). In the
case of AsmJIT, additional code wrappers are used to simplify field offset calculations and ensure
that load and store operations match the specified data types. DynASM, on the other hand, uses
preprocessor-level directives for type declarations, which automatically generate the required field
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offsets. Overall, the process of writing JIT-compiled code is no more complex than writing
traditional assembly by hand — and in the case of AsmJIT, it is even simpler due to its higher-level
abstraction that automates register allocation.

bool asmjit_compile_expr(struct ExprState *state) {
/..
for (int opno = 0; opno < state->steps_len; opno++) {
/..
switch (opcode) {
// ... MORE OPCODES
case EEOP_INNER_VAR:
case EEOP_OUTER_VAR:
case EEOP_SCAN_VAR: {

bool dynasm_compile_expr(ExprState *state) {

/..

for (int opno = 0; opno < state->steps_len; opno++) {
/..
switch (opcode) {
// ... MORE OPCODES
case EEOP_INNER_VAR:
case EEOP_OUTER_VAR:
case EEOP_SCAN_VAR: {

x86::Gp v_slot = opcode == EEOP_INNER_VAR ? v_innerslot
: opcode == EEOP_OUTER_VAR ? v_outerslot
:v_scanslot;
const auto attnum = op->d.var.attnum;
x86::Gp v_resvalue = cc::load_const_voidptr(
jcc, "v_resvalue[attnum]", op->resvalue);
x86::Gp v_values = ccTupleTableSlot::load_tts_values(jcc, v_slot);
x86::Gp v_value = cc::load_array_at<Datum>(jcc, v_values, attnum);
cc::store_at(jcc, v_resvalue, v_value);

x86::Gp v_resnull = cc::load_const_voidptr(
jcc, "v_resnull[attnum]", op->resnull);

const int slot_register =
opcode == EEOP_INNER_VAR ? R_INNERSLOT
: opcode == EEOP_OUTER_VAR ? R_OUTERSLOT

: R_SCANSLOT;

| mov64 T1, (uintptr_t) op->resvalue

| mov TO, t_slot:v_slot->tts_values

| mov TO, [TO+DATUM_OFF(op->d.var.attnum)]

| mov [T1], TO

|

| mov64 T2, (uintptr_t) op->resnull

| mov TO, t_slot:v_slot->tts_isnull

| mov TOb, [TO+BOOL_OFF(op->d.var.attnum)]

x86::Gp v_nulls = ccTupleTableSlot::load_tts_isnull(jcc, v_slot);
x86::Gp v_isnull = cc::load_array_at<bool>(jcc, v_nulls, attnum);
cc::store_at(jcc, v_resnull, v_isnull);

break; }

| mov [T2], TOb

break;

Fig 3. Excerpt from the implementation of lightweight JIT compilers.

4.3 Performance evaluation of JIT compilers

To evaluate performance of JIT compilers in PostgreSQL, we generated a set of TPC-H databases
at varying factors (Fig. 4), starting from extremely low scale factor (SF) = 0.01 up to SF = 20 —
ensuring that the entire database could fit withing the Linux page cache of the testing system. These
varying scale factors allow us to examine how different levels of code generation and optimization
impact query execution performance across different dataset sizes.

Scale factor {(SF) | 0.01 0.1 0.5 1 2.5 5 7.5 10 15 20

Database Size 109M | 372M | 1.7G 3.2G6 6.2G 20G 24G 29G 40G 50G

Fig 4. TPC-H benchmark database size by scale factor.

The JIT capabilities in PostgreSQL are controlled through several configuration flags, which vary
depending on the underlying engine: LLVM, AsmJIT, or DynASM. For testing, we selected the
following configurations that control different aspects of code generation and optimization:

o {engine}_E — code generation only for expression nodes without optimizations.
o {engine} EO - code generation for expression nodes with optimizations applied.

o {engine} ED — code generation for expression nodes and deform functions without
optimizations.

o {engine} EDO - extends ED with optimizations applied after code generation.
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e {engine} EDOI — enhances EDO with inlining of built-in functions' source code (e.g.
date_ge, int4mul, int8div) into the generated module, enabling direct inlining during
optimization rather than indirect calls via absolute address constants.

LLVM engine supports all five configurations, while AsmJIT and DynASM only use two —
“{engine} E” and “{engine} ED” due to the absence of automatic optimizations and function
inlining. Adding the latter would mean writing assembly generators by hand for each built-in
function — a task that, while technically feasible, demands significant development effort.

All benchmarks were conducted on an Ubuntu 24.10 machine with an Intel i7-11700 CPU and 64GB
DDR4 RAM (3200MHz). PostgreSQL 17.2 was built with GCC 14.2.0 and LLVM 18.1.8.
PostgreSQL was configured with shared_buffers set to 8GB, work mem to 256MB, and
max_parallel_workers_per_gather to 0 to disable parallel query execution. Before each scale factor
run, the entire database was preloaded into Linux page cache to eliminate 1/0 overhead. Each query
was executed 21 times, with the first warmup run excluded; the geometric mean of execution times
was recorded. Unless otherwise noted, execution times include all stages of query processing — from
parsing to execution, including JIT compilation.

The results are presented in two parts. First, we compare the performance of AsmJIT and DynASM,
focusing on both their compilation times and query execution times. Next, we evaluate the
lightweight JIT engines against LLVM, using the interpreter as a baseline to assess the overall
effectiveness of JIT compilation. We also analyze how the query execution performance of different
JIT engines varies across database sizes and attempt to identify the threshold at which heavyweight
JIT compiler begins to outperform the lightweight alternatives.

4.3.1 AsmJIT vs DynASM

Before proceeding, it is important to note that our AsmJIT-based JIT implementation relies on its
Compiler abstraction layer, which automatically manages both register allocation and function calls.
While this abstraction simplifies development, it leads to less predictable code quality and increased
compilation overhead. In contrast, DynASM-based implementation requires everything to be
handled manually, which improves compilation time due to the absence of abstraction, but makes
performance highly dependent on the effectiveness of manual register allocation.
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Fig 5. Geometric mean of execution time of lightweight JIT engines on TPC-H SF=0.01. Green table cells
indicate that the JIT query execution time is lower than that of the interpreter.

In the context of TPC-H benchmark with a very small scale factor = 0.01, the execution time
comparison between AsmJIT and DynASM (as shown in Fig. 5) reveals several observations:
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o DynASM_E configuration outperforms AsmJIT_E across all queries except for g6 and q13.
We suspect that the difference in performance for g1 and g6 may be due to execution-time
fluctuations, as the median execution time is lower (Fig. 6). For q13, DynASM _E is
consistently slower than AsmJIT_E, likely due to lower-quality code — a subject for future
analysis.

e DynASM_ED configuration consistently outperforms AsmJIT_ED across all queries and
AsmJIT_E, except for g15.

o ASMIJIT_E improves performance in queries g1, 12, and q18, while ASMJIT_ED shows
improvement in g1 and q13.

o DynASM_E achieves performance gains in queries g1, g3, g10, q12, q18, and 21, whereas
DynASM_ED demonstrates improvements across a broader set of queries: q1, g3, g6, 10,
gl2, q13, q18, and g21.

e When considering the geomean speedup against the interpreter across all queries —
AsmJIT_E: 0.758x, AsmJIT_ED: 0.653x, DynASM_E: 0.947x, and DynASM_ED: 0.949x
— it becomes evident that compiling the deform function using AsmJIT actually degrades
performance compared to the interpreter. In contrast, DynASM_ED slightly improves
overall performance compared to the DynASM_E configuration. Notably, even at this
minimal scale factor, DynASM achieves nearly neutral performance degradation, which
we attribute to its highly efficient code generation and emission process.
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Fig. 6. Distribution of execution time of lightweight JIT engines on TPC-H SF=0.01 queries g1, g6, q13. The
value near each box indicates the median execution time across 20 query runs.

Regarding compilation time (Fig. 7), that remains constant across all scale factors, we observe:
o DynASM_E achieves a geometric mean of compilation speedup of 7.5x over AsmJIT_E.
e DynASM_ED achieves a geometric mean of compilation speedup of 8.2x over
AsmJIT_ED.

This shows that the DynASM-based implementation has significantly faster code generation and
emission steps compared to AsmJIT-based implementation using its Compiler abstraction.
Finally, using AsmJIT_E as the baseline for code quality evaluation (Fig. 8), we observe the
following:
o DynASM_E produces lower-quality code in g1, g4, g6, g8, 9, q10, q12, q13, 15, g16,
q18 and g21, with a peak regression of 0.88x measured in q15. Conversely, the maximum
performance improvement is a 1.12x speedup, recorded in gq19.

85



Pantilimonov M.V., Buchatskiy R.A., Zavedeev D.V. Beyond LLVM: Evaluating Fast Code Generation Alternatives for Query Compilation
in PostgreSQL. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 6, part 2, 2025. pp. 77-92.

The geometric mean speedup of DynASM_E is close to 1x, indicating that its overall code
quality is comparable to AsmJIT_E.

DynASM_ED exhibits a geometric mean speedup of 1.041x, while AsmJIT_ED achieves
1.074x — indicating that AsmJIT generates noticeably better code for the deform function,
despite the hand-tuned assembly in the DynASM implementation, which avoids register
spills entirely within the body of the function, with only minor spillage occurring in the
prologue and epilogue.
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4.3.2 Lightweight against LLVM

We begin our comparison of lightweight JIT engines against LLVM using the compilation time heat
map shown in Fig. 9, which graphically summarizes the observed patterns. The values represent the
percentage of total query execution time that is spent on compilation, across various JIT engine
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The metric is defined as (Speedup - 1),
where Speedup = (AsmJIT E[”Execution time”] — AsmJIT E[”Compilation time”]) /
(Target [ ”Execution time”] - Target[” Compilation time’]).
Both execution and compilation times represent geometric mean values based on 20 query runs.
Value of 0 corresponds to equal performance;
positive values denote speedups, and negative values denote slowdowns.
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configurations and scale factors that increase by an order of magnitude. As the scale factor increases,
the relative compilation overhead decreases, indicating that compiled execution begins to
outperform interpreter-based execution for an increasing number of queries (denoted by the A
symbol in the figure). In the case of LLVM, its various JIT configurations only begin to justify their
compilation overhead starting at SF=1, with the notable exception of query g1 at SF=0.1. Query g1
has the longest execution time in the benchmark, which is reflected in its relatively low compilation
time percentage compared to other queries. Furthermore, at SF=1, both lightweight JIT compilers
already demonstrate improved execution time over the interpreter across most queries. In contrast,
LLVM — even in its most lightweight configuration LLVM_E — does not consistently outperform
the interpreter, indicating that its compilation overhead remains significantly higher.
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Fig 9. Compilation time as a percentage of total query execution time across TPC-H benchmark scale factors
for various JIT engine configurations. Both execution and compilation times represent geometric mean
values based on 20 query runs. A indicates that a particular configuration achieves better performance than
the interpreter for a given query.

Next, we compare only the most compilation-heavy JIT configurations on the largest of scale factors
in our tests, SF=20 (Fig. 10), to examine performance behavior on a relatively large dataset.
Interpreter execution time served as the baseline: positive values indicate that JIT execution is faster
than interpretation by the corresponding number of milliseconds, while negative indicate it is slower
by that amount. The results show that only one query — q14 — does not benefit from any JIT engine.
DynASM_ED consistently improves performance across all queries except ql4. Similarly,
AsmJIT_ED also shows improvements across the board, with an additional exception of g2.
LLVM_EDO improves performance on 17 out of 22 queries, achieving the best absolute per-query
performance on g4, g6, q12, 17, and q18. Meanwhile, LLVM_EDOI shows the best absolute per-
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query performance only on q1, g3, and q13. This suggests that further increasing the scale factor
would likely lead to broader performance benefits across all queries when using the LLVM JIT with
full optimization enabled, despite its higher compilation overhead.

Interestingly, Q1 — the most time-consuming query — shows a relatively small performance gap
between the lightweight JITs and LLVM. For this query LLVM_EDOI incurs a total compilation
time of approximately 100ms, whereas DynASM_ED requires less than 0.1 ms. When calculating
the relative performance improvements — DynASM_ED ~6.13%, LLVM_EDOI ~8.76%, and
idealized “zero-compile-time” LLVM_EDOI ~8.88% — we observe that DynASM_ED achieves
approximately two-thirds of the performance gain offered by LLVM on this long-running query.
This indicates that, at relatively high scale factors, lightweight JITs can maintain competitive
performance compared to LLVM.
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Fig 10. Execution time difference: (Interpreter - JIT) on TPC-H SF=20. Green table cells indicate that the
JIT query execution time is lower than that of the interpreter.

Next, we take a closer look at run-time performance and compilation characteristics of the JIT
configurations shown in Figure 11. First, there is a significant gap in compilation time between
lightweight JIT engines and LLVM-based configurations. The difference between the basic
configurations of DynASM_E and LLVM_E is 69.4x. When optimizations are enabled in LLVM
(LLVM_EO), the gap becomes even more pronounced — 397.9x. Second, the difference in
compilation time between the lightweight configurations of DynASM and AsmJIT is 6.8x and 7.75x
respectively. We attribute this primarily to AsmJIT’s automatic register allocation, which introduces
additional overhead compared to DynASM. Regarding run-time performance, we observe that all
JIT configurations generate more efficient machine code than the interpreter. The best run-time
result is achieved by the LLVM_EDOI configuration, completing execution of the entire benchmark
in less than 12 seconds, excluding compilation time. Lightweight configurations with deform
function generation (*_ED) show performance close to that of the optimized LLVM configuration
(LLVM_EDO). However, when both run-time and compilation time are considered together,
LLVM-based configurations lose their run-time advantage. For example, the LLVM_EDOI
configuration, which has the best run-time performance, reaches a total execution time of 14.49
seconds when compilation time is included. In contrast, lightweight JIT engines, which has almost
no compilation overhead, achieve noticeably lower total execution times.

Finally, we compare the overall performance of the JIT engines across all scale factors (Fig. 12) to
determine whether there is a threshold at which the lightweight JIT engines begin to lose ground to
LLVM as the scale factor increases.
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Fig 11. Compile-time and run-time accumulated over all TPC-H queries at scale factor 1. Each query
executed 21 times; 1st warm-up run is discarded and geometric mean is computed over the remaining runs.

The results calculated using geometric mean show that when overall system throughput is prioritized
over peak per-query performance, such a shift is not clearly evident. Across all scale factors,
DynASM_ED maintains the leading position, thanks to its fast code generation and emission speed
— even though it generates lower-quality code compared to AsmJIT_ED. AsmJIT secures second
place starting from SF=0.5, but ranks third on the two smallest scale factors, where it loses the
second position to DynASM due to slower code generation. LLVM_EDO only reaches third place
starting at SF=15, while LLVM_EDOI begins to show overall improvement starting at SF=20,
suggesting that higher scale factors are necessary to fully benefit from LLVM’s optimization
pipeline.

Geomean Accumulated

10308 0.755 0929 0.567 0.981 0.983 0477 0553 0.995 0.995 0.524 0.924 0954 1.0 1.0_0__5'1."0?5 10 IEIDS 1004

10179 0.629 0.879 0,541 0.068 0.982 0.978 0991 0.991 0.995 0.328 0.845 097 0028 0.966 1.004 1001 1002 1.0

10078 0.411 0746 0.863 0.929 0.971 0.973 0895 1.0 1006 0151 0.673 0932 0.978 1.003 101

3
(:99 4033 0.247 0598 0.738 0.87 0966 0991 0993 1.012 0.063 0.449 0.84Z 0% 0952 1637 1.Pp37

=i}

0.958 1.
SR

0.737 0.BE1

0.317

4{0.019 0.166 0.473 0.649 0.791 0.919 0943 0.98 €. 1.013
g & 98 0998 1.013

a 8 . o ’ o
¢ 40,758 0966 0,998 1.007 1.006 1.004 0.996 1,004 1.004 1.005|

Engine configuration

1029 105

i == 3
101 1007 1006 1006 1.008

LO45 1044 1.05

@ 1.046 1037 1035 1035 1.034
i |
$ > o ] ] o “ o 2 o > > o B “ o o o o o
o o o ~ A b AT R & & o o o ~ W el ; B R Bl

TPC-H Database Scale factor (SF)

Fig 12. JIT speedups for all queries across all tested scale factors relative to the interpreter, shown in two

ways: (left) geometric mean of execution times, and (right) total sum of execution time. The numbers in the

top right corner of the cells show the top 3 results ranked by improvement at each scale factor. Cell values
indicate the speedup (or slowdown) relative to the interpreter, expressed as x times.
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The results, calculated as a sum of execution time of all queries, show that starting from scale factor
10, LLVM ranks second and third, with only DynASM outperforming it. By scale factor 20, LLVM
surpasses DynASM and claims the top two positions. This can be explained by the varying execution
times of TPC-H queries. They can be roughly grouped into two categories: short-running and long-
running queries. The latter start to take significantly longer time to execute as the scale factor
increases and benefit more from high-quality machine code, even at lower scale factors. For
example, at scale factor 20, query 9 takes around 30 seconds to complete, while query 2 finishes in
just 3 seconds — a tenfold difference. Because of this imbalance, the long-running queries make up
most of the total benchmark execution time. This gives LLVM a performance advantage over
lightweight JIT engines, as improvements in these costly queries have a bigger effect on the total
runtime. LLVM’s advantage is expected to grow with higher scale factors, since compilation time
becomes less significant.

5. Conclusion

In this paper, we evaluated two lightweight JIT compilers — DynASM and AsmJIT —against LLVM,
using PostgreSQL as a common experimental environment. Our findings show the AsmJIT-based
implementation, which utilizes a higher-level abstraction for automatic register allocation, produces
higher-quality code compared to the DynASM-based implementation, which relies on manual
register allocation. Nevertheless, DynASM’s exceptional code generation speed allows it to
outperform AsmJIT across all tested scales.

Both lightweight JIT compilers begin to improve system performance starting from a scale factor
(SF) of 0.5, demonstrating their suitability even for very small queries. The query planner’s cost
model can be used to configure such JIT compilers to operate at low cost thresholds, without being
overly sensitive to inevitable cost estimation inaccuracies.

While LLVM demonstrates better peak performance on certain queries, it generally lags behind
lightweight JIT engines until reaching the largest tested scale factor (SF=20), where its performance
gains become evident. This suggests that even larger scale factors are necessary for LLVM’s
extensive optimization pipeline to yield meaningful benefits.

As part of our future work, we plan to explore an AsmJIT-based implementation without compiler
abstraction, in order to enable a more direct comparison of code generation and emission speed with
DynASM. Additionally, we aim to investigate platform-independent JIT assembler alternatives, as
our current implementations are limited to x86-64 architecture, and porting and maintaining them
on other architecture requires considerable effort. We also intend to evaluate medium-weight JIT
engines — often referred to as “mini-LLVM” style compilers — equipped with a minimal set of
essential optimizations, again using PostgreSQL as our testbed.
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AnHotamusi. OOpaboTka MPOMYCKOB B TaOJIMYHBIX JAHHBIX OCTAETCSl BaXKHOW 3ajadeil NMpu MOCTPOCHHH
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JKCIIEPUMEHTHI Ha CHHTETHYECKHX JIBYMEPHBIX BBIOOPKAX C MPOITyCKaMH, PacipeieI€HHBIMU [0 MEXaHU3MY
MCAR. Iony4eHHbIE pe3ynbTaThl JEMOHCTPUPYIOT NPEUMYILECTBA MPEI0KEHHOT0 MOIX0/1a 110 CPABHEHUIO
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KJIacCOB.

KiioueBbie cj10Ba: NPOIYLICHHBIE JaHHbIC; 3aII0JIHEHHE TIPONYCKOB; yHAapHas KiIaCCU(UKALHS; TIEPCENTPOH;
MammnHHOEe O00ydeHue; OalecoBCKHH KiacCH(pUKATOp, OIEHKa amocrtepuopHoil BepositHoctd; MCAR;
HelipoceTeBast perpeccus.

Jnst umrupoBanmsi: [lepmunos A.J., Kosanenko A.Il., Typnakos [.}O. Meron oOyuyenus nepcentpoHa Ha
TaOMMYHBIX JaHHBIX ¢ mpomyckamu. Tpymel UCIT PAH, tom 37, Bbim. 6, vacte 2, 2025 r., ctp. 93-106.
DOI: 10.15514/ISPRAS-2025-37(6)-22.

93



Perminov A.l., Kovalenko A.P., Turdakov D.Y. Method for training perceptron on tabular data with missing values. Trudy ISP RAN/Proc.
ISP RAS, vol. 37, issue 6, part 2, 2025. pp. 93-106.

Method for Training Perceptron on Tabular Data with Missing Values

A.l. Perminov, ORCID: 0000--0001-8047-0114 <perminov@ispras.ru>
A.P. Kovalenko, ORCID: 0009-0007-8777-8622 <a.p.kovalenko@ispras.ru>
D.Y. Turdakov, ORCID: 0000-0001-8745-0984 <turdakov@ispras.ru>

Ivannikov Institute for System Programming of the Russian Academy of Sciences,
25, Alexander Solzhenitsyn st., Moscow, 109004, Russia.

Abstract. Handling missing values in tabular data remains a critical challenge for building robust machine
learning models. This paper presents a novel approach to imputation based on unary classification. The
proposed method employs an ensemble of perceptrons trained independently for each class to estimate the
likelihood of reconstructed values with respect to the empirical support of that class. A uniform distribution
over a bounded region of the feature space is used as a background model, enabling the interpretation of the
model’s output as an approximation of the posterior probability that an object belongs to a given class. This
probabilistic interpretation is then leveraged within an iterative procedure for missing value imputation and
classifier training. The theoretical validity of the proposed estimator is rigorously justified. Experiments on
synthetic two-dimensional datasets with missing values generated under the MCAR (Missing Completely At
Random) mechanism demonstrate the superiority of the proposed method over classical imputation techniques,
particularly in scenarios with high missingness rates and complex class boundaries.
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1. BeedeHue

Hannuwe mnpomyckoB B TaOJMYHBIX JaHHBIX OCTaéTcsi OAHOW W3 KIIOYEBBIX NpOOJIEeM MpH
MIOCTPOCHUH TIPUKJIAAHBIX MOJAENed MamuHHOTO o0ydeHus. OTCyTCTBHE 3HAUYEHHH MOXeET
BO3HHUKATh 110 MHOKECTBY NPHYUH — OT cO0eB B cOOpe TaHHBIX /10 HETOJIHBIX aHKET WJIM OTKa30B
noJib30Bareseil. IrHnopuposaHue MponycKOB IPUBOJUT K IOTEPE JAHHBIX U CMELICHUIO OLIEHOK, a
IIPUMEHEHHUE CTaHAAPTHBIX IIOJAXOJO0B K 3allOJIHEHUIO 3a4acTyl) HE YYUTHIBAET I'€OMETPUIO U
CTPYKTYpPY pacnpeneiacHusl.

Ha npaktuke mMpokoe pacnpoCcTpaHEHUE MOIYYWIN IIPOCThIE IBPUCTUKU, TAKHE KaK 3all0JIHEHUE
CPeAHUM 3HaYCHUEM, MOJIOH WK Okainmu cocesiMu. OTHAKO NP BBICOKOI J10J1€ TIPOITYCKOB,
0COOCHHO B YCIIOBHSIX CIIOKHON (DOPMBI pacripeieIeH sl JaHHBIX, TaKHe METOIbl MOTYT UCKaXKaTh
CTPYKTYpY BBIOODKHM M CHM)XaTh KayecTBO IOCIEAYIOIIEH Monenu. Dta mpobiieMa CTaHOBUTCS
0CcOOCHHO 3aMETHOW B 3ajayax, I/ie KIacChl MMEIOT 3allyTaHHYIO MM HEJIWHEHHYIO0 T€OMETPHIO,
HaTpuMep, B CHHTETHUECKUX 3a]jadax TUIMa "TBOMHON criupanu", KOJeI] UK MOJTyKOJeLl.

B nannO# paboTe mpeyiaraeTcst HOBBI MeTOJl pabOTHI C MPOITyCKaMH, OCHOBaHHBIN Ha yHAapHOU
knaccudukanuu. Mnest 3axiodaeTcs B TOM, YTOOBI JUIS KaXIOTO Kiacca oOydaTb OT/ENbHBIN
MIEPCETNITPOH, CIIOCOOHBIH OTIMYATh PealIbHbIE 0OBEKTHI OT HCKYCCTBEHHOTO "(oHa", TTOPOKIEHHOTO
PaBHOMEPHBIM paclpeeeHUeM Ha KOMIakTe. Takod MOAXOo[ MO3BOJSET HHTEPIPETUPOBATH
BBIXOI MOJEJIM KaK OLIEHKY BEPOSTHOCTH IPHHAUIC)KHOCTH OOBEKTa K Kiaccy. OJTO Jaér
BO3MOKHOCTB MCIIOJIb30BATh IIEPCENTPOH JUI OLEHKH TOT0, HACKOJILKO CTEHEPUPOBAHHOE 3HAYEHHUE
"mpaB1ono100H0" I KOHKPETHOTO KJlacca, M TeM CaMbIM JIOCTOBEPHEE 3aI0JIHATh IPOITYCKH.
Llenpto naHHOW pabOTH SBISIETCS ONHMCAHME IPEUIOKEHHOI'O METO/a, €ro TEOpeTHYECKOe
000CHOBaHME, a TaKXKE OKCIIEPUMEHTAIbHOE CPABHEHHE C KIACCHYECKUMH MOJXOJaMU Ha
CHHTETHYECKUX JIBYMEPHBIX JAaHHBIX C MPOITyCKaMH, pacnpenenéHHpMu mo Mexanmsmy MCAR.
Ocoboe BHUMaHHE yIEJISICTCS MOBEICHHIO METOJa NMPH BBICOKOW JOJIE MPOIMYCKOB U CIIOXKHOU
CTPYKTYpE pactpeeneHus JaHHBIX.

94



Tlepmunos A.U., Kosanenko A.I1., Typaakos /I.}O. Meton o0yueHus nmepcentpoHa Ha TaOIHYHBIX JAaHHBIX ¢ ponyckamu. Tpydst UCIT
PAH, 2025, Tom 37 BeIm. 6, acts 2, c. 93-106.

CraThs OopraHm3oBaHa CIEIyIONIMM oOpazoM. B pasmene 2 ¢opmanmsyercs 3amada 3aroIHEHUS
MPOIMYCKOB M BBOJAMTCS MUCIIOJIb3yeMasi TEpPMUHOIIOTHS. B pasnene 3 onuchiBaeTCst METO YHAPHOM
KIaccu(UKAIMM U ero ajanTtanus K 3ajade oOydeHHs] ¢ HEMOJHbIMU JaHHBIMH. B pazmene 4
NPUBOMUTCS TMOAPOOHOE ONUCAaHWE IMpeIjiaraeMoro amroputma. Pasmen 5 mocBsmEH
JKCIICPUMCHTAILHOMY HCCIICIOBAHUIO M aHAIIM3y PE3YNIbTAaTOB. B 3aKIOYeHUN 00CYXIAr0TCs
OTpaHUYCHUsI METO/Ia ¥ BOZMOIKHBIC HAIPABJICHHS AabHeiel paboThbl.

2. NlocmaHoeka 3aday4u

PaccmarpuBaercs 3amaya oOyuyeHHs KiacCH(HUKAaTOpa IO HEMOJHBIM JaHHBIM. [lycTh 3amaHO
MHOKecTBO 00bekToB D = {X,Y} = {(x;, ¥)}~1, x; € RY, y; € {1,..C}, B KOTOPOM BEKTOpHI
MPU3HAKOB X; MOTYT COJEpXaTh MNpOMYyIICHHbIe 3HaucHUs. IIpeamonaraercsi, 4TO MPOIMYCKH
pacmpeneneHbl mo mexanmsmy MAR (missing at random), TO ecThb BEpOATHOCTH TPOIMYyCKa HE
3aBUCHUT HU OT 3HaYEHUI NPU3HAKOB, HU OT 1I€JIEBOM MEPEMEHHOM.

O6o3HaunM yepe3 M wMatpuily OWHAPHBIX IEPEMEHHBIX, HMMCIOIIYI0 Pa3MEPHOCTh BXOJIHOM
MaTpHIIbl JaHHBIX, B KOTOPO# m;; = 1, eciu NIpU3HaK j B HAOJIIONEHUHU X; OTCYTCTBYET, M m;; = 0
B MPOTHBHOM cirydae. [lyctp X, — TIPHUCYTCTBYIOIIHME YAaCTH MATPHIBI BXOIHBIX IPU3HAKOB,
COOTBETCTBYIOIIME djeMeHTaM M;; =0, a X; — OTCYTCTBYIOIIME 4YacTH, COOTBETCTBYIOIIHE
snemenTam m;; = 1. Ilonaraem, 4To BHIXOJHOM BEKTOp ¥ M3BECTEH.

Henpro sBnsieTcs MmocTpoeHHMe Kiaccupukatopa f: R% - {1,...,C}, obnamaromero BBICOKOH
TOYHOCTHIO Ha MTOJTHOH BEPCHU BRIOOPKH, HECMOTPS Ha HaJIIUE MPOITYCKOB B 00YYAIOIINX JaHHBIX.
Jl1st petieHust JaHHOM 3aJlauM TpejiaraeTcs UTePaTUBHBINA MOAX0/I, BKIIOYAIONINHN J1Ba KIIFOUEBBIX
JTana:

e 3amnoiIHCHUE IpONyCKOB B X1 C HCIIOJB30BaHUEM MOJCIIH, OL[GHI/IBa}OLI.[eI;’I BCPOATHOCTH
MPUHAAJICIKHOCTU CICHCPHUPOBAHHBIX 3HAYCHHH K KaXXAOMY U3 KJIACCOB;

e OOyueHue KIaccu(puKaTopa Ha MOJYICHHON 3aMOJTHEHHOM BEIOOPKE.

B ornmume OT TpaaUIIMOHHBIX METOJOB, I'Zie INMPOIYCKH 3allONHSIOTCA OAMH pa3 (Hampumep,
CPeIHMMH 3HAYCHMSMH, MOJAOW WM OMKalIIUMH COCeAsMH), TNpeasaraeMblii IMOIXO0X
MperonaraeT MHOTOKPaTHOE YepeOBaHKE ITANoOB TeHeparun 1 ooydeHus. [locne kaxaon smoxu
0o0y4YeHHs TapamMeTpbl MOJCTH OOHOBIISIFOTCS, W 3aIlOJHEHHUE MPOM3BOJUTCS 3aHOBO — C YIETOM
OOHOBNIEHHON BEpPOSTHOCTHOW OIIGHKH TIPaBIOMOJOOHOCTH 3allONHEHHBIX 3HAYEHUH. OTOT
UTEPATHBHBIA MPOIECC MPOJODKACTCA IO CXOOUMOCTH WM JOCTW)KEHUS 3aJaHHOTO KOJHYECTBA
I1aroB.

3amomHeHHE Ha KaXKIOM IIare OCYIISCTBIIICTCS Ha OCHOBE MOJCIH YHApHOH KilaccH(UKAIUH,
KOTOpass oOydJaeTcsi OTIMYaTh HOCHTENb pACIPENEICHUS pPEalbHBIX HAONIOICHUH  OT
CTeHEPUPOBAHHBIX M3 PABHOMEPHOTO pactpenencHus. KoHmenms yHapHOH KTacCUPUKAINA U €€
ajanTanys K 3aJade BOCCTAHOBIICHHUS IMPOIYCKOB IMOIPOOHO PacCMATPUBAIOTCA B CICTYIOLICM
paszerne.

3. Memo0d yHapHoU Knaccughukayuu (cny4all oOHO20 Knacca)

Merton 0o0ydeHHs KiacCUPHUKATOPa MPU HAJWYUK MPOIMYIICHHBIX BXOAHBIX JIAaHHBIX OOydaromen
BBIOOPKH OCHOBAH Ha MOCTPOCHUH 0alieCOBCKOTO YHAPHOTO KilaccupukaTopa.

B pa6ote [1] npeanosxeH METo 1 IKCTPAIOIALMHU OailecOBCKOro OMHapHOTo Kiaccudukaropa, Koraa
K JJaHHBIM, OTHOCSIIIUMCSI K JIBYM pa3HbIM KiaccaM (¢ Metkamu "+1" u "-1"), nobaBisercs TpeTui,
MCKYCCTBEHHO CO3/IaHHBIH «()OHOBBII» Ki1acc ¢ MeTko# "0", mpencraBisiomui coboi cirydaitHyro
BBIOOPKY M3 3aJJaHHOTO Ha KOMITAKTe PAaBHOMEPHOTO pacupeaenacHns. MoanuIMpoBaHHBINA TaKUM
obpa3zom OaliecOBCKHMII KIacCCU(PHUKATOpP, MOMHUMO peUIeHHuH 00 OTHEeCEHWH HaOIIOIEHUN 1o
3HAYCHHIO JWCKPUMHUHAHTHOM (YHKIHMH K MEpBOMY WM BTOPOMY KJIAacCy, MOXXET NPHHUMAThH
pemeHre 00 OTKa3ze OT KIACCU(HUKAIMK MpU OIM30CTH 3HAYCHUH AMCKPUMHHAHTHON (DYHKIHH K
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Hymo. JlokazaHo, YTO Ha HOCHUTENE paclpeleNieHus MOIUPUITMPOBAHHBIM OalieCOBCKUit
KIacCU(UKATOp OKBHBAJCHTEH OalecOBCKOMY KiaccHPHUKaTopy, 3a TpeaeilaMH HOCHUTENS
MPUHUMACTCSL pemIeHne 00 OTka3e OT Kiaccupukarmuu. [1o3ToMy BXOTHBIM HaAOIIOACHUSM,
NPUHAJICKAIUM KOMITAKTY, HO JISKAIIUM 3a TpelesiaMH SMITUPUYECKHH TpaHUIBl HOCHTEINS
HCXOIHOTO pacipereneHus (HarmpuMep, BEIOpocaM), OyaeT «0TKa3aHO» B KJIaCCH()UKAITUH.

3.1 YHapHbIn 6anecoBcKkumn knaccudukaTop

VYHapHbIii  OaifecoBckuii  kimaccuuKaTop — OTIMYAaeTCS  OT  PACCMOTPEHHOTO  BHIIIE
MOJU(UIIMPOBAHHOTO OMHAPHOTO 0aleCOBCKOTO KiacCH(UKATOpa TEM, YTO BO BXOJHOH BBIOOpPKE
MPUCYTCTBYIOT HAOJIIONCHUSI TOJNBKO OJHOrO Kiacca, KOTOpble 0003Ha4YeHbI MeTkon «l», a
HaOMIOZIeHUsT U3 BTOpPOro, «(poHOBOro» Kiacca oOo3HayeHbl MeTkod «0». dopmanbHO 3amava
YHapHOHU KJTacCU(QHUKAINN MOXET OBITh MPEACTaBICHA CICAYIOMNM 00pa3oM.
[Ipeanonoxum, YTO BXOJHBIC J@HHBIE IPEJCTABISAIOT COOOM HAOIIONEHUS N HE3aBUCHMBIX
OJIMHAKOBO pACTIpe/ieieHHbIX CIyYaiiHbIX d-MEepHBIX BEKTOPOB M3 R%, MMEIONUIMX pPaBHOMEPHO
HETPEPHIBHYIO IUIOTHOCTh pacmpenenenus f(x). Ilpenmonoxum Takke, 4YTO HOCHTENb
pacnipesienenus f(x) HEM3BECTEH, HO PAaCTIONOXKEH BHYTpH KomnakTa K = [0,1]%.
[Tyctpb 3anana ciy4aiinas BennuuHa (X,Y), roe X — d-MepHBIH ciiy4aiiHblil BEKTOpP C pAaBHOMEPHO
HETPEPHIBHOM MIOTHOCThIO cMecH pactpenencHuit af (x) + (1 — a)p(x), rae f(x) — MIOTHOCTH
pacrmipezneneHus HaOJIONEHUH HMCXOAHOW BBIOOpKHM, p(X) — IUIOTHOCTH PAaBHOMEPHOTO
pacupeneneHus HaOIOAeHHH «(poHay, 3aJaHHas Ha KomnakTe K, a — BecoBoit koaddurment, 0 <
a <1, merka Y npuHuMaer 3HaueHMe 1 mwim 0 B 3aBUCHMOCTH OT TOrO, KakOMy Kiaccy
MPUHAJJIEKUT BEKTOP X, TO €CTh BHIOOPKE WIIN «(DOHY».
Ilycts
f&X)
gx)=PY¥ =1vX=x)=EYV X=x)= 1—a 1)
OO+ == p(x)

€CTh aloCTEPUOPHAsi BEPOSITHOCTH BbIOOpOuHOro kiacca ((pyukuust perpeccun Y Ha X). Ecnm
¢byukims g(x) u3BeCTHA, TO 33/a4a yHAPHOH KiIacCH(UKAIMU MOKET OBbITh PElIeHa CIeIYIOIINM
obpazom: ecimu B Touke X GyHkuus g(x) >0, TO 3Ta TOYKA NPUHAMISIKHT HOCHTEIIO
pacrpesieiieHus, TO €CTh BBIOOPOYHOMY KIAacCy, B MPOTHBHOM Cllydae — 3TO «BBIOPOCY,
OTHOCHUTEJIbHO KOTOPOTO PEIICHHE MPUHUMAETCS HEKOTOPOH JOMOJHHUTEIBHON MPOICTypPOH.
Opnako, Gyskius g(x), Kak MPpaBUI0, HEU3BECTHA U TPEOYETCsI MOCTPOUTD €€ ANIPOKCUMAIHIO 10
HMEIOIIEHCs BRIOOPKE JIaHHBIX.

3.2 NMocTpoeHne annpokcumaumm
ITycts c(x) — HeTIpephIBHAS PYHKIINS, 3ajaHHAst HA KoMIakTe K.

PaccMoTpuM 3a/1ady CpeIHEKBaAPATHYECKOM anpoKcuManun (MEHAMHA3ALHS OCYIIECTBISIETCS IO
BceMm c(X)):

c*(x) = argmin E(c(x) — Y)? )
Tockomsky E(c(x) —Y)? = E(c(x) —g(x) + g(x) = V)? = E(c(x) — g(x))2 + E(g(x) —Y)?,

a BTOpoe ciaraeMoe oT ¢(x) He 3aBUCHT, 3a/1a4a (2) 9KBUBAJCHTHA alIIPOKCUMAIMH PAaBHOMEPHO
HETpephIBHOM (yHKIMK perpeccuu Y Ha X

c*(x) = argmin E(c(x) — g(x))2 (3)

3.3 Annpokcumaums ¢ NoOMoLbIO NepcenTpoHa

B xauecte pynkuuu c(x) = c(x; k, L) paccMOTpUM MHOTOCIIOMHBII MEPCENTPOH (MTOTHOCBA3HYIO
HEHUPOCETH) ¢ KyCOYHO-TMHEHHON (QYHKIMEN akTHBAIMH | - |, COCTOAIIMI U3 L CKPBITHIX CIIOEB TIO
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k ueiiponoB B kaxaoM. ITo OCHOBHOU arpPOKCHMALMOHHON Teopeme [2] mist 1060ro 3aJ1aHHOTO
€ > 0 cymecTBYIOT Takue 3HAYCHHsl IMapaMeTpoB mepcentpoHa k u L, yto mis moboro x € K
BBITIONTHSIETCS yeroBue (4):

sup |e(x) —g()l <€ (4)

TO €CTh TCOPETHICCKH €-TIPUOIMKEHHOE pelieHne 3aaauu (3) cyIecTByer.

PaccmoTpuM BEIOOPOYHYIO IOCTAHOBKY 3a/1a4d YHapHOH Kinaccudukanun. [1ycTs 3agana BEIOOpKa
{(X, 7)), (X3, Y5), -+, (X, Y}, tne X; € K,Y; =1, koropyrwo OyneM HHTEPIPETHPOBATh Kak
pa3MedeHHbId HaboOp N HAOMIOACHHIN CIydallHBIX BEKTOPOB, paclpelnefeHHBIX C pPaBHOMEPHO
HeNpephIBHOM MIOTHOCTHIO f(x). st popmMupoBaHus BEIOOPKH U3 CMECH BHIOOPOYHOTO Kilacca
«pona» ¢ maotHocTeIO af (x) + (1 — a)p(x) noGaBuM K 3TO# BEIOOPKE HCKYCCTBEHHO

credepupoBannsle  HaHHbe  {(Xpi1, Yns1) Kz Yaaz)s s Kpmmo Ynam) ), THE m=n-1?Ta,

BEKTOpPHl X4, = 1,2,:+ m, ecTb HaOMIOJCHNSI HE3aBUCHMBIX PABHOMEPHO PACIIPEAEIEHHBIX Ha
KoMmakTte K ciiydaliHbIX BEKTOpPOB, Y, ,; = 0.

ITycts C(k,L) — MHOXECTBO BCEX MHOTOCIOMHBIX MEPCENTPOHOB C(X) C KyCOUHO-JIMHEHHOM
(yHKUIMEH aKTHBALMH | - | B CKPBITBIX CIOSX U YHCIIOM L 1 pa3MepoM k CKPBITBIX CIIOEB.
[TpuMeHsist HEKOTOPBIH aAITOPUTM ONTUMH3AINH, TOCTPOUM BHIOOPOYHYIO OL[CHKY PELICHHS 3a1a4n

(2):
- (el = 1)? = min ©)

rIie MUHHUMH3AIHS (QYHKIHOHANA OCYIIECTBISETCS Mo BeeM ¢, (X) € C(l, L), a mapametpsl k u L
BBIOpaHbI ONTHMAIILHO C YyYETOM OIPaHUYEHHH, CBI3aHHBIX C IIepeo0ydeHreM.

Mycte ¢yHkus ¢, (X) ects pemieHne onTuMu3anuoHHON 3amauu (5), KOTOpyro Oy/aeM Ha3bIBaTh
¢yskumeii HelipocereBoil perpeccur. COOTBETCTBYIOIMN 3TOMY PELIEHUIO MEPCENTPOH CTPOUT
uepapxuueckoe pazouenue komnakta K va N nenepecekatomuxcs stueek K = {K;, K5, -+, Ky} [3]
(puc. 1).

Avyeikun nepeoro cnosa: Avyeikn BTOpOro cnos: AYeinkmn BbIXOQHOMO HEMpOHa:
18 Aveex 121 aueitka 148 aveek

Puc. 1. [lpumep pazbuenus nekomopoim MLPc L = 2,k = 6.
Fig. 1. Some MLP partition example, L = 2, k = 6.

3.4 CocTosAATeNnbLHOCTL MeTOAa YHapHOW Knaccudukauum
J11s1 000CHOBaHUS COCTOSITENEHOCTH PENIeHUs! C;, (X) paccMOTPUM KYCOYHO-TIOCTOSIHHYIO (B 0011IeM
ciydae pas3pbiBHYIO) (GYHKIHIO THCTOIpaMMHOI perpeccud h,(X), u pemmm ONTUMH3AIHOHHYIO
3ajaqy:

n+M

D (X)) = Y07 > min ©)

i=1
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IJle MUHUMHU3AOHs OCYIIECTBIIAETCSA 10 BCEM KyCOYHO-TIOCTOSHHBIM (DYHKIMSM, MPUHHMAIOIIUM
HOCTOSIHHBIC 3HAYEHUS B siueiikax pazouenus kommnakra K = {K;, Ky, -+, Ky}.

Iycts X € K,.. Torna 3amgauy (6) mist 3TOM SAUEHKHA MOKHO TIPEICTABUTD B BUJIE:
(X)) + (A (X) = 1)? + 1o (X) - (R (X) — 0)* > min, ()
rae ny (X) = X7 Ixek, =1 no(X) = X" Ix;ek,yi=o0-
[Mocne nuddepennnposanus Gyuxiuu (7) no h, (X) nonydaem peuierue 3anauu (6):
n, (X) fu(X)

)+ @ oy 4122 )
n a n

hp(X) = (8)

X .
rae f(X) = nn;T(Ki) — aJIaNTUBHASI TUCTOTPAMMHasi OlleHKa ruoTHocTH f(x) B stueiike K., p,(X) =
no(X)

wp(k,) ~ AAATTHBHA: THCTOTPAMMHAS OLICHKA paBHOMEpHOM IIOTHOCTH B stueiike K., u(K,) — mepa
: T

staeiiku K. [IpuMep BerauciieHus pyHKIINHA THCTOTPaMMHOHN perpeccru moka3aH Ha puc. 2.

gy =5 n=3

—_—
hy(X) =

m=1n=7

TR =——

1+7

Il
&
-
3
w

= 0625
5+3 =

Puc. 2. Ilpumep sviuucnenus hy, (X) 6 nexomopoii auetixe K.
Fig. 2. h;,(X) evaluation example at some cell ..

B paborax [4-5] chopMynnpoBaHbl aCHMITOTHYSCKHE YCIOBHUS CTPOTOHM COCTOSTEIBHOCTH
aJalTHBHBIX THCTOTPAMMHBIX OIICHOK IUIOTHOCTH PACTIPENICNICHNUS, IIPY BHITIOIHEHUH KOTOPBIX VIS
10000 MPOU3BOIBHO Majioro € > 0 u X € K ¢ BeposITHOCTBIO 1 MMEIOT MECTO COOTHOIICHHS:

If(X) — fuX)| <e

[p(X) —p (X <€
OTcrozia clieIyer, 4To MpH AOCTATOYHO OONBIIHX N AJs Moboro X € K ¢ BeposTHOCTEHIO 1:
|g(X) — hp(X)] < €, (10)

rme €; = %, u(K) — mepa kommakra K.

(9)

JIJ1s1 COCTOSITENBHOCTH, B YaCTHOCTH, TpeOyeTCsl, YTOOBI THaMeTp si4eeK yObIBaI ¢ pOCTOM 71, HO TIpH
3TOM YHCIIO TOUEK BHYTPH SUEEK CTPEMIIIOCh K OeckoneuHocTH. [Ipn pazmepHOCTH npocTpaHCTBa
d =10 3T TpeOOBaHHUS BBINOJHIIOTCSA YK€ NPH Malbix 3HaueHusx k u L. Hanpumep, nns
HOpMaJIbHOM TUTOTHOCTH pachpenenenus, d = 10, k=10 u L =2 xomuyectBo siueek N
MIPEBBIMIACT JECATKH ThICAY, a U1 uX 90%-T0 3amonHeHus (YTOObI B sTUeHKy Homana XoTs OBl 0JTHa
(hoHOBast TOUKA) TPEOYIOTCS MUILTHOHBI (DOHOBBIX TOUEK. ClIeyeT OTMETUTh, UTO B «3aMOJTHCHHBIX
siYelikax, B KOTOPBIX MPE/ICTABICHbI KaK BEIOOPOUHbBIE, TaK M (POHOBBIE TOUKH, 3HAUCHHS (DYHKIUHI
h,(X) n c,(X) O6mmku (puc. 3). B sueiikaX, B KOTOpBIC MOMAIH TOIBKO (POHOBBIC TOYKH,
rucTorpamMmuasi perpeccust hy,(X), a 3HaueHue HelpoceTeBOW perpeccuu c,(X) ompenernsercs
MHTEPIOIANMEH 3HAYCHUI B COCEJHUX sUeiikax Oyiarojaps HenpepbiBHOCTH GyHKIMHU. B obmacTsix
BbICOKOI ToTHOcTH f(X) 3HaueHms c,(X) CyllecTBEHHO Oouibllle HYJ, B OOJIACTSAX HU3KOH
IUIOTHOCTH HeWpoceTeBasi perpeccus 0J1M3Ka K HyJIO.

[TosTOMy npym JOCTaTOYHO OOJIBIINX N, TPABUIBHO MTO00PAHHBIX 3HAUCHHSX IIAPAMETPOB CETH K U
L u, yunteiBas cootHomenust (3) - (10), meiipocereByro perpeccuio ¢, (X) MOXHO CUHMTATH
COCTOSITEILHON OLIEHKOH arnocTepuopHoil BeposiTHOCTH g (X), a 3HAYUT, P PEIIeHUH PUKIIATHBIX
3aj1a4 eCTh OCHOBAHMS 10JIaraTh, 4TO MIMEET MECTO COOTHOIIICHHUE:

X)) = hX)~gX) = PY =1V X), (11)
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TO €CTh 3HAYCHHE HEHPOCETEBON PErpecCcHy MOXKHO PacCMaTPHBATh KaK OLIEHKY arloCTEPUOPHOM
BEPOSITHOCTH BHIOOPOYHOTO KiTacca.

3HaueHus ¢, (x) 3HauyeHus hy(x)

Puc. 3. Cpasnenue c;,(X) u hy,(X).
Fig. 3. Comparison of c;,(X) and h;,(X).

4. MemoOd o6y4yeHusi MLP npu Hanu4uu nponyckoe e oby4arouieli ebi6bopke.

[IpencTaBuM BXOAHBIE JTaHHBIE B BUJE OOBEIUHEHHS BBIOOPOK, COOTBETCTBYIOIIUM OTAEIBHBIM
KiaccaM (TO ecTh B Ka)XKJJOH TaKkoi BEIOOPKE METKH HAOIIOIeHHH coBnagaroT). I1ycTs uncio kiaccos
paBHO C. Kaxmyto BEIOOPKY, B CBOIO O4Yepe.lb, pa3/iesIUM Ha JBE MOJBHIOOPKH: TIEpPBasi COCTOUT U3
HaOmoneHni 0e3 MPOIYCKOB NPH3HAKOB (KOMIUIEKTHas MOIBHIOOpKa Kiacca), a BTOpas — W3
HaONIOMEHU C TpomyckaMu (HEKOMIUIGKTHas MOABBIOOpKa kiacca). OOyuenme MLP
OCYILECTBIIICTCS B COOTBETCTBHUH ¢ TpeanoyiokeHueM MAR He3aBUCHMO B KajkKIOM Kiacce.
IIpemmaraemerii mMeron oOydennss MLP mpm Hammumu mpormryckoB B oOydaromiell BBIOOpPKE
MPUMEHSETCS TOCIIE0BATENbHO K KaKIoMy 13 C KITacCOB M COCTOMT M3 TPEX IMIAroB (CXeMaTHIHas
HIUTIOCTPAIIMS K METOIMKE JaHa Ha puc. 4).

1) HauanbHoe o0y4yenue. J[isi KOMIUIEKTHO# noaBeiOopku {X;,i = 1,2,+--,n} j-ro kmacca,
j€ {1,2,---,C}, pemmnts 3amady yHapHOW Kiaccudukanum W nocrpoutb MLP;,
peanu3ylommii KycoYHO-NTMHEHHYI0 HempephiBHYI0 (yHKIMIO c,(X), 3aJaHHyI0 Ha
KoMmakre K.

2) MoobGyuenne. JJooOydeHHe OCYIIECTBISIETCSA MO BCEH 0Oydaromeil BEIOOpKE j-ro Kiacca
OTIENBHBIMU 3m0XaMu. llepex Tekymiel 3MOXOI BBITOJHUTH BpPEMEHHOE (I JaHHOMH
SMO0XM) 3aloJHEHHE HEKOMIUIEKTHBIX HaOmoneHud. [l KakJ0oro HEKOMIUIEKTHOTO
HabmoneHus X'

a. Pazmenuth MHOXKECTBO HMHICKCOB KOOpAMHAT BekTopa X = (Xq, Xy, '+, Xz) Ha IBa
noaMHOXKecTBa My u M, BKJIIOYAIOIIHE COOTBETCTBEHHO MHICKCHI 3aIlIOHEHHBIX U
MPOTYIIEHHBIX KOOPAWHAT.

b. 3amonnute xoopauHaTel X W3 M; HaGNIONCHUSIMH PAaBHOMEPHO pacIpeeiecHHON
ciy4yaiiHOW BenuuuHbl Ha otpe3ke [0,1], B pe3ynbrate yero OyAeT MOJIy4YeH
KOMIUIEKTHBIH Bektop X'. Boramenuts ¢, (X'). CreHepupoBaTh HaGMOAEHHE
OMHOMHUAILHOM CITydaitHOH BEJTMUMHBI C BEPOATHOCTHIO yerexa p = c; (X').

c. Ilpu ycnemHOM wHcXole BPEMEHHO 3aMEHHTh B oOydaromed BBIOOpKe
HEKOMILIEKTHBIN BEKTOP X HA KOMIUIEKTHBIN BeKTOp X' U MEPEUTH K PACCMOTPEHHIO

CJICAYIOUIECTO HEKOMIIJIIEKTHOT'O Ha6J'IIO,Z[€HI/IH. B MNPOTUBHOM CJIy4yac IMOBTOPUTH LIar
2.b.

d. BBIMOTHATE 1000YYEHHE CETH TT0 «I0YKOMIUICKTOBaHHOWY 00yJarolei BEIOOpKe.
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3) Tlepeiith K caeayromIeH SMoxe T000yICHHMs, MOBTOPSIS Mark a-d, 10 TOJHOTO 3aBEPIICHHSI
oOyuennst MLP; as j-ro knacca ¢ GyHkuneii Heifpoceteoii perpeccun ¢;, (X).

ITosropsis marm 1-3 a1a Bcex KiaccoB, noiydum C  obOydeHHBIX Helipocerelt MLP; wu
COOTBETCTBYIONINX MM HEMPEPHIBHBIX KyCOUHO-THHEHHBIX (ynkmuit {c.(X),c2(X),,cS(X)},
KakJast 13 KOTOPBIX €CTh BHIOOPOYHAS OIIEHKAa allOCTEPHOPHON BEPOATHOCTH COOTBETCTBYIOILIETO
KJacca B Touke X.
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000000000
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Puc. 4. Cxema obyuenus c,{ (X) no nenonmvim danHwviM.
Fig. 4. ¢} (X) training on missed data diagram.

Jns pemenns 3amaun KiaccH(UKAIMH KOMIUICKTHOTO HaOMOAeHUss X BO3MOXKHBI Pa3lIIHBIC
crpareruu. [Ipocreiilias cOCTOMT B BbIOOpE Kiacca, AJsi KOTOPOTo anoCTepUopHas BEPOSTHOCTh
MakcuMmaibHa. Jlpyroil BapuaHT — BbIOpaTh B KayeCTBE pPEIICHHS BCE KJIACCHI, 3HAYCHHS
anoCTEPUOPHOI BEPOSTHOCTH [T KOTOPBIX OOJIBIIE HEKOTOPOTO 3aJaHHOTO [IOPOra, U MPOODKUTh
peleHue 3a1auu KiaccuUKalny, HalpuMep, B APYroM MPU3HAKOBOM MPOCTPAaHCTBE. Bo3MoOKHO,
LeJIeCO00Pa3HO YYHUTHIBATH APUOPHBIE BEPOSTHOCTH KJIACCOB, pa3iiMyHble (PYHKIHUU CTOMMOCTH
OIIUOOK JJIsl pa3HBIX KJIACCOB M T.II. PaccCMOTpeHHE STHX BOIPOCOB BBIXOAUT 32 PaMKH JaHHOTO
¥ICCIIEIOBAHMS U ISl IPOCTOTHI HCTIOJIB3YETCS BHIGOP KITacca ¢ MaKCHMAaIbHBIM 3HaueHueM c; (X).
Peanmzanus omucaHHOrO MeTona OOy4YeHHsS W CIEHAPUM BCEX OSKCIIEPHUMEHTOB JOCTYIHBI B
OTKPBITOM PENO3UTOpUH [6], BKIIOUAIONUM KOJ T€HEepaluid CHHTETHYECKHX IaHHBIX, 00y4eHHe
MLP ¢ npuMeHeHneM pa3IuuHbIX CTpAaTeruid 3aM0JHEHUS, 8 TAK)KE BU3YAIU3ALMIO allOCTEPUOPHBIX
pacrpeneneHuil.

Takum 00pa3zoM, IMPEUIOKEHHBI METOJ] MO3BOJISIET OTKA3aThCs OT MPSIMOTO BOCCTAHOBIICHHS
HE/IOCTAIOMINX IPHU3HAKOB, 3aMEHAS €r0 BEPOSTHOCTHOW MPOLEAYPOH BKIFOYEHHS HEMOIHBIX
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Ha0JII0IeHUH B mporiecce 00ydeHus. IT0 0COOCHHO BaXKHO B CITyJasx, Koraa popma pacrpeaeneHus
KJIACCOB HE JIOIYCKACT KOPPEKTHOTO 3aIOJIHEHHS C TIOMOIIBIO TI00aTBHBIX CTATHCTHUK.

5. dkcnepumeHmbl

Lens maHHOTO paszmena — SMIMPUYECKH OLEHHUTH 3(G(EKTUBHOCTH IPEIaraéMoro MeToja Ha
CHHTETHYECKMX Habopax MaHHBIX C Pa3IMYHON TOMOJOTHYECKOW M T€OMETPUIECKOil CTPyKTypon
IpU pa3ugHON Joie mpomyckoB. Ocoboe BHHMaHHE yIEISsIETCs CiIydasiM, KOTrza CTaHIapTHBIC
METO/IBI 3aIIOJTHEHHSI AEMOHCTPUPYIOT CHIKEHHE KaueCcTBa N3-3a HECTIOCOOHOCTH YUECTh CIOXKHYIO
(dopMy pacnpeneneHus KIacCoB.

5.1 Habopbl AaHHbIX

B skcniepnMeHTax HCTIONIb30BATNCH CIIEAYIOIINE IBYMEPHbBIE CHHTETHUECKIE HAOOPHI JaHHBIX:

e Tayccmanbl — Ba HOPMaJbHO paclpeAeNEHHBIX KiacTepa C paBHOM AMcrepcueil u
HEOOJIBIITIM TIEpEKPBITHEM (PHC. 5, clieBa);

e Cnupanu — kiaccsl (GOPMHPYIOT BUTKM CHHpajeld ¢ oOmed TO4koil Hadaiga KOOpAWHAT,
pasiesnieHre KIacCoB CHIBHO HeNMuHeiHoe (PHC. 5, MO IEHTPY);

e  Koabuo u Kpyr — ouH KJIacC pacIojoKeH BHYTPH KPYyra, BTOPOil 00pa3yeT KOJIBIIO € 3a30pOM
MEXy FpaHULaMH (pHC. 5, crpasa).

Lh Er 2 o 25 14 15 10 o . as BV Ei] B o a3

Puc. 5. Habopul dannwix: eayccuanst (cieea), cnupaiv (yeHmp), Koavyo u Kpye (cnpaea).
Fig. 5. Datasets: gaussians (left), spiral (center), ring and circle (right).

Kaxnprit Hadop conepxkan 1000 HaGmoxenuid ais oOydaromeit yactu 1 5000 HaOmoneHUi s
TECTOBOH.

5.2 O6paboTka nponyLeHHbIX 3HAYeHUN

Bo Bcex Ha0bopax aHHBIX MCKYCCTBEHHO BBOJMIKCH IPOIYCKH B MpH3HaKax ¢ ypoBHsimu 20%,
40%, 50%, 60%, 80% u 90%. [IponycK:d BHOCHIUCH CIIy4ailHO M TOJBKO B MPHU3HAKaX (IICJICBBIC
METKH BCErJla COXPaHSJINCh). BBUIN pacCMOTPEHBI ClleAyIONe METOI6I 00PaOOTKH MPOITYCKOB!

® Mmean — 3aI0JHEHHE [0 CPEAHEMY 3HAYEHHIO IPHU3HAKA.

® mode — 3anoNHeHNe HanboJIee YacThIM 3HAYCHUEM.

e kNN (k = 3) —3anonHeHHe 10 OJIIDKAWIIMM TPEM COCEASM B €BKJINI0BOM IIPOCTPAHCTBE.
e kNN (k = 7) — anasornyHo, Ho c k = 7.

e reproduction (upenyaraeMbelii METOJ) — METOJ, OCHOBAaHHBIM Ha yHapHOH
KIaccuuKauy u3 pasnaena 4.
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5.3 CueHapum obyyeHusA

Jna xaxmoit komOnHamy Habopa TaHHBIX ¥ YPOBHS MPOITYCKOB MOAEIH 00ydanachk B CICAYIOIINX
pexuMax:

e full — obyuenune Ha moaHOM Habope 6€3 MPOIYCKOB.
e complete — 0Oy4yeHHUE TOJBKO HA TEX IPUMEPAX, II€ OTCYTCTBYIOT IIPOITYCKH.
e imputed — obyueHne Ha HaOOpe, TJe IPOMYCKH 3aTOTHSINCH OTHUM U3 METOIOB.

B kadecTBe MOJIENIN HCIIOIB30BAJICS TIOJTHOCBSI3HBIH EPCENTPOH ¢ L = 2 CKPBITBIMU CIOSIMH 110 kK =
20 HellpOHOB B Ka)XXJIOM ¥ OZHUM BBIXOJHBIM ciioeM. O0ydeHrne OCYyIIECTBISUIOCh Ha MIPOTKCHUH
500 smox. [lis MeToma pempoayKIuu IepcenTpoH oOydaincs B TedeHne 50 3MOX HA JaHHBIX 0e3
MIPOITYCKOB, @ 3aTeM KaXKIYIO I0XY 3aITyCKaJICS ITPOIIECC BEPOSITHOCTHOTO 3aIIOIHEHUS MIPOITYCKOB
1 00y4YeHHue MMPOI0IDKAIIOCH YK€ Ha OOHOBIIEHHBIX 3aII0JIHEHHBIX JaHHBIX.

5.4 OueHKka KayecTBa

Kaxxnas xomOuHaus Habopa JaHHBIX, YPOBHS MIPOILYCKOB M METOMA 3allONHEHHs 3amyckangach 50
pa3 € pas3iM4YHbIMU HaYaJbHBIMH HWHHUIUATIHU3ALUAMU BECOBBLIX KO3(1)(I)I/IHI/I€HTOB. B kauectBe
OCHOBHOW METPHKH HCIIONB30BaNach MPaBHIBHOCTh KiaccHukamuu (accuracy) Ha TECTOBOM
MHOXKECTBE M3 COOTBETCTBYIOLIEro Habopa maHHbIX u3 5000 snemeHToB. Bece TecToBhie HAOOPHI
COJIePIKAITH TOJIFKO TIOJIHBIC JaHHBIC.

5.5 Pe3ynbTathbl

PesynbpTaThl cO 3HAYCHWsIMH aCCUracy (cpenHee + cTaHIapTHOE OTKIOHEHHE) Mo 50 3amyckam
mpeacTaBicHb B Ta0m. 1, Tabn. 2 u Tabmn. 3. Bu3yanpHbIN aHaNH3 MOKA3bIBACT, YTO IPEAIaracMbIi
METOJ PENpONYKLUUH JIEMOHCTPUpPYET Oojiee BBICOKYIO YCTOHYMBOCTH NPU BBICOKUX YPOBHSIX
MPOIYCKOB, OCOOCHHO Ha CJIOKHBIX Ha0Opax JJaHHBIX, KaK Hampumep "KOJbIl0 U Kpyr'.
TpaguuuoHHBIE METOABI 3alONHEHHs (CpelHee, MoJa) IOKa3bIBAIOT OXKUAAEMOE CHIDKEHHE
KauecTBa, 0COOCHHO Mpu mpomyckax Beime 60%. Merog kNN maét ymepeHHoe yiydlleHHe, HO
YyBCTBUTEJIEH K IUIIOTHOCTH BBIOOPKH.

Tabn. 1. Pesynemamsl Ha Habope Oanuvix «I ayccuarnvly.
Table 1. Results on the “Gaussians” dataset.

nponycku | full complete reproduce mean most frequent knn 3 knn7
20% 0.919+0.006 | 0.925+0.004 | 0.917£0.007 | 0.931£0.007 | 0.919£0.004 | 0.921+0.006
40% 0.919+0.006 | 0.917+0.009 | 0.897+0.008 | 0.913£0.020 | 0.909+0.010 | 0.915+0.005
50% 0.925 | 0.917+0.005 | 0.918+0.008 | 0.904+0.014 | 0.909+0.018 | 0.906+0.007 | 0.917+0.005
60% 0_(1;03 0.910+0.013 | 0.921+0.009 | 0.866+0.018 | 0.869+0.047 | 0.888+0.011 | 0.894+0.012
80% 0.875+0.011 | 0.912+0.008 | 0.752+0.047 | 0.781+0.057 | 0.852+0.015 | 0.8510.011
90% 0.842+0.023 | 0.906+0.007 | 0.593+0.092 | 0.627+0.128 | 0.723+£0.030 | 0.806+0.015

Tabn. 2. Pesynomamul na nabope dannvix « Cnupanby.
Table 2. Results on the “Spiral”’ dataset.

nponycku | full complete reproduce mean most frequent knn 3 knn7
20% 0.936:0.031 | 0.945£0.025 | 0.922+0.032 | 0.934+0.029 | 0.927+0.034 | 0.941+0.020
40% 0.924+0.023 | 0.930£0.021 | 0.899+0.034 | 0.892+0.057 | 0.880£0.057 | 0.918+0.025
50% 0.941 1 0.926£0.016 | 0.910£0.034 | 0.893+0.031 | 0.873+0.047 | 0.867+0.032 | 0.868+0.062
60% 0524 0.913£0.030 | 0.898+0.047 | 0.890+0.027 | 0.841£0.081 | 0.82320.044 | 0.853+0.040
80% 0.869+0.039 | 0.861+0.044 | 0.750+0.095 | 0.632+0.127 | 0.727£0.041 | 0.773+0.062
90% 0.827+£0.042 | 0.812+0.067 | 0.545+0.082 | 0.373£0.129 | 0.648£0.049 | 0.695+0.040
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Tabun. 3. Pesyromamer na nabope oannvix « Konvyo u kpyey.

Table 3. Results on the “Ring and circle” dataset.

npomycku | full | complete | reproduce mean most frequent knn 3 knn 7
20% 0.987+0.009 | 0.989+0.006 | 0.941+0.058 | 0.983+0.008 | 0.954+0.042 | 0.927+0.086
40% 0.984+0.011 | 0.986+0.011 | 0.865+0.103 | 0.970+0.015 | 0.887+0.080 | 0.846+0.123
50% | ©9% (097120019 | 0.98420.016 | 085250094 | 0958£0.025 | 0.868:0.119 | 0.75120.149
60% 0.014 | 0974£0.018 | 0.981+0.016 | 0.763+0.083 | 0.907+0.068 | 0.797+0.059 | 0.705+0.103
80% 0.89240.136 | 0.964+0.031 | 0.609+£0.148 | 0.673+0.177 | 0.781+0.058 | 0.618+0.069
90% 0.8524+0.080 | 0.952+0.038 | 0.295+0.126 | 0.433+0.170 | 0.52240.039 | 0.562+0.055

JIJISI JONOJIHUTCJIIBHOTO BU3YaJIbHOI'O aHaJiu3a Ha puc. 6, puc. Twu puc. 8 moxa3aHbI HEKOTOPbIC
(J'Iy‘iIIII/Ie) MOJ€JIH, TOJTYUCHHBIC ITOCJIE 06y"{eHI/IH C IOMOLIbIO METOJAa pCIPOAYKIIUH.

Mocke fr class “F (00600, 090031 390 ety
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Puc. 6. Mooenwv, nonyuennas npu kraccugpuxayuu nabopa oanuvlx "2ayccuannl”.
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Fig. 6. Model obtained by classifying the gaussian dataset.
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Fig. 7. Model obtained by classifying the spiral dataset.
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Fig. 8. Model obtained by classifying the ring and circle dataset.
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Takum 006pa3om, IPEATI0KESHHBINA TOIX0A BOCIIPOM3BEACHHUS HETOCTAIOMNX MPU3HAKOB HA OCHOBE
YHapHOH KJIaCCU(PHUKAINN TEMOHCTPUPYET BBICOKYIO YCTOMYMBOCTH K IMPOITyCKaM M CIIOCOOHOCTH K
aJanTaIyy K CJIIOKHOW reoMeTpuH JaHHBIX. OcOOEHHO 3aMETHO ero MPEUMYIIECTBO Ha CTPYKTYpax,
I/ie TPaHUIIbl KIAacCOB SIBJSIIOTCS HETMHEHMHBIMU M HEOJHOPOJHBIMH, KakK, HampuMep, B 3ajaudax
«KOJIBIIO M KPYI» WM «CIupaim». MeToa BOCIIPOU3BEACHUS HE TPEOYET OICHKH TUIOTHOCTH HJIH
MPETONI0KEHUI 0 (opMe paclpelesicHus] U TCOPETUYCCKH MOXKET OBITh paclIMpeH Ha Oolee
BBICOKHE pa3MEpPHOCTU. B coueTaHuu ¢ TOCTYIHOM peanu3aiuei 1 BO3MOKHOCTHIO BCTpauBaHUs B
CYIIECTBYIOIINE MOJICIH, OH MPECTABISACT COO0I MPAKTUUECKUN U TCOPETUUCCKH 0OOCHOBAHHBII
WHCTPYMEHT JUIS paOOTHI C HEMOJTHBIMH JaHHBIMU.

6. 3aknroyeHue

B nanHoli paboTre OBLI TpeUIOKeH MeToA OOpabOTKM NPOITYCKOB B TAOJNWYHBIX JIQHHBIX,
OCHOBaHHBIH Ha HJiee YHAPHOU KiIacCU(HKAIMK U BEPOSITHOCTHOTO BOCCTAHOBJICHHUS 3HAUCHUH Ha
¢doHe paBHOMEpHOro pacmpeznencHus. [1oaxXox OpHEHTHPOBAaH HA PabOTy € INPOIMYIICHHBIMH
MpU3HAaKaMUu Tpu 00y4eHnn MHorocioitHoro meprentpona (MLP) m HampaBieH Ha KOPPEKTHOE
NPE/ICTaBICHUE HEOPEIEIEHHOCTH, CBSI3aHHOM C OTCYTCTBHEM MH(pOPMAIHH.

DKCIIepUMEHTH HA CHHTETHYECKUX JBYMEPHBIX 3aJa4yaxX IOKa3ald, YTO METOX BOCIIPOU3BEICHUS
obecrieunBaeT OoJiee BBICOKOE KAa4eCTBO KIACCU(PHKAIMU MO CPABHEHUIO C KIACCHYCCKHMH
MOAXONAMH, TaKUMH KaK yHaleHHe OOBEKTOB C IPOIyCKaMH, 3amojHeHue cpenmM U KNN-
uaTeprosnus. OcoOEHHO 3aMETHBIM 3TO MPEHMYIIECTBO CTAHOBUTCS B 3a/1a4ax ¢ TOIOJIOTHYECCKH
CJIOXKHBIMH I'PaHUIIAMH KJIACCOB, TI¢ HUCKAKCHHE TEOMETPUH JaHHBIX MPUBOAUT K CYIICCTBEHHOM
Jierpaialiiii KauecTBa Y TPaIULIUOHHBIX METO/IOB.

[IpemioxeHHBIi MeTOX He TpeOyeT NPEeOBAPUTEILHOTO 3allOJHEHUS W HHTErPUPYETCs
HETIOCPENCTBEHHO B mponecc o0ydeHus. OH coxpaHseT THOKOCTh HEHWpPOCETeBBIX MOJENeH,
OJTHOBPEMEHHO YYHTHIBasI BEPOSITHOCTHYIO PUPOJY OTCYTCTBYIOIINX 3HAUCHHUH.

Tem He MeHee, paboTa HMeeT PsJl OTpaHUYeHU. B HacTosmeH (HOopMyIUpOBKE METOX peaIn30BaH
IUIsl TIPOITyCKOB B OJHOM IpU3HaKe M Ha (HUKCHpOBaHHOI apxurexktype MLP. Kpome Toro,
9p(eKTUBHOCTh METOa HE INpOBEpsUIaCh Ha pealbHbIX TAaOJNMYHBIX HabOpax JaHHBIX C
NPOINYLIEHHBIMH JaHHBIMHU, JIeé MOTYT JEHCTBOBAaTh 0OOJiee CIIOKHBIE MEXaHU3MBI OTCYTCTBHS
urdopmannu (MAR, MNAR).

Bbynymas pabota MoxxeT ObITh HalpaBJieHa Ha:

® paCcHiMp€HUEC METOAA Ha MPOU3BOJIBHOC KOJIUYECTBO MPONYHICHHBIX ITPU3HAKOB;

e ajanTalM© K JPYrdM THIAM Mojeneid (Hampumep, TIpajdeHTHBI OyCTHHT,
TpaHC(hOpPMEPHI);
® [PUMEHEHHUE K PEAIbHBIM 3a/1a4aM, BKIIFOUasi MEMIIMHCKHIE U COLMOJIOTHYECKHE JIAaHHBIC;

® HCCICI0BAaHUC YCTOﬁqHBOCTH IIpH pa3IMIHbIX MCXaHU3MaX IPOIYCKOB.

Takum o06pa3oM, TNpenyIoKEHHBIH MOAXOJ OTKPHIBAET MEPCHEKTHBHOE HANpAaBICHHUE JUIA
MIOCTPOCHHUS YCTOWYMBBIX MOJETEH, CIIOCOOHBIX 3((EKTHBHO 00YyYaThCS B YCIOBHUSIX HEIMOIHBIX
JTaHHBIX.
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AHHoTanus. TaGIUIbl MIMPOKO MCIOIB3YIOTCS UL MPEACTABICHNS U XPAHEHUS JAHHBIX, HO, KaK IPaBUIIO,
OHH HE COIPOBOXKIAIOTCSA SBHOM CEMaHTHKOH HEOOXOMMMOW ISl MAIIMHHON WHTEpHpEeTaluH CBOETO
comepxanus. CeMaHTHUecKas HWHTEpIpeTalus TaOnuI sBISIETCS KIIOYEBOW 3amaveil Juisi HHTErparyn
CTPYKTYPHPOBAHHBIX HAHHBIX C rpadaMu 3HaHHWH, OJHAKO CYLIECTBYIOLIIME METOIbI CTAaJKHBAIOTCS C
npobseMaMy Ipu 00pabOTKe PYCCKOS3BIYHBIX TAONHII H3-32 HEIOCTAaTKa Pa3MEUYEHHBIX JAHHBIX H SI3BIKOBOM
cer¢uky. B manHO# paboTe MpeanoikeH MOAXOJ HAa OCHOBE KOHTPACTHOTO OOydUeHWs, HAIlPaBICHHBIA Ha
yCTpaHEHHE 3aBHCUMOCTH OT PYyYHOH Pa3METKH U yJIydIICHHE KadeCTBa aHHOTHPOBAHUS CTOJIOIOB PEAKUMHU
ceMaHTHYeCKUMU TunaMu. [loaxox BKIIOYAaeT agaNTalMI0 aNroOpUTMa KOHTPACTHOTO OOy4YEeHHUs Uit
TaOMMYHBIX JAHHBIX C KCIOJb30BAaHUEM ayrMeHTaluil (yJajdeHne M TepecTaHOBKa s4eeK), a TaKKe
JTUCTHWIIMPOBaHHOM MybTHs3bdHOM Moaenu DistilBERT mist addexTrBHOrO 00ydeHus Ha Hepa3MeueHHBIX
nmaHHeIx Kopryca RWT, comepxkariero 7.4 wmiH. cronOioB. OOydeHHBbIC TaOJIMYHBIC MPEACTABICHUS
HUHTETPUPYIOTCS. B KOHBeWep aHHoTHpoBaHMs (¢peiiMmBopka RuTaBERT, 4ro mno3Bonsier CHU3HTH
BBIYHCITHTEINIBHBIE 3aTPaThl. DKCIIEPUMEHTEHI II0Ka3aJI, YTO MPEATI0KEHHBIH To1X0 focThraeT MUKpo-F1 97%
n Makpo-F1 92%, mpeBocxons HEKOTOphIe 0Aa30BBIC pPEIICHHSA, YTO IOATBEpKIaeT ero 3()(EeKTHBHOCTH B
YCIIOBHSX Pa3peKEHHOCTH JAHHBIX U S3BIKOBBIX 0COOEHHOCTEH PYyCCKOTO SI3bIKa. Pe3ynbTaTel 1eMOHCTPHPYIOT,
YTO KOHTPACTHOE 00yUEHHE MO3BOIISIET MOASIHPOBATH CEMAHTHIECKOE CXOACTBO MEXIY CTOIOIamMu Oe3 sIBHOH
pa3MeTKH, 9T0 0COOEHHO BayKHO ISl JAHHBIX PEAKHUX THIIOB.
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Abstract. Tables are widely used to represent and store data, but they are typically not accompanied by explicit
semantics necessary for machine interpretation of their contents. Semantic table interpretation is critical for
integrating structured data with knowledge graphs, but existing methods struggle with Russian-language tables
due to limited labeled data and linguistic specificity. This paper proposes a contrastive learning-based approach
to reduce dependency on manual labeling and improve column annotation quality for rare semantic types. The
proposed approach adapts contrastive learning for tabular data using augmentations (removing/shuffling cells)
and a distilled multilingual DistilBERT model trained on unlabeled RWT corpus (7.4M columns). The learned
table representations are integrated into the RuTaBERT pipeline, which reduces computational costs.
Experiments show micro-F1 0.974 and macro-F1 0.924, outperforming some baselines. This highlights the
approach’s efficiency in handling data sparsity and Russian language features. Results confirm that contrastive
learning captures semantic column similarities without explicit supervision, crucial for rare data types.
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1. BeedeHue

TaOnuuHble  JaHHBIC  SBISIOTCS  OJHUM M3  KIIOYEBBIX  (OPMATOB  MPEICTABICHHS
CTPYKTYPHUPOBAaHHON MH(GOPMAIMY B Pa3IUIHBIX 00JIACTAX: OT HAYYHBIX HCCIIEI0BaHUIT 10 Onu3HeC-
aHamuTukd. OHU UCTIOJB3YIOTCS B PEJISIIIMOHHBIX 0a3axX JaHHBIX, AJIEKTPOHHBIX Tabiuiax, BeO-
pecypcax W TOKYMEHTaX, 4YTO JelaeT UX 00paOOTKY KPUTHYECKH BAKHOW IS aBTOMATH3AI[NH
aHanmm3a AaHHBIX. OMHAKO TaONMUIBI, KaK IMPaBHJIO, HE COMPOBOXMAIOTCS SBHOH CEMaHTHUKOW
HEOOXOIUMON UIsi MAIIMHHONW HWHTEPIPETAIlMA CBOETO ColepXaHus. 1103ToMy ceMaHTHYecKas
HHTEpIpeTanus TaOIuI, 0COOCHHO Ha S3BIKaX OTIMYHBIX OT AHTIMHCKOTO, OCTAeTCS CIOXKHOM
samaueil [1-2]. OcCHOBHBIC BBI30BBI CBSI3aHBI C HEOOXOAMMOCTBIO COOTHECEHHS OTHEIbHBIX
3JIEMEHTOB Ta0JHIIl (CTOIOIOB, CTPOK, STYCCK) C MOHITHIMH U3 rpad)oB 3HaHMM, TakuMK Kak DBpedia
mwm Wikidata, a Takke ¢ 00pabOTKOM CTPYKTYPHOTO U SI3BIKOBOTO Pa3HOO0Opa3ws JaHHBIX.
Pycckos3pruHbIle TaOMUIBI MPEACTABIIIOT 0CO0YI0 MPOOJIeMy H3-3a OTPAaHHYECHHOTO KOJIUYECTBA
CICIMATM3UPOBAHHBIX HWHCTPYMEHTOB M Pa3MEUYCHHBIX aHHBIX. BOJIBIIMHCTBO COBPEMEHHBIX
METOJIOB, B YaCTHOCTH, OCHOBAHHBIC Ha MPEIBAPUTEIILHO 00YUCHHBIX S3BIKOBBIX MOJCIIAX [0 THILY
BERT [3-9], Tpe0yroT orpoMHBIX 00BEMOB Pa3MEUEHHBIX JaHHBIX, KOTOPBIE JJISl PYCCKOTO SI3BIKA
4acTO HEAOCTYNHBI WM He cOalaHcupoBaHbl. Kpome TOro, CymecTBYIOIIHE pPEIICHUS,
paszpaboTaHHbBIe AJIs aHTJIMHACKOTO S3bIKa, TUIOXO aIATUPYIOTCS K IPYTHUM SI3bIKaM U3-32 Pa3InIuid
B TOKCHU3AI[UH U KOHTEKCTYAIbHOW CEMaHTHKE.

B nmanHo# paboTe mpesiaraeTcsi HOBBIH MOJIXO JJIsi CEMaHTUYECKOTO0 aHHOTHPOBAHUS CTOJIOIIOB
PYCCKOSI3BIYHBIX TabJUI] HA OCHOBE KOHTPACTHOTO oOydeHus. [IpoBepsieTcss yTBEp>KIAEHHE, UTO
KOHTPAacTHOE 00y4eHHE Ha HEPa3MEUYCHHBIX TaOJIMYHBIX JaHHBIX YIy4lIaeT ClIOCOOHOCTh MOJETH
pa3inuyaTth CEMaHTHYCCKHUE TUITBI CTOJIOOB 0€3 MCIIOJIb30BaHMS BPYYHYIO Pa3MEUEHHOI'O KOPITyca
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TaOJIMYHBIX JaHHBIX. TakuMm o0pa3oM, TOAXOA TO3BOJsAET J(P(HEKTHBHO HCIOJIH30BaTh
Hepa3MedeHHbIC TAONWYHBbIE JAHHBIC JUIS OOYYEHHs YCTOWYUBBIX BEKTOPHBIX MPEICTABICHUM,
CHMXasl 3aBUCUMOCTh OT PYYHOU pa3merku. Hain Bkiiaa BKIIOYAET:

1) Apantandi0 KOHTPACTHOTO OOYYeHHS Ui PYCCKOS3BIYHBIX TAOMMYHBIX JAHHBIX C
NpUMEHeHneM ayrMeHTaruid. OOBIYHO MOJ ayrMeHTalMeil JaHHBIX TOHUMAETCs TeXHUKa
HCKYCCTBEHHOT'O YBEJIMYEHHs padMepa oOydaromieil BBIOOPKM IIyTeM IpUMEHEHHS
HEKOTOPBIX MpeoOpa3oBaHUN K HCXOAHBIM JaHHBIM. [ TaOMMYHBIX JaHHBIX B 3TOT
IIpoIiecC TAKXKe BKIIOUAIOT YAAJICHHUE U IEPECTAHOBKY 4YEeK.

2) Hcmonp3oBaHWe IWCTHIUIAPOBAHHON MymbTHs3bIUHOM Momenn DistilBERT, uto
obecrieunBaeT OaaHC MEXy TPOU3BOIUTEILHOCTBIO U BEIYUCIUTEIbHBIME 3aTPATAMH.

3) Hwurerpamuio npenoOyUIeHHBIX TaOIMYIHBIX TIPEICTABICHUN B CYIIECCTBYIOIIHI KOHBEHep
agHOTHpOBaHUSA Ha Oaze ¢perimBopka RuTaBERT [9], uro memoHCTpupyeT THOKOCTH
MOAX0Ma.

4)  DkcnepuMEHTHI Ha KPYIMHOMACIITAOHOM PYCCKOSI3bIYHOM Habope naHHbIX RWT-
RuTaBERT [10] mokasamu, 49TO NpPeNTONKEHHBI MOAXOA MPEBOCXOIUT HEKOTOPHIE
6a30BBIE PEIICHHUS, YTO TIOATBEPKIAET ero 3(Q(PEKTHBHOCTD B YCIOBUAX Pa3speKEHHOCTH
JIAHHBIX U A3BIKOBOM CIICIU(DUKH.

Crathsi OpraHM30BaHa CJIEAYIONIMM 00pa3oM: pasfen 2 IMPEACTaBiIseT COBPEMEHHOE COCTOSHHE
HCCIEIOBaHUH B 00JACTH CEMaHTHYECKOW mHTeprperanuu Tabimi. B pasgene 3 ommceiBaercs
MPEeIOKEHHBIH TIOAXOM ISl CEMAaHTHYECKOTO aHHOTHPOBAHMS CTOJIOIOB PYCCKOS3BIYHBIX TaOJIHII,
BKJIFOYAsi HOATOTOBKY JaHHBIX, apXUTEKTYypPYy MOJIENIN U alroput™ oOyuenus. Paznen 4 conepxur
SKCHEPUMEHTAIbHBIE OIEHKH TECTUPOBaHMSA MPOMU3BOAUTENIBHOCTH IpejaraeMoro moaxonaa. B
3aKI0ueHAH (pasaen 5) naercs o0CyXACHNE TTOYYCHHBIX PE3YJIbTATOB H IUIAHEI Oy aymel paboThl.

2. CoepemeHHOe cocmosiHue ucciedogaHull

IMoa cemanTHYecKol MHTEpHpeTanuei (aHHOTHpOoBaHueM) Tabiuil (Semantic table interpretation)
MOHMMAETCSl TPOECC PACIIO3HABAHHMS W CBS3bIBAHUS TAOMUYHBIX JAHHBIX C MOHATHIMHU W3
HEKOTOpPOro IiejeBoro rpada 3HaHMiA, OHTOJIOIMH WJIHM JPYrOro BHEUIHEro CJIOBaps (Hampumep,
DBpedia, Wikidata, Yago, Freebase, WordNet) [2, 11]. OxHo#i 13 OCHOBHBIX 3a/1a4 CEMaHTHUECKOM
MHTEpPIpPETA TaOIMIl SIBISCTCS aHHOTHpOBaHWe CcToNONOB (column type annotation), mpwu
KOTOPOM OCYILECTBJIETCS CONOCTaBJIEHHE CTOJIOLOB TaOJMIBI C CEMAHTHYECKHMH THUIAMH
(ximaccamu 1 CBOMCTBaMH) U3 LENIEBOTO rpada 3HAHUH.
3a mocneqHre HECKOJBbKO JIET CYHIECTBYIOIIME METOJAbI M MOJENIH HCIOJIb30BAIN EepPEIOBbIC
JIOCTIDKEHHUS B 00J1acTH TIIyOOKOro MamIMHHOTO 00yueHus, GopMynupys 3a1ady aHHOTHPOBAHHA
cTONOIOB Kak 3a1ady Kiaccudukanuu Heckoibkux kimaccoB (multi-class classification). Tak B
padote [12] npuMeHsIH HEMPOHHBIE CETH M MHOYKECTBO M3BJICUCHHBIX TPYIII IPU3HAKOB, TAKUX KaK
BEKTOPHBIE TPEJICTABJICHHS CJIOB M CHMBOJIOB, 4 TAaKXe TIJI00albHblEe CTATHCTHKU CTOJIOLOB. B
pabote [13] mobarieH aHANH3 JOKAIBHOTO (BHYTPU-TAOIMYHOTO) KOHTEKCTA TaOJHUIbI (COCSTHUX
CTOJIOTIOB OTHOCHUTEINILHO IIEJIEBOTO CTOJONA), a B padbote [14] mobGaBuics eme U MeXTaOINIHBIN
KOHTEKCT JUIsl yJydlIeHus npenckasanuii. OIHako OCOOBI HMHTEpeC B JIaHHOM KOHTEKCTE
MPE/ICTABIISIIOT PAOOTHI, UCIIOJIB3YIOLIHE NPEIBAPUTEIHHO 00yUCHHBIE I3BIKOBBIE MOJICJI HA OCHOBE
apxutekTypbl Tpancopmep (Transformer). Brnoku TpancdopMmepa HCIONIB3YIOT MEXaHU3M
BHUMAaHHS, 4TO TTI03BOJISIET MOJIEIIM T€HEPUPOBATh I10JIE3HbIE KOHTEKCTYaIM3UPOBAHHbBIE BEKTOPHBIC
NPE/ICTABIICHUS ISl CTPYKTYPHBIX KOMIIOHEHTOB TaOJIMYHBIX JAHHBIX, TAKUX KaK SYEHKH, CTOJIOIBI
Wi cTpoku. Takxke S3bIKOBBIE MOJIENH, NMPEABAPUTEIFHO OOy4YEeHHBbIE Ha KpYyITHOMAaclITaOHBIX
TEKCTOBBIX KOPIIycax, MOT'YT XpaHHTh CEMAHTHKY U3 00ydalollero Tekcra B (opMe MnapamerpoB
MOJIEIIH, YTO JIeJIaeT MPOLecC JOOOYUYEHHS TAKUX MO/Ieiel Ha KOHKPETHBIX IOCIEIYIOINX 3a1a4ax
(downstream tasks) nocratouno s¢pexruBabM. [IpuMepamu Takux paboT sBisroTes mogean TURL
[3], TaPas [4], TaBERT [5], TABBIE [6], TUTA [7], Doduo [8].
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CylecTByIOIME pElICHHs] B 3TOH 00JacTH HMMEIOT BBICOKYIO INPOHM3BOJHUTENBHOCTH, KOTOpas
JOCTUraeTcs 3a c4eT OOJNBLIOr0 KOJIMYECTBAa Pa3MEUCHHBIX OOyYalomMX AaHHBIX. B wacTHOCTH,
QHITION3BIYHBIC HAOOPHI JNaHHBIX MOTYT BKJIIOYATh COTHHM THICSY Pa3MEUCHHBIX CTOJOIIOB
(manpumep, VizNet-Sato [13] ~ 100 000, WikiTables-TURL [3] ~ 600 000), a pycCKOS3bIYHbII
Habop TabnuuHbix qaHHeix RWT-RUTaBERT [10] HacuuthiBaeT Gonee 1.4 MHIUTHOHA CTONOLOB.
Co3panue Takux HabOPOB SBIISETCS TOCTATOYHO TPYAOEMKUM IIPOLECCOM, TPEOYIOIUM OOJIBIIOTO
KOJIMYeCTBa BpEMEHH U pecypcoB. boiee Toro, 1u1s CymecTByIOIUX HaOOpOB TalbINI] CBOWCTBEHHA
npoOiemMa pa3peXeHHOCTH IaHHBIX, KOTOpas BBIpaXKaeTcs B, JOBOJIHO, HecOaJaHCUPOBAHHOM
pacrpeeneHUy CeMaHTUUECKUX TUIIOB (TaK HAa3bIBAEMOE «pachnpedenenue ¢ ONMUHHbIM XEOCTHOM).
Tak HEKOTOPBIM CEMaHTHYECKHM THIIAM COOTBETCTBYIOT COTHHU THICSY CTOJIOLIOB, 8 HEKOTOPHIM
JMIIb HECKOJIBKO JIECATKOB. B pe3ynpTaTe MOZENM CIIOKHO YJIOBHTH JDOCTATOYHOE KOJIUYECTBO
CHT'HAJIOB [UISl CEMaHTHYECKHX THUIIOB, OTHOCSIIMXCS K MEHBIIUHCTBY (PSIKHM THIIAM, TAKHM Kak
«amaemy, «2OpHbI Xpebemy WIH «CMPAx06as KOMNAHUAY), IaXe NPH KOHTPOIUPYSMBIX
(supervised) macrtpoiikax. Hampumep, rpaduk pacmnpenencaust 30 Hawmboiee BCTPEUYAROIIAXCS
CEeMaHTHUYECKUX THIOB st Habopa manHeix RWT-RUTaBERT, nemoncTpupyronmii 3Ty mpobiemy,
IpeJcTaBieH Ha puc. 1.
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Puc. 1. Ilpumep npobaemor paspexcennocmu oannvix 0 Habopa RWT-RuTaBERT.
Fig. 1. Example of a data sparsity problem for the RWT-RuTaBERT dataset.

Cy1iecTBYIOIINE METO/IbI HA OCHOBE MPE/IBAPUTEIHHO OOYUEHHBIX S3bIKOBBIX MOJIENICH HE SIBISIOTCS
yHHBepcanbHbIMU. Habmoaercs paspbiB Mexay 3p(eKTHBHOCTBIO CYIIECTBYIOIUX PELICHUH Ha
TECTOBBIX NPHUMEPax MU HMX MPUMEHHUMOCTBIO Ha mpakTuke. OcoOeHHO 3TO KacaeTcss TabiauIl C
pPa3IUYHON S3BIKOBONW MPHUHAAJICKHOCTHIO (TIPEJICTABICHHBIX HE HA AaHIJIMHACKOM S3BIKE) H
HMEIOIINX Pa3HYI0 CTPYKTYPHYIO KOMIOHOBKY.

JIyist NOBBIIIEHHST CIOCOOHOCTH OOILIEro MOHUMaHHs TaOJIMIl U PEIIeHHs] PA3IMYHBIX TaOJINYHBIX
3ajia4 MOSIBUJIMCH PAOOTHI, UCIIOJB3YIOUINE OOJIBIINE SI3BIKOBBIE MOJIEIH, KOTOPBIE YaCTO MMEIOT
JYYIIYI0 TPOM3BOAUTEIHHOCTh I10 CPAaBHEHHIO C IPEIBAPUTENILHO OOYYEHHBIMH SI3BIKOBBIMH
MmojemsiMu, TakuMu kak BERT. Onnm takke Oonee yCTOHUMBBI K HEBHIUMBIM IPUMEpaM H3-32
crnenupUIHBIX 3QPEKTOB, BOHUKAIOIINX B PE3yJIbTaTe pa3Mepa MOJIEIH, 00y4eHHON Ha OTPOMHBIX
obbemax Tekcta. [Ipumepamu Takux padot sBisirorest Moaenu Table-GPT [15] u TableLlama [16],
a rtaoke noaxof [17]. OnHako OCHOBHBIM HEJOCTATKOM TaKHX PEUICHHUH SBISETCS TO, YTO OHH
TpeOYIOT OrPOMHBIX BBIYMCIUTEIBHBIX PECYpPCOB, 4YTO 3aTpyIHsET MX IPaKTHYECKOe
UCTIONb30BaHME.

Jlist perieHus BbIIIEyKa3aHHBIX TPOOJEM IIpe/ularaeTcsi MCIOJIb30BaTh METOAbI CaMOOOydeHUs
(self-supervised learning), B uyacTHOCTH, KOHTpacTHOro oOydeHus (contrastive learning) s
M3ydeHUs] TaONWYHBIX TIPEACTABICHHH, TIIONyYeHHBIX Ha OCHOBE OONIMPHOTO KOpIIyca
HEpa3MEYCHHBIX TAONWYHBIX JaHHBIX. JlaHHBIE TAaONWYHBIE MPEACTABICHUS MOTYT OBITH
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UCIIOJB30BaHbl Kak Ui onpejenenus poxacrtsa (relatedness) mexmy nBymst tabnuuamu (IyTeM
BBIYHCIICHHS KOCHHYCHOTO CXOJCTBA MEX/Yy BEKTOPHBIMHU MPEICTABICHUSIMH), TAK U Ui TOHKOM
HACTPOWKH C JJOMOJHUTEIbHBIMH Pa3MEUCHHBIMH TAHHBIMH, CO/ICPXKANIETO HEOOBIIIOE KOJIUYECTBO
TabIIHIIL, O KOHKPETHbIC mocheayronre 3axaun (downstream tasks).

3. lpednazaemsbiti Nodxod

3.1 MNocTaHOBKa 3agayuu

Tabnuua — 3TO0 IBYXMEpHasl CTPYKTypa JAHHBIX, COCTOSIIIas M3 CTPOK M CTOJIOLOB. B syelikax
TaOJIMI] MOTYT COAEPKAThCSI TEKCTOBBIE NaHHBIC, YHCIIOBBIE, J]aTa U BpeMsl U Tak jaanee. MOXKHO
BBIJICNIATH TPH BHA TAOJHII C TOYKH 3PSHUS CTPYKTYPHUPOBAHHOCTH HHPOPMALINH:

1)  cunvro cmpykmypuposanHbie (TaOIHIBI PEIAIHOHHBIX 6a3 TaHHBIX);

2)  noaycmpykmypuposamniuie (9MIeKTPOHHBIE TaOIULEL, COCTaBJICHHbIE B
CTICIMATM3UPOBAHHOM TIPOTPAaMMHOM obecrieuenn, Hanpumep, MS Excel u tak nanee);

3)  mecmpyxmypuposannvle (1300paxkeHus TabuIl B JoKyMeHTax ¢popmara PDF).

Te e TaOMUIBI MOXHO KJIACCU(HULIUPOBATH, BBOJS TPH OCHOBHBIE I'PYIIBI B 3aBUCHMOCTH OT
OpHEHTALUH:

1) eepmuxanvuvbie — TaONUIBL, B KOTOPHIX JaHHBIC PACMOJOKCHBI B BHUIC BEPTHKAIBHBIX
KOJIOHOK (TO eCTh UIyT "CBepXy BHU3");

2)  eopuszonmanvhvle — TAOIUIBI, B KOTOPBIX JaHHBIC PACIIOIIOKECHBI B BU/IE TOPU3OHTAIBHBIX
nuHU# (TO ecTh UayT "cieBa Hanpaso');

3)  mampuunbie — TAOTHIBI, B KOTOPBIX KaXKAasl 3aUCh HHACKCUPYETCS KIFOYOM(SIMHU) CTPOKH
1 KJITI0YOM(SIMH) CTONOIIA.

B nanHOll paboTe paccMaTpHBAIOTCS TOJBKO BEPTUKAIbHBIE, CHJIBHO CTPYKTYPHPOBaHHBIC U
MOJYCTPYKTYpUpOBaHHbIe Tabnunpl. @DopMalbHOE ONUCAHWE BXOMHOM TaOJIMIBI  MOXKHO
MPEICTaBUTh KaK:

T = {col, ..., col, }, col; = {cell, ..., cell,,},i € 1,n, (1)

rae T — BepTuKaibHas Tabnuna; col; — i-cronben; cell]- — j-sueiika i-cronbua, npu 3ToM j € 1, m.

Hama nenp mpejackasaTh THI CTONOLA, TO €CTh KIACCU(DUIMPOBATh KAXKIBIA CTONOCI MO ero
CEeMaHTHYECKOMY THIy, Hampumep, «Kwuueaw, «llucamenvy, «Kanp» nu «/lama nyoruxayuu,
BMECTO CTAaHAAPTHBIX THUIIOB JaHHBIX, TaKUX Kak cTpoka (String), uucio (integer) wim nata
(datetime). Ilpemnmaraemblii  HOAXOA  MOJApa3yMeBaeT  HCMOJb30BaHWe 170  pasaMIHBIX
CEeMaHTHYECKUX THUIIOB, KOTOPbIe ObUTH COPMUPOBAHBI HA OCHOBE OTOOPAaHHBIX KJIACCOB U CBOMCTB
(cBolicTB-3HAUCHHUH M OOBEKTHBIX CBOWCTB) M3 rpada 3HaHuii obmero HasHauenus DBpedia [18].
I[Tpu 5TOM Gpanuch TONBKO PycCKHe 0603HAUSHHUS ITHX THITOB Uepe3 MeTKy s3bika (label), Tak kak
M0/IX0]] OPHEHTHPOBAH HA AHHOTHPOBAHHE PYCCKOA3BIYHBIX TaOmui. DOpManbHO JaHHYIO 33ady
MOKHO OIUCATh CICAYIOLMM 00pa3oM:

P(COll) € KGSt' KGSt = {Stl, ...,St170}, (2)

rae P(col;) — mpenckasaHHbI ceMaHTHYeCKWM T Juisi i-cronbua; KGg — MHOKECTBO BCeX
CEMAHTHYECKUX TUIIOB, MOIIHOCTH KOTOPOTO B JaHHOM cirydae paBHa 170.
[Ipumep pelieHus 331241 aHHOTUPOBAHUSI CTOJIOIOB JJIsl BXOJHOM TaOJIMIIbI IPE/ICTABIICH Ha pHC. 2.
OcHOBHasi Wzes IO/AX0/a 3aKJII0YaeTCs B CO3JaHWH KOAMPOBIIMKA YCTOHYMBBIX TaOIMYHBIX
NPE/ICTaBICHUH Ha OCHOBE KOHTPACTHOI'O OOYYEHHs, KOTOpBIE 3aT€M MOXKHO HCIIOJIb30BAaTh HA
nocneayronmx 3agadax (downstream tasks), B 4aCTHOCTH, AJIs CEMAaHTHYECKOTO aHHOTHUPOBAHUS
CTOJIOLIOB PYCCKOSI3BIUHBIX Tabmum. OOmas cxema mpelylaraeMoro Hoaxojaa IpejcTaBieHa Ha
puc. 3.
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D&ﬁp | owl:Class rdf:Property
a1 / A \ A
Mla rdf:type rdf:type
rdf:type rdf:type
/ | N\ |

Kuura || MNucatens ) Haup Aara
/ nyGauKauymumu
CemaHTHUecKHue TUNbl
WcxogHan Tabnuua - - T T = -
assaHue AeTOp HaHpb! lop,
EBreHuid OHeruH A.C. MywxuH pomaH B cTHxax ||1833
Hpeceynerpg: .M. flocToescki | [poma 1866
HaKazaHue
BoiHa v mup N.H, Toncton pomaH-anones 1869
BuwHesbil cag A.N. Yexos neeca 1904

Puc. 2. I[Ipumep pewenus 3a0a4u AHHOMUPOBAHUsL CTOIOYO8.
Fig. 2. Example of solving the column type annotation task.
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Puc. 3. Obwan cxema npednazaemozo nooxooa.
Fig. 3. General outline of the proposed approach.

3.2 OnncaHune Habopa AaHHbIX

IpenBaputenbHo oOyueHHbIH KoaupoBmumk Tabmui (Encoder) ofyuaercs Ha OTpOMHOM
KOJIMYeCTBE TaOJIMYHBIX JIaHHBIX, KOTOPbIE HE HYXK/IAeTCsl B py4YHOI pa3meTke. B kauecTBe Habopa
HCXOJIHBIX TaOJIUII HCIIONIB3YIOTCS KpymHoMacTabueiii kopryc RWT (Russian Web Tables) [19].
JlanHbIil HabOp MpencTaBiIseT co00M cpe3 TabnuIl U3 PyccKos3pIaYHON Bukuneaun 3a 13 ceHTAOps
2021 ropna. OcHoBHBIE cTaTHCTHKH TI0 HA0opy RWT nipexncrasnens: B Tadur. 1.
Ha mepBom sTame mpeaBaputeabHOW 0O0paOOTKM MAaHHBIX, U3 UCXOAHOTO Kopmyca RWT Obum
OTOOpaHbl BEpPTHKANbHBIE TaOMWIbL. [lpu 3TOM KaXAbId cTONOEN] W3 Takod TaOMUIlhI
MIPEACTaBIsIETCS B KAadeCTBE CTPOKHM ITAHHBIX C TIOMOIIBIO pasfenuTeNs sueek «<<w. [Ipmmep
XpaHEHHs U3BJICYEHHBIX CTOJIOIOB NpUBEAEH B Ta0II. 2.
Jlanee Obl1a npoBeieHa OYMCTKA JJAHHBIX MPU ITIOMOIIH CJIETYIOIINX OTIePaLUi:

e  (GuIbTpALUs MYCTHIX CTOJIOIOB;

e yjaieHue CiyxeOHOW HHPOpManmuu mapcepa, 00OpauMBaAIONIEH TEKCT TPH ITOMOIIU
PETYISPHBIX BRIPAKCHUN;

® YIaJICHUC CCBIJIOK HAa CTAaTbU BI/IKI/IHGHI/II/I;
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® yJaJCHUE CIICIUALHBIX CUMBOJIOB (HAIIPUMED, «@», «&», «?» 1 «!»);
® yJaJCHUE IMYCTHIX SYEEK B CTONOIIC;
® yJaJCHUE CTOJOLOB, MMECIOUINX JUIMHY MCHBIIC TPEX SYCeK, TaK KaK JaHHBIC CTOJOLBI
MOCJIe IPUMEHEHHSI AyTMEHTAIMI Y/IaJeHUS TIeeK CTAHOBSTCS HE PElpPEe3CHTATHBHBIMH.
B pesynmpTare Bcex omeparuii OYHCTKH OBUI MOJydeH HAOOp HEPa3MEUCHHBIX PYCCKOS3BIYHBIX
TaOJIMYHBIX JAHHBIX, COCTOSAIIMHN 13 4 656 668 cTOIOI0B.

Tabn. 1. Cmamucmuxa kopnyca madauy RWT.
Table 1. Statistics of the RWT table corpus.

Crarucruka 3nauenue
Yucno mabauy 1266 731
Yucno cmonbyos 7419771
Yucno aueex 99 638 194
Ipoyenm nycmoix cmonbyos 6%
Cpeodnee konuwecmeso siueex 6 cmoadye 13.42

Tabn. 2. Dopmam xpanenus usgneyeHHvix cmonoyoe uz kopnyca RWT.
Table 2. Storage format for extracted columns from the RWT corpus.

id table_id | column_id | column_header column_data
0 7545708 0 HaszBanue Can-Xyan (ucm. San Juan) << Banse-Hy3Bo...
1 5433710 3 3purenu 100 << 200 << 50 << 300 << 500

B rmpoBemeHHOM OJKCIEpHUMEHTE IIpeABapUTeNbHas 00paboTka TabIMII OCYIIECTBISIIACH B
ABTOMATU3MPOBAHHOM PEXHME C HCIIOJIB30BAHIEM CIIELIHAIBHOrO cpenctaa [9].

3.3 Anroputm o6yyeHus

KontpactHoe oOy4enue (contrastive learning) — »To ogHa H3 TEXHHK CaMOOOy4YeHUS,
npeHa3HAYCHHAS JJIs [TOJy4YeHHs HHPOPMATUBHBIX BEKTOPHBIX MpeacTaBieHuid. OHa 3aKIH0YaeTCs
B MaKCHMU3AIUU HEKOTOPO METPUKHU COTIIACOBAHHOCTH, B HAIIIEM CJIy4ae KOCUHYCHOTO CXOJICTRA,
MEXy TOJOXHUTEIBHBIMU TapamMu (3K3EMIUIIPaMHU NAHHBIX) ¥ MHHHMH3ALUU TAHHOH METPHUKH
MEXKJIy OTpHUIIATeIbHBIMU apamu. KoHTpacTHOoe 00yueHue mo3Boisier 3pGeKTuBHO 00y4aThCs Ha
HEPa3MEYCHHOM KOPITyCe TaHHbIX.
B nanHOl paboTe aganTUpyeTcs KOHIEMIKSA KOHTPACTHOrO OOyYeHHs, NMpPEIOKeHHas B pabore
[20], mnst TaGAMYHBIX MAHHBIX. AJICOPUTM KOHTPACTHOTO OOYdYEHHs MJisi TAOIMYHBIX JIAHHBIX
MIpeZCTaBJIeH Ha puc. 4.
OcHOBHasl ujes 3aKII0YacTCs B MOCTPOSCHUH BO BPEMs OOYUCHUS I KaKIOrO CTOJONA B MAKETe
JAHHBIX JIByX ayrMeHrarmid. [l mMOJydeHHBIX ayrMeHTauuil (OPMHUPYIOTCS BEKTOPHBIC
OPEJICTABIICHUSI OPU [OMOIIM MOJENIN KOJUPOBIIMKA. BEKTOpHbIE MpeJCTaBICHHUs IS
ayrMeHTalui, OJyYeHHbIE HA OJJHOM CTOJIOIIE, CYUTAIOTCS TTOJIOKUTEILHOM Mapoil, Hallla 3a1ava
MaKCUMH3HPOBATh METPUKY KOCHHYCHOT'O CXOJICTBA JUISl ATOH Mapbl. B CBOIO ouepe/ib BEKTOPHBIE
OpPEJICTABIICHUS] ~ ayrMEHTalMi, MHOCTPOSHHBIX JUIS  PA3IMYHBIX  CTOJOIOB,  CUUTAIOTCS
OTpUIATENIbHBIME MTapamiu. J[Jist 3THX Hap pelaeTcs 3aja4a MUHUMH3AIUH METPUKH KOCHHYCHOTO
CXOJCTBA.
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Puc. 4. Aneopumm konmpacmnozo 0byuerus: 05k MAOIUYHBIX OAHHBIX.
Fig. 4. Contrastive learning algorithm for tabular data.

3.3.1 AyrmeHTaums faHHbIX

TexHHKa ayrMEHTAIlMM AAaHHBIX MIMPOKO HCIIONB3YETCS B YCIOBHUSIX OIPaHWYEHHOTO KOJINYECTBA
pa3MedeHHBIX JaHHBIX WIM UX OTCYTCTBHU ISl YBEJIMUCHHs 0000maronel CiocOOHOCTH MOJIEINH.
B koHTpacTHOM OOy4eHHHM ayrMEHTAallMH WrpaloT OIPEACIAIONIYI0 POJib B (OPMHUPOBAHUN
CEMaHTHUYECKH COTJIACOBAHHBIX MOJIOKHUTEIBHBIX Tap.

Kaxk npaBuJio, 1y1st TaOJIMYHBIX JAHHBIX BBIJCISIIOT CIEIYIOIINE ayTMEHTALUH
e yJaJleHue CIIy4ailHOH siuerKu;
e yJaneHue/TIepecTaHOBKa/3aMeHa TOKEHOB B STYCHKE;
e BBIOOpKA CTPOK (Hampumep, B pazmepe 50%);
® IEPECTAHOBKA S4EEK B CTPOKE TAOIUIIBL;
e yJaJeHHue CTOJIONOB;
e [IEPEeCTaHOBKA CTOJIOLIOB B TaOIHIIE;

Ha maHHBIIT MOMEHT HET HCCIICIOBAHUI IO ONPEISIICHUIO ayTMEHTAIUH, paOOTAFOIINX HAMITYYIIHM
obpazom misi (GOPMUPOBAHUS CEMAaHTHUECKH COTJIACOBAHHBIX TMap B KOHTEKCTE 00pabOTKH
TaONMMYHBIX NaHHBIX. [IoaTOMY B JaHHOW paboTe, ObUTM BRIOpAHBI IBE ayrMEHTAINH, KOTOPBIE TIO
HaleMmy TPEATNOI0KEHUIO, SBIAIOTCS HaubOoJee TEepPCIeKTHBHBIMU, & WMEHHO: yaJeHHe
CITyJaiHBIX STYEEK U MePECTaHOBKa siueek B cTonoIie. [Ipu ynaneHnn cirydaliHbIX s9eeK, YAAISIoTCs
10% ot Bcex sueex B CTOJIOIE.

3.3.2 KoHTpacTHas (pyHKLMA noTepb

B 3amauax oOyueHWs MNpPEACTABICHUS AKTHMBHO HCIIOJIb3YIOT KOHTPACTHBIE (DYHKIMHM TMOTEPh
(contrastive 10ss), Tak kak ¢ WX TIOMOIIBIO MOJENH CIOCOOHA JIydIlle pa3iNdyaTh BHYTPECHHHUE
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CTPYKTYpbI IaHHBIX, M KaK CIIEJCTBHE Jy4llle U3BJICKATh MOJIe3Hble npeacTaBnenus. Konrpacruas
(hyHKIHS TOTEPh HAMTPaBJIeHA HA MAKCUMH3ALIMIO COTTIACOBAHUS MEXY MOJI0KUTEIbHBIMU MTApaMu
Y MUHMMH3AILUIO COTJIACOBaHMS MEX/y OTPUIATEIbHBIMU ITapaMH B BEKTOPHOM ITPOCTPAHCTBE.
CymecTByeT HECKOIBKO BapHaIliid A1l KOHTPACTHBRIX (DYHKIHMH OTeps. B manHO# pabote BEIOpaHa
¢dyuxumst NT-Xent loss (Normalized Temperature-Scaled Cross-Entropy LosS), ucrions3yemast B
pa6ore [20]. JanHas GyHKIMS ONPEAEITAETCS CIEIYIONIUM 00pa3oM:

N
1
Lur—tent = 557 % Z[I(Zk —1,2k) + L(2k, 2k — 1)],
k=1
exp (5(21))

s(i, k)Y
X8 Lkeiiexp <¥)

1(i,j) = —log

Zl'XZj

llzgllx||z;]

s(i,j) = 4)
rae 1z € {0,1} npunnmaer 3nauenwue 1, ecmn k # i, unade 0; T — napametp Temmeparypsl; s(i, j)
— KOCHHYCHOE CXOJICTBO; Z; = [Z4, ..., Z356], Z € R — BekTOpHOE NpesicTaBieH e (BBIXO MOJIEIHN).

3.4 ApxuteKktypa mogenu

B HacTosmmii MOMEHT MOJIENTH apXUTEKTYpBl TpaHC(OpMeEp SIBISIFOTCS KIIOUEBBIMH B PELICHUH
3amad  0OpaOOTKM €CTECTBCHHOTO s3bIKA. JlaHHBIE MOJENHM SBISIIOTCS YHHBEPCAIBHBIMU
MHCTPYMEHTAaMH /I PeIICHHs 3a1ad 0OpadOTKH TEKCTOB 3a CYET MX BO3MOXHOCTH YYHUTHIBAThH
KOHTEKCTHBIC 3aBUCHMOCTH MEKAY CJIOBAMH B IIOCIICIOBATEIBHOCTAX, @ TAKXKE BO3MOXKHOCTH
o0yuyaTbcsd Ha HEpPa3sMEUCHHBIX WJIM YaCTUYHO Pa3MEUYECHHBIX ITaHHBIX. IIpudeM OHH AenaroT 3TO
JOCTaTO4YHO 3()(HEKTHBHO, 33 CUET BHICOKOTO MapajljieIM3Ma, YTO JIeJIaeT UX MPEAIOUTHTEIbHBIMH
UL 00y4YeHHs Ha OONBITNX 00BeMax TaHHBIX.

Cornacuo pa6ote [20] 1ByMst KITFOUEBBIMH TUTIEPIIAPAMETPAMH KOHTPACTHOTO O0YUEHHS SIBIISIFOTCS
pa3mep makeTa JaHHBIX UM KOJHUYECTBO 31oX. UeM Oouibllle pa3Mep MakeTa JaHHBIX U KOJIMYECTBO
3TOX, TeM Ooiee penpe3eHTaTUBHBIMHU IOTYYalOTCS BEKTOPHBIC IPEICTaBICHUS 00ydaeMoil
MOJIENIM, TeM JIydllle OHa TMOKa3bIBaeT ceOsl Ha MOCIETYIONMX KOHKPETHBIX 3aJadax MpU TOHKOU
HaCTpOIiKe.

Ucxons u3 storo, B xauecTBe 0a30BOM MOJENHM KOJUPOBIIUKA OblIa B3ATa TUCTHIIIMPOBAHHAS
mynbTusi3biaHas Mojietb BERT [21]. Taunas Momens 00ydueHa Ha KOpITyce cTatheil n3 Bukumnenum,
HanucaHHbIX Ha 104 pasnuuHbIX s3bIKax. B ornuumu ot 6a3oBoil Bepcuu [22] naHHAsS MOENb
COCTOHMT Bcero M3 6 CJOeB, YTO B JiBa pa3a MeHble, 4yeM y 0a30Boil Bepcuu, u 12 mopyneii
MexaHn3Ma BHMMaHus. JlaHHas mozenp HacuuTbiBaeT 134 MmMmummoHa mapamerpoB (y Oa3oBoi
Bepcuu 177 MUITHOHOB TTapaMeTPOB).

Juctunnsiiys Mojenel MallMHHOTO OOy4YeHUWsl — 9TO TeXHHKa, IPH KOTOPOIl OCYIIECTBISIETCS
MepeHoC 3HaHMH OT GoJee CI0KHOM MOJIeIH, TaK)Ke HA3bIBAEMOH yuuTeNeM, K OoJiee KOMIIAKTHOM,
Ha3bIBaeMoW ydeHHKoM. [Ipr 3TOM coxpaHseTcst KadecTBO MPEeACKa3aHNi MOICIH.

JlaHHas TeXHHKa B COYETAaHUM C YMEHBUIEHHEM MAaKCHUMaJbHOM IMHBI INOCIEA0BATEIbHOCTH
TOKEHH3aTopa, HHCTPYMEHTA JUIl Pa3OMeHHs TEKCTOBOTO JOKyMEHTa Ha 0oJjiee MENKHE €AMHHIIBI
(TokeHBI), 10 256 TOKEHOB, ITO3BOJIMIIA O0YYUTH MOZENB C Pa3MEpOM MaKeTa JaHHbIX, paBHbIM 800,
910 B 25 pa3 Goiblile, 4eM y aHAOTHIHOTO MEPEJOBOTO aHTIOA3BIYHOTO perenust [23].

B agantupyemoii pabote [20] ObuIO MpOBENeHO HCCIEIOBaHHE 00 HCMOJB30BAHHH MPOCKIUH
BBIXOJHOTO CJIOSI KOJMPOBIINKA B HEKOTOPOE JIATEHTHOE BEKTOPHOE MPOCTPAHCTBO, B KOTOPOM
paccunThIBaeTCs KOHTpacTHas (yHKUUS MOTepb. Pe3ynbraThl IOKa3bIBalOT, 4YTO NPHMEHEHHUE
HEJIMHEIHOW MPOEeKIMU BO BpeMsi 0OYyUEeHHS MOJIOKUTEIBHO BIIMSAET HA Ka4eCTBO MPEACTABICHUI.
Takum obpasom, B JdaHHOIl paboTe wucmonb3yercs AByXcioitHelii mepuentpon (Multilayer
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perceptron, MLP), uaymuii mocie BBIXOJHOTO CJIO0S KOJUPOBIIMKA, JJIs MPOEKIMH B JATEHTHOE
BEKTOPHOE MPOCTPAHCTBO, Pa3MEPHOCTH 128, B KOTOPOM pPacCUMTHIBACTCS KOHTpACcTHAs (yHKITHS
MOTEPh MO YKa3aHHBIM BEIIIE OpPMyIIam.

4. IKkcnepumMeHmMasibHble OUyeHKU U ob6cyxoeHue

Bce skcrieprMeHTH IPOBOIIUIHCH Ha KiIacTepe «Akagemuk B.M. MatpocoB» Ha 6a3e MHcTHTyTa
Juaamukn cuctem u Teopun ympasinenus CO PAH (MJCTY CO PAH). B xoudwurypamuro
KJlacTepa BXOAAT nBa 16-Tu suepHbIX mpomeccopa Intel Xeon Gold 6326 «Ice Lake» 2.9 GHz,
yeThipe rpaduueckux mporeccopa NVIDIA A100 80 GB PCle u 2 TB oneparuHoii namsitu DDR4-
3200.

4.1 HacTpoMKu KOHTPACTHOro o6y4YeHus

IMonxxonx peann3oBan Ha s3bike Python ¢ ucmons3oBanueM 6udanoTek PyTorch u Transformers. B
KauecTBE ONTUMHU3ATOPA FPATUCHTHOTO CIycKa ObLT BeIOpaH Knaccuueckuit meron AdamW (Ir = 5—
e5, eps = 1e-6). [lng ycKOpeHHs] CXOIUMOCTUA MOJienu Oblja MPUMEHEHa TeXHHWKa KOCHHYCHOTO
omkura (cosine annealing), npenHasHaueHHas Ui JUHAMHYECKOTO YMEHBIICHHS CKOPOCTH
obyuenust (learning rate). ITapameTp TeMIepaTypbl, SIBISIOUIKICSA THIEpIapaMETPOM KOHTPACTHO
¢GyHKIMM TOTEpb, paBeH 3HaudeHuto 0.1, Tak Kak JaHHOE 3HAYCHUE SIBJIACTCS ONTHMAIIBHBIM,
cornacHo padote [20].

B Takux HacTpolikax MOJENb NpeIBapUTEIbHO OOYYEHHOTO KOIUPOBIIMKA ObLIa OOydeHa Ha
npotspkeHnn 100 310X, Ha yeTsipex rpadudaeckux yexopureasix NVIDIA A100 ¢ ucions3oBanueM
texHonorun Distributed-Data-Parallel ¢peiimBopka PyTorch. OOyuenme mnpommiaocs Ha
npoTspkeHHH 9 mHer 9 wacoB 53 muHyT. KommdecTBo moTpebiseMoil mamaTH TpaduuecKoro
npoteccopa coctaBuiio 290 rurabair.

4.2 HacTpowku mogenu ons CeMaHTU4eCKOro aHHOTMpPOBaHUA CTONoL OB

B Hacrosimeit pabote B KauecTBe MocieqyIoell KOHKPETHON 3a/1a4n BBICTYNAeT CeMaHTHYECKast
UHTEpIpeTanys (aHHOTHPOBaHKE) cTOIOIOB Tabimi. it pelneHus 3Toi 3a7a4u, paHee B padore
[9] 6611 peoken dpeiimBopk RUTaBERT, ocHOBaHHBI HAa TOHKOW HACTPONKE MPEABAPUTEIHHO
00yueHHON MYNbTUA3BIYHON s13bIKOBOM Mozenmu BERT ¢ wucmoms3oBaHmeM — cHenHanbHO
nojrorosiaeHHoro Haoopa tabnui, RWT-RUTaBERT [10]. /lanHbiii HA00p COAEPKUT HMPUMEPHO
1.56 MmunnuoHa pazmMeueHHBIX cToJIOI0B. OCHOBHAS HJIes 3aKITI0YAETCS B TOM, YTOOBI HCIIOJIB30BATh
yKe TOTOBbIN KoHBelep (pipeline) sToro ¢peiiMBopka ¢ 3ameHol cranaaptHoi Moaean BERT Ha
CHENMaTU3UPOBAHHBIN MPEIBApUTENIFHO OOyUeHHBINH TaOMu4HbIl KoxupoBIIMK. IIpm 3ToM B
KauecTBe Habopa JaHHBIX Ui OOy4YeHHsI TaKKe€ BBICTYNMAaeT pa3MedueHHbIH panee Habop RWT-
RuTaBERT co Bcemu cTanmapTHBIMM HAacTpoiikamu. Pa3Mep BalmaalimoHHONW BBIOOPKH COCTABUII
5% ot oOmero 4mcia TPEHHMPOBOYHOTO ITOJMHOXKECTBA. B KauecTBe pasIoKeHHs 3HAYECHHH
CTOJIONIOB B IIOCIIEAOBATEILHOCTH TOKEHOB HCIOJB3YEeTCsS TEXHHKA CEpPUAIM3alMU COCETHUX
cronbuos (neighboring column serialization), taxxe npeioxeHHas B padore [9].

Cornacno pa6ore [20], cioit npoekuuu 00y4eH ObITh HHBApUAHTHBIM K IIPEOOPAa30BaHUIO TaHHBIX,
n3-3a YEr0 OH MOXKET MOTEPATh MH(POPMAIMIO, KOTOPAask MOXKET OBITH ITOJIE3HA JUIS TTOCTEIYIOIINX
3amau (downstream tasks). ITostomy ans nanpHeiinero 100O0yYeHHUs! TAOJIMYHOTO KOAMPOBIIHKA
UCTIONIB30BAJICS BEIXOJ C TIEPBOTO JIMHEHHOTO CJI0S TPOEKIINH C IPUMEHEHNEM (YHKIIMU aKTHBAIHH
LeakyReLU. Ilpu 3TOM NpUMEHSUINCH CTaHIApPTHBIE HACTPOWKHM O0Oy4YeHHus, 3a/laHHbBIE BO
¢peiimBopke RuTaBERT. Takum o6pazom, Mmozens Obuta 1oo0ydeHa Ha mpoTspkeHuu 30 31ox c
pasMepoM TMakeTa JaHHBIX paBHBIM 32 Ha Habope manHbix RWT-RUTaBERT. Jlns srtoro
ucrnonb3oBaimuck 2 rpaduuecknx yckopurens NVIDIA A100, obydeHume mOpoOANHIOCHE Ha
nporspkeHun 2 gHed 20 gacoB 15 munyT. IloTpebnenme mamstu rpaduyueckoro mporeccopa
cocraBwio 9.9 rurabaiir. JlonoigauTtensHO ObUTa 00ydeHa MOJENH C Pa3MEpPOM MaKeTa JaHHBIX
paBHBIM 256 C COXpaHEHHEM BCEX OCTAIBHBIX rumnepnapamMerpoB. [Ipu Takux HacTpoiikax oOydeHue
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3aHsu0 4 mHA 3 waca | munyTy. KonmdecTBo moTpedisseMoit maMsTi rpaduaeckoro mporeccopa
coctaBuIo 52 rurabaiira.

4.3 MeTpuKM OLEeHKN

B KxadecTBe OCHOBHBIX METPHK OLIEHKHU IIPOU3BOIUTEILHOCTH HPEIIAraeMoro IOIX0/(a BEICTYIIAeT
ycpenuenHas F1-mepa, IIOCKOJIBKY pernaeTcst 3aj1a4a Kiaccu(MKauyu HeCKOJIbKUX Kiaccos (multi-
class classification). B gactaocTtH, ucnonb3yercs mukpo Fl-mepa (micro F1), makpo Fl-mepa
(macro F1) u B3Bemrennas F1l-mepa (weighted F1) tak kak Ha6op maHHeix RWT-RuTaBERT He
cOaTaHCUPOBaH.

Mukpo F1-mepa paccunTbiBaeTcs 10 BCei MaTpHIIE OLIMOOK U ONPEIEIIETCS CIISTYIOIMM 00pa3oM:

TPy +TPy+-+TP , TPy+TPy++TP
®__ MicroRecall = T
TPy++TPp+FPy++FPp TPy +++TPy+FNy+--+FNp

MicroPrecision =

. 2XMicroPrecisionxMicroRecall
MicroF1 = (5)

MicroPrecision+MicroRecall

Maxkpo F1l-mepa — 3T0 cpeansist onieHka F1-Mepsl A Kaskj0ro ceMaHTHUecKoro Tuma (kiacca). [lpu
9TOM BCe KIIaCCHI SIBIIAIOTCS SKBUBAJICHTHBIMHE, TO €CTh HE YUHTBIBACTCS AUCOATAHC Ki1accoB. Makpo
F1-mepa paccuuthiBaeTcs mo Gpopmyiie:

N g
MacroF1 = 2= (6)
N

rae N — gncno cemanTHuecKkuX TUMOB (kimaccoB); F1; — F1-mepa st i-ceMaHTHYIECKOTO THIIA.
BsBeniennas Fl-mepa paccumThiBacTCS AT KXIOTO Kiacca M 3aTeM CyMMHpYeTcs Kak
CPEIHEB3BEIICHHOE 3HAUCHHWE C YYETOM KOJMYECTBA 3allMcedl Al KaXZoro kmacca. /laHHas
MeTpHuKa B ommaue oT Mukpo Fl-meps! yuurteiBaer amcOananc kiaccoB. Bipemennas Fl-mepa
paccYUTHIBACTCS 10 (hopMyIie:

WeightedF1 = £ [w; X F1,],w; = =%, ©)

rae C — Y4HCI0 CeMAaHTHYECKUX THIOB (KJITaCCOB); M; — KOJMYECTBO IK3EMIUTAPOB B i-kmacce; N —
ofIee KOJIMYeCTBO K3eMIUIpoB; F1; — F1-mepa st i-ceMaHTH4eCKOro TUIa.

4.4 Pe3ynbTaTthbl U 06CyXaeHue

Pe3ynbraThl SKCIIEpUMEHTAIBHOW OIEHKM NpencTaBieHsl B Tadn. 3. IIpu 3ToM ocymiecTBiIeHO
CpaBHEHHE NPOU3BOJUTEIFHOCTH MPEAJIAraéMoro Moaxo/ia ¢ HEKOTOPHIMH aHAJIOTaMH, KOTOpPBIE
BbIOpaHbI B KauecTBe 6a30BbIX pemenuii (baseline).

Bo-mepBrix, BeIOpaHa IpeaBapuTeNbHO OOydeHHas si3bikoBas moaenb RuBERT [24], xoropas
crenMaIn3upyercss Ha oOpaboTke pycckoro sizpika. [Ipm 3TOM THpHMeHeHa OJHAa M3 TEXHHK
tpaHcdeproro obyuenust (transfer learning), mpu koTopoii B mpoiiecce oOydeHHs] Beca CIIOEB
KOJMPOBIIHKA OCTAIOTCA HEWM3MEHHBIMH. Takum oOpazom, Bo Bpems nooOydeHunss RuBERT wHa
Habope naHHbIX RWT-RuTaBERT usmeHsuMCh TOJIBKO MapaMeTphl ciosl, PeJHa3HaueHHOT'O IS
KITacCU(UKAIIUY JAHHBIX.

Bo-BTOopbIX, BEIOpaH coBpeMeHHBIH QpeiiMBopk Doduo [8], koTopslil siBisieTCst TMIEpOM peleHHs
3a71a4d CEMaHTHYECKOTO aHHOTHPOBAHUS CTOJIOLOB M CBA3eH MeXIy HMMH. Takum oOpazoM, B
JAaHHOM CJIyd4ae TaKkKe NMPUMEHAJIach TeXHHKa TPaHC(HEpHOTO OOydUeHHs C 3aMOPO3KOW CIIOEB
KOJIHUPOBIIMKA U JOOOYYEHHEM TOJBKO IMOCIIEAHETO JIMHEWHOro cios Kinaccudukaropa (Doduo).
ITomMumo 3TOrO, OBLIO PAacCMOTPEHO anbTepHaTHBHOE OazoBoe pernenue (Translated Doduo),
OCHOBAHHOE Ha MEPEBO/JIE PYCCKOSI3BITHOTO Habopa TaOINYHBIX JAHHBIX HA aHTTIMHCKHH S3bIK H €T0
TOpUMEHEHHUS U aHTI0sM3bIYHOM Mozenn Doduo. Takum oGpasom, cemanTideckne Turbl RWT-
RuTaBERT Obuin 0TOOpajkeHbl B aHTIMHCKHE THIBI HaGopa maHHbix VizNet-Sato (mampumep,

117



Tobola K.V., Dorodnykh N.O. Using contrastive learning for semantic interpretation of Russian-language tables. Trudy ISP RAN/Proc. ISP
RAS, vol. 37, issue 6, part 2, 2025. pp. 107-122.

«200». «year», «mecmox: «location», «amvbom»: «albumy» u Tak nanee). Ilpu oToOpaxkeHuH
CEeMaHTHYECKHX TUIOB, 16 THHoB 13 VizNet-Sato ObIIM HCKIIFOYEHBI, B CBA3U C HEBO3MOXKHOCTBIO
nx orobpaxenus («affiliate», «birthPlace», «brand», «collection», «commandy, «currency»,
«family», «fileSize», «gender», «grades», «isbn», «jockey», «plays», «salesy, «speciesy,
«teamName».). B cBoto ouepens u3 Habopa RWT-RuTaBERT 5 cemaHTHYeCcKMX THUIIOB He
MOJTy4HIIOCh 0T00pa3uTh HU B oquH THI VizNet-Sato («niowadey, «36yk», «omHouenuey, «86ny»,
wiec»). Camu ctonOipl u3 rectoBoro Habopa RWT-RUTaBERT 0Obuti nepeBeieHb! Ha aHTITHHCKUH
SI3BIK C IIOMOIIBIO MAIIMHHOTO nepeBoja. Kpome Toro, Oblia ocyiiecTBiIeHa MOJHOLIEHHAS TOHKas
HacTpoiika MyabpTHs3bIdHON Mojenn BERT cormachHo moaxoxy Doduo na nHaGope nanabix RWT-
RuTaBERT (Fine-tuned Doduo).

B-Tperhux, B3aT opurnHaibHblii moaxoa RuTaBERT u3 pa6otsr [9].

Tabn. 3. Pesynomamsl 3KcnepuMeHmanbHol oyenku Ha Habope oannvix RWT-RUTaBERT.
Table 3. The results of the experimental evaluation on the RWT-RuTaBERT dataset.

Hoaxox micro F1 macro F1 | weighted F1

Doduo 0.140 0.043 —

Translated Doduo 0.364 0.127 —

RuBERT 0.612 0.417 0.592
Fine-tuned Doduo 0.962 0.891 0.962
RuTaBERT 0.964 0.904 0.963
Ipeonazaemviii nooxoo (hs32) 0.969 0.910 0.969
Ipeonazaemviii nooxoo (hs256) 0.974 0.924 0.974

[MonyueHHast olleHKa MOKa3aja, YTO IpellaraeMblii Moaxo] B 00erx KOH(PUryparusx o0y4eHHs
(pa3mep makera JaHHBIX 32 1 256) mpeB3oiien Bce 0a30BbIe pelieHns. B 4acTHOCTH, YKCIEPUMEHT
IIpoAeMOHCTpUpoBal, uTo Mozenb RUBERT xoTe 1 opueHTHpOBaHa Ha 00PabOTKY PYCCKOTO A3bIKA,
HO HE HalpaBJIeHa HaNpsMYyI0 Ha pelIeHre TaOIMYHBIX 3a/a4, KOTOPbIe OKa3aJIHMCh CIOXHBI I
9TOi Moxmenn. TakuM o00pa3oM, CYIIECTBYIONINE PYCCKOS3BIYHBIC MOJECTH HE MOTYT OBITH
3¢ PEKTUBHO MPUMEHEHBI K PELICHHIO 33241 CEMaHTUUECKOI0 aHHOTHPOBAHMUSI CTOJIOIOB.
Mogens Doduo ofydeHHass ¢ TpUMEHEHHEM TEXHHUKH TPaHCPEPHOTO OOydeHHUs MoKas3aja
JIOCTATOYHO HU3KHUE PE3YIBTaThl OIIEHKH. JTO CBA3aHO C TEM, YTO MOJIENb 00yJanach Ha TAaOJIMIHBIX
JAHHBIX, TPEICTABICHHBIX TOJIBKO HA AHTJIMHCKOM SI3BIKE. B WacTHOCTH, B TOKEHH3aTOpE STOU
MOJIENN TIPAKTHYECKH OTCYTCTBYIOT PYCCKOS3BIYHBIC TOKCHEI. BeiencTBre 4ero MoKHO MPHHATH K
BEIBOJIY, YTO HEBO3MOYKHO B3STh MOJIEJ b, O0YUCHHYIO Ha aHTJIMHCKOM SI3BIKE, M HCIIOB30BATh €€ Ha
HEKOTOPOM APYTOM S3BIKE, B TAHHOM CIIydae pycCKOM. [ 3TOro HeoOXOIMMO MEHSTh Oa30BBIH
KOAMPOBIIHK, CHIOCOOHBIN pa3anyaTh 3TOT CAMBIN S3BIK.

[Ipy 3TOM TOHKO HACTPOCHHBIA MYIbTHS3BIYHBIA KOAMPOBLIMK (peiiMBopka Doduo um momxon
RuTaBERT mnoka3anu moyTH COMOCTaBUMBIE PE3YyJIbTaThl IO METPUKaM OLIEHKH. OJIHAKO MOXHO
3aMETUTh, YTO HCIOJIH30BAHHE MPEJIBAPUTEIHEHO O00YYEHHOTO KOAMPOBIIMKA TaOJMI] HA OCHOBE
KOHTPAcTHOTO OOy4YeHHS IOJIOKUTEIBHO BIMSAET Ha pe3ynpTar. C HCIONB30BaHWEM MEHBIICH
MOJIeNM TIPH TeX >K€ HACTPOWKax MOJIYYMIOCH TOCTHYh TOYHO TaKUX JK€ pe3yiabTaToB, KakK Y
knaccuueckoit mojenu RuTaBERT u ToHko HacTpoennoi Doduo. IIpu sToM Mozens morpediser
mpuMepHO B 3 pa3a MEHbIIE BHJIEONMAMITH B Ipomecce oOydeHus, menee 10 rurabait (mpu
OIIMHAKOBOM JUISI BCEX TPEX MOJeNed pa3Mepe IHakeTa TaHHBIX PaBHBIM 32), YTO ITO3BOJISET
3amyckarb 00y4eHHe Ha CTallMOHApHOM JOMalIHeM KoMmIbiotrepe. KpoMe Toro, mpu HCHonb30BaHUH
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0O0JIBILIETO pa3Mepa IakeTa JaHHbIX (256, B oTiinune oT 32), MOJIyYrIock JOCTHYb BRIMIpsInI B 1.5%
otHOcuTenbHO Kiaccnmdeckoi momenun RuTaBERT u moutm 3% mo CpaBHEHHIO C TOHKO
HacTpoenHo# Doduo. IomydeHHbIe SKCIEPUMEHTAIBHBIC PE3YIBTAThl YKa3bIBAIOT HA MMOTCHIIHAI
HaIIero I0X0/1a JUIsl CEMaHTUUECKON aHHOTAIMH PYCCKOS3BIYHBIX TaOJIHII.

Jus  panpHeWmed omeHKH A(PQPEKTHBHOCTH TMpeaiaraéMoro MOAXonaa, OBII  IIPOBEICH
CTaTHCTHYECKUH aHAIIU3 110 TPEM acCIeKTaM:

1) I'pynnupoBka mno THOaM JAaHHBIX: Bce cronOmer w3 coOpaHHBIX Tabmui ObUTH
KJIaccu(UIMPOBAHBI HA 5 OCHOBHBIX rpyniL: «/{amay, «Hucnoy, «Ccoiikay, «Kopomxuii mexcm» 1
«Anunnvrii mexcmy. CTOMOLBI ¢ THIOM «/{ama» BKIIOYAIOT JAThl, TOABI WIIX BPEMS B Pa3JIMIHBIX
¢dopmarax. Ctonbusl Tuna «Yucro» copepiar TOJIbKO YHCIIA, HATPUMED, Pe3yIbTaThl U3MEPEHUI
JUIMHEBL, Beca win Bo3pacTta. Ctosdusl ¢ turnoM «Ccbuika» BKIIOYAIOT Pa3iUyHbIC BUABI CCBHUIOK,
Bkiroyast URL-anpeca. TekcToBble cTONOLBI ObUIN pazfeneHsl Ha «Kopomkuti mekcmy (3Ha4SHUE
SYCHKH COZCPKHUT MEHEE YEThIpeX JICKCeM) U «/[iunHHblli mekcmy (3HAYCHUE STUCHKH COIACPIKHUT
yeTsipe U Oosee jekcem). Taxoke ObUT BBIJENCH OTACNBHBIN THI IaHHBIX «[lepcoHay», KOTOPBIHA
YUUTBIBAET PACIPOCTPAHEHHOCTh TAaKMX CEMaHTHYECKUX THUIIOB Kak «pabomodamenby,
«cyenapucmy, «cnopmemeny, «@ymoéoaucm» 1 Tak ganee. B tabn. 4 mpencraBieHs! pe3yIbTaThl
MuKpo F1-mMeps! a5 ka0 TPYIIBI TUIIOB JaHHBIX.

Tabn. 4. Pezynomamvl s3xcnepumenmanvhol oyenku no mukpo F1 ons evidenenuvlx munos 0anHwix.
Table 4. The results of the experimental evaluation of micro F1 for selected data types.

Tun JaHHBIX RuTaBERT IpeanaraemMplii moaxox
Hama 0.941 0.948
Jlnunneiii mexcm 0.885 0.858
Yuco 0.749 0.760
Iepcona 0.692 0.716
Kopomxuii mexcm 0.926 0.932
Ccviaxa 0.699 0.611

2) CxoaumocThb Moaean: i OIEHKH CXOAMMOCTH MOJIENTH OBIIIH MIPOBEACHBI SKCIEPUMEHTHI IS
OT/IENTBHBIX KOHTPONIBHBIX TOuek (Checkpoints) o6yuentoit mogenu (DS32) B cpaBHEHHE C MOJIENBIO
RuTaBERT. ITpu 3ToM 6pauck 1Be KOHTPOJIBHBIX TOUKU MOZeNel, 00ydeHHBIX B TedeHue 10 u 30
snox. Pe3ynbTarsl npeacrasieHsl B Tabn. 5. B ckoOkax mpencTaBieHo 3HaUSHHE IPUPOCTa OLEHKH
OTHOCUTEJILHO NEPBOI KOHTPOJIbHOM TOUKH.

MOXHO 3aMETHTbh, YTO MOAENb, 00y4YEHHAs 0 MpeiaraeMoMy MOJIXO0y, CXOAUTCs ObIcTpee, YeM
mozens RUTaBERT, npu aTom umeer Ha 1-3% Bbliie MPOM3BOAUTENHLHOCTH HA TECTOBOM BBIOOPKE
no Merpuke F1. JlaHHas 0cOOCHHOCTH MO3BOJISIET MCIIOJIB30BATh MEHBINEE KOJIMYECTBO SIOX HA
aTare 00y4eHusl, IoJTydas IIPH ATOM CPABHUMYIO MM JIaXKe MTPEBOCXOISIYIO IPON3BOIUTEIEHOCTD
B cpaBHeHUH ¢ Mojenbio RUTAaBERT.

3) Peakne cemanTH4eckne THNbI: OLEHKAa MPOU3BOIUTENBHOCTH TaKXke MpoBoAWiIach g 15
HavMEHee BCTPEYACMBIX CEMaHTHYECKMX THUNOB. /[l cpaBHeHHMs OBUIM HCIOJIB30BaHBI
KOHTpOJIbHBIE TOukH oOydyeHHod wmoxenu (Ps32) u RuTaBERT, nocturiime HamBbicLiero
pe3ysbTaTa Ha oOydaromieM Habope JaHHBIX O MeTpHuke Makpo F1. PesynbraTsl npencTaBieHs! B
Tabn. 6. Pe3ynpTaThl MOKa3bIBAaIOT, 4TO OJarojaps IOJYYEHHBIM YCTONYMBBIM TaOIMYHBIM
NPE/ICTABICHUSIM, MpEJJlaraeMblii  MOJIXOJ  3HAYMTENILHO  IPEBOCXOJAMT  CYIIECTBYIOLIEE
COBPEMEHHOE PYCCKOsI3bIYHOE perieHne, B yacTHocTH, RUTABERT mo mpouwsBoauTensHOCTH, B
0COOCHHOCTH AJIsl PEIKO BCTPEYAIOLIMXCS CEMAaHTHUECKHUX THIIOB.
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Tabn. 5. Pesynomamsi 3KcnepumeHmanbHoll OYeHKU CXO0UMOCmu Mooeell.
Table 5. The results of an experimental assessment of the convergence of the models.

Mogean micro F1 macro F1 | weighted F1
RUuTaBERT (70 snox) 0.952 0.856 0.952
Ipeonazaemviii n00xo0 (10 snox) 0.966 0.888 0.966
RUuTaBERT (30 snox) 0.964 0.904 0.963
(+0.012) (+0.048) (+0.011)
Ipeonazaemviii n00xo0 (30 snox) 0.969 0.910 0.969
(+0.003) (+0.022) (+0.003)

Tabn. 6. Pesynomamvl 3xcnepumenmanvrol oyenku no mukpo F1 ons 15 peoro ecmpeuarowuxcs
cemManmu4yecKux munoe.
Table 6. The results of an experimental evaluation of micro F1 for 15 rarely occurring semantic types.

Cemantnuecknii | KoJua-Bo B)fom)lelmii (B RUTaBERT Mpetaraembrii moaxon
THI TeCTOBOI BbIOOPKeE)
Kamepa 102 (4) 0.250 0.75
pabomooamens 101 (10) 0.899 1.000
YCmpoucmao 101 (8) 0.625 0.875
JHCUBOMHOE 93 (7) 0.857 1.000
arcypran 93 (9) 0.440 0.440
KOHMUHEHM 92 (8) 0.625 0.750
poman 89 (11) 0.818 0.909
3aKOH 89 (9) 1.000 1.000
bopey 88 (5) 0.400 0.600
KOIe0dic 87 (5) 0.000 0.200
mysetl 86 (4) 0.500 0.750
Gupma 85 (6) 0.333 0.333
npegpexmypa 83 (10) 0.600 0.699
dopoza 83 (6) 0.500 0.666
yumama 76 (7) 0.857 1.000

5. 3aknroyeHue

B pabore npey1okeH Moaxo/] CEeMaHTHYECKOT0 aHHOTHPOBAHHUS CTOJIOIIOB PYCCKOS3BIYHBIX Ta0JIHII,
OCHOBaHHBIH Ha KOHTpacTHOM oOy4eHuu. Ilopxox peanm3oBaH B ¢opMe HHCTPYMEHTAIHHOTO
cpencrBa. Mcxonubiid kox [25] u oOyuenHas Mozenb [26] onyOnMKoBaHbBI B OTKPHITOM JOCTYIIC.
DKcHepyMEeHTaIbHbIE PE3YJIBTAaThl JIEMOHCTPUPYIOT, YTO MOJXOJ YCTPaHsET 3aBUCHMOCTH OT
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OoNBIIMX 00BEMOB pa3MEUEHHBIX JIAHHBIX 3a CUET CaMOOOydYeHHsS Ha Hepa3MEUCHHBIX TaOJHIax.
IIpu sToM OH mpeBocxomuT cymecTBytonue 0OazoBbie pemnierns (Doduo m RuTaBERT) mo
METPHKaM OLICHKH, OCOOCHHO /IS PeIKUX CeMaHTHuYecKux TUMoB. [loaxon Takxke oOecrednBaeTt
BBIYUCITUTEIbHYI0 3()()EKTUBHOCTh 3a CUYCT WCIOJNB30BaHUS TUCTHLIHPOBAHHOW MOJETH, YTO
CHIKAeT TpeOoBaHus K maMATi Ha 60% 1Mo CpaBHEHUIO C aHAJIOTaMU.

[omydeHHBIE pe3yabTaThl SKCIEPHUMEHTAIBLHON OIIEHKH MOKa3aIH 3G PEKTUBHOCTD MPEIaracMoro
peumienus. B Oynymiem, B paMKax HCCIEOBaTEIbCKOTO INPOeKTa ¢ MHCTHUTYTOM CHCTEMHOTO
nporpammupoBanust umenn B.I1. BanHukoBa Poccuiickoit akagemunm Hayk (MCII PAH),
IUITAaHUPYETCSl MHTETPUPOBATh STH PE3YNbTaThl B BHJE CHENUAIbHOrO0 o0paboTurka Tabmui,
BXozsmero B cocraB Iardopmel Talisman [27]. Takxke mumaHupyercsi pacllMpeHHe IOAX0/Aa Ha
TaONHIBI C TOPU3OHTAILHOM W MAaTPUYHOI KOMIIOHOBKOH. JomoiHUTEIpHO OyIeT MccieaoBaThCs
BOIIPOC HCIIOJBb30BaHMSl HOBBIX ayrMEHTalWi Il YJIYYIICHUS YCTOWYMBOCTH TaOJIMUHBIX
[IpECTaBICHUM.

B nenom npeanaraemslil HOAX0X OTKPBIBAET BO3MOXKHOCTHU IS CO3/IaHUSI YHUBEPCAIBHBIX CUCTEM
CEMaHTUYECKOM HUHTepHnpeTaluu TaOull, YTO akTyalbHO Ui 3aJad HHTErpaliy pa3IndHOU
CTPYKTYPHPOBaHHOHN M clIabOCTPyKTypHUPOBAaHHOW MH(OPMALNH, U OM3HEC-aHATTUTHKH.
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AHHoTaumsi. B paboTe mpemnoxkeHa MeTpHUKa Ul OLIGHKM Ka4yecTBa PabOThHl aIrOPUTMOB BBIACICHHS
KJIIOUEBBIX TOYCK Ha M300PAKCHUM B YCIOBHSX IIEPECEYCHHONW MECTHOCTH NPH OTCYTCTBHH OJHO3HAYHO
OlpeeNsieMbIX OPHEHTHPOB U YIiIoB. [IpOBeACHO CpaBHEHHE PAa3IMYHBIX aIFOPUTMOB BBIICICHHS KIIFOYEBBIX
TOYEK JJIs Mocieayomieii peanusanuu B cocraBe SLAM anroputma Ha 60pTy GECIHMIOTHOTO JETATEIBHOTO
ammapara. [losydeHbl 3HAUeHUS] TNPENIOKSHHOH METPHUKH JUIsl TOMYJSIPHBIX aITOPUTMOB BBLISIICHUS
KJTIOYEBBIX TOYEK M JpyrHe MnapameTpbl Ha OCHOBE 3allyCKa pElIeHHs B KOHTPOJIMPYEMOM OKpPYXXEHHH.
IToka3aHbl IPEUMYLIECTBA aJITOPUTMOB Ha OCHOBE MOJIeJIel MAIIMHHOTO 00y4eHusI.

KaroueBble cj10Ba: alrOpUTMBI BBIICTICHHUSI KITFOYESBBIX TOYCK Ha H300paeHUH; anropuT™Mbl SLAM; anroputm
SIFT; anropurm SURF; anropurm ORB; anropurm SuperPoint; anropurm R2D2; metox LightGlue; mammunoe
oOydeHue.
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1. BeedeHue

B mocienHee Bpems ¢ y4eTOM HEOOCTYITHOCTH TJI00ANBHBIX HABHUTAIMOHHBIX CHCTEM B DsIC
pernonoB Poccuiickoit @enepanyy 1 yBeTHIUBIIMMUCS PUCKAMH ISl OCCIIMIIOTHBIX JIETATENbHBIX
anmapaToB (nasiee BIIJIA) B cBsi3u ¢ HapylIeHHEM HaBUTAIIMOHHBIX ITOJIEH Bce OoJblliee 3HAYEHHE
npuoOpeTaroT 3aiaun aBTOHOMHO# HaBuranuu. s BITJIA HeOompimoro pasmepa Ha TEKyIIeM
YPOBHE Pa3BUTHsI TEXHOJIOTHH MHEPIUAIbHBIX HABUT'AIIMOHHBIX CHCTEM HEBO3MOXKHO 0OecriedeHue
TpeOyeMoi TOYHOCTH JJs BBIMONHEHHs Muccuid. Ilpm sToM TpeOoBanms k BITJIA pactyr m
HE0OX0IMMBI cHCcTeMBbI obecrieunBaronire otkinoHeHust BITJIA ot kypca He 6onee 5-10 mMeTpoB Ha
qucTaHIpsx 6omnee 10 kM. B 1aHHBIX yCIOBHAX OAHUMH U3 MEPCIIEKTUBHBIX METOJI0B aBTOHOMHOM
HaBUTALIUY CTAHOBSATCS METOJBI Ha OCHOBE CHCTEM TEXHHYECKOro 3peHus [1].

C yuyeToM JaHHBIX TpeOOBaHWII Haubojee NMEePCIEKTHUBHBIMU JUIS M3Yy4YEHUS SIBISIOTCS METOJIBI
OJIHOBPEMEHHOM JIOKAJM3AIMK U OCTPOCHUS KapThl HA OCHOBE TEXHUYECKOTO 3PEHUs], H3BECTHBIE
kak anmroputMsel SLAM (simultaneous localization and mapping). OcuoBormonararoieii pabotoit B
obmactu SLAM sBnserca uccnenoBanne Cmura u Yn3MaHa IO IPEICTABICHUIO U OICHKE
MPOCTPAHCTBEHHOM HEOMpPEIeICHHOCTH, poBeneHHoe B 1986 romy [2]. TIpencraBieHHbIn METOT
ceifyac 0600IIEH /10 IeCTH CTENeHeH CBOOO/IbI, M MO3BOJISICT OLICHUTH B3aNMOCBS3b (IIOJIOKEHHUS U
OpPHEHTALMHM) MEXIy OOBEKTaMH, a TAaK)KEe OLEHHUTH HEONPEJENICHHOCTH, CBS3aHHBIE C ITUMH
B3aMMOCBSI3SIMHL.

Jlng moctpoeHus KapT MECTHOCTU IPUMEHSIOTCSL YIPOLIEHUs HA OCHOBE TOIOJIOTHYECKUX KapT Ha
OCHOBE JECKPHIITOPOB, (DUKCHUPYIOIUX Tomonoruto cpeapl [3]. JlaHHbIE TEXHONOIHH XOPOLIO
0TpabOTaHBI JUIsi aBTOHOMHBIX Ha3€MHBIX TPAHCIIOPTHBIX CPEJICTB B TOPOJICKOIt cpene. OHaKo, st
MEPEeCceueHHONM U JIECHOM MECTHOCTH, a Takke B npuMeHeHuun K BIIJIA MHorue anropurMel
paboTaroT HEyCTOHYMBO Kak JUIsl M3BJICYEHUS KIIIOUEBBIX TOYEK W3 HM300pa)KeHWs, Tak W Ui
MOCJIEAYIOIIEro OMucaHus Aeckpuntopos st SLAM anropurma.

TpaauIMOHHBIE AITOPUTMbI BBIJIC/ICHUS KIFOUEBBIX TOYEK Ha n300paxkeHus, Takue kak SIFT (Scale-
Invariant Feature Transform), SURF (Speeded Up Robust Features) u ORB (Oriented FAST and
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Rotated BRIEF), ocHOBBIBalOTCS Ha MaTeMATHYECKUX H TE€OMETPHYECKUX MPHUHIMIAX. OTH
QITOPUTMBI  HCIIOJB3YIOT pa3iM4HBIC TEXHUKH JUIi OOHapyKeHHsS KIIOYEBBIX TOYEK Ha
M300paKEHNUH, KOTOpBIE SIBIIAIOTCS WHBApHAHTHBIMM K H3MEHEHHAM Maclraba, IOBOPOTa H
ocBelleHus1. TpaauIMOHHBIE aJTOPUTMBI BBIJIEJICHUS KIIIOUYEBBIX TOYEK 3apEKOMEH/I0BAJIH ce0sl KaK
HaJIe)KHbIE MHCTPYMEHTHI Uil 00paboTKM u300pakeHnil. OgHAKO, C Pa3BUTHEM TEXHOJIOTHH
MAaIIMHHOTO OOYy4YeHUs UM HEHpOCETEBBIX IIOJIXOJIOB TOSBISIOTCS HOBBIE BO3MOXKHOCTH JUIS
MOBBIIIEHUS] TOYHOCTH M YCTOMYMBOCTH 3THX aJTOPUTMOB, OCOOECHHO C Y4ETOM HEOOXOJUMOCTH
3aIycka IaHHBIX anropuTMoB Ha OopTy BITJIA B ycrnoBuSIX OrpaHHMYEHHBIX BBIYHUCIUTENBHBIX
pecypcoB.

B kauectBe 6a30BOro ajaropuT™Ma A CPaBHEHHS IOAXOAOB K BBIACICHHIO KITIOYEBBIX TOYEK OBLI
BeIOpaH BusyansHbiid SLAM (V-SLAM) [4], ucnione3yromuii n300paxkeHus, MONydeHHbIC ¢ KaMep
BUIMMOTO JJHAIla30Ha U3JIyYCHHUH.

2. OyeHka anzopummoe u3eJsiedeHusl KIr4Yeebix MoYeK Ha U3obpaxeHuu

J1J1s1 coTtocTaBICHUS aTOPUTMOB HEOOXOJUMO OTIPENICIIUTh KIFOUEBhIC XapaKTePUCTHKI, KOTOPHIMHU
JOJDKEH 00JIaaTh allTOPUTM H3BJIICUCHUS KITFOUEBBIX TOUCK HA M300paKCHUAXK, YTOOBI €ro MOYKHO
OBLIO YCIIEIHO aanTHPOBaTh MOJ crielrpuueckre TpeOoBaHus 1 ycloBus dKciuryaranun BITJTA
Ha MEPECEUYCHHON, B TOM YHCIIC JICCHOH, MECTHOCTH. 10 WToram MpoOBEACHHOIO aHaju3a ObLIH
BBIOpPAaHBI aJrOPUTMBI, OOJAMAIOIIME BBICOKUMH IMOKa3aTelsIMU 3()(OEKTUBHOCTH M IIHPOKO
npuMeHsieMbie B pasnuunbix cuctemax: SIFT [5], SURF [6], ORB [7], SuperPoint [8] u R2D2 [9].
OHHM IEeMOHCTPUPYIOT XOPOIlIee Ka4yeCTBO OOHAPYKEHUS KIFOUEBBIX TOYEK, YCTOMYMBOCTD K IIyMaM
U U3MEHEHHSIM B OKpYXKaIollel cpefie, OHAKO BBIHYXAEHBI OAaJaHCHUPOBATh MEXKIY TOUHOCTBIO U
CHOCOOHOCTBIO OBICTPO 00padaTHIBaTh JaHHEBIC B PeaIbHOM BPEMCHHU.

[Tpu HEOOXOAMMOCTH MCIIONIB30BATH ANTOPUTM Ha 0OPTY OECIMIIOTHHKA, BAXKHO, YTOOBI OH padoTai
B PEXKUME pEaTbHOTO BpeMeHH, ocoOeHHO eciu BIIJIA BbImonHSET 3a7ayd HaBUTALUU WU
00OHapyxeHHsI 00beKTOB. COOTBETCTBEHHO OBICTPOTA IIPH U3BIICYCHUH H COTIOCTABICHUH KITFOYEBBIX
TOYCK KPUTHICCKH BaKHA JJIS IPUMEHEHUS anropuTMoB Ha O0opTy BIUIA. TlosToMy nanee BBemeM
METPHKY JIsl OLIEHKH KauecTBa alrOPUTMOB U IIPOBEIEM OLICHKY CKOPOCTH HX paboThI.

Kaxnplii anroput™ M3BJIEYEHUS! KIIOYEBBIX TOYEK CBSI3aH C COOTBETCTBYIOILMMHU aITOpPUTMaMU
OIMCaHWS JECKPHUIITOPOB M MOCIEAYIOMETO WX COMOCTABICHHS, II03TOMY OCOOBIN HWHTEpec
MpEeCTaBIseT KOMIUIEKCHOE CPaBHEHUE TAHHBIX aJITOPUTMOB 10 BPEMEHH BBIINOJIHEHUS U KAUE€CTBY
MOJYYCHHBIX COTOCTaBICHUN. [Insl pemieHns 3ToW 3amadd ObLT MOJTOTOBJICH TECTOBBIH HaOOp
JIAHHBIX.

2.1 AcxoaHble AaHHbIe ANA OLEHKU

Jnst onleHKM KadyecTBa pabOThl aJrOpUTMOB ObII MOJATOTOBIEH HA0Op JaHHBIX MO PEAIbHBIM
nonieraM BITJIA Ham mepecedeHHON MECTHOCTBIO C YYETOM Pa3JIMYHBIX YCJIOBHIl: BpEMEHH CYTOK
(meHs, yTpoO, Bedep), BPEMEH Iojja, OCBEIIEHHS M MOTOIHBIX aHOMAJHUil (COJIHEYHO, MepeMeHHas
00agHOCTh, 007aYHO, CHa0BIi JOXOer W JAp.). Beibopka cocrtaBmia Oomee 300 monmeToB
npojomkuTesbHocThi0 0T 10 1o 30 munHyr. Hexortopele cnenmguyeckne yCIOBHS ChEMKH
npuBesieHbl Ha puc. 1. HaGop naHHBIX COAEPXUT pa3iIMyYHbIE BH/bI MOJCTHIIAIONIEH TOBEPXHOCTH
OT IoJed W IIepesiecKoB 10 JIECHOH MecTHOCTH. Bo Bcex ciydasx Hanmnune OOBEKTOB
MCKYCCTBEHHOTO NPOUCXOXJICHUS MHUHHMMAJIFHO (B OCHOBHOM pEIIKHE CEIIbCKHE CTPOCHUS |
JIOpOTH).

st ceemku nenosp3oBanuch BIIJIA MyasTHpOTOPHOTO THIA (TPEUMYIIIECTBEHHO KBaAPOKOIITEPHI)
C TPEXOCEeBBIM NOJBECOM M mpeumymiecTBeHHO ¢ kamepoil SIYI ZR10. IlonerHoe 3amanue
BapbUPOBAJIOCh, OJTHAKO BBICOTA coCcTaBiisIa mopsaka 100 MeTpoB, CKOPOCTh B cpeareM oT 5 jo 10
M/C, a Tarxke ObUT (PMKCHPOBAH PaKypc CHEMKH — KaMmepa HampasieHa nox yrioMm 30 rpamycoB K
BEPTUKAIH, HATIPABICHUS KaMephl BEIOMPATNCH Pa3HBIMH — OT COBITAJIAIOMIETO C KypCOM IOJieTa
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BIUTA mo mampasnenus B cropony (yrisl 0, 45 u 90 rpagycoB). Hacrora cheMkn cocraBmia 30
KaJpoOB B CEKYH/IY.

3ammcu mometoB BITJIA Opumm pa30dutel mo kagpam. Kaxmgomy Kaapy COOTBETCTBOBAJH
ompenenenHbie koopanHatel BIIJIA B cucreme WGS84, a Takke TOUHBIE KOOPAMHATHI MOJBECA
KaMepbl W TapaMeTphl CbeMKH ((OKYCHOE pacCTOSHHE, BpeMs 3JIEKTPOHHOTO 3aTBOpa M Ip.).
Yka3aHHBIC JaHHBIE TO3BONWIN (DOPMHPOBATH CBsA3aHHBIE HAOOpPHI M300pakKeHHH C OONBIINM
MEXXKa/IpOBBIM CMelIeHHEeM. B HacTosiiiee BpeMst HA0Op JaHHBIX IIOCTOSIHHO TTOTIONHSETCS HOBBIMH
ChbEMKaMH HOJICTOB.

Puc. 1. [Ipumepbl pasnuuHwix ycio8uil CobeMKu:
€ ONUHHBIMU MEHAMU HA 3aKame (cleéa) u 8 3UMHULL Nepuoo (Cnpasa).
Fig. 1. Examples of shooting conditions:
with long shadows at sunset (left) and in winter (right).

2.2 OueHKa CKOpPOCTHU paboTbl anropuTMoB

JIiist OLIeHKH CKOPOCTH paGoThl alrOpUTMOB HCIIONB30Baics MuKpokomibiotep Orange Pi 3 LTS
86 ¢ gpu Mali-T720. Bce Beruucnenus 3amyckarorcst Ha uncroit OC Linux Debian 3.0.8 ¢
YCTAaHOBJIICHHBIMH ~ 3aBHCHMOCTSMH  JUIA  BBIIOJHEHHS  COOTBETCTBYIOIINX  aJTOPUTMOB.
N300pakeHusi CYUMTHIBAIOTCS C BCTPOCHHOM KapThl ITIAMSITH.

3anucu NOJIETOB OECIMIIOTHHKA ObUTH Pa3OMTHI MO KaapaMm B CIydYaiHOM MOpsAKE M3 pacuera
paccTosHHS MKy KpallHHMH KaJpaMH 110 BpeMeHH B 1 cekyHay. Bpuia cocraBieHa BeIOOpKa U3
100 000 nocnenoBaTeIbHOCTEH KaJpoB B CIydailHOM mHopsake. [IpuMep mapbl KpailHUX KaapoB
MOCJIEI0BATENIbHOCTH TIPUBE/ICH Ha puC. 2.

Puc. 2. I[Ipumep 08yx uzobpadicenuti mecmosoil 8bloopku (cmeujeHue 6ecnUIOMHUKA 8 20PU3OHMAIbHOU
naockocmu nopsioka 10 m, wae no epemenu 1 cexynoa, svicoma norema 100 m, y2on naxnouna xamepst om
sepmuxanu 30 2padycos, kamepa HANPAGIEHA RO KYPCY NOLEMQ).

Fig. 2. An example of two dataset images (horizontal drone displacement - 10 m, time step - 1 second, flight
altitude - 100 m, camera tilt angle from the vertical - 30 degrees, camera directed along the flight course)..

Jnst kaxmoir w3 100 ThIC. TOCIEIOBATENBHOCTEH KaJpoOB MPOU3BOIWIOCH M3BICUCHUE |
COTOCTABJICHUE TOYEK Ul KaKAOro M3 MeTonoB 1o 10 pa3 W BBIYHCISUIOCH CpeJHEEe BpeMs,
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3aTpayeHHOEC Ha KCIOJHEHHWE aIrOPUTMOB IO Bcel BbIOOpKe. CONOCTaBIEHHE H3BICYCHHBIX
NPU3HAKOB OCYIIECTBISUIOCH METOIOM K-Ommkaiimx coceneit u3 oudamorekn FLANN [10-11], a
TaKKe OBUT PAacCMOTPEH HEHpOCeTeBOW METOI COMOCTaBlicHUs meckpurropos LightGlue mis
anroputMoB  SIFT u SuperPoint. IlomydeHHble cpenHue 3Ha4€HHS BpPEMEHH HCIIOIHEHUS
ITOPUTMOB Ha HKCTPAKINIO KJIFOUYEBBIX TOYEK U UX CONOCTABJICHHE, IIPEICTAaBICHBI B Ta0. 1.

Tabn. 1. Pezynomamsl cpasHeHusi CKOpOCMU GbINOTHEHUSL ANICOPUNMOS.
Table 1. Execution time for different algorithms.

SIFT u SuperPoint u
LightGlue LightGlue

Bpewms, mc. 237 188 81 101 293 184 54

Amroputmer | SIFT | SURF | ORB SuperPoint | R2D2

[lo wtoram cpaBHEHHS MOXHO CHENaTh BBIBOJ, YTO HEWPOCETEBBIE METOABI INPH YCIOBUH
UCIIONIb30BaHMS COOTBETCTBYIOIIMX AaNlapaTHBIX yCKOPHUTENEH MOKa3bIBalOT Hamboiee ObICTphIe
pe3ynbpTathl. Tak, HanMeHbIIee BpeMst paOoThI OKa3ana KOMOMHAINS IBYX HEHPOCETEBBIX METO/I0B
— SuperPoint mis u3BIeueHns Kar0YeBsx Touek u LightGlue mmst comoctaBieHus JECKPUIITOPOB.
CrenyromuM IO CKOPOCTH BBIOJHEHUs okasaics anroputM ORB, uTto oxmmaemo, Tak Kak
CKOPOCTh paboThl W HETPeOOBATENFHOCTh K BBIYHUCIUTEIBHBIM PecypcaM SBISIOTCS TJIAaBHBIMU
NPEerMYLIECTBAMU JaHHOTO TPaJAMIHOHHOTO alropuTMa. MeajeHHee BceX 10 HMTOram
TecTupoBaHus okasanuch anroputMmbl SIFT u Heiipocers R2D2, xortopbie TpeOyroT Oomblie
BBIYHCIIUTEIBHBIX 3aTPAT IIPU U3BJICUCHNH U ONHMCAHUH KIIFOUYEBBIX IPU3HAKOB.

OnHaKO, TOMHMO CKOPOCTH BBIITOJTHEHUSI BAYKHO 00ECIIEYUTh Ka4eCTBO MOJTY4YEHHBIX ECKPUIITOPOB
JUISL IOCJIEAYIOLIMX Ollepalyii HOCTPOeHUs KapThl U cpaBHEeHUs B pamkax SLAM anropurma. Jlis
OLICHKH Ka4ecTBa MOJYYEHHBIX KIIIOYEBBIX TOYEK IMpEJIaraeTcsi IMOJAXOJ Ha OCHOBE METPHUKHU
MPOCIEKUBAEMOCTH KITFOUEBBIX TOYEK MEXTY KaapaMu.

2.3 OueHKa NpocnexXnBaeMoCTU KIHYeBbIX TOYEK MeXAay Kaapamu

[Tomumo ckxopoctu padotsl, mpu mojete BIIJIA ans kauecTBEHHON HaBUTAIMM Ba)XHO YTOOBI
ITOPUTM 00Jaa TakKUM CBOMCTBOM, KaK CHOCOOHOCTh MPaBWIBHO HICHTH()UIIUPOBATH U
OTCIIEKUBATH OJTHY M TY JK€ KIIFOUEBYIO TOUKY Ha OOJIBIIIOM KOJIMUYECTBE MOCIEA0BATEIHHBIX KapOB,
HECMOTPS Ha CMEIIeHNE N300paXkeHus. (s OLEHKH MPOCISKUBAEMOCTH KITFOUECBBIX TOUEK MEXKIY
KaJ[paMH IIpeJIaraeTcs UCIOIb30BaTh CIEAYIOIIYI0 METPHKY:

n-1
1 CO,i

Tn-1ZN(1 - ai)
i=1

M,

rac. Mn — YCp€AHCHHAaA 10JId TPABUJIBHO COIMOCTABJICHHBIX KJIIFOYEBBIX TOUCK HA OKHE U3 n Kaapos,
N — KOJIMYECTBO IIOCIEA0BATENBHO COIIOCTABIISIEMBIX KaApPOB, Coi — KOJUYECTBO KIIIOUEBBIX TOYEK,
YCHEIIHO COIIOCTABJICHHBIX MEXIY HAdallbHBIM M I-TBIM Kaapom, Ni — oflmee KOJM4YecTBO
BBIICJICHHBIX Ha i-TOM KaJpe KIHOYEBBIX TOYEK, & — JOJs IUIOLIAU MOBEPXHOCTH, Ha KOTOPYIO
pasnuuaetcs i-ThIil M HAYaIbHBIN Kaapsl Oe3 yuera penbeda MECTHOCTH.

JlaHHas MeTpHKa HalpaBIE€HA Ha OLIEHKY MPOJOKUTENBHOCTH COIOCTABIEHHSI KIIFOUYEBBIX TOUYEK
Ha TIOCJIeIOBATENILHOCTH KaJpoB, YTO TIO3BOJIAET OoOjiee TOYHO OLEHHUTh 3S(PQPEKTHBHOCTD
AJITOPUTMOB B JTUHAMHUYHBIX YCIIOBUAX nepecequHoﬁ MECTHOCTH IJIA PA3JTMYHBIX yCHOBHﬁ.

Just ko urieHTa o UCIIOIb30BaHbl YIPOIIEHHUS — TaK KaK IOJICTHI BBITOJIHIIOTCS B OCHOBHOM B
PaBHUHHOW MECTHOCTH, JIMOO ¢ HEOONBIIMMHU Iepenajamu peiibeda, TO MOBEPXHOCTb MOXHO
HpPeJCTaBUTh B BUJIE MIIOCKOCTU M BBIYUCIUTD PasHUIy IJIOMIAAeH MeX Ty KapaMH B yIPOLIEHHON
MOCTaHOBKE.

Hanpumep, paccMOTpuM paBHOMEpPHOE MPSIMOJIMHEHHOE JIBM)KEHNE OSCITMIIOTHUKA HaJl PABHUHHOM
MecTHOCThIO. Ecnu kamepa HampaBiieHa BAONb OcU Z, a ocd X U Y ONPEAeNsoT IUIOCKOCTb
M300paKEHHs, TO C IOMOIIBI0 OMONMOTEKH JEeOPY M METaaHHBIX TECTOBBIX IIOJIETOB MOYHO

127



Ukhov P.A., Bulakina M.B., Krylov S.S. Comparison of classical and machine learning algorithms for feature point extraction in rugged
terrain images for application in SLAM algorithms. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 6, part 2, 2025. pp. 123-130.

paccuuTaTh, CKOJIbKO mpoiietaeT BIIJIA, mis Toro 9roObl 3aCHATH MMOJTHOCTHIO HOBBIM Kaap. a B
o0ImeM ciyJyae TIONy4YWTh HalpaBiIeHHEe KaMepbl B HOBOM ToJjoxeHuH. Kosddurmuenramu
IUCTOPCHHM B HAIIeM CIy4ae MOXKHO IpeHeOpedb, T.K. M300pakeHHs] COXpAaHEHBI YK€ MOcie
COOTBETCTBYIOLIUX MPeoOpa30BaHUMH.

[pennonoxum, uro ckopocts BIIJIA cocraBuser 1 m/c, Beicota 100 MeTpoB, TOrAa W3 NaHHBIX
TEJIEMETPUH OTIPENeNIeTCs CMEIIeHHEe MEXIy ABYMS COCEOHMMH Kaipamu, Hampmmep 0.96 M,
W3MEHEHHE IUIOIA/eH MOIyYuM Yepe3 MpOoeUUpOBaHHE M300pa)KCHUsI KaMepbl Ha IOBEPXHOCTH
3emun. Mcxons n3 nanHpix BeraucieHui o = 0.0018. To ectb Mexay AByMs MOCieI0BaTEIbHBIMU
KaJpaMu, COBMamacT mpuMepHo 98.2% mmiomaay u300pakeHHOW Ha KaJpe MOBEPXHOCTH 3EMIIH.
Wnu mo-apyroMy, IUIOIIab, MOKphIBAGMas Ha TEKYIIEM Kajape, OTIHYaeTCs OT IUION[aau Ha
mpesiayIneM cHuMKe Ha 1.8%.

JIs cpaBHUTEILHOTO aHAIM3a TPATUIIMOHHBIX U HEHPOCETEBBIX MOAXOJO0B OBLTH B3ATHI CCPHUU
KaJpOB MO OrpaHWYCHHI0 Ha Kod(¢uimeHT « He Oomee 30% pasmuums miomanyd. Ha maHHBIX
cepusx KaJIopoB OBLIM OIICHEHBI AJTOPUTMBI BBIJCICHUS KIFOUEBHIX TOYEK MO MeTpuke M, Ha
coOpaHHBIX M300paKCHUAX IIEPECEUCHHOW MECTHOCTH. BBUIM paccMOTpEeHBI MPUBEICHHBIC BHIIIC
METOAbI.

KpomMe orpaHuueHuif, CBA3aHHBIX C IEpeceueHHEM IUIONa/ell peaabHON MOBEPXHOCTH 3eMIIH,
HEKOTOpHIC aJTOPUTMBI MMEIOT HACTpamBaeMbIe MapaMeTphl, OJHAM U3 HamboJiee BIMAIOIINX Ha
KadecTBO mocneaytomeil padotsl SLAM anroputMoB SBISIETCSI OTpaHHYCHHAE TI0 KOJIHUYECTBY
M3BJICKAaCMBIX TOYEK Ha n3o0pakeHHH. [loaTOMy MOMIMO M3MEpeHHsT METPUK Ha HaOOpe MaHHBIX
HEOO0XOIUMO OBLIO BHIOpATh ONTHMANBHBIC MapaMeTPHl A KaKIOro U3 anroputMmoB. s aToro
IUTA paccCMaTpUBACMBIX METOJOB IPH PAa3IMYHBIX OTPAHHYCHUSAX MAKCHMAIBHOTO KOJIMYECTBa
M3BJICKAaCMBIX TOYEK MOJCYMTHIBANACH INpemiokeHHas Mmerpuka Ms. Ha 200 m300pakeHUsIX st
KaXI0r0 OKHa M3 5 KaJpoB BBIYHCIMM 3HAYCHHE METPHUKH, a 3aTeM HalJEéM cpelHee IO BCeM
BEIUUCIICHISIM. [loTyquBIIIecs pe3ynbTaThl IPEICTaBICHBI Ha pHC. 3.
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Fig. 3. M5 value depending of the extracted key points number limit.
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Ha puc. 3 MOXHO 3aMETUTB, 9TO CaMBIMH BRICOKMMH 3HAYEHUSIMH METPHKH 00JIagaeT HelipoceTeBast
Moaens SuperPoint. XoTs MOIENbIO M U3BJICKASTCS HE TaK MHOTO TOUYEK (Ta01. 2), HO OHH SBJISIOTCS
YCTOMYUBBIMU U IPOAOKUTEIBHO COIIOCTABIISIOTCS Ha IOCIIEN0BATEIbHOCTH KaapoB. Eciin BMecTo
MeTona k Ommxaimux cocenei u3 Oubmmorekn FLANN wucnonp30BaTh Ui COMOCTABICHHS
W3BJICYECHHBIX NPHU3HAKOB HelpoceTh LightGlue, To aKcIepUMEHT TOXe MOKa3bIBaET JOCTATOYHO
XOpOIIME Pe3yJbTaThl, IPH ATOM HOcie (QUIBTPALUK OCTAETCS OOJIBIE XOPOIIO OTCIICKUBAEMBIX
KITIOUEBBIX TOUYCK, Mo cpaBHeHHIO ¢ SuperPoint + KNN (ta6n. 2). Anroputm SIFT mokassiBaet
HECKOJIbKO Xy i pe3ynpTar B couetanuu ¢ LightGlue, a neiipocets R2D2 moka3siBaeT BEICOKOE
3HaueHue Ha orpaHndeHuu nopsaka 3000 u3BiekaeMbIX KIFOUEBBIX TOYEK.

CpaBHeHHE NOKA3bIBAET, YTO TPAAUIMOHHBIE CIIOCOOBI M3BJICUCHHUS U ONUCAHUSI KITIOYEBBIX TOYEK
3HAQYUTEJBHO MPOWUTPHIBAIOT HEWPOCETEBBHIM MOAXOAaM B Cilydae, KOIJa Ba)KHO W3BJICKATh
YCTOWYMBBIE NPU3HAKH, KOTOPBIE OYIYT MPOJIOKUTEIFHO OTCIIKUBATHCS Ha IT0CIIEI0BATEIBHOCTH
KaJIpOB OJIHOM MMHAMHYECKOW cueHbl. 110 WToram cpaBHEHHUS Pa3IMYHBIX METOJOB HM3BIICUCHHMS
KJIFOYEBBIX TOUEK M COMOCTABIICHHUS ITOJyYSHHBIX JECKPUNTOPOB IS peaiu3anuu Ha 6opty BITJIIA
B KauecTBe KoMmmnoHeHTa SLAM anropurMa MOXHO pEKOMEHIOBaTh KOMOHMHAIMIO JBYX
HelipoceTeBbIX mMoax00B SuperPoint u LightGlue. Kpome atoro, yka3anHble pelieHust MOT'YT ObITh
J000y4eHBI U1 oOecriedeHns 0OIbIIeH TOYHOCTH M3BJICUCHHS KIIIOYEBBIX TOYEK U COTIOCTABIICHHS
JECKPHUIITOPOB. TakKe Ha OCHOBE IPOJENIAHHOW paboThl OblIa OIEHEHA CKOPOCTH BBIMOJIHEHHS
QITOPUTMOB, YTO TIOMOXXET B JalbHEWIIeM BBIOpaTh HamOojee MOAXOIMMA OOpPTOBOH
BBIYHUCITUTENb JJIs1 CUCTEMbl aBTOHOMHOM HaBuramuu BITJTA.

Tll6.7l. 2. Peanvroe xonuuecmeo uzenexaemolx movex npu pasiuiHom 3Ha4eHUU Oepanuvyerusl.
Table 2. Actual number of points extracted for different limit values.

N | SIFT | SURF | ORB | SuperPoint | R2D2 L%';&Le Stﬁ’gﬂfgmr
10 | 10 | 10 | 10 10 10 7 10
50 | 50 | 50 | 50 49 50 34 50
100 | 100 | 100 | 100 88 100 70 100
200 | 200 | 200 | 200 128 200 142 200
500 | 500 | 500 | 500 129 500 362 495
1000 | 1000 | 1000 | 1000 129 1000 734 733
2000 | 2000 | 2000 | 2000 129 2000 1485 734
3000 | 3000 | 3000 | 3000 129 3000 2047 734
5000 | 5000 | 5000 | 5000 129 5000 3787 734
8000 | 8000 | 8000 | 8000 129 8000 6126 734
10000 | 10000 | 10000 | 10000 | 129 | 10000 7544 734
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Apocnasckuti cocyoapcmeensiti yuusepcumem um. 111, [Jemuoosa,
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AHHoTanus. IloBblmeHHe ypOBHS 0O€30MACHOCTH JKEIE3HOJOPOXNKHOTO IBIKEHMS HANPSIMYyIO CBSI3aHO C
HEOOXOJUMOCTBIO OIIEPATHBHOTO OOHAPYXKEHHsI CTPYKTYPHBIX AHOMAJIHMH SJIEMEHTOB DEJIBCOBOTO IYTH.
JlaHHas 3ajma4ya peanu3yercs HOCPEICTBOM PETYISIPHBIX IPOBEPOK COCTOSHHS PEIBCOB C NPHUMEHEHHUEM
METOJIOB Hepaspyllamomero KoHTpois. Cpeayr COBPEMEHHBIX TEXHOJOIHWH, MCIOJB3YeMBIX I 3TOH IENH,
BBIZICIISICTCSl BUXpETOKOBas Jaedekrockonus. Jlepekrockon (GopMHUpyeT MHOTOKAaHAIBHBIA JHCKPETHBIN
CUTHAJ, KOTODPBIA Ha3bpiBaeTcsl naedekrorpaMmoit. JlegekrorpamMmpl HYXKHAIOTCS B aHalHM3e, TO €CTh B
BBISIBIICHUH ITOJIE3HBIX CUTHAJIOB, YKA3bIBAIOIINX Ha e()eKT MM KOHCTPYKTUBHBIE JJIEMEHTHI penbca. B pabote
paccMaTpuBaeTCst IPUMEHEHHE IeTEKTUPYIOIINX CBEPTOUHBIX HeHpOHHBIX ceTell cemeiictBa YOLO (You Only
Look Once) nns aBTOMAaTH4eckOoro OOHApY)KCHHUs IIOJNIE3HBIX CHTHAJOB pPENTbCOB HAa BHUXPETOKOBBIX
nedexrorpamMmax penbcoB. llenmp uccnenoBaHUS — OLEHHTh AI(PQEKTHBHOCTH Ppa3IMYHBIX CHOCOOOB
npeoOpa3oBaHHUs MHOTOKAHAJIBHOIO CHUTHajla B JBYMepHble H300paxkeHus, coBmectumbie ¢ YOLO.
HccnenoBanbl 4eTblpe MeToa NpeoOpa3oBaHMs: MOPOrOBOE, OCHOBAaHHOE HA CPaBHEHHHM aMIUIUTYA C
MOPOTOBBIM YPOBHEM IlIyMa, OKOHHOE IpeoOpazoBanne Pypbe, HeNpepbIBHOE BeHBIET-NpeoOpa3oBaHue U
npeo6pazosanue ['mibbepra-Xyanra. Habop naHHbIX i 00y4eHHs: COCTOUT U3 pparMeHToB e eKTorpaMm
no 50 ThIC. OTCYETOB C TMOJIE3HBIMU CHUTHaNaMU TPEX KiaccoB (OONTOBBIC CTHIKU, AJIEKTPOKOHTAKTHBIC M
AIIOMUHOTEPMHTHBIE CBapKH). JlJaHHBIE pa3/ieNieHs! Ha 00y9aloIlyio, BAIMIAOHHYIO H TECTOBYIO BEIOOPKH.
OOyuenHble Ha 3TuxX AaHHBIX Moaenn YOLO g1ms BceX pacCMOTPEHHBIX METONOB MpeoOpa3oBaHUS
MPOJEMOHCTPUPOBAIIN BBICOKHE IIOKa3aTelH COaTaHCHPOBAHHOW cperaHed TouHoctn MAP. Hammyumme
MOKa3aTesy ObUIN JOCTUTHYTHI IIPH MCIIOJIb30BAaHUH HEMPEPHIBHOTO BEHBIIET-MPE0Opa3oBaHus, B TO BPeMs KaK
MOpOroBoe NpeoOpa3oBaHNe OKa3ajJoch HaMMEHee BBIYHCIIUTENBHO 3aTpaTHbIM. OKOHHOE MpeoOpa3oBaHHe
Oypbe MO3BOJIMIO JOCTUYB JIy4IIero OanaHca MeXIy TOYHOCTBIO M MOJHOTON OOHAapyKeHHs MOJIE3HBIX
CHTHAJIOB. Pe3ynbTaThl HCCIeI0BaHus MOATBEP)KAAIOT MOTeHIMAN ucnonb3oBanus cereid YOLO mist ananmza
BHUXPETOKOBBIX JI€(EKTOrPaMM U CHTHAJIOB B IIEJIOM.

KnroueBbie ciioBa: cBéprounsie HeifpoHHbIE ceTH; cetn YOLO; BuxperokoBas nedeKTocKomms; OKOHHOE
npeobpazosanne Pypre; HelIpephIBHOE BEHBIET-peobpazoBaHue; npeodpasoBanue I mipbepra-Xyanra.

Jns muruposanusi: I'mankoB A.H., BeictpoB JLIO., Ky3semun E. B. IlpumeHenme HeHpoOHHBIX ceTel
cemeiictea YOLO nnst oOHapyeHHsl IMOJE3HBIX CHTHAJIOB HA BHXPETOKOBBIX Je(eKTorpaMmax peibCoB.
Tpynst UCIT PAH, Tom 37, BbIm. 6, gacts 2, 2025 r., ctp. 131-150. DOI: 10.15514/ISPRAS-2025-37(6)—25.

BaarogapHoctn: VccnenoBanue BbIogHEHO B pamkax uHunuatuBHoi HUP SApl'Y um. ILI. JlemunoBa Ne
VIP-016.
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Abstract. Improving the level of safety of railway traffic is directly related to the need for prompt detection of
structural anomalies of track elements. This task is implemented through regular inspections using
non-destructive testing methods. Among the modern technologies used for this purpose, eddy current flaw
detection stands out. The flaw detector generates a multi-channel discrete signal, which is called a defectogram.
Defectograms require analysis, that is, the identification of useful signals from a defect or structural elements
of the rail. This paper investigates the use of YOLO (You Only Look Once) family convolutional neural
networks for automated detection of useful signals in eddy current rail defectograms. The main objective was
to evaluate the effectiveness of different transformations of multichannel time-series data into two-dimensional
images suitable for YOLO processing, and to explore the trade-off between detection accuracy and
computational cost. Four transformation methods are examined: Threshold Transform, based on amplitude
comparisons against a twice threshold noise level, Short-Time Fourier Transform, Continuous Wavelet
Transform and Hilbert-Huang Transform. The dataset comprises defectogram fragments of 50 thousand counts
with annotated useful signals from three classes (flash butt welds, aluminothermic welds, and bolt joints), split
into training, validation, and test sets. YOLO models trained on this data achieved high mean Average Precision
scores in useful signals detection for all considered transformation methods. Continuous Wavelet Transform
yielded the best scores while the Threshold Transform proved to be the least computationally expensive.
Short-Time Fourier Transform method offered the best balance between precision and recall. Hilbert—-Huang
Transform showed slightly lower effectiveness. These results demonstrate the suitability of YOLO networks
for eddy current defectogram analysis and useful signals detection in general.

Keywords: convolutional neuron networks; YOLO neuron networks; eddy current testing; short-time Fourier
transform; continuous wavelet transform; Hilbert—Huang transform.
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1. BeedeHue

BuxpeTtokoBasi 1e(eKTOCKONHUS — 3TO OJMH U3 COBPEMEHHBIX METOI0B HEPA3PYIIAFOIIETO KOHTPOJIS
JKEJIE3HOJJOPOKHOTO TIOJI0THA, OCHOBAHHBIA HA B3aMMOJCHCTBUU BHXPEBBIX TOKOB C MaTepUaioM
penbca. OH NpUMEHSETCS UL BBIABICHHUS IC(PEKTOB B SJICKTPOIPOBOMAIIMX MaTepuanax 0e3
noBpexaeHus 00bekTa. Jledekrockom (GopMUpyeT CHUTHANBI U KaXKIOT0 MIUUIAMETpA penbca
MOMOIIEI0 Ha0opa (U3WYECKUX IAaTYMKOB. VICIONB30BaHWE HECKOJBKHX JAaTYMKOB MPUAAET
CUTHAaJIaM MPOCTPAHCTBEHHYIO CTPYKTYpY. KoMyecTBO TaTUMKOB OIpenessieT YUCI0 KaHAJIOB IS
Kaxaoro curHana. [losydeHHBI TakuM 00pa3oM HaOOp JMAHHBIX HA3bIBACTCSA NE(EKTOrPaAMMOM.
JedexTorpaMMbl  OTpa)karoT WHPOPMALUIO O PACHOJIOKEHHH KOHCTPYKTHBHBIX 3JICMECHTOB U
COCTOSIHAH MTOBEPXHOCTH KaTaHus pesibeoB (puc. 1). AHanus aeeKTorpaMm 3aKiIro4yaeTcs B OUCKe
Ha HEW CHUTHAJIOB OT Je(PEKTOB U KOHCTPYKTHUBHBIX Ha (pOHE perIbCOBOTO IIyMa M MOMEX Pa3HOTO
pona. CucTeMsl aBTOMAaTHYIECKOTO aHAIN3a e(eKTOrpaMM O3BOJITIOT CBOEBPEMEHHO 0OHAPYKUTh
U YCTpaHUTh Ne(hEeKThl PelbCOB, YTO MPSMBIM OOpa3oM BIHMSIET HAa OE30MaCHOCTH JBIIKECHUS
YKEJIE3HOJOPOKHOTO TPaHCTIOPTa.
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Puc. 1. Ilpumep suxpemorosoil deghexmozpammul peavcos.
Fig. 1. The Example of Eddy Current Rail Defectogram.

B nmamHO#l paboTe paccMaTpuBarOTCS JeQEeKTOTpaMMbl, C(HOPMHUPOBAaHHBIE 14-pa3psIHBIM
15-KaHaJIbHBIM BUXPETOKOBBIM Je(EKTOCKOIIOM. 3HAUCHHUS aMILTUTY]] CUTHAJIOB — IIEJIbIC YHCIIA OT
—8192 mo 8191. Beuay OombImoil MpOTHKEHHOCTH OeeKTOrpaMMBl Hape3aroT Ha (pparMeHTHI.
Jmmaa omHOrO (parmeHTta nedextorpammbel — 50 ThIc. oTcuéroB. anmee mon medeKTorpaMmoit
OyayT mompasymeBaThbes e€ (pparMeHThI OMMCaHHOTO pa3Mepa. TakuM 00pa3oMm, Me(eKTOrpaMMbl
MOYKHO PacCMaTpPUBATh KaKk 15-KkaHaIBHBIN qUCKPETHBIH curHai X (f):

() = (%D %1 (), o, x14()),  j € 0,49999.

Bolt Joint Alumin. Weld Flash Butt Weld

0

Puc. 2. Ilpumepor cucnanos KOpomkux KOHCMPYKMUBHBIX DNIEMEHMO8 HA 8UXPENOKOBLIX OeheKmospammax
PenbCos.
Fig. 2. The Examples of Short Structural Element Signals on Eddy Current Rail Defectogram.

Ha BuxpeTokoBBEIX nedeKkTorpaMMax MOYKHO BBIICIHTH CHUTHAJIBI OT KOPOTKHX W HPOTSKEHHBIX
KOHCTPYKTHUBHBIX JJIEMEHTOB, IIOMEX OOOPYAOBaHHA U PEIbCOBBIX NAeeKkToB. Cpeau MOJe3HBIX
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CHUIHAJIOB Je()EKTOrpaMMbl B JAHHOM CTaThe PACCMATPUBAIOTCS CHIHAJIbI, (POPMUPYIOLIHE 0Opasbl
KOPOTKHX KOHCTPYKTHBOB: 00NTOBBIX cThIKOB (Bolt Joint), snekrpoxonTaktheix (Flash Butt Weld)
u amroMAHOTepMUTHEIX cBapok (Aluminothermic Weld). Dtu 06passr mpexncrasiensl Ha puc. 2.
CraHgapTHBIM [0/IX0J] K OOHAPYKEHWIO IOJIE3HbIX CHTHAJOB B Je(eKTOrpamMMe OCHOBaH Ha
BBIYKCIICHUU [IOPOrOBOTO YPOBHS pesibcoBoro imyma [1]. [Tose3Hble CUrHAbL BBIIEIAIOTCS HA (OHE
[yMa BBHICOKAMH 3HAYEHHSIMH aMIUIUTYJ, [O3TOMY €CTECTBEHHOM uieedl WX OOHApyKEHUs
SIBIISIETCSL CPaBHEHUE aMIUTMTYJ/l CHTHAJIOB CO CPEIHEKBAIPATHYECKUM OTKIOHEHHEM PElIbCOBOTO
myma. [TepeurciiuM mpoGiIeMbl TAKOTO MOAX0/1a:

e TIoporoBeIii YPOBEHb LIyMa MOET OBITh 3aBBINICH HM3-32 MPUCYTCTBYIOIIUX B JIaHHBIX
nomex [2].

e He Bce TONE3HBIE CUTHANBI MOTYT BBIXOJWTH 32 IMOPOTOBBEI ypOBEHb. Bo3HHKArOT
TPYIHOCTH ¢ TOYHOCTBIO BBIJCJICHHS TPAHUII TTOJIE3HBIX CHUTHAIIOB.

o [Ilose3Hpie cUTHANBI MOTyT OBITh 3aIlMCaHbl C OoJiee HU3KOMH YYBCTBUTEJIBHOCTBIO II0
CpaBHCHHUIO C PCJILCOBLIM IIIYMOM M HE BBIXOJUTH 3a MPEACJIbI IOPOTOBOTO YPOBHA.

Takum 00pa3oM, CyLIECTBYeT MOTPEOHOCTh B MOMCKE HOBBIX METOJOB OOHApPYKEHHS IMOJIE3HBIX
CHT'HAJIOB Ha BUXPETOKOBBIX JieeKTorpaMMax, KOTOpbIe MOIIIM OBl YYUTHIBATE (JOPMY H CIIOXKHBIC
CBOICTBA CHI'HAJIOB, @ HE TOJIBKO MX BHICOKOAMILIUTY/HOCTb.

B mocnenHue Topl aKTUBHO pa3BHBAETCS MOJXOM MPEACTABICHUS OJJHOMEPHBIX CUTHAJIOB B BUIIC
JIBYMEPHBIX H300paKeHHH I MOCNenyromeid o0paboTKH CBEPTOYHBIMH HEHPOHHBIMH CETSMH
(Convolutional Neuron Network, CNN) [3]. Takue MeTOABI IO3BOJSAIOT HMCIIOJIL30BATh
NPOBEPEHHBIC APXHUTEKTYPHl KOMITBIOTEPHOIO 3pEHUWs U 3afay aHaju3a CHIHAIOB. B 3amaue
obHapyxeHHs1 00bEKTOB HEHPOHHBIE CETH MOTYT BBICTYIIATh B KAY€CTBE OCHOBHOTI'O HHCTPYMEHTA,
B OTOM Clly4yae BCS JIOTHKa PEIICHHs PEaU3yeTcs B apXUTEKType CETH HaIlpsSIMYIO U CEThb HOCUT
Ha3zBaHHE JeTeKTUpytomieil. Hanbosee momynspHbBIM CEMEHCTBOM JETEKTUPYIOIIUX CBEPTOUHBIX
HelipoHHbix ceredl sisorcss cetd YOLO (You Only Look Once), meMoHCTpHpyIOIHe
BIIEUATJISIONIME pe3ysibTaThl B 00jacTH aHainu3za u3oOpaxkenuit. Monmenn YOLO obecneunBaioT
GanaHc MEXIy TOYHOCTHIO M CKOPOCTBIO OOHApY:KeHHUsI 0OBEKTOB B peansHOM Bpemenu [4]. B
OTJIMYKE OT JIByX3TAIHBIX JETEKTOPOB, Takux kak R-CNN, paspensiomumu 3aiady GopMupoBaHus
orpannymBaromux pamok (bounding boxes) B ognom momyne u ux orbop B mpyrom, YOLO
paccMaTpuBaeT 3agady OOHapyXeHHs OOBEKTOB Kak INpOOIeMy perpeccHd, IpeacKas3biBas
OrpaHWYMBAIOIIME PAMKH W BEPOSTHOCTH KIAaCCOB OOBEKTOB HEMOCPEICTBEHHO W3 BXOIHOTO
n300pakeHHs 3a OIMH MPOXOI dYepe3 HEWpOHHYI ceTh. V3HavanpHas apxurektypa YOLO
COCTOSIJIa U3 CBEPTOYHBIX CIIOEB U CI0EB Makc-IrynuHra (max-pooling), Ho ¢ TeueHneM BpeMeHH OHA
SBOIIOIMOHUpOBaNia B Ooilee MOAyIbHYI0 CTpykTypy. Kaxmas nHoBas Bepcus YOLO BHocuia
YIYYIICHUS B apXUTEKTYPY, QYHKIHMIO OTEPh U METOJIbI 00YUYEHUS, YTO MPUBOJIUIIO K MOBBILICHHUIO
TOYHOCTH OOHAPYKEHHMs, 0COOCHHO JIJIs1 00BEKTOB MAJIOI0 Pa3Mepa, U CHIYKEHUIO BBIYUCINTEIbHBIX
satpat [5]. Beicokast ckopocth pabotel U 3¢ pexTrBHOCTh YOLO M03BOJSIOT HCMOJB30BATh OTH
ceTH At 00pabOTKM MMOTEHIHAIBEHO OONBINNX 00BEMOB JaHHBIX B PealbHOM BPEMEHH.

B nanHoit pabore wucciemyrorcss MeToabl npumeHenusi cered YOLO B pemieHun 3agauu
OoOHapyXKEHHsI TOJIE3HBIX CUTHAJIOB HAa BHXPETOKOBBIX Ie(eKTorpamMmax. MeToabl OTIMYAroTCs
Opyr OT Japyra cmocobom mpeoOpasoBanmsi 15-kaHaipHOTO curHama X(j) B JIByMepHOE
nsobpaxenue F(x;y). PaccmarpuBarorcs 4 BHaa NpeoOpa3oBaHUil: OKOHHOE IMPeoOpa3oBaHHUE
@ypbe, HENpepsIBHOE BelBIeT-TIpeoOpazoBanmue, TnpeodpazoBanne [ miapbepra-Xyanra w
noporoBoe npeobpasoBatue. [loporoBoe npeodpa3oBaHue SBISETCS HOBBIM METOJOM M BBOJMTCS
BIepBbIe. Bce BUIBI paCCMOTPEHHBIX METOIOB ycnemHo uHTerpupytoresi ¢ YOLO 1 mokasbiBaroT
BBICOKOC Ka4C€CTBO O6Hapy)KeHI/IH ITIOJIC3HBIX CUTHAJIOB.
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2. 0630p numepamypsbli

CymecTByeT 60JIbII0€ KOTMYECTBO TEXHUK IIPE0Opa3oBaHMs CUTHAJIOB B M300paxeHus. Cpenn HAX
MO>KHO BBIJICJIUTB JIBE OCHOBHBIE IPYIIIIEL: IIPe0Opa3oBaHms, OCHOBAaHHBIC Ha YaCTOTHO-BPEMEHHOM
aHaliM3e, ¥ METOJBl BEKTOPHOTO KOAWPOBaHMS m300pakeHuil. K mepBoil KaTeropuu OTHOCSATCS
criektporpammsl  (Short-time Fourier Transform, STFT), ckamorpammsr (Continuous Wavelet
Transform, CWT), ciektpst 'wiibGepra-Xyanra (Hilbert-Huang Transform, HHT), pactipenenenus
Burnepa-Bwuis  (Wigner-Ville Distribution, WVD). Bropas kaTeropus mpeacTaBicHa
rpaMuaHoBeiMH  yrioBeiMu  momsiMma - (Gramian  Angular  Field, GAF), pekyppeHTHbBIMU
n3obpaxenusmu (Recurrence Plot, RP), pasnoctasiMu nonsimu Mapkosa (Markov Transition Field,
MTF) u moasmu pasHoctu motuBoB (Motif Difference Field, MDF). OtaensHo OT 3THX OBYX
OONBIIMX TPYII OTCTOST M300paXkeHUsT rOMOIOrHYecKoit ycroitunBoctr (Persistence Image, Pl).
Bce 3TH mpeoOpa3oBaHus BU3yalbHO MPEICTaBICHBI HA PHC. 3.

Time-Frequency
Methods

CNN
Classification
YOLO Detection

MDF WVT

Puc. 3. Ocnosnvie cnocobvl npeobpazoganus cueHano8 8 u300padiceHus.
Fig. 3. The Main Ways to Convert Signals into Images.
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OxonHoe npeoOpasoBanre Pypbe (STFT) 1m03BOJSIET aHAIM3UPOBATH FAPMOHHYECKUHN CIIEKTD B
3aBHCUMOCTH OT BPEMCHHU. B TUCKpETHOM Cilydae OHO OMUCHIBACTCS ()yHKIIMCH

N-1 ,
F(t,w) = %Z X() WG —t) e,
=0

rae x(j) — muckperHsiii currain, j € 0, N — 1, W (t) — okonnast pyskmust, w € O,N — 1,1 = V=1.
DTOT METOA IIMPOKO HCIONBb3YeTCsl B paclo3HaBaHWM ayddo- W BHOpocurHanos [6].
[Moxyuaroryecs: ¢ MOMOIIBIO HETO M300paKEHUsI Ha3bIBAIOTCS CHIeKTporpammaMu. CrekrporpamMmma
OTpa)kaeT KaK BPEMEHHYIO, TaK M YaCTOTHYIO COCTaBIISIONIYIO CHI'HaJa, YTO MOKET OBITH ITOJIE3HO
OpH  TOMCKE MOJIE3HBIX CHrHANOB. CHEKTPOrpaMMbl SIBISIIOTCS  Haubojee MOMyISPHBIMH
JIBYMEPHBIMU TPEJCTABICHUSAMH CHIHAIIOB, aKTHBHO MPHMCHSIONIMMHCS Ha MpakTHKe. Tak B
paborax [7] u [8] mns BHOPAIMOHHBIX CHTHAJIOB, TONYYEHHBIX OT 3JIEKTPOJABUTATENICH W
BpAIAfOIIMXCsl MAIlWH, OBIIM MOCTPOCHBI CIIEKTPOIPaMMBI, Ha KOTOPBIX O0ydeHa CBEPTOYHAS
HeWpOHHas ceTh I Kiaccu(UKayy. Takoil 1ogxo 1 NO3BOJINII 3HAYUTEIFHO YCOBEPIICHCTBOBATD
CHCTEMbI THarHOCTUKH HEHCIIPABHOCTEH. AHAJOTHYHBIN ITOIX0 MpUMEHsIICs B cTaThax [9] u [10]
W TIO3BOJIMJI JOCTHYb BBICOKOTO KauecTBa OOHAPYXEHUs Ie(eKToB B CBEpIAX M IOPOKHOM
nokpbiTud. ABTops! [11] mpumenunu cetp YOLOV1O0 Bmecte ¢ STFT B 3amaue oOHapykeHUs U
KjaccuduKauy paTdoCUTHAIOB U MMOKA3aJId Ba)KHOCTh MPABUIILHOTO BHIOOPa OKOHHOM ()YyHKIUH
JUIsl KadecTBa oOHapyKeHHs. Ycrex MPUMEHEHHs CIEKTPOrpaMM B JaHHBIX 3aJadax o0yCJIOBJICH
TE€M, 4YTO BHOpalUMM BpAIAIONIMXCS CHUCTEM, 3BYKOBbIE KOJEOAHUS M  PaJvUOCHIHAJBI
XapaKTepU3yIOTCS BBIPQKEHHBIMU TapMOHMYECKUMH COCTAaBISIIOIMMU. EciaM ke CHrHabI
SIBIIIFOTCS] HECTALIMOHAPHBIME U 00JIaIaI0T CJIOMXKHON rapMOHUYECKOI CTPYKTYPOH, CIICKTpOrpaMma
MOXKET HE OTpakaTh HX OCOOCHHOCTEH. B 3TOM ciydae NpPUMEHSIOT HENpPEpBIBHOE BEUBIICT-
npeobpaszoBanue [12].

['maBHBIM ~ OTJIMYHEM  BEHBIET-IpeoOpa3oBaHuss OT mpeobpaszoBanuss Dypbe  sABIIETCS
UCIIONB30BAaHHE B PA3JIOKCHUHM CUTHAJIOB B KadecTBe Oasuca He OCCKOHEYHBIX (YHKLHH, a
OrpaHUYCHHBIX, JIOKATN30BaHHBIX 110 BPEMEHH H 10 YacTOTe. DTO MO3BOJISIET BBIABIIATE B CHTHAIAX
pe3Kue U OBICTPO 3aTyXarolue cKauku aMIuTuTy 1. HerpepriBrHoe BeliBieT-npeodpasosanue F(a, b)
— 3T0 cBEpTKA UCXOAHOTO psiaa x(j) ¢ marepuHckoii BeliBneT-ynkimeit Y (5):

F(a,b) =%Nz_lx(f)-w(j;b),
=0

rie a — napamerp maciirada, b — cmemienne, a > 0, b € O, N — 1.

[omygaembie Ha ocHOBe CWT u300paxkeHHsT Ha3bIBAIOTCS CKajorpaMmamu (OT aHTI. scale —
Mmacitab). CkanorpaMMbl HCTONb30Banuch B [13] mist 06paboTKH BHOPAMOHHBIX CHIHAIOB C
LENIbI0 TOBBIMICHUSI POU3BOAUTENbHOCTH Mojeneid Ha ocHoBe CNN mpu oOHapyxkeHuH
HEHMCIPaBHOCTEI B BUHTOBBIX PEAYKTOpax, Oyaronapst uemy Oblia JJOCTUTHYTa BBICOKasi TOUHOCTb
knaccudukarmu (6onee 99%). Aprops [14] npumensiin CWT B kauecTBE MPOMEKYTOUHOTO CIIOSK
B apxurekTypax LSTM u CNN ans knaccupukanuy aHoManuii B BEHTHISITOPHBIX cucTeMax. B
pabote [15] mpoBOAMTCS CpaBHUTENbHBIA aHAIN3 HENPEPBIBHBIX BEUBIET-NPEOOpa30BaHUN C
pa3HBIMH MaTepuHCKUMH BeiiBieT-Qyukumsmu (WT-Amor, WT-Bump, WT-Morse) B 3agaue
JIMarHOCTHUKHM HEUCIIPABHOCTEW SJIEKTPOJBHUIraTeNIeii C MCIOIb30BaHNEM CBEPTOYHBIX HEWPOHHBIX
cereil. Camasi BbICOKas [IOJI1 NPaBWIBHBIX OTBETOB (accuracy) Obuia IOOCTUTHYTa MpU
HCIIONB30BaHMH BeiiBneToB cemelicTBa Mop3e. Atopsl [16] pelanu 3amauy oOHapy)XeHHUs yTeueKk
B TpyOomnpoBoze. OHU T01aBaJIM Ha BXO/1 CBEPTOUYHOHN CETH IByXKaHAIBbHOE N300pakeHHE, TI€ OJIMH
KaHall TPEJICTaBIIsI CO00i CIEeKTOrpaMmy, a BTOPOHM — CKaJOrpaMMy CHUTHallOB aKyCTHUYECKOit
smuccud. Takoe MpocToe coyYeTaHWe METOJO0B IO3BOJIMIIO 3HAYMTENLHO YJIYYIIMTh KadyecTBO
0OHapyKeHHs yTeuek.

Urak, HenpepsiBHOE BeHBIET-TIpeOOpa3OBaHKe SIBJISETCS YHUBEPCAIbHBIM HHCTPYMEHTOM
npeoOpa3oBaHus Pa3IMYHbBIX THUIIOB cUrHANOB B HH(popmatuBHbIe 11t CNN nzo0paxenust. ['naBHoe
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orpannyenre CWT — BrIcOKas TpyIOEMKOCTb 110 BPEMEHH M IO NAMATH NPU I'eHEepali MaTPHI
[17] (mporHo3upyeTcst KBaApaTHYHAS CIIOKHOCTB IO Pa3Mepy CHIHAIa).

OtzensHO ocTaHOBUMCS Ha crarhe [18], aBTophl KOTOpO# pernani 3axaqy 0OHAPYKEHHUS TTOIE3HbIX
CHTHAJIOB B BHXPETOKOBBIX JIe(EKTOrpaMMax perbcoB. M300pakeHus B CTaThe (POPMHUPYIOTCS C
HCIIONIb30BaHUEM HEIPEPBIBHOTO BEWBIET-TIpeoOpa3zoBaHuss Mopie. ABTOPHI 3asBISIIOT, YTO UM
ymajaoce i cHOPMHUPOBAHHBIX HM300pakeHUII OOyYNTHh CBEPTOUHYIO HEHPOHHYIO CETh H
kiaccuduimpoBats ¢ 98% TOYHOCTBIO TOJIE3HBIE CUTHANBI TPEX BHUJIOB: CKBaTHI (BHJ Ae(eKTa),
CBapkd U OonToBble CTHIKM. OJHAKO pe3yabTaThl MCCIENOBAHMS HYXKIAIOTCS B THIATEIHHOM
npoBepke. COMHEHHMsS B IIOJYYEHHBIX pE3yJIbTaTaX BBI3BIBAET HCIIOJIB30BAHUE ABTOPAMHU
OJTHOKaHAJIBHOTO Je(eKTOCKOona, KOTOPBIA, OYeBHIHO, AaET OrpaHUYCHHOE IPEICTaBICHHE O
COCTOSIHUM TIOBEPXHOCTU KaTaHUs peibcoB. bonee TOro, Hamuuue BCEro JIMIIL OJAHOTO KaHaja
3arpyaHser (GOpMHpOBaHHE OOpPa30B KOHCTPYKTHBHBIX 3JIEMEHTOB PENILCOB (CBAPOK M CTHIKOB
penbcoB). [lone3Hble curHaIBl 0OHAPYKXUBAIOTCS C IOMOIIBIO CPABHEHMUS aMILTUTY/I C IOCTOSHHBIM
MOPOTOBBIM YPOBHEM IMIyMa HPH TOM, YTO YPOBEHb IIyMa PEIbCOB, KaK IPABHIO, SBISICTCS
JVMHAMHYIECKOW BEINYNHOM (3aBUCHT OT HACTPOEK 00OPYIOBAHHS U THIIOB PEIBCOB) U JUIS PA3HBIX
YYacTKOB PEIBCOBOTO ITyTH MOXKET CWJIBHO OTJINYaThes. Takum o00pasoM, JOCTOBEPHOCTH
pe3ynpTaToB HccienoBaHus [18] BbI3BIBaCT COMHEHHS, pe3yJbTaThl PaOOTHl HYKAAIOTCS B
anpoOarum.

IIpeobpazoBanre ['mnpbepra-Xyanra (HHT) — 310 emié oauH MeTo] aHamu3a [aHHBIX,
IpefHa3HAYCHHBIN U1 HEMTMHEHHBIX M HECTAIIMOHAPHBIX CUTHAJIOB, TO €CTh CHUI'HAJIOB, YACTOTHBIC
XapaKTepUCTUKU KOTOPhIX MeHAI0TCA co BpeMeHeM. HHT coctout u3 AByx 3TamnoB: aMnupudeckas
MOJI0BasI ACKOMIIO3HIMs U peobpasosanue I'misbepra. Ha nmepsom atame curnan x(t) pasnaraercs
Ha HaboOp MPOCTBIX KOJIeOATeNbHBIX KOMIIOHEHT, HAa3bIBAEMBIX BHYTPEHHHMH MOJOBBIMH
¢yuxumsimu (Intrinsic Mode Functions, IMF). IMF sBisitoTcss MOHOXPOMATHISCKHMH ()YHKIHAMY,
TO €CTh JIOKAJIBHO BBINIAJAT KaK CHHYCOWJABI C MEJICHHO MEHSIONIMMHUCS MapamerpaMu. B
pe3yJbTaTe IMIUPUIECKON MOJOBOM JEKOMITO3UIIUH PS PACKIIAIBIBACTCS HA T MOAOBBIX (DYHKIIUH

Cj 1 OCTAToOK 7.
n

x(©) = ) 6 +1(0).
j=1
Hanee, k kaxnoit IMF npumensercsa npeo6pazoBanue [ nianbepra

1 e ¢i(1)
H[c;(0)] == P.V.Lo p—

dr,

rae P.V. o3Hauaer riaBHOe 3HaueHue uarerpaia mo Komm (Cauchy Principal Value).

Curman Bupa h;(t) = ¢;(t) +iH [cj (t)] Ha3bIBACTCSl  aHajguTHYeckuM. [IpejicTaBneHue
AHAJIMTHYECKOTO CHIHAJIA B IIOJISPHOM (OopMeE MO3BOISET EPERTH K crieKTpy [ Mibbepra.

. 2 Hic;(t
hi(8) = A;(£)e™®, 4;(t) = J (6®)" + (H[g®])" 0;(t) = arctan %
j
MrHoBeHHas 4acToTa B CIICKTPEC HAXOJUTCA KaK IPOU3BOAHAA (1)33131 10 BpEMEHHN
(U-(t) = iw
J 2 dt

Hakoweri, Habop Tpoek (t, w;(t), 4; (t)) obpasyer cniektp ['mnbbepra mist Becex IMF j 1 MoMeHTOB

Bpemenu t. Takoe mpezacraBieHue naét OoraTyio MHGOPMAIMIO O JUHAMHUKE HECTAI[HOHAPHBIX
nporeccoB. Ilpu srom mpeobpazoBanue ['minnOepra-XyaHra, Kak W BeHBJIeT-IpeoOpa3oBaHUe,
MOXeET OBITh BBIYMCIUTENBHO TpymoéMkuM. J[lpyroii Henmocratok HHT cBszan ¢ Tem, 4ro
SMIIMPUYECKasl MOJOBasl JEKOMIIO3UIUS MOXKET MHOT/A TPHBOJUTH K CMEIICHHIO MOJ, KOrja
pa3iMYHbIe YaCTOTHBIE KOMIIOHEHTHI CMELINBAIOTCS B 0J1HOI 1 Toi ke IMF. B atom ciydae cnektp
I'mnpbepTa CTAaHOBHUTCS TSDKEIO HHTEPIPETHPYEMBIM.
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B craree [19] pemaercst 3agada OUArHOCTHKH HEUCIPABHOCTEH IMOJLIMIIHMKOB B PEAKTHBHBIX
JOBHUTATEIAX C HEepPeKIlo4aeMbIM CONPOTHBICHHEM. [l 3TOro 1o BHOPAaLMOHHBIM CHIHAJIAM
cTpoutcsi crektp [miupbepra, Ha KOTOPOM C MOMOINBIO nByxdTamHoro maerektopa R-CNN
BBITIOJTHSETCS TOUCK OTPAaHMYMBAIOIIUX PaMoOK. JIByXdTaIHble AETEKTOPHI 3HAUYUTEIBEHO YCTYIIAOT
B KayecTBe OJHOATANHBIM, TakuM Kak YOLO. ABTOpEI 3asBIISIOT O BBHICOKOH J0JIE NPaBHIBHBIX
OTBETOB, HO CUMTAIOT €€ Ha o0ydJarolel, a He TeCTOBOM BbIOOpKe. B cBsi3u ¢ Tem, yTo cam metox R-
CNN He mokazan cBow 3¢dexkruBHOCTs [20], BOBHUKAIOT COMHEHHS HACYET TOrO, YTO MOJEIb
CMOXKET TI0Ka3aTh TaKHe K€ BIICUATIIONINE PE3yJIbTaThl OOHAapyKeHHs OOBEKTOB Ha HOBBIX
JaHHbIX.

ArTophl [21] mpenctaBuiM aBTOMATHYECKYHO CHCTEMY ISl OIICHKH KauecTBa OCTOHAa METOIOM
yJIapHO-9XOBOTO KOHTpOJA. B Hel curHambsl mpeoOpa3oBHIBANINCH B M300pPaKEHHUS C MOMOIIBIO
pacnpenenenus Burnepa-Bums (WVD). [lanee, B oTiuume oT paboT, paCCMOTPEHHBIX paHee,
CBEPTOYHBIC CETH HCIOJB30BAIKMCh HANPAMYIO Ui OOHApYXeHUS 0OBEKTOB. ABTOPBI 00YYHIIH
pasusle Bepcun YOLO w ¢ moMOmbI0 HAX OOHApYXWIM TPEIIWHBI, TOBEPXHOCTHBIE BOJHBI U
BUOpanmu B GeroHe. IIpuM 3TOM BMECTO KIIACCHYECKHX METPUK To4HOCTH (Precision), mosHOTHI
(Recall) u cpenneit Tounoctu (MAP) oHu ucmonb30Bau cBOK MeTpuky Detection rate, pasayto
OTHOILICHUIO YHCJIa HAaHICHHBIX OTMETOK K YHCIY MPaBIIBHBIX OTMETOK. MHTepnperanus JaHHOH
METpPHUKH 3aTpyJHUTENbHA. ECM ceTh HAliiéT CIIMIIKOM MHOTO JIMITHUX OTMETOK, To Detection rate
NPEBBICUT eAMHUIYY. TakuM 00pa3oM, UCIOIb3yeMasi aBTOPAMH METPHKA HE TI03BOJISIET a/IeKBaTHO
OLICHUTh KauecTBO pabOThl CETH M, COOTBETCTBEHHO, IOABEPraeT COMHEHHIO pe3yJbTaThl
HCCIICIOBAHUSL.

Bropas rpynna npeodpa3oBaHuii CHTHaIOB B H300pakeHHsI OCHOBaHAa Ha BEKTOPHOM KOJIMPOBaHHU.
BBuay toro, 4ro mojydaemble B JaHHOW TpyIIe W300paKEHHs CIO0KHO HCIIOJIb30BaTh BMECTE C
YOLO, um yneneHo MeHbIIIe BHUMAHUS.

I'pamuanoBsl yrioseie moiisi (GAF) u pasnoctrbie moist Mapkosa (MTF) npeoGpa3yror curHain B
MaTpHIly NOMAapHBIX OTHOIIEHHH. DTO MO3BOJISET MOIY4aTh MHPOPMAIMIO O KOPPEJSALUH BCeX ap
ammiutyq Bo Bpemenu [22]. Kak npasumo, GAF/MTF mpuMeHsOTCS Tam, re BakHa 0OmIas
CTPYKTYypa M Ilio0ajbHbIe BpEMEHHbIE 3aKOHOMEPHOCTH. KpaTkoBpeMeHHbIe CUTHAIIbI MOTYT OBITh
pa3MbIThl WM MeHee 3ameTHbl. C HekoTopbiMu npobiemamu GAF u MTF cnpapisirorest mosst
pasHocteit MmotuBoB (MDF), koTopble 00J1afatOT IPOCTOTON peanu3alii 1 OTIAaBIUBAIOT OOJIbLIE
3HAYMMBIX TNpHU3HAKOB curHanma [23]. M3BecTHO, 4TO 3TH MeETOABI TPEOYIOT 3HAYUTENBHBIX
BBIYHCIIUTEIBHBIX pecypcoB (I curHaia pasmepa N cospmaéres marpuia NxN) U HOpOKIAaOT
n300pakeHus O0BIIOro pa3mMepa, He npuroxHoro st YOLO. Ecnu ncxomHsit curaan pa3ouTs Ha
MHOXECTBO HeOONbIINX (pparMeHToB u aist HuX BbinonHUTE GAF/MTF/MDF, TO momy4enHbie
n300paxeHust OyIyT OTIMYHO COYETATHCSA C MOJEIIMH Kiaccupukarmu (0OIHO M300pakeHHe —
OJIUH KJTACC), HO HE MOJIOMIYT JUls 3a/1a4, /1€ Hy)KHO OOHAPYKUBATh HECKOIBKO 00BEKTOB [24].
Pexyppentabie u3oOpaxenus (RP) BH3yanu3HpyHOT MOMEHTBHI BPEMEHH, KOTJIa TPacKTOpHs B
(ha30BOM MPOCTPaHCTBE BO3BpALIAETCs B paHee MocelEHHoe cocTosiHne. OHM CO3/1A0TCs MyTEM
BBIYHCIICHHUS MaTPULbI PACCTOSHUN MEX/y BCEMH IIapaMu TOUEK B PEKOHCTPYUPOBaHHOM (Da30BOM
MPOCTPAHCTBE H TMOCIEAYIOIIeH MMOPOroBoil 00pabOTKOM OSTOW MAaTpHUIBl ISl BBISBICHUS
pekyppenTHOCTH [25]. PekyppeHTHBIE H300paKeHHS UMEIOT BCE T€ K€ MNPOOJIEMBI, YTO U
GAF/MTF/MDF: Bbicokast Tpyao€MKOCTh M GOJIBIION pasmep m3oOpaxenuii. Kpome Toro, oHu
BBIJICIISIFOT TOJIBKO TIOBTOPSIOIIMECS 3aKOHOMEPHOCTH M HE KOAUPYET HPOCTPAHCTBEHHOE U
BPEMEHHOE PACIOJIOKEHNE CHTHAJIOB, YTO MMEET NMPUHIMIHMAIEHOE 3HAaYeHUE JUIs OOHapyKEeHUs
TMOJIE3HBIX CUTHAJIOB BUXPETOKOBBIX JieheKTorpamMm.

Emé oqun cnoco6 co3nanus n300pakeHHH W3 CUTHAJIOB OCHOBAaH Ha BBIYHMCICHHH yCTOWYMBBIX
TOMOJIOTHiA. Y CTOHYHBBIC TOMOJIOTHH — 3TO 0OBEKT U3 TOMOJIOTHYECKOTO aHAIM3a JaHHBIX, KOTOPBII
u3BNeKaeT UHGOpMaALUI0 O «hopMe» NaHHBIX, UICHTHOULUUPYS M KOJHUYECTBEHHO ONPEACIss
TOMOJIOTMYECKHE NPHU3HAKH, TaKHE KaK KOMIIOHEHTBI CBSI3HOCTH U JIbIPBI, KOTOPBIE COXPAHSIOTCS
Opy  pasnuyHbIX Macmrtabax  (paspelieHMsiX) HOaHHbIX — QuibTpanusax. M3o00paxeHus

romonoruyeckoid ycrodunBoctu (Pl) — 3T0 cmoco0 mpencTaBieHUs BBIXOIHBIX JAHHBIX
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TOTIOJIOTHYECKOTO aHajm3a (IHarpaMM yCTOWYIMBOCTH) B BHIE M300paKEHHUI ¢ TOMOIIBIO CBEPTKH
JarpaMM C rayCCOBCKHMM siipoM [26]. OHM 4acTo MCIONB3YIOTCSA B MalMHHOM 00yuenuu [27]. Pl
OTOOpPAXKAIOT BPeMs JKH3HMU TOIOJOMMYECKUX XapaKTePUCTUK CUTHAIIOB, HO II0 HHUM HEJb3s
BOCCTAHOBUThH BPEMCHHYIO JIOKATU3AIMIO CUTHATIOB. TakuM 00pa3oM, U300paKeHHs YCTONUUBBIX
TOMOJIOTHI MOYKHO MCTIOJIb30BaTh JJIs KIIACCH(HUKAIIMK CUTHAIOB, HO HE I UX OOHAPYKEHUs, TO
ectb cetn YOLO x Pl He mpumeHNMBL

Wrak, ayume Bcero is wmHTerpanmd ¢ YOLO momxomst mnpeoOpa3oBaHUs CUTHAJIOB B
n300paKeHHs, OCHOBAHHBIC Ha YaCTOTHO-BPEMEHHOM aHaju3e. C OTHOW CTOPOHBI, OHH COXPAHSIOT
BPEMEHHYIO JIOKAJTU3AIMIO CUTHAIIOB, C IPYTOil — KpOME MPOCTPAHCTBEHHBIX MPU3HAKOB MO3BOJISIOT
aHAJIM3MPOBATh YAaCTOTHBIE XapakTepucTuku. Mzobpaxenus Ha ocHoBe GAF, MTF, RP u Pl moryt
UCIIONIB30BaThCSI BMECTE C HEHPOCETEBBIMH KIACCU(PUKATOPAMH, HO HE MPUTOIHBI IS
JIETEKTUPYIOLIUX MOJETIEH.

3. Memodonozus

B nanHOM paszjene paccMaTpHBAIOTCS METOABI IMpeoOpa3oBaHHs H300paKEeHHH, KOTOpPBIE
BnocyeacTBun  uHTEerpupyercs ¢ YOLO. Tpu w3 dyeThlpéX METOJOB OCHOBaHbI Ha
YaCTOTHO-BPEMEHHOM aHAJHM3€ M Y€ OBUIM YaCTHYHO PACCMOTPEHBI B NPEIBIAYIIEM pasJielne:
OKOHHOE TpeobOpa3oBanne PDypbe, HENpepsIBHOE BEWBIET-IPeoOpa3oBaHNEe U INpeoOpa3oBaHHE
I'mpbepra-Xyanra. IlpemnokeH TakKe aBTOPCKHH BapHaHT IIpeoOpa3oBaHW, Ha3BaHHBIN
noporoBeiM npeoOpaszosanuem (Threshold Transform, TT).

Tpebyercs He mpocTto mpeoOpa3oBaTh AedEeKTOrpaMMy B H300pakeHHE, HO B HM300pa’KeHHUE
npuemitemoro s YOLO pasmepa. Cetn YOLO Ha BXOA MPUHUMAIOT M300paKCHHUS pa3MepoM
640 x 640 B popmare RGB. ITosTOMy moryueHHBIE U3 eEKTOrpaMMBbI H300paKECHHS HAPE3ar0TCS
Ha HECKOJIbKO (parMeHTOB JinHOW 640 mnukcene#t kaxapiil. I[locne maHHON —omeparuu
(parMeHTUpOBaHHbIE HM300paXKEHUsI BBICTPAUBAIOTCS BEPTHKAIBHO JpPYr TIOJA JPYroM H
JIOTIOJTHUTENBHO Ppa3/IeNstoTcs 3eNEHBIMU MOJIOCAMU ISl HArJISTHOTO IPEACTABICHUS TPaHUI]
(dparmenrarn. Ha ocHOBe Kax1oro u3 mpeodpa3oBaHuil CTPOSTCS 2 MATPHUIIBI, COOTBETCTBYOIIUC
KPacHOMY U CHHEMY LIBETY, a 3eJIEHBIM LBET HCHOJB3YyeTcsl Jisi oToOpakeHHs moJioc. Takum
o0pa3zoM gocturaercs pazmep U Gpopmat m3o0paxkenus, BocpuanMaemeie YOLO.

3.1. Mopozoeoe npeobpasosaHue

JanHoe npeoOpa3oBaHKMEe HE OCHOBAHO Ha YaCTOTHO-BPEMEHHOM aHalW3e U BBOJIUTCS BIIEPBBIE.
ByneM HemocpeaCTBEHHO COMOCTAaBIISATh KaXIOH aMIUIMTYAE CHUTHAJIA MUKCEIb C ONpeAeIEHHOM
I[BETOBOIl MHTEHCHBHOCTHIO. Takol MpPOCTOW TOAXOA TIO3BOJSIET 3HAYMTENLHO COKPAaTUTh
BBIYHCIINTEIIbHBIE PECYPCHI, KOTOPBIE TPEOYIOTCS Ul CO3/aHMs M300pakeHHH MpeoOpa3oBaHUIO
®Oypre n Oosee TPyJOEMKMM alropuTMaM, TAKUM KaK HETPEepBIBHOE BEHBIIET-NIPEe0Opa3oBaHNE U
npeoOpaszoBanmne [ mnpbepra-Xyanra. Ha ocHoBe nmedexrorpammbl X(j) mocTpouM 2 MaTpHITBI
FE.(i,j) u Fy(i,j). Marpunia F.(i,j) xpauutr uabpOpMaIHiO 00 MHTCHCUBHOCTSAX KPACHOTO IBETA
Ka)IOTO MHUKCEIT ¥ COOTBETCTBYET IMOJIOKUTEIBHBIM aMIUIMTyIaM curHanoB. Matpuna Fy (i, )
XpaHuT UHPOPMAIKI0 00 HHTEHCUBHOCTSAX CHHEr0 I[BETa M COOTBETCTBYET OTPHUIATEIBHBIM
aMIUTUTYAaM.

IToporoBoe mpeoOpa3oBaHWEe OCHOBAaHO Ha CpPAaBHEHHHM AaMIUIMTYJ CHUTHAJIOB C YABOCHHBIM
MOPOTOBBIM ypOBHEM mryma level, KOTOpBI HaXOQWTCS € MOMOIIBI0 anroputma u3 [1]. Ecmu
amuTyna currana X;(j) B kamanme [ mo Mmomyimo npesbicuna level, to mmkcemo (i,j) B
3aBUCHMOCTH OT 3HaKa aMIUIMTY/AbI CONOCTABISETCS MHTEHCUBHOCTh KPACHOTO MJIM CHHETO IIBETa
Mo JTOTapu()MUIECKOMY TPaBUITY (log10 lfe‘vﬂ) -191 + 64; B MPOTHBHOM CIy4ae HCIIOJIB3YeTCs

el
2 ()1
evel 64. Kaxxgas MHTEHCHBHOCTb OKpyIJserca A0 uenoro uucna. [lpu

NPEBBIIIEHUN JOIMYCTUMOTO 3HAUY€HHsT MHTEHCHBHOCTH TOJIyYEHHOE YHCIO HOHMKaeTcs 10 255.
l'unepnapamerp 64, COOTBETCTBYIOLUIMI MOMEHTY NepexoJa OT JWHEeHHOH QyHKuMU K
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Jorapu@MUUecKor, TMOoJ00paH SMIUpHYecKd. B Buae ¢GopMyssl MOporoBoe mpeodpazoBaHHE
MOJKHO OIKCATh CIICAYIOUIMM 00pa3oM:

()| |

F(i,j) llevel 64, lx; (D] < level,
i,j) = _

] min lo M -191 + 64| : 255 I, ()] = level

L 1o level ’ , i = .

Onementst Matpull F.(i,j) u Fy(i,j) GOpMHPYIOTCS € MOMOIIBIO MOPOTOBOTO MPEOOpa30BaHHs
F(i,j) B coorBercTBHM cO 3HakoM amrututyzabl X;(j). Hampumep, mis FE.(i,j) mpeobpaszoBanue
BBITJISIIAT KaK
F.G,j) = {F(i,j), ecmn x;(j) = 0,
0, HHaue.
[Mpumep u300paxkeHUst, MOIYYEHHOTO NPUMEHEHHEM IOPOTOBOrO NPEeoOpa3oBaHUs K CHIHAITY
00NTOBOTO CTHIKA, TPUBEIEH Ha pHC. 4.

Puc. 4. [lpumenenue nopo2o8o2o npeobpazo8anus K CuzHaLy OOIMOB020 CIbIKA.
Fig. 4. Application of Threshold Transform to a Bolt Joint Signal.

Korma marpumpl chopMupoBaHbl, OHH (ParMEHTHUPYIOTCSI HA MaTpPHUIBl MEHBIIEr0 pa3sMepa C
COXpaHEHHEM HMCXOJHOM BBICOTHI, HO IIMHON 640 mnukceneid. @parMeHTs MEpEceKaroTcst APYT ¢
npyrom. JlnuHa nepeceuenus pasHa 200. [Tepeceuenue npu3BaHo NMPeAOTBPATUTH pa3pe3 CUTHATIOB
KOHCTPYKTHUBHBIX JIEMEHTOB, JJIMHA KOTOpbIX He npeblimaet 200 orcuéros. {ns 50 Thic. oTcuéros
nedekrorpaMMbl IO KaXXJIOMy KaHAJIy OMKCAaHHAs TpoIenypa TMO3BOJsieT NoayduTh 114
(parMeHTUPOBaHHBIX H300pakeHHH. I3 HHUX TOC/e BEPTHKAJIBHOIO BBICTPAMBAHUS C
pasieNMIOIMMMK  TOJOcaMH  BBICOTOM 1 mmKcenp  momydarorcss 3 M300paKeHUs
pasmepom 640 X 640.

3.2 OkoHHOe npeobpa3osaHue Pypbe

[TpeobpazoBanne Pypbe BBHIIOIHAESTCS OTACIBHO JJISI KAXKJOT0 KaHalla Je(eKTorpaMMbl C OKHOM
Xanna pasmepa 64 u marom 5. Crektp ®ypbe CHMMETpHUYEH OTHOCHUTEIHHO HYIA, TO €CTh
OTpHIATENIFHBIE U TTOJIOXKHUTENBHbBIE YAaCTOTHI B CIIEKTpE AyOIHPYIOT Opyr Apyra. B cBs3u ¢ atum
paccMaTpUBaeTCd TONBKO IOJIOKUTENbHAsl 4acTh CHEKTpa. B pesynbpTare mo Kaxaomy KaHaly
moJrygyaeTcst Mmatpuna pazmepom 32 X 10000.

OcHoOBHas YacTh HH(POPMAIMU O YaCTOTaX ITOJIC3HBIX CHTHAJIOB B BUXPETOKOBBIX JIe(eKTorpaMmmax
HpeacTaBieHa Ha OoTpe3ke yrioodl wactotsl oT 0 mo 1 [2]. Eciu paccmarpuBath TOJIBKO 3TOT
IUama3oH  4YacToT, TO  pa3Mep  MaTpuisl OIS KaXJIOro  KaHajla  COKPaTHTCS
1o 10 X 10000. dns Toro 4roOsl u3 crekrpa Pypre MONydnTh ABE MaTpPUIlHl (MHTEHCHBHOCTEH
KpacHOTO U CHHEro IBeTa), KPacHOMY IBETY COIOCTABISIOTCS JEHCTBHTENbHBIC 3HAUYCHUS
TapMOHHUK, a CHHEMY — MHHMBIE. [lasee, MaTpHIll OOBEAMHSAIOTCS IO BEPTHUKAIN OTIACIBHO I
KaXJ0ro 1BeTa, o0pasyst 2 matpuusl pazmepoM 150 X 10000. HeoO6xoanmble MaTpHIBl pazmepa
640 X 640 mnoxyyaroTcsi C NOMOIIBIO OINMCAHHOW paHee omepanuy (parMeHTanuu ¢ JJIHMHOU
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nepeceueHus GpparMeHToB, pasHoi 40. BeicoTa pazaensromux mosoc pasHa 10. Kanaibs! u3 o1HOTO
(parMeHTa CoeMHSAIOTCS APYT ¢ APyrom Oe3 paszieneHus mnonocamu. I1o nedexrorpamMme namHON
50 TbIC. 0TUéTOB MoONy4aeTcs 5 u3oopakenuit 640 X 640.

3.3 HenpepsieHoe eeliesiem-npeobpasoeaHue

Ckaorpamma CTpOHUTCS OTIEIBHO JUIS KaXKJ0Tr0 KaHana AeeKTorpaMMsel. B kauecTBe MaTepuHCKOI
BeiBIET-QYHKIMN UCTIOJIB3YETCS BEHBJIET Mopie c rapameTpamu B =25
uC =0,5:

) 1
B kauectBe mapameTrpoB Maciitaba a paBHOMEPHO BbIOpaHbl 8 3HaueHui 3 otpeska [0; 1] mo
JorapupmMudecKoil mkane. BeliBneT-npeodpazoBaHue UMeeT KBaAPaTHYHYIO CII0XKHOCTb. J{iis ToTo
4TOOBI COKPATHTh KOJMYECTBO BBIYMCICHUH, aMIUIMTYAbI OepyTcst ¢ maroMm 5 (cxatue B 5 pas).
Eciau ckamorpaMmbl KakKAOTO M3 KaHAIOB BBICTPOUTH BEPTUKAJIBHO, TO IIOJYYUTCS MaTpuUla
pasmepom 120 X 10000. Kak u B caywae mpeoOpa3oBanus Dypre, KpacHBIN IBET (HOPMUPYETCS
JIEWCTBUTENHHBIMU 3HAYCHISIMI BEHBIIET-IIPe00pa30BaHys, a CHHUM — MHUMBIMH. J{anee, MaTpHIIbl
(parmMeHTHpYIOTCS C JUIMHOHM mepecedeHust ¢parmentoB 40. BwicoTa pas3menuTensHON IOIOCH
paBHa 8 mukceneit. 3 50 ThIC. aMIUTUTY/I oJTy4daeTcs 5 u3o0paxenuil pasmepa 640 X 640.

2
I
e Fe?int | =+/—1.

3.4 lNpeobpa3oeaHue Nunbb6epma-XyaHaa

J7nst kakIoro KaHaia He3aBUCHMO CUHTAIOTCSl BHYTpeHHHe MoznoBble GpyHkimu (IMF) mo merony
MAacCKUPYIOIUX CHTHaNIOB [28], 4TO MO3BONSACT YJIYy4YIIUTH Ka4eCTBO IMIUPHUYCCKONH MOIOBOM
nexommosunuu. Jlanee, mpumensercs npeoOpasoBanne [mnbpOepra. IlomyueHHBIE CHIEKTpHI Ha
KaX/IOM KaHaJe HOPMaJIH3YIOTCS 110 CTaHAAPTHOMY OTKJIOHEHHUIO ¥ CYMMHPYIOTCS APYT C APYTOM.
Pa3mep monmy4eHHO# MaTpHIIbI COKpalaeTcs B 2 pasa 1o JUIMHE 32 c4ET 0TOpoca KaKI0Tro BTOPOTO
cToJ1011a MaTPHIIBI (CKaThE B 2 pa3a). BeicoTa MaTPHUIIBI MOXKET OBITH CKOJIb YTOTHO OOJIBIION BBHLY
TOTO0, 4TO (PYHKLIMSI MTHOBEHHOM 4acToThl w (t) sIBIsieTCs] HeNpepbIBHOW. B Haiem ciyvae ¢QyHKIus
JMICKPETU3UPOBaHAa TaK, YTOOBI BHICOTA MaTpullbl [ MIp0epTOBa CHIEKTpa COCTABIIsAIA 63 MUKCEIIs.
[omyuennast matpuma 63 X 25000 ¢parMeHTHpYETCS C UTHHOW TiepecedeHus gparmMeHToB 140.
Hcnone3yercs TOIBKO KPacHBIM KaHall M300paKeHUs], CHHAH KaHAJI COJCPKUT HYJIEBbIE 3HAUCHHSI.
3enéHble pa3AesIonre MoI0Ck UMEIOT BBICOTY 1 mukceins. M3 nedexrorpammel pazmepa 50 Thic.
0TCUETOB MoJy4aeTcsi 5 n300pakeHuu.

4. O6y4yeHue YOLO

B atoM paznerne maéres omucaHue TOro, KakuM 00pa3oM MpoU3BOIMIOCh 00ydueHue moaenn YOLO,
MIPHUBOJATCS PE3yNbTaThl 00yUCHHS JUIA Pa3HBIX BHIOB H300paXeHUH, ITIOCTPOEHHE KOTOPHIX OBLIO
OIKCAHO B MPEJbIYIIEM pasjere.

4.1 Mempuku oyeHKu ka4yecmea obHapyxeHust 06 bekmoe

IIpu omenke kadecTBa OOHApPYKEHUS OOBEKTOB HEOOXOAMMO KOHTPOJHMPOBATH KaK TOYHOCTH
JIOKaJM3allid  OOBEKTOB, TaK W HANEKHOCTh WX Kiaccuukamuu. [l 3TOTO WCHONB3yeTCs
CTaHIapTHAs METPHKa — cOaaHCHpOBaHHAs CpelHssi ToUHOCTh (Mmean Average Precision, mAP).
OHa OCHOBaHa Ha MOHITHH WCTHHHOTONOXKUTENsHBIX (True Positive, TP), MT0XHOTIONO0KUTEIBHBIX
(False Positive, FP) u noxuoorpunarensueix (False Negative, FN) npenckasanuit mogenu. TP
03HAYaeT KOJMUYECTBO UCTUHHBIX MPE/ICKa3aHuil MoJiesid, FP — KoJTMuecTBO JI0KHBIX MpeIcKa3aHui
mojenn, a FN — xonuyecTBO He HAMIEHHBIX MOJENbI0 00BeKTOB. VICTHHHOCTh HJIM JIOXKHOCTD
NpeJICKa3aHusi MOJETH OOBIYHO OMPEAENAETCS HA OCHOBAHWHU BBIYMCICHUS MEPECEUEHHs HAJ
oobeaunennem (Intersection over Union, IoU), koropoe TMO3BOJSET OUCHUTH CTENEHb
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TEOMETPUYECKOH CX0xeCTH OTMETOK. OOBITHO IS COTTOCTABIICHUSI OTMETOK BEIOMpaeTcs mopor loU
pasusbriii 0,5.

|A N B|

|[AuB|

Tounocts (P) BEIUKCISIETCS KaK OTHOIIEHHUE KOJMYECTBA MPABUIILHBIX MPEICKa3aHMi K KOJUUECTRY
BCEX MpeACKa3aHui MOJEIH:

I0U(4,B) =

_ TP
" TP + FP’

IMonsoTa (R) HaxXOmWTCS KaK OTHOIIEHWE KOJMYECTBA TPABUIIBHBIX MPEICKAa3aHUH MOJIENTH K
KOJIMYECTBY JIEUCTBUTENBHO MPAaBUIBHBIX OOBEKTOB:
TP

TP+ FN

Cpennsist TouHocTh (AP) cunTaeTcs Kak IUIoNa b Mo KpuBoil TouHocTh-mostHOTa (PR-CUrve). Jlns
¢dopmupoBanust PR-CUrve mpenckazaHus MOJENH COPTHUPYIOTCS 10 YOBIBAHUIO YBEPEHHOCTH
(confidence) npeackaszanuii MosieN, 3aT€M BBIYHUCIIAETCS TOYHOCTD U TIOJTHOTA JIJISE KaXKI0T0 Mopora
yBepeHHOCTH. CpeiHsisi TOYHOCTh BBIYMCIISICTCS IS KaXKJIOr0 Kilacca OTAENbHO, cOanaHcupoBaHHas
cpenHsas ToyHOCTH (MAP) HaxoIMTCs Kak cpeqHee apHMETHYSCKOe CPEIHUX TOYHOCTSH IS
KaJ0ro Kiacca. @opMasibHO 3TO 3aHCHIBACTCS CIEAYIOIIM 00pa3oM:

P

R

1
AP = f P(R)dR,
0

1 N
mAP = Nz AP,
i=1

rne P(R) — 3nauenne Ha RP-curve B touke R, AP; — cpenmHsis TOUYHOCTb JUIs i-TO Kiacca, n —
KOJIMYECTBO KIIACCOB.

Yucno MAPS50 — 370 Ta sxe Mmetpuka MAP, Beruuciiernas mpu mopore loU = 0,5. Yuciio mAP50-95
— 3TO cpenHee apudMeTHuecKoe 3HaueHU MeTpuku MAP, BerumcieHHbIx mpu nopore loU ot 0,5
10 0,95 ¢ marom 0,05.

4.2 OnucaHue Habopa 0aHHbIX

Habop mauubix cocrout u3 1540 ¢pparmentor aedexrorpammsl mmHod 50000 0TCUETOB KaXKIbIH,
Ha KOTOPBIX OTMEUCHBI TI0JIE3HBIE CUTHANBI OT OONTOBHIX CTHIKOB (Bolt Joint), anekTpoKOHTaKTHBIX
(Flash Butt Weld) u amromunotepmuTabix (Aluminothermic Weld) cBapok. 3To curHasbl KOpOTKUX
KOHCTPYKTUBOB BHXPETOKOBBIX JaHHBIX. B 3aBHCHMOCTH OT Meroja IpeoOpa3oBaHUs
nedexTorpaMM B H300pakeHHs Ui Habopa NaHHBIX MOXHO TOnyduTh oT 4620 mo 7700
n3o0pakenuii. B Tadi. 1 mpeacraBieHa HHPOPMAITUI 0 KOTMYECTBE H300pakeHUH B 00ydaromieH,
BaJMIAIIMOHHON M TECTOBOI BHIOOpKax Uil Kakaoro mpeoOpasoBaHus. M3 Habopa mdaHHBIX
HCKJTIOUEHB! M300pakeHUs, He cojepxkamiue oTMeTok. Bcero B Habope mpucyrctByer 4123
MoJie3HpIX curHana. MuHdopmanusi 0 KOJMYecTBE OOBEKTOB KaXKAOro Kiacca B BbIOOpKax
IpejcTaBiIcHa B Ta0II. 2.

JIist pa3HBIX cioco60B (GopMHUPOBaHUS N300paXKEHUN COXPAHSIIOCh €IMHOO0pa3HOe pa3oueHue Ha
BBIOOpPKH. BHXpeTokoBble JaHHbIE M3HAYAJIbHO (OPMUPYIOTCS Ui IENbIX IPOE3TA0B —
MPOJODKUTENBHBIX 3alMCe OJHOTO YYacTKa >KeNe3HOJOpOKHOro mnyTt. Jlamee, mpoessbl
Hape3aroTcsi Ha JiedekrorpaMMbl 1o 50 ThIC. 0TCU€ToB. BBIOOPKH COCTaBIISUINCH TaKMM 00pa3oM,
4TOOBI BCE YYaCTKH JJaHHBIX, HOJYYSHHBIE U3 OJJHOTO ITPOE3/1a, ITOMaAau B 001yro BEIOOpKY. Takoi
MOJXOJ IIO3BOJSAET YMEHBIINTh KOppeIAnuio Mexnay JedexkrorpaMmamu  oOydaromiei,
BaJTMIAIMOHHON 1 TECTOBOM BBIOOPOK M KOHTPOJIHUPOBaTh mepeobyuenue (overfitting).
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Tabn. 1. Pazmepul o6yuarowetl, 6anu0ayuoHHOU U Mecmogoli 6b100POK.

Table 1. Sizes of Training, Validation and Test Sets.

Cnoco6 popmupoBaHus Oomee Ooyuaomas | Banunaunonnas TecToBas
U300paxKeHni KOJIM4€eCTBO BbIOOpKaA BbIOOpKa BbIOOpKa
IMoporoeoe npeobpa3zoBanue 3360 1961 974 425
OxoHHOE ITpeoOpa3oBaHue 3744 2259 1027 458
Dypse
HenpepriBHOE BeliBneT- 3540 2098 1006 436
npeoOpa3oBaHue
[IpeobpazoBanue 3853 2336 1055 462
I'ms6epra-Xyanra
Tabn. 2 Hucio nonesnvix CucHaios 6 Habope OaHHbIX.
Table 2. The Number of Useful Signals in the Data Set.
Bri6opka DJIEeKTPOKOHTAKTHBIe | AnoMuHOTepMuTHBIe | BonToBbie | Bceero
CBapKH CBapKH CTBIKH
Oobmas 2831 1232 60 4123
OO6yu4atomiast 1609 858 28 2495
Banunpanuonnas 920 184 17 1121
TecroBas 302 190 15 507

4.3 Pe3ynbmamsbi 06y4eHusi

Cpenu cereii YOLO 6buia BeiOpaHa ojiHa U3 nocieanux Bepeuid mogean YOLOvV11n. Tlapamerpsr
o0yueHus nepeurcieHs! B Tadi. 3. Ha puc. 5 npeacraBnens! rpadukn GpyHKINU OIIKMOKH BO BpeMst
o0y4ueHHs Ha 00yJaromel U BATMIAIMOHHON BRIOOPKAX.

Taon. 3. I'unepnapamempyr 06yyenus YOLO.
Table 3. Hyperparameters of YOLO Training.

ITapamerp 3HayeHne
KommaecTtro smox 300
Pa3mep nakera 30
OnrumuzaTop Adamw
HavanpHbI# Temnn 00y4deHHs 0,00149
Wueprus 0,9

143




Gladkov A.N., Bystrov L.Y., Kuzmin E.V. Application of YOLO Family Neural Networks for Useful Signals Detection on Eddy Current
Rail Defectograms. Trudy ISP RAN/Proc. ISP RAS, vol. 37, issue 6, part 2, 2025. pp. 131-150.

T 6 STFT
—— Training Loss —— Training Loss
Validation Loss : Validation Loss
6 a4 |
o | |
W 24 |
0 100 200 300 0 100 200 300
CWT HHT
6 6
— Training Loss ' — Training Loss
| - Validation Loss —— Validation Loss
44 4 A
2 4
0 100 200 300 0 100 200 300
Epoch Epoch

Puc. 5. I'paguxu ¢ynxyuu owubku Ha odyuaowel u 8arudayuoHHOU b100PKAX.
Fig. 5. Training and Validation Loss Curves.

B Tabmn. 4 orpaxkeHbI 3HaUCHHS cOamaHCUPOBaHHOM cpenneid Tounoctd MAPS0 u mAP50-95 mna
o0yuennbix mozaesneir YOLO Ha pa3HBIX BHIax n300paxkeHuil. B memom, Bce BUIBI IpeoOpa3oBaHHiA
CHTHAJIOB B n300paxxeHus B uHTerpauud ¢ YOLO mO3BONSAIOT MOJNYYUTH BBHICOKHE ITOKA3aTeNH
TOYHOCTH OOHAPYKEHUs M0JIE3HBIX CUTHAJIOB BUXPETOKOBBIX Jie(heKTorpamMm.

Tabn. 4 Coanancuposannas cpeonsisi mounocms MAP o6yuennvix moodeneti YOLO.
Table 4. Mean Average Precision (mAP) of Trained YOLO Models.

Cnoco6 ¢popmupoBanus mMAP50 mAP50-95
H300paeHuit

[oporooe npeodpa3zoBanue 0,9792 0,9694

OxoHHOE TTpeoOpa3oBaHue 0,9790 0,9656
Dypre

HenpepriBHOE BeiiBneT- 0,9823 0,9742

npeoOpa3oBaHue

IIpeobpazoBanue I'minbepra- 0,9292 0,9203

Xyanra

Jlydamme pe3ynbTaThl IIOKasbIBaeT BeiBieT-npeoOpasoBanue. [loporoBoe mpeobOpazoBanHue
BBIUTPHIBAET Yy JPYrMX METOJIOB IIPOCTOTOM BBIYMCICHHH W JHMHEHHOW TpymoémkocThio. Ha
co3ianue ogHOro n3o0pakeHust yuwio 372 mc mist STFT, 97 mc — CWT, 9716 mc — HHT u Bcero
61 Mc — st noporosoro npeodpazoBanus T 1. Cpean yacToTHO-BpeMeHHBIX MeTo1oB STFT nmeer
omuskue kK CWT nokazarenn MAP, Toraa kak HHT um HemHOro yctynaeT. 3To MOKHO 00BSICHUTh
HCIIOJIb3YyEMbIM TI0/IX0/IOM K (DOPMHUPOBAHHIO TMIILOEPTOBA CHEKTPa MHOTOKaHAJIbHOTO CUrHaja,
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KOrJla KaHaJbl OOBEUHIIOTCS IIPOCTBIM YCPEAHEHHEM CIIEKTpa U HE UCIIONB3YeTCs CUHMIT KaHal
RGB ¢opmara uzobpaxkenus. Buaumo, cieayer paccMorperh Oosee HanéxHbie Metoas HHT,
Hanpumep, HHT ¢ Multidimensional Ensemble Empirical Mode Decomposition (MEEMD) [29].
Taxoke 3a cuétr RGB ¢opmara MOXKHO COEIMHUTH HECKOJIBKO YaCTOTHBIX TIPEJICTABICHUI CUTHAJIA B
OJTHOM M300paKeHNH, HAITPUMeEp, Kak B padote [16].

Martpurp! ommbok (puc. 6) MOKa3bIBAIOT, YTO MPHU HCIOIB30BAHUHU ITIOPOTOBOTO IPeoOpa3oBaHUS
CeTh, HECMOTpSI Ha BBICOKHUE MToKa3zateny MAP, nenaet HanboIbIlee YHUCIIO JI0’KHOOIOKUTENBHBIX
(FP) mpexacka3anuii mo CpaBHEHHIO C OCTaJbHBIMH MpeoOpa3zoBaHusiMH. HaumeHbliee 49ucio
JIO)KHOTIOJIOKUTEIBHBIX TIpeJCKa3aHuii nmpoucxoauT npu uHterpaunu cetn YOLO ¢ STFT. Ilpu
9TOM npeoOpasoBaHne @Dypbe MPaKTHYECKH HE YCTyNMaeT JPYyrMM METOAaM [0 YHCITy
HCTHHHOMOJIOXHUTENBHBIX TIpesickasanuii (TP), a B clyyae 3IeKTpOKOHTAKTHBIX CBAPOK MOKA3bIBACT
Hawityumme pesyinbratbl. [IpeoOpazoBanne I'mibOepra-XyaHra Xyke OCTaIBHBIX HAXOJUT
TIOJIC3HBIC CHTHAJIBI 1 MHOTHE M3 HHX IpoIyckaeT. [loporosoe npeodpa3zoBaHue JTydlle pearupyer
Ha QIIOMHHOTEPMHTHbIE CBapkd. TakuM o00pa3oM, C TOYKH 3PEHHS MAaTPHLBI OIMHOOK
ucronb3oBanue STFT 1o cpaBHEHWIO € JAPYTEMH TIpeoOpa3oBaHUAMHU O00JAmaeT pPsIoM
NPEUMYILIECTB: MPOUCXOAUT HAUMEHBIIICE YHCIIO JIOXKHBIX IPEICKa3aHUil, HaXOIATCSI OKa3aBILHECs
Han0oJee CIOXHBIMU JJIsI OOHAPY)KCHUSI CETHIO AJICKTPOKOHTAKTHBIC CBapKH M MPAKTUYECKU HE
MPOIYCKAIOTCS APYTUE MOJIE3HbIE CUTHABL.

TT STFT
Flash Butt Weld 1 0 27 286 it 0 12
Alumin. Weld- 1 0 0 - 6 kPl 0 2
Bolt Joint- 0 0 15 0 - 0 0 15 0
Background- 13 17 0 0 - 11 | 1 0
< CWT HHT
=
F Flash Butt Weld -JPES 0 14 259 1 0 42
£
g Alumin. Weld- 3 0 1 - 3 RELM 0 F:
Bolt Joint- 0 0 15 0 - 0 0 12 3
Background- 19 7 3 0 - B 6 1 0

Q S S
,éj\" : \(,\O (\o‘} 6‘3\ {v\ 4\0"’
F & © SN NS)
ISR AR O N G
{(\,go ) Q {(\,a": S Q
Predicted

Puc. 6. Mampuywvr owubox obyuennvix mooeneti YOLO.
Fig. 6. The Confusion Matrixes of Trained YOLO Models.
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Ha puc. 7 mpencrasinenbl npuMepbl pabotsl cereii YOLO, HMHTErpHpOBaHHBIX C KaXKIbIM M3
PacCMOTPEHHBIX peoOpa3oBaHmii, Ha (hparMeHTe aeeKTorpaMmsl ¢ puc. 1.

1T STFT

Ground truth
Predicted

Ground truth
Predicted

Alumin. Weld

Alumin. Weld
TR EC et |

U o
Alumin. Weld
umin. (3

Alumin. Weld

Alumin. Weld

CWT

Ground truth
Predicted
Alumin., Weld
-I Alumin. Weld II Alumin. Weld
A ;

umin. Weld Bolt Join
Alumin. Weld
-l Alumin. Weld
We

Alumin.

Bolt Joint
umin. Weld

Puc. 7. Ilpumepor pabomvr 06yyennvix moodeneti YOLO.
Fig. 7. The Example of Inference of Trained YOLO Models.

5. 3aknrwoyeHue

3agaya OOHApYKEHUS! MOJE3HBIX CHIHAIOB MOXET pEHIaThCs pasHbIMH Merogamu. OnuH U3
MTOJIXO/IOB OCHOBAaH Ha CBEPTOYHBIX HEHPOHHBIX CETSIX, KOTOPHIE B MOCJIETHEEC BpEMs CTalld
OCHOBHBIM HHCTPYMEHTOM B PEIICHUH 33aJa4 KOMIIBIOTEPHOTO 3peHus. s MpUMEHEHHS 3TOTO
MOJXO0Ja CUTHAJIBI HEoOXoaMMo mpeoOpa3oBaTh B H300pakeHHs. CyIIECTBYeT MHOXKECTBO
croco0OOB BHITIOJIHUTH TaKOe MpeoOpa3oBanHue. B MaHHOM CTaThe MPUMEHUTEIHFHO K BUXPETOKOBBIM
JnedeKkTorpaMMaM peNTbCOB, KOTOPHIC TMPEACTABIIIOT c000¥ 15-KaHaNbHBIN AUCKPETHBIN CHTHAI,
paccMOTpeHbI OKOHHOE TIpeoOpazoBanne Dypre (STFT), HenpephIBHOE BEMBIET-TIPEOOPa3OBaAHIE
(CWT), mpeob6pasoBanre I'mianbepra-Xyanra (HHT) u moporoBoe mpeoGpasosanue (TT). Bce
MeTOABl KpoMe TT CTPOST YacTOTHO-BPEMEHHOH CIEKTp CHTHAJIOB. lIpemnokeHHOe aBTOpaMu
MOPOroBoe MpeoOdpa3oBaHKe OCHOBAHO Ha MPOCTOM COMNOCTABJICHHM KAXKIOH aMILIMTYJe CUrHajia
3HAYEHHs] HHTCHCUBHOCTH IIBETA MTUKCEJIS.
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PaccMmoTpenHbIe TpeoOpa3oBaHrsS MOKHO HHTETPUPOBATH BMECTE C JETCKTUPYIOMIEH CBEPTOUHOM
Herponnoii cetbio YOLO. B pesynbrate 661010 00yueHo 4 cetn YOLO miist n300paskeHui Kaxaoro
BUAa. HanMeHpIIMMH BpeMEHHBIMH 3aTpaTaMd Ha (OPMHUpOBaHHE M300pakKeHUH o0mamaeT
moporoBoe npeoOpazoBanue. HambOompimme 3nadenus MAP tmokaszana ceth Ha ocHoBe CWT.
Jlydmmit 6anaHc Mexay TOYHOCTBIO U TIOJIHOTOH HAaX0XKJCHUS MOJIE3HBIX CUTHAJIOB I0Ka3ala CeTh
Ha ocHoBe STFT. B nenom, kaxxnoe u3 nmpeodpa3oBaHuUil TO3BOIMIIO MOITYYUT BEICOKHE ITOKA3aTEIH
METpHK.

Takum 00pazoMm, Ui BHXPETOKOBBIX JE(PEKTOrpaMM MOTYT HCIOJIB30BATHCS pPa3HbIE CIOCOOBI
(hopmupoBaHus H300paXKeHUH B 3aBUCHMOCTH OT TPEOOBaHUN Ha BPEMsI BBIIIOJIHEHUS, KOJIMYECTBO
MPOITYCKOB M JIOXKHBIX Cpa0aThIBAaHUH, 3HAYMMOCTH IOJIE3HBIX CUI'HAJIOB OIPENEIEHHOTO Kilacca U
T. 1. Pe3ynbraTel mccieqoBaHMs MOKa3bIBAIOT MEPCIEKTHBHOCTh MPUMEHEHMsI CeTel cemeiicTBa
YOLO mnpu pemennn 3a1aun 0OHAPY>KEHHUS TOJIE3HBIX CHTHAIOB BUXPETOKOBBIX JIE(EKTOrpaMM U
OJJHOMEPHBIX JaHHBIX B LEJIOM. B jpampHe#IIeM IUIaHUPYeTCS pacCMOTPETh IMOAXOABI K
OOHApYKEHHIO MOJIC3HBIX CUTHAJIOB Ha OCHOBE NPYIUX BUIOB W300pa)KCHUH M C UCIIOIb30BAHHEM
OTHOMEPHOM NETEKTHPYIOMIeH CBEPTOUYHON CETH, TOCTPOCHHOW Ha OCHOBE apXuTekTypsl YOLO,
JUTS KOTOPOit He OymeT TpeOOBaThCsl TPAHCISIMS CUTHAIOB B H300pakeHUsI.
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CJIOBapel TOIOHMMOB, 3arpyKeHHBIX Ha matgopmy Jlnareo/lok. CrnoBaps THAPOHUMOB SIBIISIETCS TEPBON
TOTIBITKOW CHCTEMAaTH3allMk Ha3BaHWK BOIMHBIX 00bekTOoB PecmyOmmkm Caxa (SkyTtus) Ha tuiaTdopme
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1. BeedeHue

Paszpabotka mnuurBucruueckoir mmardopmel Jluarsollox [1] MHCTUTYTOM  CHCTEMHOTO
nporpammupoBanust PAH B TecHOM coOTpygHHMYECTBE C BEAYIIMMH Y4YeHbIMH MHCTHTyTa
s3piko3HaHnsT PAH crama CcBOeBpeMEHHBIM OTBETOM Ha PpAacTyNIWE 3ampochl POCCHHCKHX
uccienoBareied 1Mo UUPPOBO  00pabOTKe, CTPYKTYPUPOBAaHHIO, JIOKYMEHTHPOBAaHHIO U
KapTorpagupoBaHUIO A3BIKOBOIO MaTepuasa Ha sA3bIkax HapogoB Poccum. OcHOBHBIE
BO3MOXKHOCTH, TIpenocTapisieMble ruiardopmoii Jluareo/lox mosb3oBarensiM, 3To paboTa co
cIIoBapsiMu, paboTa ¢ KOPIIyCaMH TEKCTOB U KapTorpadupoBaHUe JIMHTBUCTHYECKUX OCOOCHHOCTEH.
[Tnatdopma mo3Bossier OBICTPO NMPOBECTH aHANINW3 OOBEMHOTO Marepuaia, Kaprorpaduposars,
MOCTPOUTD apealibl PaclpOCTPaHEHUsI Pa3HbIX SA3bIKOBBIX SIBICHHUH, €T BO3MOXHOCTbH HATJISTHO
MIPOMJUTIOCTPUPOBATh PE3YJIbTAThl UCCIEOBaHMs, Oaroapsi ONIMK MOMCKA JTaHHBIX Ha KapTe C
aBTOMAaTHYECKUM ITOCTPOCHHEM H30I7I0CC C BO3MOXKHOCTBIO CKauMBAHHUS PE3YJIbTATOB IOKMCKA B
dopmare Excell. Muorononb3oBarenbckas miathpopma 1aetT BO3SMOXKHOCTB IIPOBOIUTE B TOM YHCIIE
CPaBHHUTEIILHO-CONIOCTABUTENILHBIE NCCIIEJOBAHMS, IIPUBIIEKass MaTepHall, 3arpy>KeHHBIH JAPYTUMH
MIOJIb30BATENIAMHU.

Pemenne nccnenoBaTh U3 Bcero MHOrooOpasus TonmoHnMoB Pecrry6nuku Caxa (SIkyTust) IMEHHO
THIPOHUMBI, CB3aHO B IIEPBYIO OUYepellb C TEM, UYTO B HACTOAIIEE BPeMs Ha3peaa He0OXOJUMOCTh
B KOMIUIEKCHOM Tpyze 1o tornonuMuke Pecnyonukn Caxa (Skyrus) B mudposom dopmare. Eme
OJTHUM BaXHBIM (AKTOPOM SIBJISETCS TO, YTO JJIsl HCCJIENOBAHMS TOIOHUMOB OYEHb Ba)KHA
BO3MOXKHOCTb paboThI ¢ KapTamu. KapTbl, KOTOpbIE MOKHO MOCTPOUTH Ha Tiardopme Jlunreolok,
paborator ¢ KOOpJIMHATaMHU cepBuca Annexc Kaptst - IIOWCKOBO-
nH(MOPMAIMOHHOM KapTorpaduueckoir  ciyx6oit Slumekca [2].  JlaHHBI CepBHC  SIBISETCS
OCHOBHBIM KapTOrpapUIeCKUM CEPBUCOM IS POCCHHCKUX MOIB30BATENEH B HACTOAIIEE BPeMs, OH
OYeHb Y00€H /ISl NCIIOTIH30BAHUS B HACEIEHHBIX ITyHKTAX, BCE TaHHBIC IOCTOSIHHO OOHOBIISIOTCS,
KapThl IOCTYIIHBI B TPEX BapHaHTax (CXxema, CITyTHHUK, THOPHUT), €CTh BO3MOXHOCTb IIPOCMOTPA YJIHII
u 1.1, HecMoTpst Ha TO, 4TO KapThl cepBHCa HE OUCHB IOJPOOHO OTPAXKAIOT Ha3BaHHS NMPHPOIHBIX

152


https://ru.ruwiki.ru/wiki/%D0%9F%D0%BE%D0%B8%D1%81%D0%BA%D0%BE%D0%B2%D0%BE-%D0%B8%D0%BD%D1%84%D0%BE%D1%80%D0%BC%D0%B0%D1%86%D0%B8%D0%BE%D0%BD%D0%BD%D1%8B%D0%B9_%D1%81%D0%B0%D0%B9%D1%82
https://ru.ruwiki.ru/wiki/%D0%9F%D0%BE%D0%B8%D1%81%D0%BA%D0%BE%D0%B2%D0%BE-%D0%B8%D0%BD%D1%84%D0%BE%D1%80%D0%BC%D0%B0%D1%86%D0%B8%D0%BE%D0%BD%D0%BD%D1%8B%D0%B9_%D1%81%D0%B0%D0%B9%D1%82
https://ru.ruwiki.ru/wiki/%D0%AF%D0%BD%D0%B4%D0%B5%D0%BA%D1%81

CamconoBa M.B. NuctpymenTst mnatdopmst JInarso/[ok B nzydennu rugponnmos Pecny6nuku Caxa (Skytust). Tpyoer UCIT PAH, 2025,
Tom 37 BhImL. 6, wacts 2, ¢. 151-168.

reorpaueCKuX 00bEKTOB, KOTOPBIC HAXOAATCS 3a IPEIIaMH HACEICHHBIX TyHKTOB, B CEPBHCE U3
BCEX MPHUPOAHBIX 0OBEKTOB JIyYIlle BCEr0 0TOOPaKEHbI Ha3BaHHSI BOJHBIX OOBEKTOB - THAPOHUMBI.
ITo manHBIM SIKYTCKOTO yIIpaBJICHHS 10 THAPOMETEOPOIOTHH M MOHUTOPHHTY OKPY KAIOIIEH CpeIbl
Ha TEPPUTOPHUH PECITyOINKH pacmoioxkeHo okoio 700 TeICSY pek W pedek, u3 KOTOphIX Oonee 29
TBICSY pek uinHOM Gomee 10 kM, u 6omee 637 Toicsiu o3ep [3]. B SAunexc Kaptsr oroGpaxkeHbt
Ha3BaHUs OOJBIIMHCTBA KPYITHBIX M CPEAHUX 03ep Ha Teppuropun Poccuiickoit denepanmn.

Iox ruppormMom B pabote moHMMaeTcst Besrex 3a H.B. ITomomsckoit coOcTBEHHOE MMS JTFOOOTO
BOJHOTO 00BEKTA, IIPHPOTHOTO HIIM CO3JAHHOTO YEJIOBEKOM, B TOM YHCIIC OKCAHOHUM (Ha3BaHHE
OKeaHa), TIeJIarOHUM (Ha3BaHUE MOps), IUMHOHIM (Ha3BaHHE 03epa), MOTaMOHUM (Ha3BaHUE PEKH),
rejoHuM (Ha3Banue 6050Ta) [4]. TUAPOHUMBI OTHOCATCS K HanOOJIee IPEBHUM TOMOHUMAM, O YeM
CBHACTEIBCTBYIOT TPYIbl HccienoBatesei [5], [6]. BoxHbie 00bEKTH HIMEIOT OTPOMHYIO BaXKHOCTb
JUISL JKW3HM 4YeJlOBeKa, SBJSSICH TJIABHBIMH OPHUEHTHPAaMHM B IIPOCTPAaHCTBE IIPH OCBOCHUH
TEPPUTOPUH, MECTOM pacCEeNCHHsI HApOAOB, TaK KaK PEKU M 03epa SBJIAIOTCS NCTOUHUKOM IPECHO
BOJbI, MECTOM pBIOQIKA M OXOTHl W TPAHCIOPTHBIMH apTepusiMH. YacTo 3HaueHHE HMEHH
COOCTBEHHOI'O PEKM WM O3epa YKE€ YTpayeHO B Halle BpeMs, TaK KaKk TONOHMMHYECKas
cTpaturpadusi Mo4YTH JTHO00H TEPPUTOPHM OOHAPYKHMBACT BPEMEHHBIC HACIOCHUS, U MHOTHE W3
APCBHUX THAPOHUMOB OB 3aMMCTBOBAHBI Yy OpeaAIEeCTBYOIUX HAPOAOB.

B Hacrosuieli cratbe BHUMaHue OyJeT ylelieHO THAPOHUMAaM C 300KOMIOHEHTOM, T.€. Ha3BaHHUEM
IpeACTaBUTENs XUBOTHOro Mupa PecmyOmmknm Caxa (Skytus), oTimdaromerocs OOJBIINM
pazHooOpazuem.

Matepuan wucciemoBanus, Bimodatommuit 1000 rumpoHmMoB, ObIT OTOOpaH M3 pPas3HBIX
CIIPaBOYHHMKOB, KapT, HCCIEIOBaHWH TOMOHMMHKH PecnyOmukm Caxa (SIKyTHst), B 9acTHOCTH,
TPYAOB OCHOBONOJOXHHKA sKyTckoii TomoHmMuKH M.C. HBanoBa — barmapeisina Cymn0o,
cOOpaBIIEeTO M MPOAaHAIN3UPOBABIIET0 OIPOMHBINA ITOJIEBOW MaTepHall IO TONOHMMAaM Ha S3bIKaxX
HapOJIOB PECITyOJIMKH: SIKYTCKOM, 9BEHKHIICKOM, 3BEHCKOM, IOKATHPCKOM, YyKOTCKOM H PYCCKOM C
NPUBJICYCHUEM JaHHBIX (DOJBKIIOpA, JMTEPaTyphl, CBUICTENBCTB HH(OPMAHTOB, apXHUBHBIX
JaHHbIX, KapTorpaduu [7-9]. Cnucok Moxer ObiTh monosHeH Tpyaamu H.M. HBanosa [10], FO.A.
Crenmona [11], FO.T'. Kypunoga [12] u ap. OGsi3aTe/ibHBIM YCIOBHEM NP 0TOOPE MaTepuaa st
HCCJIICA0OBAHUA OBLIIO HAINYKE JaHHOTO THAPOHMMAa B CEPBUCE HH}]CKC KapTI)I, TaK KakK IaJjce
reorpa(bHHeCKI/Ie KOOpPJWHATBl BOJHBIX 00BEKTOB U3 JaHHOTO CE€pBUCA HMCHOJIB3YIOTCA IIPU
MOCTPOSHHH MOPOOHBIX KapT Ha ratdopme JInarso/lok.

2. Paspabomka u nodzomoeka csioeapsi Osisi 3a2py3Ku Ha nnamgopmy
JlunzeolJok

Hdnst coznanms cinoBapst B JIunreo/lox HeoOXoauMo ObIJIO BBeCTH Ha IulaTGopMy AaHHBIE B
tabauuHoi popme B hopmare CSV. [lns ananusa otobpanHoro marepuaina u3 1000 ruapoHuMoOB
Ha SIKYTCKOM si3blke Obula co3/jaHa Tabiuia W pa3duTa Ha PsA] KOJOHOK, KOTOpbIE IOAPOOHO
OIIMCBIBAKOT Ka)KHLIfI TUAPOHUM TII0 CICAYHOUIUM KpPUTECpUAM: THUII THAPOHUMA, HAIMCAHUEC
THAPOHMMA Ha SIKYTCKOM $I3bIKE, IOCIIOBHO NEPEBE/ICHHOE Ha3BaHHE Ha PYCCKUIL 3bIK C OMOPOii Ha
CIIOBapM M JPyrde HCTOYHUKH, KapTorpad)MpoBaHHOE Ha3BaHHE Ha PYCCKOM S3bIKE, CIIOCO0
00pa3oBaHKs TONMOHMMA, STUMOJIOTHS, MOTUBAllMOHHBIN NPHU3HAK, reorpaduieckiue KOOpIHHATHIL.
Hwxe MBI paccMOTpUM KaxKIIbIii KpUTEpHUil OAPOOHO. JIaHHBIN CIHCOK MOXKET OBITH JOIOJIHEH
JPYTMMH KPUTEPHUSIMU B 3aBUCUMOCTH OT LIEJIEH UCCIIeI0BaHUS.

2.1 Tun TonoHMMa, HanMcaHue TONOHMMa Ha SIKYTCKOM si3blke U GyKBarbHbIN
nepeBoA Ha PyCCKUM A3bIK

Ilpy BBIIENEHWW THOA THAPOHHMMA, MBI ONMUPAINCH Ha KIACCH(PHUKAIMIO TOTOHHUMOB,
paspaborannyo B Tpyaax H.B. ITogonsckoii [4], 9.M. Mypsaesa [6], A.B. Cynepanckoii [13], P.A.
Areesoii [3] u ap. B pabore uccienyoTcs claeayoiue pasHoBUAHOCTH THAPOHUMOB: IUMHOHUMBI
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— Ha3BaHHUA 03€p U MOTaMOHUMBI - Ha3BaHus pek. B SAnnexc KapTsl MOXXKHO HallTH Ha3BaHUS MTOYTH
BCEX PEK M PEYECK M MHOTUX KPYIHBIX M cpenHux o3ep Pecrnyonmuku Caxa (SIkytus). B marepuan
HCCIIEJOBaHMS BKIIOYEHBI TAK)KE HHCYJIOHUMBI, HA3BaHUS OCTPOBOB, KOTOPHIE HAaHECEHBI B SIHIAEKC
KapTbl. Bo3MOXHOCTb TOCTPOEHUS TOIOHUMUYECKUX KapT ¢ u3orioccamu B JINHrBoJ{okx Ha ocHOBE
BBE/ICHHS TOYHBIX KOOPJIMHAT BOIHBIX 00BeKTOB u3 SlHnexc KapTel siBisieTcss oqHOM M3 OIIIMH,
MO3BOJISIOIIUX HAIVITHO MPOMLIIOCTPUPOBATh PACIHPOCTPAHEHUE PA3IHMUHBIX TONOHUMHUYECKUX
spiaeHuil. [lox TomoHMMHYECKMMHM KapTaMd B paboTe IMOHMMaeTcss TeMaTHdeckas Kapra,
MOKa3bIBAIOIIAs PACIPOCTPAHEHHE HJIEMEHTa TONOHHMMA, OTAEIBHOTO TOINOHUMA, TIPYMIEI
TONOHMMOB, TOIOHUMHMYECKOTO SBIEHHUS, AUHAMHUKHM €r0 Pa3BUTHA, €r0 CBSI3U C COLHAIbHBIMU
sBiaeHusMu [4].

Hanucanue TOmOHMMa OuY€Hb BaXXHO JUId JalbHEHIIEro aHalu3a TONOHUMA, TaK Kak IMpHU
KapTorpaMpoOBaHHUH YacTO UAET CHIbHOE UCKAKEHUE OPUTMHAIBHOIO Ha3BaHUS TaK, YTO HOPOM C
TPYZOM MOJKHO MOHSTH, KaK KapTOrpa)MpOBAaHHBI TOIMOHMM 3BYYUT Ha S3bIKE ABTOXTOHOB
TEPPUTOPHH U UTO OH 03Ha4aeT. B 1976 roxy riiaBHBIM yIpaBIeHHEM T€0Ie3UH U KapTOTrpauu mpu
Cosere MunuctpoB CCCP Opiia m3mgaHa WHCTPYKLHUS IO PYCCKOHM mepemade reorpaduaecKux
HazBanuil Skyrckoit ACCP I'.U. [lonnnse, KOTopas Cily>Kujla OCHOBOM JJIsl aCCUMIIALIMY Ha3BAaHUS
Ha SKYyTCKOM sI3bIKE MO TpaBWiaM pycckoro s3bika [14]. MHcTpyknus cHaOxeHa KpaTKUMHU
CBEIICHMSIMH O SIKyTCKOM SI3BIKE U SIKyTCKHX TeorpaMuecKuX Ha3BaHMAX, OTIINIACTCS CTPEMIICHHEM
K MMHUMAaJIbHOMY HCKa)K€HHIO OPUTMHAIBHOTO 3By4aHus ToroHnMa. Ho He Bce TonmoHUMEI SIkyTHH,
ACCHMUJIMPOBAHbI COTJIACHO 9TOM MHCTPYKIMH, TaK, HapuMep, HazBanue peku Utkun-Cuedurrup
B ANaHCKOM palfoHe M3-3a CHJIBHOTO HCKa)KE€HHs HETOHSITHA HOCHUTENSIM SKyTcKoro ssbika. Ha
SIKYTCKOM $I3bIKE NaHHBIN THIPOHUM 3BYYHT Kak blkkein Cusbummap OyKB. ‘chenu/yOuiu TBOIO
cobaky’. B BbIllIe03HaYEHHON MHCTPYKIMU 0 Nepenade reorpaduueckux Ha3BaHUM C SKyTCKOTO
Ha PYCCKHH, 3aMEHa bl B SIKyTCKOM CJIOBE HA ¥ MPH ACCHMWIALMN B PyCCKOM BO3MOJKHA TOJIBKO
mocJe 0b M Hb, KOTOPBIX 37€Ch HeT. [ MAPOHUM N1OIKEeH OBIIT OBITh aCCUMHIMPOBaH Kak «bIKkbIH-
Cueburrp». Eme onHoit mpobiremol mnpm mnepenade SKYTCKHX TOIOHHMOB MOXET OBITH
ACCHMIJISIINS TJIACHBIX 3BYKOB, HE CYIIECTBYIOIIMX B PYCCKOM SI3BIKE, HAalpHMep, 3ByKa o [o],
KOTOpBIH IepeiacTcsi B pycCKoM depes €. M3-3a Toro, 4To 1Be TOUKHM HaJl € 4acTo HE IeYaTaroTCs Ha
KapTax, B aCCHMWINPOBAHHBIX HA3BAaHMSAX HEIMOHSATHO, KaKOH 3BYK TaM CTOHUT B OPHUTMHAIHHOM
3ByuaHHu. Bo3HMKaeT Jlo)KHasi OMOHMMHUS, KaK Harpumep, KaprorpagupoBaHHOE Ha3BaHHE “03.
Bepe” MoxeT o3HauaTh B SKyTCKOM b3ps ‘HeOONbIIOE 03., MpHIIeTaloliee K ApyromMy, OoybIeMy
o3epy’ wim boepe ‘Boak’, B KOTOPOM JIy4lle CTaBUTh TOUKH HaJ €: 03epo bEpE.

BykBanbHBIN MEPEBO HA PYCCKUHl SI3bIK MO3BOJISIET LIMPOKOMY KPYT'Y TI0JIb30BAaTeNeH MI1aThOpMBI
MIOHATH 3HAYCHHE TOTMIOHMMA, YBUIETh MEXaHNU3M CO3JaHUS OHHMA, MIPOCIEIUTD JIOTHKY, KOTOPOH
PYKOBOJICTBOBAJICS YEJIOBEK, AABUINI Ha3BaHUE JaHHOMY reorpaduueckomy 00bekTy. OCHOBHBIMU
JIEKCUKOTpaMYECKUMH MCTOYHUKAMH TIPHU TOJKOBAaHMM 3HAYEHUs SIBIISTIOTCS TOJIKOBBIA CIIOBaph
skyTckoro s3bika I1.A.CremmoBa [15], coBaps skytckoro sizbika J.K.ITekapckoro [16], a Takxke
COBpeMeHHbIN oHnaiiH cepsuc https://sakhatyla.ru/.

Cronbern «Kaprorpaduueckoe Ha3BaHHE» COAEPKUT Ha3BaHUE TUAPOHMMA, 3aHECEHHOE B SIHIIEKC
KapTel B accuMunipoBaHHOM (DOHETHKOW PYCCKOTO s3bIKa BHJIE C yKa3zaHHeM paiioHa (ymyca).
Hanpumep, «o03. Kbu-Myocrax, OnEKMHHCKMII MyHHIMNAIBHBIN paiioH, Pecmybnmka Caxa
(AxyTtus)», Ha sKyTcKOM Kwivin Myocmaax ‘Te MMEIOTCS pora JUKOTO OJieHs/nocs’. YKa3aHue
yllyca B CIOBape MO3BOJMT CAENaTh BBIBOABI O PAaCIpOCTPAHEHHOCTH, YACTOTHOCTU pPa3HBIX
TOINOHUMHYECKHUX SBJIIEHHH, 0COOCHHOCTSAX TOIIOHUMHUYECKOH HOMUHALNH B 34 yiycax peciyOnuKy,
HMEIOIIUX KaXJbli CBOIO HCTOPUIO, OITHUYECKME U A3BIKOBBIE KOHTAKTBHI, DPA3IUYHYIO
TONOHUMHYECKYI0 crparurpaduto. TomoHmmuyeckass crpaturpadus — I0CIEJOBATEIBHOCTD
BPEeMEHHBIX  HAIUIACTOBAaHMM W  TNPOCTPAHCTBEHHOTO  B3aWMOOTHOIIEHHS  KOMIUICKCOB
reorpaduueckux Ha3BaHUI Ha TaHHO# TeppuTopu [4].
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Puc. 1. llpumep xapmozpaguposanHo2o accumMuiupo8aHHO20 PYCCKUM A3bIKOM AKYMCKO20 MONOHUMA 8
cepsuce Anoexc Kapmoi ¢ ykasanuem paiiona, cyovexma P®, mounvimu ceoepaguueckumu KoopouHamamu.
Fig. 1. An example of a map of the Yakut toponym assimilated in Russian in the Yandex Maps service
with an indication of the region, the subject of the Russian Federation, and exact geographical coordinates.

2.2 Mopdonormyeckue n CTpykTypHble 0COGEHHOCTU NTMAPOHUMOB

B pasmene ykaseiBaeTcs cmoco0 oOpasoBaHusi ruapoHunma. Hawmbosee vyacto B 0TOOpaHHOM
MaTepHajie BCTPEYACTCsl OCHOBHOM crmocod addukcanuu B SKyTCKOM sI3bIKE, 3aKIIOYAIONIUICS B
MPUCOCTUHEHUH K OCHOBaM CICHUAIBHBIX CIOBOOOPA3yIOIUX M CIOBOM3MEHSIONUX addukcos.
CnoBooOpasyroiue apGUKChl TOMOJNHAOT WIA H3MEHSIIOT JCKCHYSCKOE 3HAYCHHE OCHOBBI W
00pa3yloT OT Hee MPOHM3BOJHYIO OCHOBY, BBICTYNAIOIIYID KaKk HOBOE CaMOCTOSTENILHOE CJIOBO,
KOTOPOE MOXKET MMPUHUMATD pa3IidHble apPUKCHL: IKyT. barsik poiba’ add. — maa (-raa) odpazyet
MPOU3BOJIHBIH TI1Ar0JI Hanbikmaa- oeunts pulOy, peibayums ', KOTOPBIA MOXKET Jalblile IPUHUMATD
pasmuunbie  ap¢ukcel. B Tomonmmax uame Berpeuaercs addukcanus OpH  TTOMOIIA
CJIOBOM3MEHSIIONIMX aPPHUKCOB, KOTOPBIE HE MEHSIIOT JIEKCHUECKOE 3HAUCHHUE OCHOBBI, & CITyKaT JUIs
BBIPXKCHUSI CBS3M WIIM OTHOIICHHUS JIAHHOTO CJIOBA K JPYIMM CIIOBaM, BXOJSIIMM B COCTaB
cioBocoueTanust. Takue adGpukchl 00pa3yrOT OKOHUATEIbHYIO POPMY CIIOBA, K KOTOPOU yiKE HENb3s
NPUMEHUTSH JIpyrue apduxcsr [17].
B HacTosilieM HCCIIIOBAHUM B TaOJHUIE THAPOHUMOB O0O3HAYEHO [Ba criocoba 00pazoBaHUs
TOIMOHUMOB, MOP(OIIOTHUECKUI U CHHTaKcudeckuil. Mopdosorudeckuii crnocod sIBISIETCS] O4EHb
MPOAYKTHUBHBIM B TOIOHHMAaX, HallpuMep, 4acTo BcTpedaercs aduKc oONagaHus -7aax W ero
BapuaHThl: 03. banbikrax/ sikyT. barvikmaax (‘c ppiboii/ Tae BoxuTes peida’); pexa bEpenéx/ saKyT.
Bopenoox (‘c Bonkom/ rie BoasaTcs BOJKK’); 03. Kyobaxrax/ skyr. Kyobaxmaax (‘c 3aiinem/ rae
ecTb 3ainpl’), 03. Keipeinacrax/ skyr. Keipsinaacmaax (‘C ropHocTtaeM/ rjie €CTh TOPHOCTAi’), 03.
Deansx/ akyT. Dhonoox (‘MenBenem/ rie ecTh MeaBes’ ), 03. Tabanax/ akyt. Tabanaax (‘c onenem/
rzie ecTh OJieHb’), 03. Maitaracrax/ skyT. Maiiasacmaax (‘C TBLKBSIHOM/ T€ €CTh TIBDKBSIH) U JIP.
Bcero B oToOpanHoM MaTepuane HacuuTbiBaeTcst 409 rHIPOHMMOB IAHHOTO THIIA, YTO COCTAaBIISET
41% ot obmero konmuectBa. OcoOBIH MOABUM THIPOHHMOB, COCTOSIIHMIA 3 IJIarojia, B OCHOBE
KOTOPOrO JISKHT Ha3BaHUE >KUBOTHOTO ¢ addukcom aeiictBusi -sivip (-uup, -yyp, -yyp): 03.
Cobonyp/ Coboryyp (‘rae nossr kapacs’), 03. Copupounyp/ Copoornyyp (‘rae J0OBST LIyKy’), 03.
Kyctyp/ Kycmyyp (‘rme oxotsartcs Ha yTKy’), 03. AHIBUIBIP/ AHObLibiblp (‘TAE OXOTATCS Ha
TypHaHa’) COIEP>KUT B CBOCH CEMaHTHKE yKa3aHHE Ha TO, YTO B JAHHOM BOJTHOM OOBEKTE BOIUTCS
B M300MIMH TOT WJIM UHOH BUI.
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BropsiM criocoOoM 00pa3oBaHUs SIBISIETCSI CHHTAKCUYECKHH, MOCPEACTBOM COYETAHUS CIIOB: 03.
bIt-Kioene/ sikyt. bIm Kyons (sim ‘cobaka’ u kyen ‘03.’+abduKc NPUHAIIEKHOCTH -3 OVKE. ‘03.
cobaxu’), pexka Keipca-blita0bvit/ sixyT. Ksipca bliiaabeim (XpIpca ‘necey’ W blifaa ‘TTOBECHUTH +
OKOHYaHHE TNPHYACTHS MpOILIEIIIEr0o BPEMEHH -Obim, TakuM 00pa3oM HoiydaeM OyKBaJbHOE
3Ha4YCHUE ‘ede nogecunu neCya’). KOMIIOHEHT bitlaabbim, TIPU KapTOTpaUpOBAHUK TEPSIET OJHY
WJIN TTUIIETCS Yepe3 5 «bISIOBIT”, OH SIBJISICTCS OJHUM M3 CAMbIX YaCTOTHBIX B SIKYTCKOI TONOHHMUH:
nporoka blt-blitabeit/ blm bliiaabbuim ‘toe moBecunn cobaky’, o03. Keipca-blita6eit/ Kwipca
bliiaabvim ‘vae nosecuiu necua’, 03. AHTBIP-bIa0ObIT/ SIKYT. Anbip bliiaabbim ‘Tie HOBECHIIH BBIIb’
u 1.0. Y barmapeina Cyn0> HaxoaumM, 4TO B LEJISIX COXPaHEHUs, YacTO IIOJIBEIIUBAIHM TaKUM
00pa3oM Kak BEIW, TaK ¥ MPHIIACHl Ha IEPEBbs, YTOOBI HE JOCTAT 3BEPh, HE 3aMEJIO CHETOM H T.JI.
Taroke, TakuM crocoOoM 00O3HaYaJll HUYEM HE MPHMEYaTeNbHBIE MECTa, YTO-TO BEMIAJIOCH
CIIeLHANBHO B KaUeCTBe yKasarensi, opueHTupa [9]. Becbma pacnpocTpaseHs! B SIKYyTHH TOMTOHUMBI
C TJIATOJIOM TIPOMIEIIIET0 BPEMEHH CO CXOAHBIM appruKcoM -Obim, 4aCTO OHM OTMEUAIOT KaKOe-TO
AaMATHOE, TParmdecKoe COOBITHE, CBI3aHHOE CO CMEPTHIO TOMAIIIHETO MITH JUKOTO )KUBOTHOTO: 03.
Tyryr-Cronimiior/ Tyeym Cynnym (‘poman osneHeHok’), 03. Keur-Tumupout/ Keioin Tumupbum
(‘mukuit oJeHB/T0CH YTOHYT ), peka Ynaxan-blT-Onbbrot/ Yaaxan blm Oa6ym (‘6onbinas (peka)
cobaka ymepina’) u ap. Iloreps BepHOTro Ica Ul OXOTHHKA MM THOENb JOMAIIHEro CKOTa JJIs
CKOTOBOJIa OBLIH, KOHEYHO, BECbMa 3HAUYMMBIMU COOBITHAMH, TeM 00Jiee, €CIIM 3TO MPOU3O0LUIO B
YCJIOBHSIX 3KCTPEMaJbHO HHU3KHUX TEMIIEPaTyp 3MMBbI B SIKyTHH, YTO TOCIYXHJIO HOBOJOM JJIs
MOSIBJICHHS JaHHOTO Ha3BaHus. [loHnMaHue 3Toro (akTa, OTpaKEHHOE B TONOHHMHKE, MEpeiaeT
3HAQYUMOCTh OXOTHI M CKOTOBOJACTBA JUISl BBDKMBAHHS, KAaK OCHOBHBIX BHIOB XO3SHCTBOBaHHUS Ha
JIaHHOW TEPPUTOPUHU.

Cpenu OTOOpaHHBIX THIPOHUMOB C 300KOMIIOHEHTOM HaM BCTPETHJIMCH OJHOKOMIIOHEHTHBIE
(40%),  nmByxkommoneHTHbie  (52%),  TpexKOMMOHEHTHble  ruapoHumbl  (7%) u
YeThIpeXKOMIOHEHTHBIE (1%).

Camblii MHOTOYHCIICHHBIH BHJ] THAPOHHMOB - JIBYXKOMIIOHEHTHBIC THAPOHHMBI, OTINYAIOTCS
GOJIBIINM pa3sHOOOpa3reM, BTOPEIM KOMIIOHEHTOM, TOMHMO 300KOMITOHEHTA, B HUX MOTYT OBITh KaK
CYIIECTBUTEIbHBIE, 0003HAYAIONIME BOMHBIH OOBEKT (03epo, peka, pedyka, OCTPOB), THIA, O3.
Kuctsax-Kens/ Kuucmasx-Kyen ‘03. ¢ cobonem’, peka At-FOproe/ Am Ypyiis ‘pedxa KOHB’, WU
KaKOH-TO CBSI3aHHBINA C KUBOTHBIM (pakT, THIa 03. b&pé-VYsmax/ Fepe Viianaax ‘c HOpoit Bonka’,
peka bépe-Ynyiidyt| Fope Yayii6ym ‘Bonk BbUT’, U Jaxe JTeKapCTBEHHOE pacTeHue: 03. bépé-Orrox/
bepe Ommoox ‘c Borabet TpaBoii’. BTOpIM KOMITOHEHTOM MOTYT OBITH TpHIJIaraTeibHEIC, YaIle
YTOYHSIIOLIME MOJIOKEHHE 03epa MM €ro pa3Mep OTHOCHTENIFHO 03epa C TaKHM K€ Ha3BaHHUEM, 110
CYIIECTBYIOIIEH B TOMOHUMHKE OMHApHOW ommosuimu: 03. Yecs-Koumax/ Yohso Kuiviiraax
(‘Bepxuee (03epo) co 3BepeM/ ¢ AuKuM oneHeMm’) u 03. Ammapa-Keuutax/ Annapaa Keivinnaax
(‘umxuee (03epo) co 3BepeM/ ¢ OUKMM oyieHeM’), peka Apra-beiibitrax (‘3amamHas (peka) c
OCTPOPBUIBIM JeHKOM ) ¥ Mnuu-Betiibirtax/ Haun Beitieimmaax (‘BocTo4Hast (peka) ¢ OCTPOPBUIBIM
JIeHKOM’), 03. AudbIrelid-Kuctsix/ Avuwieviti Kuucmosx (‘manoe ¢ cobosnem’) u Ymaxan-Kuctsix/
Vaaxan Kuucmaax (‘6onpinoe ¢ codosnem’). BerpeyaroTes Takke THAPOHUMBI C YHCIUTEIBHBIMH 03.
Aunra-Cobonox/ Arma Cobonoox (‘mects kapaceii’) u 1BetoM pbiObl, THia 03. Cacbu-MyHtynax/
Cahvin Mynoynaax (‘C XeNTBIM TONBSHOM O3epHbIM’). YacTo B SKYTCKHX THIPOHHMAax C
300KOMITOHEHTOM BTOPBIM KOMIIOHEHTOM BBICTYIIA€T JIEKCEMa C OTPUIIAHUEM cyoX ‘HET; 0e3’, Thna
03. banbira Cyox (‘6e3 poi0br’) win 03. Arara-Cyox/ Amasa Cyox (‘03epo 6e3 3anuBa’).

B TpexKMONOHEHTHBIX THAPOHMMaX HaM BCTPETHIIMCh BCE TUIIBI, KOTOPBIE BCTPEUAIOTCS B JIBYX-
KOMITOHEHTHBIX, B HHX TpPETHHM OJJIEMEHTOM 4YacTO BBICTYHaeT reorpadMyeckuii TEepMHUH,
oOo3Havaromuii T BogoeMa, Thna o03. bépé-Ysnax-Kioens /bopo Viaraax Kyen ‘03. ¢ HOpoii
Bonka’, peka Oryc-Cyomnax-lOpsx/ Opyc Cyonnaax Ypox ‘pedka co cineaoM ObIKa’, WIH 3TO
JIBYXKOMITOHEHTHBIE THJPOHUMBI C MPHUIAraTelibHbIMU, YTOYHSIOMIMMH MOJI0)KEHHE 03epa MM ero
pasMep OTHOCHTENILHO IPYroro 03epa ¢ TAKUM e Ha3BaHWeM, THIa 03.AddbIThii-Xapa-Cobomnox/
Ayuwiewiii-Xapa-Cobonoox ‘manoe ¢ 4epHbIM KapaceM’, o3. Mnun-At-Acatap/ Unun Am Ahamap
‘BOCTOYHOE, TJI€ KOPMST JIoIIaiei .
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YeThIpeXKOMIIOHEHTHBIE THAPOHUMEI 9aCTO COJIEpIKaT IMPHIIaraTelIbHOE pa3Mepa, MECTOTIOIOKEHHS
W IBYXKOMIIOHCHTHOE Ha3BaHWE MECTHOCTH Ha KOTOPOIl pacIroioKeH TOT WM WHON BOIHBINA
00BEKT, M TaKXkKe COIep)KaT YETBEPTHI KOMIIOHEHT, BHIPAKCHHBIH TeorpapudecKuM TepMHHOM,
0003HAYaIOIMM CaM BOJHBIH 00BEKT, 0COOEHHO 3TO KacaeTcs WHCYJIOHHUMOB, Ha3BaHUH OCTPOBOB:
octpoB Ouuyryii-Keui-Myoctax-bénbkéé/ Ouyyeyii Koot Myocmaax benxetie ‘Manblii OCTPOB
(mpoTOKM) ¢ poramu 3Beps’, pAIoOM pacnonoxkeH YinaxaH-Keui-Myoctax-bénbkée/ Vaaxan Kuivin
Myocmaax Boaxeiie ‘60nb110# 0cTpOB (IPOTOKK) ¢ poramu 3Beps’; ocTpoB Kbunnax-Xapa-CrIpbiH-
Bbénpkéé/ Kuiviinaax-Xapa-Coivipuoin-boaxoiio ‘0CTpOB YepHOI TOPBI MECTHOCTH C TUKHM OJICHEM/
JIoceM’, Jalle 3TO HaOIIFoqaeTcsl y OCTPOBOB, HE MMEIOIINX COOCTBEHHOTO Ha3BaHMA.

2.3 I'Ipoucxoxq:leHMe rMmapoHNMMoB U X MOTUBALMOHHbLIE MPU3HAKN

B nanHOM paszene yka3bIBaeTCst STUMOJIOTHS 300KOMIIOHEHTA THJIPOHNMA. Bce 300KOMITOHEHTHI B
O0TOOPAaHHOM TMJPOHUMHKOHE Ha SIKYTCKOM SI3BIKE MOXKHO IOJEIHTh Ha 4 OCHOBHBIC TPYIIIBI:
“Pp1061” (282 ex.), “TItuner” (272 en.), “lomantaue sxuBoTHbIe” (247 en.), “lukue xuBoTHBIE” (205
en.). [IpenBaputenpHast paboTa C STHMOJIOTHICCKAMH OCHOBAaMH 300KOMITOHEHTOB OTOOPaHHBIX
THUIPOHNMOB TTOKa3bIBAET, YTO OOJBITUHCTBO HA3BaHUH KUBOTHBIX, IITUI] U PBIO B IKYTCKOM SI3BIKE,
HMeeT TIOPKCKOE MPOUCXOKAeHHE: Hopo BoiK oT PTurk. *bori: Yak. boré (EDAL, 344); sum cobaka
ot PTurk. *it / *it: Yak. it [18]; xaac ryces ot PTurk. *Kaf: Yak. Xas [18]; xy6a nedenp ot PTurk.
*Kugu: Yak. kuba [18]; copoorr myxa ot Pturk. Cortan [19].

B otoOpanHOM MaTepuase BCTPEYatoTCs TAKXKE IPOTOTYHTYCCKIE OCHOBEI B HEKOTOPHIX Ha3BaHHUAX
JKUBOTHBIX, BOMICIIINX B SKYTCKHH SI3BIK W3 3BEHKHHCKOTO ¥ 3BEHCKOTO S3BIKOB: MOKOMOU
oypyunyk ot PTung. *moKo(1V)- (1 nery4as meims 2 0ypyrayk): EvK. mokolo¢i 1; Evn. mokotoj
2. [18; anowr Typman o PTung. *andi scoter, a k. of duck (typmas, yrka-gepuets): EvK. anni, andi,
ende [18].

B wuccnenoBanuun H.B. TypanrtaeBoit m H.B. ManbimeBoil paccmarpuBaeTcst 13 Ha3BaHMid
JKUBOTHBIX MOHTOJILCKOTO TMPOHMCXOXICHHS B COBPEMEHHOM SIKyTCKOM si3bike [20]. M3 Hux B
COCTaBE HMCCIIEAYEMBIX THJIPOHUMOB Hallle BCTPEUAIOTCS: Kuipca necen o PMong. crenHas nuca
[18]; cuseon poccomaxa ot jege-gen / jegegen, jegeken, xanx. 399xoH, KalM. 3eexh, OYp. 30929H
(30011.) ‘pocomaxa’ [21].

Takum 00pa3oM, 3THMOJIOTMSI 300KOMIIOHEHTOB THAPOHMMOB YKa3blBaeT Ha HAJIMYHE TpeX
OCHOBHBIX CTpPAaTOB, JIEKAIIUX B OCHOBE HAa3BaHUIl KMBOTHBIX B SIKYTCKOM S3bIKE: TIOPKCKHIL,
TYHT'YCO-MaHBYKYPCKHIA M MOHTOJILCKHIA.

MHOTOBEKOBBIE SI3bIKOBbIE KOHTAKTBI MPUBOJAT K BOSHUKHOBEHHIO THOPHIOB. ['MOpHIHbIE MMeHa
COOCTBEHHBIE, COCTOSIINE U3 JIEKCHYECKUX M MOP(OIOTHUECKHUX IEMEHTOB JBYX U 00Jiee S3bIKOB
[4] BcTpeuaroTes BO Beex Bumax ToroHnMoB. Hanpumep, B rusponnmax Hassanue o3ep Kpackamax/
Kvipaackanaax ‘c xpackoii’, Ynaxau-Kpackanax/ Yraxan Keipaackanaax ‘00npiioe ¢ Kpackoit’,
Auusirsiii-Keipaackanaax/ Auusiesiti-Kvipaackanaax ‘Manoe ¢ KpacKoi® comepikaT THOPHIHBIN
TOTIOHWM, HMCIOIIUI B CBOEH OCHOBE PYCCKOE CIIOBa Kpacka. B cIpaBOYHHWKE OXOTHHKa Ha
B.H.CuBruieBa naxoauM, uto keipaacka (nar. Salvelinus czerskii) (cm. puc. 2) ato ronen Yepckoro,
pbI0a C KpacHOBAThIM MSICOM, C PO30BBIMH IISATHBILIKAMH B TIEPHOJI PA3MHOXKEHHsS, C KPacHBIMH
IUITaBHUKaMH, TION/aloIasl W3 TYHAPOBBIX 03ep B HIDKHee TeueHue pek Onenek, Jlena, SIHa,
Wnnurupka, Anazes, Komsima [22]. SIkyTckoe HazBaHue Ousp63H yHoOTpeOISeTCs MEHBIIE, YeM
rubpuaHOe, 00pa3oBaHHOE OT pycc. kpacka + adpdukc obmamaHus -raax, OyKB. ‘c Kpackou'.
OcHOBaHHUEM JIs1 TIOSIBIICHUS] TAKOTO Ha3BaHHsI MOTJIA TIOCIYKUTh SPKasi OKPacKa pbIObl, B OTIHYHE
OT JApyrux npejacTaButeneil uxtuodaynel Skytun. Hanuume Takux THOPHIOB SIBISETCS
CBHJIETEIECTBOM JUTUTEIIBHBIX TECHBIX SI3BIKOBBIX KOHTAKTOB.

Tonmonumuueckast crpaturpadus teppurtopun Pecrybnmuku Caxa (SIkyTus) oOHapyKuBaeT
MHOT'OCJIOIHBIE CTPaThl, KOTOPHIE OTPAXKAIOTCS B TOHOHUMHUH, B TOM YHCIIE, B HA3BAHUSIX BOJHBIX
00BEKTOB, dTHMOJIOTUSI HEKOTOPBIX M3 HHX OCTaeTcsi HesicHoW 1o cux mnop. IIporoTiopkckue,
MPOTOMOHIOJILCKHE OCHOBBI, CJIOB2, MPOMCXO/SIINE U3 TYHIYCO-MaHbWKYPCKHX (9BEHKHHCKOTO,
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9BEHCKOT0), IOKarkPCKOT0, YYKOTCKOTO S3BIKOB TPEOYIOT TIIATEIHHOTO aHAIN3a M CKPYITYJIE3HOU
PpaboTHI ¢ JIEKCUKOTPaPHUUSCCKUMH UCTOYHUKAMHU.

Puc. 2. Keipaacka — saxymckoe naseanue 2onvya Yepcrozo (nam. Salvelinus czerskii).
Fig. 2. Kyraaska is the Yakut name of Chersky char (lat. Salvelinus czerskii).

Bomnpocs! MOTHBHPOBaHHOCTH TOIIOHHMOB BO3HHKAIOT, KOT/Ia PEUb UAET O IIPHUYMHAX, MOOYANBIINX
HOMHHATOPOB Ha3BaTh JaHHBIN 00BEKT HIMEHHO TaKUM 00pa3zoM. [Tox MOTHBaIMOHHBIM IPHU3HAKOM
B pabote moHnmaetcs Beyen 3a A.B. CynepaHckoil HEeKOTOpoe CBOHCTBO IpeAMETa, MOJI0KEHHOE B
ocHoBy HazBauusA [13]. MHorme mccienoBaTenH CXOAATCS BO MHEHHMH, YTO BCE pa3HOOOpasme
MOTHBAIMOHHBIX PU3HAKOB B CEMaHTHKE TOIIOHIMOB MOXHO YCJIOBHO ITOJEIIUTH HA OTHOCAIINECS
K MHPY TIPUPOJIBI U K MupY desoBeka [23]. JlanHoe HaOIr0IeH e MOATBEPIKAACTCS U B OTOOPAaHHOM
KOpITyce THAPOHUMOB C 300KOMIIOHEHTOM, HECMOTPSI Ha TO, UTO BCE OHU OTHOCATCS, O€CCIOpHO, K
MUPY NPUPOJIBI, HO IMEHHO Y€JIOBEK JIaeT Ha3BaHUE reorpauueckoMy OOBEKTY C yYETOM MHOTHX
(aKTOpOB, KOTOpBIE CBS3BIBAIOT €r0 C XMBOTHBIM MHPOM, B NEPBYIO OuYepeib, B CBS3H C €ro
XO3AUCTBEHHOH JESATEABHOCTBIO.

Haspanus BOAHBIX 0OBEKTOB CO/IEpKaT MOTHBAMOHHBIH mpu3Hak ‘“Pridanka” (28%). B Bogoemax
Sxytum BomuTcs 55 MOPCKHMX M 45 TNPEecHOBOAHBIX (IIPECHOBOJAHBIX, IONYMPOXOTHBIX H
MPOXOIHBIX) BHIOB pbid [24]. B cocraBe 267 rumpoHrMOB BCTpeTwics 31 MXTHOHUM, Ha3BaHUE
peiObl. M3 HHX caMbIM 4acTOTHBIM siBisieTcsi cofo ‘kapack’ (57 TruApOHUMOB), camasi
pacipocTpaHeHHas M OYUTaeMas IKyTaMH 3a BKyCOBBIe kKauecTBa pbiba: 03. Cobo (‘kapace’), 03.
Cobonox/ Cobonoox (‘c xapacem’), 03. Anra-Cobo (‘mects kapaceii’), 03. Cobonyp/ Coboryyp
(‘rme MOXHO JIOBHTH Kapacsi’) W T.I. B ceMaHTHKe THAPOHMMA C UXTHOHHMOM €CTh MpPAMOE
yKa3aHHe Ha TO, YTO JAaHHBIA BHJA BOAMTCSA 31ech B n3o0mwmu: 03. Copuonnox/ Copdornoox (‘c
ykoit’), 03. Copmounyp/ Copdornyyp (‘Tae MOKHO JIOBUTH IyKy’), 03. Celarannax/ Cbia5anHaax
(‘c manumom)’, Ansicapaax/ Aavthapoaax (‘c okynem’), 03. Mynaynax/ Mynoynaax (‘c TOAbSIHOM
o3epHbIM’), MyHuayayp/ Mynoynyyp (toe ‘noBsit roibsiHa o3eproro’), Keicbui-bambikrax/ Kothoin
banvikmaax (‘c ropOymieit’), mopoif ¢ yka3aHHEM Ha pa3Hble KadecTBa pwIObI, THIa Kemox
Cyoxypoaax (‘c Toum konbiMckuM curom’), Coia Copoor (“xupHas mryka’).

OxoTa sABIsETCA HCIOKOH BEKOB OCHOBHBIM HCTOYHHKOM IMPONMTAHUS s HaponoB Cubupu u
Hanerero Bocroka. MortuBanuonHbid npusHak “Oxorta” (27%) mpuCyTCTBYeT B THAPOHHUMAX,
CONIepKAIINX HAa3BaHMSA IPOMBICTIOBBIX JKMBOTHBIX, Tuma: peka Keui-blteianaderr/ Koioin
bImvianaabvim (roe ‘crpesisiin B qUKoOro osieHs/ jocs’), peuka Kuc-1Opsax/ Kuuc Ypox (‘coboins
peuka’) u np. B cemanThke 22 THAPOHUMOB COJICPIKUTCS yKa3aHUE Ha MOCTOSHHOE MPOXKUBAHUE Ha
TEpPUTOPHH BoJ0eMa Kakoro-inoo Buna: Keipca-Ysunax/ Keipca Viianaax (rae ‘ects Hopa mecua’),
Oce-Apraxrax/ Ohs Appaxmaax (‘¢ 6epnoroii mensens’), pexa bépé-Xopono/ Fepe Xopooro (‘Hopa
BOJIKa’). MOTHBalMOHHBIH Mpu3Hak «OX0Tay NPUCYTCTBYET TAK)Xe B HA3BaHHUAX BOJHBIX OOBEKTOB,
COJIeprKaIX 300KOMIIOHEHT-OPHUTOHHUM, TO €CTh Ha3BaHMe NTHIBL. OXOTa Ha BOAOIIIABAIOIIYIO
JIMYb SIBJISIETCSl OJIHUM W3 CaMbIX IOIMYJSIPHBIX BHUJIOB CE30HHOM 0XOThl B SIkytmu. Bcero B
THAPOHNUMHUKOH BOIUIO 321 Ha3BaHHE C KOMIIOHEHTOM-OPHHUTOHMMOM, TJ€ CAMBIM MOITyJIIPHBIM
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SIBIIIETCSI 300KOMITOHEHT Xaac ‘TyCh’, BCTpeTUBIIHIACS 61 pa3, kak B HanboJIee pacrpoCTPaHEHHBIX
B SKYTCKOM TOTIOHMMHH KOHCTPYKIMsX, Tura Xac-Kroens/ Xaac Kyen (‘rycs 03epo’), Xacteip/
Xaacmuioip (‘rme oxotsarcs Ha rycs’), Xacrax/ Xaacmaax (‘Toe BOmUTCS TYCh’), Tak M B Goiee
CEMaHTHUYECKH OCJIOKHEHHBIX T'MIPOHUMAX, C COOBITHIHOM CEMaHTHKOH, yTOYHsIOHmEH crocod
OXOTHI, KaK B Ha3BaHUU 03. Xac-Asnaowit/ Xaac Auaraabvim (Te ‘OXOTWINACH HA TYCS C JYKOM-
CaMOCTpeJIOM’) WIIM MEePeAaloliX Kakoif-To (akr, cayduBIIMiics Ha oxote: 03. Xac-OnopOyra/
Xaac Onopbyma (‘rae cunen rycs’). K aTomy ke Tummy oTHocsTcs Ha3Banus o3ep Kyc-Kroene/ Kyc
Kyons (‘ozepo ytku’), 03. Kycrax/ Kycmaax (‘c yrkoid’). JIpyrie OpHUTOHHMBI, BCTPEUAIOIIHECS B
COCTaBE T'MJPOHUMOB, HE OTHOCSATCS K IPOMBICIOBBIM BHAaM, MOTHBAl[HOHHBIM ITPU3HaKOM B
JAHHOM BHJIE THIPOHUMOB sBIIsieTCsl «PacmpocTpaHeHHbIH BUI B qaHHO#M MecTHOCTHY (16%): 03.
Typaxrtax/ Typaaxmaax (‘c BopoHoit’), 03. Xomronaox/ Xonmonoox (‘c 4aiikoii’), 03. Cyop-VYsmax/
Cyop Viianaax (‘tae ects THe310 Bopona’), peuka Ky6a FOproere/ Kyba Ypyiioms (‘pydeit nebens’).
Hexotopsie Buabl 3aHeceHsl ceifuac B KpaHCyro KHUTY, HO Ha3BaHHE COXPAaHWIO MaMSTh O TeX
BpPEMEHaX, KOT/Ia JIFOJM OXOTHINCh Ha HUX: 03. Typys-Tycaxta6err/ Typyiia Tyhaxmaa6uim (‘rme
CTaBWJIM CWJIKM Ha Xypasisi’), 03. Kerransik-Cuebut/ Keimanvix Cusbum (‘cwenu crepxa (6emoro
xypaeist)’). HekoTopble MTHIBI SIBISIOTCS TOTEMHBIMU JKHBOTHBIMH, CAKPaJIbHBIMU IUIS HAPOJIOB
SIKyTHM, HanmpuMmep TOT XK€ KulmalblK ‘CTepX’ — 9TO MNTHLA CYAaCThs B SIKYTCKOH KYJBTYpe,
CUMTAETCs, YTO TOT, KTO YBHIUT TaHel OelbIX XXypaBieid, OyneT cyYacTIUB BCIO JKU3Hb.
Bo3HHMKHOBEHHE THAPOHMMA MOXKET OBITh CBSI3aHO ¢ (haKTOM HapylleHus Taly Ha OXOTY Ha ITH
BUJBL. B ruipoHrMax BCTpeyaroTcs Cilydyad, KOTa Ha3BaHHE OBUIO JIAaHO MO CXOJCTBY OYEpPTaHHH
o3epa C OOBEKTaMH JKHBOW TMPHUPOIBI, SBISIOMUX COOOW IPOCTpaHCTBEHHBIE MeTa(ophl
(MotuBanmonuslii npusHak «®opma Bomoemay (0,4%): 03. Xac-Ceimbit/ Xaac Coimwivim (‘Tych
sino0”) win 03. Xac-Kypayx/ Xaac Kypoyx (‘kak ryce’) (cM. puc. 3 u 4).

SkyTBl — camBle ceBepHBIC KOHEBOJIBI, 3aHHMAIOIIMECS pa3BEICHHWEM JIOMmaneil W KPYIHOTO
poratoro CKOTa B OSKCTPEMAaIbHBIX KIMMATHYCCKUX YCIOBHSIX. MOTHBAIIMOHHBIA TNPU3HAK
“CkoToBOJCTBO” OOHapyXeH B 262 runpoHmmax (26%), B HHX COAEPXKHUTCS IOPOH IpsMoe
yKa3aHHe Ha TO, YTO BOJIOEM H ero Oepera OJIaronpuaTHBI I pa3BeeHus cKoTa: 03. At-bltap/ Am
bleimap (‘rae ormyckatot nomazae’), 03. At-Ynyp/ Am Yyayyp (‘toe mper/mosit jomaasp’), peka
bluax-tOproete/ blnax Ypyiiams (‘xopoBuii pydeii’). JIpoOHbIE CHCTEMBI JEJICHUSI [0 BO3PACTY H
MOJTy JIOMAIIHETr0 CKOTA SIBJISIOTCS CBUJIETEILCTBOM JPEBHUX TPAIUIINiI CEBEPHBIX CKOTOBOJIOB: 03.
Auusirsrii-Top6oc (‘Manoe (03epo) TeNeHOK” 0T mop6oc ‘TEIEHOK B MEPBOE JICTO MOCIIe 0Tena’), 03.
Kynyu-Krwoens/ Kyayn Kyon (‘xepeGeHOK 03ep0o’ OT KpayH KepeOEHOK ¢ POKIAECHHS U JI0 IIECTH-
cemu Mecsines’), 03. Conoroc/ Conopoc (‘MOIIOIOM, TONBKO YTO 00be3KEHHBINH KOHB') [15], peka
VYo6aca-lOproe/ Yoaha Ypyiis (‘pyueii xepebErka (¢ mepBoii oceHu 10 roja)’) u Ip.

Ocoboe MecTo 3aHMMAaeT IpyIIa T’MAPOHHUMOB, B KOTOPOI BCTPEUAIOTCS KOMIIOHEHTBI-COMATHU3MBbI,
0003HayaloIe YacTH Tejla )KUBOTHOTO. YCIIOBHO Mbl 0003HAYMIM MOTHBAI[MOHHBIA MpPU3HAK B
Takux TUApoHHMax “‘YUepen KUBOTHOTO Kak ykazarenb (3,6%). Tak, B pa3HbIx yiycax (pailoHax)
SIKyTHH ¥ COCETHMX PETHOHAX YacTO BCTpedyaeTcst KoMrnoueHt myoc ‘pora’ (11 ex.) u 6ac ‘ronosa’
(41 en.): nasanus Keui-Myocrax/ Keibin Myocmaax (‘c poramu jaukoro onesst/ nocs’), Keii-
Bacraax/ Kvui-bacmaax (‘¢ ToitoBoi qukoro ojens/ nocs’), Dca-bacrax/ Dho bacmaax (‘¢ To10BOM
Mmenpeas’). Tpaauuus BewlaTh Ha BHIHOE MECTO 4Yepena >KMBOTHBIX OCHOBBIBalach Ha
HEOOX0MMOCTH JIeNaTh 3aMETHBIE OPHEHTUPBI NIPU OCBOSHUH TEPPUTOpHH. BeTpeuarorcst Takxke
Ha3BaHUs JIOMAITHHUX XHBOTHBIX B cocTaBe 31 ruppoHuMa ¢ comatu3MoM bac: At-bacrax/ Am-
Bacmaax (‘c ronosoit nomanu’), Ceunrsi-bacrax/ Ceuievr Bacmaax (‘C TOJ0BOM Jomiagu’) U Ap.
I[ToMuUMO HCTIONB30BaHMS Yeperna KUBOTHOI'O B KayeCTBE OPHEHTHPA, U3BECTHO, YTO 3TO MOXKET
OBITh TAKKE CBUIIETEIHCTBOM IIAMAaHCKHX 00PsI0B B ObLIbIe BpeMeHa. JJoMalHuil CKOT NPUHOCKIIH
B )KEPTBY 3JIbIM BEPXHHIM M HIKHUM JyXaM B IIEJISIX UCHeNIeHUst OT Gone3Heit [25]. Tlpu atom mkypy
’KEPTBEHHOTO )KHBOTHOTO BMECTE C TOJIOBOW pa3MelIaly B JIECY, IIOJAIBIIE OT XKUIIbsI, 3aKPEIUB e
CHeHUaJIbHBIM CHOCOOOM, MOJPOOHO OMUCAHHBIM B IKCIEAUIMOHHBIX 3amucax [.d. Munepa B
1737 r. [26]. Co BpeMeHEeM OCTABAJICSl TOJbKO Yeper >KUBOTHOTO, HE MOAJAIONIMUCS TIEHY, U
HMMEHHO T10 TaKOMY 4depery OBUIO Ha3BaHO MHOTO MECTHOCTEH.
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Dt &

Puc. 3. O3epo Xac-Cvimvim, bvianenvipckuil Hacaee, Annauxosckuii yiyc (patiow), Pecnybauxa Caxa
(Axymus), eeoep.koopounamet 70.874140, 147.753721 (chumox u dannvie uz Andexc Kapmut).
Fig. 3. Lake Khas-Symyt, Byyangnyrsky nasleg, Allaikhovsky ulus (district), Republic of Sakha (Yakutia),
geographical coordinates 70.874140, 147.753721 (snapshot and data from Yandex Maps).

o3epo Xac-Kypayk

‘f‘—/"\

Puc. 4. O3epo Xac-Kypoyxk, ozepo Xac-Kypoyk, Onepunckuii Cykmyn, Huocnexonvimekuti paiion, Pecnyonuka
Caxa (Axymus), ceoep.xoopounamer 70.517683, 153.316188 (crumox u dannvie uz Anoexc Kapmot).

Fig. 4. Lake Khas-Kurduk, Lake Khas-Kurduk, Olerinsky Suktul, Nizhnekolymsky district, Republic of Sakha
(Yakutia), geographical coordinates 70.517683, 153.316188 (snapshot and data from Yandex Maps).

Takum 00pa3oM, BBISBICHBI CJIEAYIOLINE OCHOBHBIE MOTHBAL[MOHHBIC NPH3HAKH B CEMaHTHKE
THAPOHUMOB C 300KOMNOHeHTOM Skytun: “Peibanka” (28%), “Oxota” (27%), “CroTOBOICTBO”
(26%), «PacnpocTpaHeHHBIH BUI B JaHHOH MectHocTH» (16%), “Uepen-ykaszarenn” (3,6%),
“®opma Bomoema” (0,4%).
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3. Co30aHue cnoeapel u kapm Ha nnamgopme JluHzeoJok

[Tnatdopma JIuarso/lok, co3maHHast Uil JOKYMCHTHPOBAHHS HCUE3AIOLINX SI3BIKOB, MO3BOJSET
CO3[]aBaTh MHOTOCJIOWHBIE CIIOBAapH, C BO3MOXXHOCTHIO COBMECTHOI'O ITOTIOTHEHHS CIOBapHBIX
JAHHBIX C COXPAaHCHHWEM HCTOPUH JICHCTBHH MONB30BATEINIEH, MPOJBHHYTOTO MOMCKA NAHHBIX B
CITOBapsX MO MHOXECTBY mapamerpoB [27]. Oco6o IeHHO# At cioBapst TOMOHUMOB SIBIISCTCS
BO3MOXKHOCTH TIOMCKa JAHHBIX Ha KapTe C aBTOMATHYECKHM ITOCTPOCHHEM TOIOHUMHYECKUX
n3orsocc. [1o1 TOMOHUMHUYECKOH H30TIIOCCOM (TOMOM30TIIOCCOM) MOHMMAETCS JIMHUS, HAaHECEHHAs
Ha TOMOHMMHUYECKYIO KapTy, TOKa3bIBAIONIAsl TEPPUTOPHAIBHOE PACIIPOCTPAHEHUE TOTO MIIM HHOTO
TOIMOHUMUYECKOTO sABIeHUs [4].

Juns 3arpy3ku Ha miaargopmy JIuHreo/lok co3maHHOTO cioBapsi, HEOOXOAUMO COXPAaHUTH €r0 B
tdhopmate CSV 1 npoiTH 10 HHCTPYKIIMHU BCE ITAIbI, KOTOPBIC MOAPOOHO OMUCAHbBI Ha MIaT(opMe.
CioBaph MOYKHO «CO37aTh C HyJISl WM B BUJIE HMIIOPTHPOBAHHOTO CIIOBaps M3 (opmara paHHUX
Bepcuit Jlunrso/lok u CSV co cnenuanbHbIM cCHUMBoNOM-pasfenuteneM. CSV 3To TeKCTOBBIH
(opmar npencraBieHus TaOJMYHBIX JAaHHBIX, €T0 MOXKHO co3narh u3 ¢aiinoB Excel, ucnons3ys
JIMAIOTOBOE OKHO dKcmopTa Starling i mo6siM Apyrum criocobom» [28]. ABTop croBapst MOKeT
JaTh JIOCTYH HECKOJBKHM IIOJIB30BATENSIM CHCTEMBI IUII COBMECTHOW paOOTHI Hal CIIOBapeM.
3arpyXeHHbI Ha MIaTOPMy CIIOBAPh MOXKHO PENAKTHPOBAaTh AAlbIIE, BHOCHTb H3MEHEHUS,
JIOTIOJTHEHHUS B JIFOOYIO KOJIOHKY.

= @ & & Engvodocispras.ru Lingwodoc L (LY Crgoony : -

Puc. 5. Buo crosaps cudponumos 6 pesicume pedaxmupo8anusl.
Fig. 5. View of the dictionary of hydronyms in editing mode.

[Mocne 3arpy3ku cioBaps Ha MIathopMy, MOXKHO TIOCTPOUTH KapTy IO JIFOOOMY KPHTEPHIO, IO
aro0oMy ctonOiy. sl moCTpOSHUsI TOYHOI KapThl TPeOYIOTCS KOOPAMHATHI U3 cepBHca SHIeKC
Kaprtsl, B mpuMepe Ha puc. 5 OHU yKa3aHbl B KpallHEH KOJIOHKE CIpaBa.

KaprorpadupoBaHue JaHHBIX BBINOJHSET MOMCKOBBIE 3alPOCHI JIIOOOr0 YPOBHS CIIOXHOCTH Ha
BBIOpaHHOM TEPPUTOPHUH, YKa3aHHOI B KOOpANHATaX. PacnpocTpaHeHHUe S3bIKOBBIX SBICHHI MOXKHO
OTMETHTh Ha KapTe HE TOJIBKO TOYKAMH, HO TaKXe H30TJIOCCaMHM, TeorpaHuecKuMH apeasaMu,
KOTOpble OyayT BBIJENICHBI BBIOPaHHBIM IBETOM. Pe3ymbTaTel KapTorpadupoBaHHS BO3MOXKHO
cka4yath B opmare Excell. TloctpoeHHast kapTa MOXeT OBITH COXpaHeHa B BHIe CChUIKH. [Ipm
J00aBJIeHNH HOBBIX MarepuasioB Ha JINHrBo/lok BOZMOXKHO €€ aBTOMaTHYECKOE ITOTIOJTHEHHE.

Ha kapre Huxe (puc. 6) mpeacTaBieHBl Pe3yJbTaThl MOMCKOBOTO 3ampoca MOCTPOSHUS KapThl,
YTOOBI YBHAETH DPACIPOCTPAHEHHE THUAPOHHMOB C 300KOMIIOHEHTOM 00po ‘BOJK’. XUIIHUK,
HpeJCTaBISBIIUI BO BCE BpEMEHa Yrpo3y JJIs CKOTa M JIOLIaJeH, MPOYHO BOLIEN B Ha3BaHUSA
MECTHOCTeH, Kak npenynpexaenue: beépénéx/ Feponoox (‘c Bomkom/rae ectb BoNK™), Bépé-Ysunax/
bope Viiaanaax (‘c Hopoll Bonka’) W T.1. Ho Oonbluas KOHLIEHTpauus TaKUX Ha3BaHUU B
LHEHTpaIbHON SIKyTHH, CBHUIETENBCTBYET HE TOIBKO O PACHPOCTPAHEHHOCTH JAHHOIO BHJA, HO U
STHUYECKOM COCTaBE IICHTPAJIBHBIX YIyCOB, TJIe IPOXKUBAET OOJNBIIIE IKYTCKOTO HACEICHHUS.
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Puc. 6. Kapma pacnpocmpanenust 2u0pOHUMOS ¢ 300KOMNOHEHMOM 66po ‘60K .
Fig. 6. Map of the distribution of hydronyms with the zoo component borg ‘wolf'.

[TonoOHBIE KapThl MOXHO CTPOUTH MO JIFOOOMY W3 BBIIICONHCAHHBIX KPUTEPHEB, OyAb-TO IO
MOP(OIOTHYECKOMY, CTPYKTypHOMY, STHMOJOTMYECKOMY WIH CEMaHTHYECKOMY IPH3HAKYy.
HUHTEepecHO MpPOAEMOHCTPUPOBaTH BO3MOXKHOCTH — KapT JIMHrBoJIok B  HMCClIeqOBaHUAX
MPOMUCXOXKAEHHUsT TONOHMMOB. Tomonmmudeckas crpaturpadus Pecnyomuku Caxa (Skyrtus)
BKJIIOYACT B €05 HECKOIBKO CIOEB. TIOPKCKHE, MOHTOJIbCKUE OCHOBBI B IKyTCKHX CIIOBaX, CIIOBa,
MPOUCXOAINE U3 TYHI'YCO-MaHBWKYPCKUX (IBEHKHHCKOTO, 3BEHCKOIrO), IOKarupckoro u
YyKOTCKOTO si3bIKOB. Ha kaprax Hmxe (puc. 7) NpeACTaBlIeHbl KapThl C TOMOHM30TIIOCCAMH
pacrpocTpaHeHus] THAPOHUMOB [0 NPOUCXOXKAEHHI0. B oToOpaHHOM Martepuasie SKyTCKHX
THAPOHUMOB 0Ka3aaock 65%, aBeHkuiickux (17%), sBeHckux (12%), uykoTckux (3%), FOKATHPCKUX
(3%).

TMapOHKMMBI AKYTCKOro
NPOMCXOKAEHHUA

TMapoHUMBI
IOKarMpcKoro u
YYKOTCKOro
NPOMCXOXKAEHUA

TMAPOHMMBI 3BEHCKOTO
NPOUCXOKAESHUS

TMAPOHUMBI
3BEHKUMCKOTO
NPOMCXOKAEHUA

Puc. 7. Apeanvi pacnpocmpanenus cudponumos PC(A) no npoucxodcoenuio.
Fig. 7. Areas of distribution of hydronyms of the Republic of Sakha (Yakutia) by origin.

Omnuust mocTpoeHus Kapt Ha mardopme JIMHrBo/loK MO3BOISET COBMECTHTh JAHHBIE HECKOJIBKHX
kapT. Ha puc. 8 Mbl BUIUM Ha KapTe COBMEIICHHBIC PE3YNIbTATHI IMOMCKA B BHJE TOYCK YETHIPEX
I[BETOB, a Ha pUC. 9 TaHHBIE IT0 YETHIPEM S3BIKaM HAJIOKEHBI IPYT Ha APYyTra M OTOOPaKCHBI Ha OTHOU
KapTe, ¢ 4-Ms TONOM30TIIOCCAMH, MILTIOCTPUPYIONIUMHE apeabl pacpoCTPaHEHU THAPOHUMOB Ha
YeThIpeX A3bIKaX.
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Puc. 8 Kapma cuoponumos Pecnybnuxu Caxa (Axymust) no npoucxoxcoenuio
C HaAHeceHUuem moveKk Ha nﬂamd)opMe ﬂunzeoﬂon
Fig. 8 Map of hydronyms of the Republic of Sakha (Yakutia) by origin
with points marked on the LingvoDoc platform.

Puc. 9 Kapma euoponumos Pecnybauxu Caxa (Axymus) no npoucxooicoenuro
C HaHeceHueM MmoveK U apeanos pacnpocmpanenus na niamgopme Jlunzeo/lox.
Fig. 9 Map of hydronyms of the Republic of Sakha (Yakutia) by origin
with points and areas of distribution marked on the LingvoDoc platform.

KapTs! mO3BOJISIOT TakKe MPOCISANTh PA3IUYHBIC S36IKOBBIE SIBJICHNS B MAaCIITa0ax OJTHOTO paifoHa
(ynyca). 34 paiiona pecnyOJMKH HMEIOT Pa3HYIO HCTOPHIO, STHHYECKHH COCTaB, S3BIKOBBIC
KOHTAKThI, peibed U T.[., YTO HECOMHEHHO OTpa)kaeTcs B TONOHMMHUH paifoHa. PaccMmorpum, K
npuMepy ['opHbIil yiyc, pacloIoXKeHHbIH B LIEHTpaIbHOI SAKkyTun.

DTUMOJIOTHYECKUN aHAIN3 KOMIIOHEHTOB THAPOHUMOB TOoKa3aj, 9To u3 47 ruapoHuMoB ['opHOTO
yayca (puc. 10 u 11), 39 ruapOHUMOB COJEpPHKAT 300KOMIIOHEHT SIKYTCKOTO HPOUCXOXKACHHS U 8
THIPOHMUMOB COJIEPXKAT 300KOMITOHEHT 3BEHKHHCKOTO NPOUCXOKICHMsA. B HacTosiiee Bpems B
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JIaHHOM YIJTyce TPOXKHMBAeT, Mo NaHHbIM mepenuceid Hacenenus 2010 . u 2021 1. B OCHOBHOM
SIKYTCKO€ U pycckoe HaceneHue. ClielyeT OTMETHTh, YTO B HACTOSIIEE BPEMsI SI3bIKOBAsI CUTYaIHs
9BEHKHHCKOTO S3bIKa KpUTHIECKas [29], OH MpakTHIECKH BBINIET U3 YIIOTPEOICHNS U COXPAHACTCSI
TOJILKO B KOMITAKTHBIX MECTaX MPOXKHBAHUS dBEHKOB, K KOTOPHIM [OpHBIA yIyC HE OTHOCHTCS.
DBEHKHUICKUI CTpaT B TOMOHUMHUKE CBUICTEIBCTBYET 00 HCTOPUIECKOM TPOIILIOM paiioHa, 0 TOM,
YTO paHbIIC 37ICCh JKWIH 3BCHKH. J[aHHBICE TONMOHUMHH MOTYT yKa3bIBaTh HA MECTA PaCCEIICHUS
MPE/IICCTBYIONIMX HAPOJIOB Ha JAHHOH TEPPUTOPHUH, MPOJIHUTH CBET HA OCOOCHHOCTU YKIAala UX
KHU3HH, OTPAXKCHHBIC B TOIOHUMIH.

o oy

Puc. 10 Kapma I'oproeo yryca uz Anoexc Kapmoi.
Fig. 10 Map of Gorny Ulus from Yandex Maps.

Puc. 11 Kapma 2uoponumos I oprno2o ymyca no npoucxoncoenuro:
AKYMCKuUe (3e/IeHbIM Yemom), I6eHKULICKUE (KDACHBIM YEEnoM).
Fig. 11 Map of hydronyms of the Gorny ulus by origin: Yakut (green), Evenki (red).

4, 3aknroyeHue

B »smoxy cTpeMuTenbHOrO pa3BUTHUS LUQPOBBIX TEXHOIOTHH WHCTPYMEHTHI IIAT(QOPMEI
JInarBo/l0K MO3BOMISAIOT MCCIIEIOBATENSAM IPUMEHSTh B aHAJIN3E S3bIKOBOTO MaTepHalia OIINH [T
OpIcTpOii 00pabOTKM NaHHBIX Ha s3bIKax Poccun. Ha mpumMepe croBaps runpoHnMoB PecmyOmuku
Caxa  (SIkytusi) TpPOAEMOHCTPUPOBAHBI  OCHOBHBICE  BO3MOXXHOCTH  IUIATQOPMBI  JJIst
CTPYKTypHpOBaHHsl 0o0beMHOTO MaTepuana w3 1000 Ha3zBaHUW BOJHBIX OOBEKTOB SKyTHH.
MHOroacneKkTHbIH CJI0Bapb, YUYUTHIBAIOIIMI B TOM YMCIIE pEaIbHOE PACIIOJIOKEHHUE Ha KapTe
reorpaguecKNX OOBEKTOB, IO3BOJSET CTPOWTH KapThl C M30IJIOCCAMH PacTIPOCTPAHEHUS
TONOHUMUYECKUX SIBJICHUH Ha OCHOBE 3arpy>KE€HHBIX CJIOBapeil TONOHHMOB C KOOpJIMHATAMHU.
Br1OpaHHBIi THIT THAPOHUMOB C 300KOMIIOHEHTOM BEI3BIBAET HHTEPEC CBOMM Pa3HOOOpa3ueM Kak C
MOP(hOJIOTHYCCKOW, CTPYKTYPHOH, 3TUMOJOTHYCCKOW, TaK M CEMAaHTHYCCKOH TOYEK 3PCHUSL.
KoMIuiekcHpI# MOAX0 K HM3YYCHHIO TONOHUMHH OOJNBIIOW TEPPUTOPHH TO3BOJSET NPUATH K
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MHTEPECHBIM BBIBOIAM M HAXOJIKaM, B TOM YHCJIe OTHOCHTENIBHO CYIIECTBOBAHHS THIIA THIPOHUMOB,
MPUCYIIUX TOJIBKO JJIsl JAHHOH TEPPUTOPHUH.

CnoBapp OyzmeT nomonmHAThCS W maiee, miargopma JIMHrBo/[oK MO3BOISET peIaKTHPOBATH
3arpy’KeHHbIE CJIOBAPH, BO3MOXHO ITOJKIIIOYUTE HECKOJBKO MOJIB30BATENIeH K paboTe HAX OJXHUM
cioBapeM. Omnmus moctpoeHus kapT B JIMHrBoJ[0oK MO3BOJSIET cAenaTh WHTEPECHBIE BHIBOIBI 10
3aCEJICHUIO0 TEPPUTOPUH, MUTPALMH HApPOAOB, S3BIKOBBIM KOHTAKTaM, KYJIbTYPHBIM U S3BIKOBBIM
0COOCHHOCTSIM TOHOHUMHUUYECKOH cTpaTurpaduu u3ydyaeMon TeppUTOPHH.
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1. BeedeHue

B nocnenHue roapl 3HaYUTEIBHO BO3POC MHTEPEC HCCIEAOBATENEN K BOIPOCAM HUCTOPUU SI3BIKA.
WnTepnperanyss NMHIBHCTUYECKOTO MaTepHana MaMITHUKOB IIO3BOJIAET PEKOHCTPYHUPOBAThH
HCTOpPUYECKHE BapHaHThl s3bIKOB. Kpome Toro, mms psga S3bIKOB W JAHMAIEKTOB B XOJE
UCCIIEJOBAaHUH YTOYHSETCS «...pPEJIEBAHTHOCTh IHANIEKTHO-AN(PHEPEHIMPYIOMNX H30III0CC, Ha
OCHOBE KOTOPBIX CTPOSTCS UX COBpEMEHHbIe Kiaccuukaum» [1]. He sBIstOTCS HCKITIOUCHHEM U
npubantuiicko-puHCKHe s3pIkM Kapenuu, KapenbCKuil W BENCCKUM, MHUCbMEHHBIC CTaHIapThI
KOTOPBIX aKTHBHO pa3BHUBaIOTCs ¢ Hadana 1990-x rr., Ho popMHUpOBaHHE UX MTUCHMEHHBIX TPaJAUIIH
YXOJIWT B ITyOb BEKOB.

[IuceMeHHOE Haciieaue KapelbCKOTO M BENCCKOTO SA3BIKOB HE OTJIMYAeTCsl MHOrooOpasuem,
MO3TOMY KaXKABIM M3 MMEIOIIMXCA MaMATHUKOB NMHCBMEHHOCTH — 3TO YHUKAJIBHBIM pecypc I
H3YUYEHHs] UCTOPUU S3BIKOB U HApOJOB. [[aMATHUKYM MHUCEMEHHOCTH — Ba)KHEHININE JOKYMEHTHI He
TOJIBKO HUCTOPHYECKON (POHETHKH, TPaMMAaTHKH, JIEKCHKOJIOTHH M JAMAIEKTOJIOTHH S3BIKOB, HO M
STHOTEHe3a TOBOPSIIMX HAa HEM 3THHYECKHX rpymi. Kaxaplii w3 HUX, HE3aBHCHMO OT XaHPa,
SIBIIIETCA HE3aMEHUMOM JeTaNblo, 3aleuaTIeBIIe S3bIK B OTPEACICHHBI MOMEHT €r0 pa3BUTHSL.
B Texymewm rony Poccuiickum Hay9HBIM (DOHIOM MOAJEPIKAH pean3yeMblil B IHCTUTYyTe SI3BIKa,
nutepatypbl U uctopun Kapenbckoro HayuHoro ueHtpa PAH npoekt «SI3bIK MamMsSTHUKOB
npubanruiicko-¢punckoir nucbMeHHoctH X VII-XIX BB.: KoMIUIeKCHBI aHanmu3 Ha 0Oase
JMHTBHCTHYECKOW miardopMbel LingvoDoc». B cooTBeTCTBHM ¢ KOHKYpPCHOW NOKYMEHTaIMEH,
UCCcIIeJOBaHHE OCYIIECTBISIETCSl Ha 0a3e CyIIECTBYIOIEH HaydHOH MHQPACTPYKTYpbl MHPOBOTO
YPOBHS, KOTOpYH mpencraBisier coboit cucrema LingvoDoc [2], npennasHavueHHas «uis
COCTaBJICHUS, aHAJIN3A M XPAHEHHS CIIOBapei, KOPITyCOB M KOHKOPAAHCOB SI3BIKOB U THAIEKTOBY.

B uucrne ueneit npeAnpruHUMaeMOro UCCIIe0BAHUS:
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1) TeKCTONOTHYECKOe HW3ydYeHHE MAaTepPHAlOB WM3BECTHBIX HA  CETONHAINHUNA  JICHB
CTapOKAapeNbCKUX W  CTapOBEIICCKUX  PYKONHMCHBIX W  IE€YAaTHBIX  MaMITHHKOB
MMUCHMEHHOCTH, YTOUHEHHE CBSA3EH MEXIy HUMH;

2) 1enocTHOE omhcaHue Tpado-POHETHUECKHX, MOP(HOTOTHICCKUX, JCKCHUECKUX CHCTEM
NaMSATHHUKOB;

3) ompenesnenue (YTOUHEHHUE) TUATCKTHOM CIICIIM(DUKU TAMSITHUKOB;

4) BBemeHHE B HAy4YHBI O0OPOT HOBOTO JIMHTBHCTHYECKOTO MAaTEpHana, YTO II03BOJHT
MIPEACTABUTH NCTOPHIO KAPETHCKOTO M BEIICCKOTO SI3BIKOB KaK HETIPEPBIBHBIN IIPOLIECC.

B cooTBeTcTBMM C NEpEUMCICHHBIMHM LEMSIMHM OJHOW W3 Ba)KHEHINUX 3a/1ad TpH pealtn3aluu
MPOEKTa MIPEACTABILIETCS LeICHANPaBICHHAs padoTa 10 BBISBICHHIO, OIIM(POBKE, pacIn(poBKke U
co3mannio Ha 0aze marpopmbr LingvoDOC KOJIEKIIMH TEKCTOB Pa3sHOXKAHPOBBIX MaMATHHKOB
KapeIlbCKOW W BETCCKOM NHChMEHHOCTeH. MHCTpyMeHTapuil JIHHTBHCTHYECKOW IIaT(HOPMEI
MIO3BOJISIET OCYIIECTBIITh PACIIMPEHHBIN (POHOTOTHYECKUHA ¥ MOP(OIOrHIECKHil aHaIN3 TEKCTOB
MAMATHAKOB, @ TakKXXe IPOM3BECTH [IWAJCKTHYIO JIOKATU3alUIO SI3bIKA PAHHUX IHCHMEHHBIX
HCTOYHMKOB. B pe3ynbraTe BBHINONHEHNS yKa3aHHBIX 3a/ad OAHOBPEMEHHO OyNET pemarhesi O Ha
U3 OCHOBHBIX INPOOJIEM COBPEMEHHOrO (DMIIOJIOTHYECKOTO 3HAHHA — IU(GPOBOE COXpaHEHHUE
MHHOPHUTApPHBIX S3bIKOB.

2. O630p npoekma

2.1 NpepmeTHas ob6nacTb uccrnegoBaHus

OdunuanbHO KapenbCKas M BENcCKask MUCbMEHHOCTH MOJMy4wiIn pa3Butie B 1930-e rr., 0JHAKO
paHHHE PYKOMHCHBIC MAMSTHUKA (DUKCHPOBAIKCH 3HAYWTENbHO pasbine [3-5]. B cumy cBoeit
YHUKQJIBHOCTH M €IUHUYHOCTH Ka)KIBI M3 HUX NPEICTaBIseT co00i 0coOyl0 IEHHOCTH UIs
UCCIIEIOBATEIICH.

K caMpiM paHHMM NpHOANTHHCKO-(UHCKUM 3alHCAM OTHOCATCS OepecTsSHbIE I'paMOThHI,
obHapyxeHubie B HoBropoje — rpamora Ne 292 ¢ 3amuchlo 3akiaunanus ot Mmoiaauu (1240-1260 rr.),
rpamota Ne 403, conepikaras pyccko-kapenbeknii croBapuk (1360-1380 rr.) u ap. cmons3yembrit
B OEpECTSHBIX IPaMOTAaX S3bIK MOT OBITh OTPAKEHUEM HEKOETO CEBEPO-BOCTOYHOTO MPHOANTHICKO-
(hmHCKOTO KOIHE — S3BIKOBOI ()OPMBI, 00BEMHUBIIEH YEPTHI HECKOJIBKIX MPUOANTHICKO-(QUHCKHX
JMaeKkToB. SI3pIKoBast popma 3apoamiIach Ha MOJIMAITHUYECKOH JIPEBHEHOBIOPOICKON TEPPUTOPUH
[6]. 'pamMOTEI cozrepkaT COOCTBEHHBIE JINYHBIC HIMEHA M TOIIOHUMBI C KapeJIbCKUMH JJIEMEHTaMU, a
TaKKe JIEKCUKY MPUOaITUICKO-(DUHCKOT0, B TOM YHUCIIE KaPEIbCKOTO, ITPOUCXOXKICHUSL.

dukcanum KapeabCKUX TOMNOHMMOB U aHTPOIIOHUMOB B H300MIIMH BCTPEYAIOTCS] B HOBIOPOJICKHUX 1
HIBECKUX JOKYMeHTax 1o3aHero CpeHeBeKOBbSI.

OCHOBHYIO YacTh PaHHUX PYKONHUCHBIX M TedaTHBIX maMaTtHUKoB XVII-XIX BB. mpeactaBisioT
CJIOBApHBIE 3aIHMCH, TPAMMATHYECKHE OYEPKH B 3THOTPA(UUECKUX OMHMCAHMAX, IEPEBOABI TEKCTOB
JIyXOBHOTO COZIEP)KaHUs U y4eOHbIE II0COOuSL.

B XVII B. kupnmiuieit Obun 3anucaHbl YHHKaJIbHBIE TEKCTHI JIECATH KapeJIbCKHX 3arOBOPOB, B
KOTOPBIX MOXXHO HAHTH 4YepThl BCEX HAPEUMI KapeiabCKOTo (JIIOJUKOBCKOTO, JIMBBUKOBCKOTO M
COOCTBEHHO KapeJIbCKOr0) M BEICCKOTO SI3BIKOB, HEOJHOPOJHBIE II0 CBOMM (DOHETHKO-
MOPQOIOTHYECKUM MPHU3HAKAM. SI3bIK 3THX TEKCTOB SIBJISAETCS MPEALIECTBEHHUKOM KapellbCKOTro
BEIICCKOTO S3BIKOB, IMOCKOJBKY Iporiecc (HOpMUPOBAHHS HApEUHi Kapenbckoro s3eika B XVII B.
elle MTPOIOIDKAIICS. DTOT UCTOYHHK XKJIET AabHEHIIEro HCCIIeIOBaHMS.

K XVII B. oTHOCHTCS pycCKO-KapenbCKasl CIOBapHas 3allMCh M3 CHHCKOB A30y9HOrO maTtepuka
6ubmmorekn ComnoBenkoro MoHAacThIpsA. K HacrosmieMy BpeMEHH YCTaHOBICHO, YTO BpeMS
co3maHusi 3anmcd — 1666-1668 romer [7]. Taxke omnpemeneHsl S3bIKOBbIE OCOOEHHOCTH,
MO3BOJISIIOIIME BEPU(UIIMPOBATh KAPEIbCKYIO JHAJIEKTHYIO0 OCHOBY CIIOBAPHOM 3alMCH U OIUCAThH
XapaKkTepHble MPU3HAKH KapeabcKoro s3bika X VII B.
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He Tax maBHO oOHapy)keHa paHee HEHM3BECTHAs Kapelo-pycckas 3amuch 1668 roga B aBTOpPCKOM
cOopHHKe ApeBHepycckoro kHmkHHKa [Ipoxopa Komomusaruna. 3ammce comepxut 600 yekcem u
OTpakaeT A3bIK TBEPCKUX Kapenos [8].

Pannue omyOnMKOBaHHEIE JEKCHYESCKUE MAaTepUalibl Ha KapelabCKOM SI3bIKE B HEKOTOPOH CTEHEHH
M3BECTHHI Oylarogapsi MCTOPUKO-(PIIIOIOTHYECKIM HCCIeNoBaHUAM ydaeHbIX-3THOTpadgoB XVIII-
XIX BB. B momckax OpeBHEro MHPOBOTO SI3BIKOBOTO YHHBEPCYMa YUEHBIE COMOCTABILSLIH
JieKcn4ecKkue (OpPMbI Pa3HBIX S3BIKOB. Pe3ynbraTroM Takoil AESTENbHOCTH CTaj, B YacTHOCTH,
cinoBapb Te3aypycHoro tumna [1. Tlamnaca «CpaBHHUTENbHBIE CIOBAapU BCEX SI3BIKOB U Hapeuwuii», B
KOTOpBI BOILIM KapeslbCKHE JIEKCHUECKHe Marepuaibl. B HacTosimee Bpemsi oOmpenesieHa
JMANeKTHAs crienn(rKa KapelbCKux MaTepuainos ciosaps [9-10]. VccnenoBanue ocymecTBIsIOCh
C IPIMEHEHNEM HHCTPYMEHTa «AHaIN3 KOTHATOBY Ha JIMHTBHCTHYCCKO# watdopme LingvoDoc.

Ypansckue w 3 Dukno-nepucknit w > TIpEAanTACKo-GUHCKNE ¥ > KOPENbckii v > TIHBSHMKOBCKWR fuanekt v ) Caosaps "onoHeuxoro” mssika MN.C. Mannaca w 3 starling_source v

nwuesamss Mpoapneropuasn

TMocuoTpems M Aza
ONYBNRKOBaHHEIE < CHIE " Q g
(275) | _RCA

Pegarrnposars
(275 {

DOHONOTUHSCKOR TROHCKPANUMA InaueHae Korwars

Jasmac, Gapan KorHar

Cransne Gen

Banre feno @ Korwana

Korvand

Beeta aanvcei 275 2. 3 4 5 " o> » Ma crpanemyy

Puc. 1. Crnosape «ononeyroeo» szvika I1.Ilannaca na niameopme LingvoDoc.
Fig. 1. Dictionary of the "Olonets™ language by P. Pallas on the LingvoDoc platform.

[IpakTrdecku Bce U3BECTHBIC MAMSATHHKH KapEIbCKOW M BEIICCKOW MUCHBMEHHOCTEH OBLITH CO3aHBI
Ha KkupwutHueckoit rpaguke. I[Iporpammer LingvoDoC mo3Bossitor 00pabaThiBaTh TEKCTHI C
COXpaHeHHeM rpaMKH, 4TO UMeeT BAKHOE 3HAUEHHE JIJIs OTMCAHMH TaAMSITHUKOB MHChbMEHHOCTH.

Penxum WCKITIOYEHHEM SBISTIOTCS, K TPUMEPY, 3alliCH WiIeHa-KoppecnoHaeHTa [lerepOyprckoit
akagemnu Hayk @emopa KenmeHa, KOTOpBIHA, TOKa3bIBas POJCTBO MHIOCBPOIICHCKOTO W (DHHHO-
YTOPCKOTO TIEMEH, B OJTHOW M3 CBOMX paboT B cocTaBe obmiel (GYUHHO-YTOPCKON JEKCHKH TIPUBEI
PSLI KapelbCKHUX U BETICCKHX CJIOB, 3a()MKCHPOBAHHBIX JIATHHUIICH.

CBeneHHs O Kapenax W KapellbCKOM S3BIKE COICpIKANCh B STHOTPAPUUSCKUX OMHCAHUSIX
OnoHenkoll W ApXaHTenbCKOW TYyOCpHHH, HEKOTOpbIE W3 KOTOPHIX BKJIIOYANIH S3BIKOBBIE
MaTepuansl. IlpuMepoM MOXKET CIYy)XHTh HPOM3BEIEHHE M3BECTHOI'O POCCHHMCKOTO YYEHOTO-
stHOrpada B.A. JlamkoBa «Onucanne OnoHEeNKO#H ryOepHIH B HICTOPUYECKOM, CTATUCTUIECKOM H
STHOTpaduyecKkoM OTHOmIEHHMAX» 1841 roma, B 3aKIIOYUTETHHON YacTH KOTOPOTO COZIEPIKATCS
rpaMMaTHYeCKAH OYepK KapeibCKOTO S3bIKa M HEOOJNBIION KapenbCKO-pyCCKHH CIoBapb (IyTh
6oinee 70 ci10B, 3aNIMCAaHHBIX PYCCKMUMH OYKBaMH).

3HauuTeNbHAS TIO O0BEMY W pPa3HOOOpPa3WI0 KapelbCcKas JIEKCHKa TMpeJCTaBlIeHa B Tpyle
A.B. CrapueBckoro «IIpoBOIHMK W TMEpEeBOAYMK MO OTAAJICHHEHIINM OKpamHaMm Poccumy,
onyommkoBanHOM B 1889 r. B Cankr-IletepOypre. CoBpeMeHHBIE HCCIEIOBAHUS KapelbCKOTO
MarepHana Mokasaid, 4To B paboTe HCI0JIb30BaHa Pa3HOAUANICKTHAsS JIekcuka [11].

[TaMATHUKOB BETICCKON MMCbMEHHOCTH Ha CETOAHSIIHUM JEHb N3BECTHO 3HAYUTEIbHO MEHBIIIE, YeEM
kapenbckoi. Ilpexne Bcero, 3To ykaszaHHbie Bbie 3aroBopbl XVII B. Pykomuchs ¢ 3amuchio
3aroBOpOB 0OHAPYXMI B 3a0HEXbe poccuiickuii ¢puoior B.U. CpesneBckuii. I3BecTHBIN GUHCKUI
s3pikoBenl D. Cetsuisi, KOHCYyAbTHpoBaBMi B.M1 Cpe3HeBCKOro, MpeArnoiaoKuil, YTO HEpPyCcCKUe
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3aIliCH CIICNIaHbl Ha BETICCKOM si3bIKe. [Ipu nmocnenyromeit paboTe ¢ JOKYMEHTOM YYEHBIC TIPHIILIH
K 3aKJTIOYCHUIO, YTO 3alUCH SBISIOTCS CINIABOM HECKOJIBKHX OJIM3KOPOJCTBEHHBIX S3BIKOB I0KHON
Kapenuu, 1 yacTh U3 HUX — 3TO BETICCKO-JIFOAIMKOBCKUE 3arOBOPbI, 3aMICAHHbBIE KUPHILIUIICH.
Bropoii, 6onee mo3gauiA, maMATHUK OTHOCHTCA K cepenuHe XIX B. OH ObUT 0OHapykeH B Jenax
kaunemsipun OnoHenkoro ryoepraropa 3a 1848 r. m mpezncraBisier co0ol PYKOIHMCHBIA PYCCKO-
BETICCKUII CIIOBAph, COCTaBICHHBIN BBITETOPCKHM HMCIPAaBHUKOM, KOTOPBIH Ha3Bal CBOIO palOTy
«JIeKCMKOHOM KOPeNbCKOTO A3bIKay. JITHrBUCTHUYECKOE HCCIeJOBaHUE TAMITHUKA I10KA3alo0, 4TO B
HEM NPEJCTaBIECH KYIITO3EPCKHH TOBOpP BEICCKOTO SI3bIKa, BXOJSIIMI B TPYIIY BOCTOYHBIX,
BOJIOTOAICKUX CpefHeBerncckux roBopoB [12]. TlockombKy KyHITO3EPCKHE BETCHI AaBHO
ACCUMMJIMPOBAIIUCDH, NTAaHHBIH «JIEKCHMKOH» TpeaCcTaBiseT HECOMHEHHBIH MHTEpEC IS BEICCKOW
HCTOPHYECKON ANAICKTOIOTHH.

3amnucu KapeiabCKOHW M BENCCKON JIEKCUKH BCTPEYANCh B HEOMYOIMKOBaHHBIX TpyAax 1o (GUHHO-
yrpoBenenuto. B wactHoctH, B Apxuse Poccuiickoit akanemun Hayk B C.-IletepOypre coxpanunach
pykomuch MHorosizeluHoro rioccapust A.M. Illerpena, Bxmouaromero 360 gexceM ¢ nepeBogamMu
Ha caaMCKH{, HeHEI[KHH, KOMH SI3BbIKH, a TaK)Ke Ha JINBBUKOBCKOE HapeuyHe KapeJbCKOTro SI3bIKA U
BEIICCKHUH sA3BIK. Pykommch oTpaxaer moneByro padory Illerpena 1824-1829 rr., korma ydeHsIi
HaXOJMJICS B NTUTENILHOM SKCTIEANIINY, TOOBIBAB, B TOM 4rciie, B Ononenkoit u CeBepHoit Kapenuu.
B xonme peanmu3anuMu aHOHCHPYEMOrOo NPOEKTa HaM YIajJoCh MO3HAKOMHUTHCS C (OHIOM
AM. lllerpena. B pe3ynprare HauaTtoil 0OpabOTKH KApEIbCKUX M BENICCKUX MATEPHAIIOB YaCTh M3
HHX YK€ oMelieHa Ha matdopmy LingvoDoC (B 4acTHOCTH, CTUCOK PYCCKUX CIIOB C MIEPEBOJOM
Ha «4yAckuii» sa3bik 13 honga Ne 94 u np.).

2.2 3HauyeHue nccnepoBaHusA

CpaBHHUTENBHO-COMTOCTaBUTENILHOE HCCIIEOBaHNE BBOJHUMBIX TEKCTOB MaMATHUKOB
NHCHMEHHOCTEH KapelabCKOTro M BENCCKOTO A3BIKOB Ha JIMHIBUCTHYECKYIO IuatdopMy LingvoDoc
OyzeT crnocoOCcTBOBATh HE TOJIBKO PELICHHIO 33134, CTOSIINX IEPE CPABHUTEIEHO-HCTOPHIECKUM
A3BIKO3HAHNEM (PEKOHCTPYKLHUS HCTOPHYECKUX (OPM SA3BIKOB, MCCIICAOBAHUE THAXPOHHMUCCKHUX
MPOLIECCOB U T.A.), HO M pPEIICHUI0 OAHOH M3 (yHIaMEHTAIbHBIX IPOOIEM COBPEMEHHOTO
TYMaHHUTapHOTO 3HAHUSA — IU(PPOBOI JOKYMEHTAIINH SI3BIKOB. B HacTosIIIee BpeMst JOKyMeHTaIbHas
JUHTBUCTHKA SBJIAETCS AaKTHBHO pa3BHBAOLIEiicss 007acThi0 MNPHUKIATHON JHMHIBUCTHKH.
CoBpeMeHHbIE HCCIEIOBaHUSA B cdepe TOKYMEHTAIMM S3BIKOB HAIpaBIEHBl Ha obecreueHue
JIOJITOCPOYHBIX, BCEOOBEMIIIOIIMX ¥ MHOTOLCJIEBBIX 3amMcell JUHTBUCTHMYECKHX IPAKTHK,
XapaKTepHBIX JUIS PEUeBBIX COOOLIECTB. B unciie Takux JIMHIBUCTUYECKUX MPAKTHK — MaMSITHUKH
MUCbMEHHOCTH.

OmHa W3 BaXHEWIIMX Menel ITOKYMEHTHPOBAHMSA S3bIKa — TIIPEJOCTaBICHHE [AaHHBIX (I
JAIBHEHIITNX TEOPETUUECKUX U MPUKIATHBIX UCCIEAOBAHUH SI3BIKOB, HAXOMISIIUXCS MO YTpo30it
ucue3HoBeHUs. [l S3BIKOBOM JOKYMEHTAllMM UCIOJB3YIOTCS Pa3lM4Hble HHCTPYMEHTEI
JUHTBUCTHYECKMX  TexHoyoruil.  COBpEMEHHBIH  JIMHTBUCTHYECKUI  HCCIIENOBATENbCKUI
MHCTPYMEHTApHIA, COCPEIOTOYCHHBIN Ha 0a3e martdopmsbl LingvoDoc, no3BoiseT mocMOTpeTh Ha
YHHKAJIbHBII MaTepHas NaMsITHUKOB KapelbCKON M BENCCKOW MMCbMEHHOCTH MOJ HOBBIM YIJIOM,
HalWTH OTBETHl HA BONPOCHI HMCTOPHYECKOW (DOHETHKH, TI'paMMaTHKM, JIEKCUKOJIOTHH H
JUANIEKTOJIOTHH, KOTOPBIE 10 HACTOSIIET0 BPEMEHH OCTAaBAINCh HEPEIICHHBIMU.

Teopernueckast 3HAYMMOCTb HCCIEJOBAaHHS OOYCIIOBJIEHA BO3MOXHOCTBIO PEKOHCTPYKIMH
rpaMMaTHYECKUX CHCTEM KapelbCKOIO U BENCCKOrO A3BIKOB aHAIU3UPYEMOro IMepHoAa H
OIpENIENEHUs] XPOHOJOTHMHM OCHOBHBIX SI3BIKOBBIX SIBJICHUH. BakHBIM IpeicTaBIsieTcs TakKxke
CHUCTEMaTH3alys TPHHIUIOB KUPWUIHYECKOH TPAaHCKPUIIMH, XapaKTepHBIX U MaMSATHHKOB
MHCbMEHHOCTH PUOANTHHCKO-(DMHCKUX SI3BIKOB JJAHHOT'O NIEPUOIA.

N3ydyeHue naMsITHUKOB HHUCBMEHHOCTH HUMEET TaKKe BaXXHOE MPUKIAJHOE 3HAU€HHe It
COBPEMEHHOW CHTYaIlUH, IIOCKOJIBKY (OPMHPOBAHHE COBPEMEHHON IHUCHBMEHHOW TpaIUIuN
HEBO3MOXXHO 0€3 ydyeTa HCTOPHUHM KapeldbCKOTO M BEICCKOTO S3BIKOB. AHANIHM3 MaTepHajoB
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MAMATHUKOB Pa3HBIX KaHPOB, PA3HOTO BPEMEHHOTO M TEPPUTOPHUAIBLHOTO OXBaTa ¢ NPUMEHEHHUEM
COBPEMEHHBIX METOJHMK IO3BOJSIET OTCIEANTh HCTOPHIO SI3BIKOBBIX SBICHHUIH, ONpPEICIUThH
OCHOBHBIC HANpaBICHUS MX KOHTAKTHPOBAHUS, BBIIBUTH apXau3Mbl. V3ydeHHe HMCTOpPHH SI3BIKA,
HUCTOPUU CTAHOBJICHMS IHCBMEHHOCTH SBJSIETCA OTIPAaBHOW TOYKOH B Ipolecce CO3JaHUs
HOPMHUPOBAHHBIX S3bIKOB. BbLABIEHHE M HCCIEIOBaHHE HCTOPUYECKUX (OpM s3BIKA MOXKET
CHOCOOCTBOBATh Pa3BUTHIO M O0OTAIIEHHIO €0 ONpPE/CICHHBIX (POHETHUECKHIX, MOP(OIOrHIecKnX
U CHHTAaKCHYECKHX CBOHCTB. IIpoeKkT uMeeT BBIXOJ B COBPEMEHHYIO IMPAKTHKY pa3BUTHA
HOBOIMCHMEHHBIX BAPUAHTOB KapeJIbCKOr'0 U BEMICCKOTO SI3BIKOB, IOCKOJIBKY KOPITYCOM KapelbCKUX
U BETICCKUX CTapONUCHMEHHBIX TEKCTOB MOXHO BOCIIOIB30BaThCS IPU COCTABICHUH HCTOPUIECKOM
rpaMMaTHKH, TOJIKOBOTO, STHMOJIOTHIECKOT0 U INAICKTHBIX CIIOBApeil, B MPENoJaBaHUH BY30BCKUX
KypCOB (MCTOpPHS SI3bIKa, INATICKTOJIOTHS, JIEKCUKOJIOT U, PUHHO-YrpoBeIeHne, PEHHUCTHKA U T.11.).
OCHOBHBIMHU MEPONPUSATHSIMH, OCYLIIECTBIISIEMBIMU B paMKaX peajn3aliii MPOeKTa, TAKUM 00pa3oMm,
SIBIISTFOTCSI:

e UHBEHTApU3alMsi M CHCTEMAaTH3allus MMEIOIIUXCS B PACIOPSDKEHWH JMHTBHCTOB
pyKOHI/ICHLIX MU TIICYAaTHBIX MaMSITHHUKOB KapeHLCKOFO U BCIICCKOI'O A3BIKOB, HX
TEKCTOJIOTHUCCKUI aHaJIN3;

e BEIIBIICHHC HOBBIX NAMATHHKOB MMCHbMEHHOCTH;
e omudpoBka, pacmuppoBKa U AHHOTUPOBAHKUE TEKCTOR;

e 3arpy3ka MaTepHAlOB Ha JMHTBHCTHYECKYr0 Imuiardopmy LingvoDoc, cosnanue
KOHKOPJAHCOB;

® QaHaJIM3 KOTHATOB, OIIPCACIICHHC ,Z[I/IaJIeKTHOI;'I MPUHAAJICIKHOCTU TCEKCTOB INAMATHHUKOB,
OIIMCaAHHC (I)OHOJ'IOFI/I‘ICCKI/IX OCO6eHHOCTeI>'I;

e co3maHue MOP(DOJIOTHUCCKUX CIIOBapell MMaMATHHKOB, BBISABICHHEC W  OIUCAHUC
MOP(OJIOTHUECKUX OCOOCHHOCTEH TEKCTOB, X COMOCTABUTEIILHBIN aHAIIH3;

® AHAJIN3 JICKCHYCCKOI'0 COCTaBa NMaMATHHUKOB ITMCbMCHHOCTH,

L4 pa3pa60TKa 0a3bl JaHHBIX «[laMATHHKH TUCHEMEHHOCTH KapeJIbCKOT'0 U BETICCKOT'O SI3bIKOB»
1 CO3J1aHME HA €€ OCHOBEC 3JICKTPOHHOT'O IMTYTEBOAUTECIIA.

Takum 00pa3oM, CHCTEMHBII aHanmM3 MaMATHUKOB KapeldbCKOM M BENCCKOW MHUCHMEHHOCTEH
MO3BOJMUT CYIECTBEHHO PACIIUPUTh HMEIOIUECS HAa CErOAHAIIHMNA [€Hb MpPEACTaBICHUS O
Pa3BUTHH M CTAHOBIECHHH KapelbCKOTO U BENCCKOTO SA3BIKOB, OCYILECTBUTH PEKOHCTPYKIIHIO
SI3BIKOBBIX ()OPM OTIPEJICIICHHOTO HCTOPUUYECKOTO Ieproa. Pa3melnieHne TeKCTOB MaMITHUKOB Ha
miarpopme LingvoDoc, B cBOl odvepeab, NPEIOCTABUT BO3MOXKHOCTh HCIOJIB30BaHUS
COBPEMEHHBIX METO/IOB aHAJIN3a 3TUX TEKCTOB M UX HU(POBOTO JOKYMEHTUPOBAHHUS.
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AHHoTanus. B cratbe mpezcrtaBieH 0030p COBPEMEHHBIX MOAXOAOB K aBTOMAaTHYECKOMY OOHApY:KCHHUIO
KOTHATOB, COYETAIOINI METOABI INTyOOKOT0 00yUEHHS U KIACCHIECKHE TMHIBUCTHIECKHIE TeXHUKH. OCHOBHAs
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TOYHOCTH M YCTOHYMBOCTH CHAMCKHX CBEPTOYHBIX HeHPOHHBIX ceTeld (CNN) u TpanchopMepoB mpu epeHoce
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Abstract. The paper provides a comprehensive review of contemporary methods for automatic cognate
detection, integrating deep learning techniques with traditional linguistic analyses. The primary objective is to
systematize existing architectures, assess their strengths and limitations, and propose an integrative model
combining phonetic, morphological, and semantic representations of lexical data. To this end, we critically
analyze studies published between 2015 and 2025, selected via a specialized parser from the arXiv repository.
The review addresses three core tasks: (1) evaluating the accuracy and robustness of Siamese convolutional
neural networks (CNNs) and transformer-based models in transferring phonetic patterns across diverse
language families; (2) comparing the effectiveness of orthographic metrics (e.g., LCSR, normalized
Levenshtein distance, Jaro-Winkler index) with semantic embeddings (fastText, MUSE, VecMap, XLM-R);
and (3) examining hybrid architectures that incorporate morphological layers and transitive modules for
identifying partial cognates. Our findings indicate that a combination of phonetic modules (Siamese CNNs +
transformers), morphological processing (BiLSTM leveraging UniMorph data), and learnable semantic vectors
yields the best accuracy and stability across various language pairs, including low-resource scenarios. We
propose an integrative architecture capable of adapting to linguistic diversity and effectively measuring word
relatedness. The outcome of this research includes both an analytical report on state-of-the-art methods and a
set of recommendations for advancing automated cognate detection in large-scale linguistic applications.
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1. BeedeHue

ABTOMaTHUYECKOE OOHApYKEHHE KOTHATOB CTAHOBUTCS BCE OoJiee BOCTpEOOBAaHHBIM HaIpPaBICHUEM
HCCIICIOBAHMM, MOCKOJIbKY IO3BOJIIET YCKOPUTh M CTAHAAPTU3UPOBATH IPOILIECCHI BBISBICHHS
POICTBEHHBIX CIIOB B Pa3HbIX s3bIKaX. L[ebI0 HACTOSIIETO WCCICAOBAHUS  SBISIETCS
CHUCTEMATHUYECKHUI aHAIH3 CYIIECTBYIOMIHMX MOX0/I0B K TOCTPOSHHUIO MOACIICH IS HIACHTU(DUKAIIH
KOTHATOB, popMHpOBaHUe HaOOpa 00OCHOBAaHHBIX BBIBOJIOB U BhIJENICHUE Hanboee 3 (hEKTUBHBIX
mpakThK. Ha OCHOBe TIONYYEHHBIX pPE3yJiIbTaTOB IUIAHUPYETCS pPa3padoTaTh COOCTBEHHYIO
HWHTETPATUBHYIO apXUTEKTYPY, OOBEIHHSIONIYIO JTyUIlIue JOCTIKCHHUS B 00JIACTH (POHETHIECKOTO,
opdorpaduaeckoro u ceMaHTHIECKOTO MPEICTABICHHS JEKCUISCKUX JaHHBIX.

B pamkax MOCTaBJIEHHOW MLENU IUIAHUPYETCs peumth cieayiomue 3agayun: (1) HeoO6xoaumo
KPUTHYCCKH MIEPEOCMBICIUTD CYIIECTBYIOIINE METOIOJIOTHYCCKUE PEIICHUS, BRITBUTh UX CHJIBHEIC
U cla0ble CTOPOHBI C TOYKH 3PEHHS TOYHOCTH, YCTOMYMBOCTH K IIymMaMm H 00o0OIIaromiei
crnocobnoctH; (2) COMOCTaBUTH HUCMOJB3yEeMble IPUHIMOBI  BBISBICHHUS MPU3HAKOB H
ITOPUTMUYECKUE TTOAX0IbI, YTOOBI HAa MX OCHOBE C(HOPMHUPOBATH ONTHMAJIBHBIN HAOOP MPU3HAKOB
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1 MeXaHu3MOB 00yuenus; (3) Ha 6a3ze 000OIIEHHOIO OMBITa CKOHCTPYHPOBATH MOJIEID, CIIOCOOHYIO
ruOKO aJaNTUPOBAThCS K Pa3HBIM S3bIKOBBIM rpynnaM u 3()(EeKTHBHO OLEHHBATh CTENEHb
POACTBEHHOCTH CJIOB.

Takum 00pa3oM, HACTOSAIIEE UCCICIOBAHNUE MPU3BAHO HE TPOCTO OMKMCATh UMEIOLIHECs MOIXOIbI,
HO M Ha WX OCHOBE CHHTE3MPOBATh HOBBIH METOJ, CHOCOOHBIH OOBEAMHUTH JOCTOHHCTBA
pPa3HOOOpa3HbIX AapPXUTEKTYp M MPU3HAKOBBIX MpeAcTaBicHWil. HWTOroM crTaHer Mo[eb,
ONTUMHU3UPOBAHHAS 10 TOYHOCTH M HAAEKHOCTH, M HAO0Op PEKOMCHMAIMHA Ui JajdbHEHIIEero
pa3BUTHUsI aBTOMATH3UPOBAHHOTO BBISBICHHSI KOTHATOB B MACHITAOHBIX JIMHTBUCTUUECKHX 3a7[a4ax.

2. Memodonozus c6opa u aHanusa numepamypb|

Juist peanuzanmu 3aa4i CHCTEMAaTHYECKOT0 aHAM3a COBPEMEHHBIX IT0JIX0/I0B K aBTOMaTHYECKOMY
0oOHapy)XEHHI0O KOTHaTOB HaMu ObUT pa3paboTaH CHEIMaIn3UpOBAaHHBIA TEKCTOBBIA mapcep,
npesHa3HaYeHHBIH Ul aBTOMAaTU3UPOBAHHOTO IIOMCKAa W W3BJICYEHHS HAYYHBIX ITyOJHMKAILUH,
COZICPIKAIIMX PEICBAHTHBIC MCCIICOBAHMU B JaHHOM oOnactu [1]. Beibop BpeMeHHOTO HHTEpBaa -
nocneanue aecsts yet (2015-2025) - 00yciioBieH psimoM coOOpaKeHHiA: BO-TIEPBBIX, B JAHHBIH
neprosi HaOJI0JaeTcsl 3HAYMTENBHBIA pPOCT HMHTEpeca K HCIOJIb30BAHUIO METOJOB TIIyOOKOTrO
o0ydeHUs, BKJIIOYas PEKyppPEHTHbIE HEHPOHHBIC CETH, APXUTEKTYphl Ha OCHOBE BHUMAHHSA U
TpaHcopMepsl, B 3a1a4ax JIMHTBUCTUYECKOTO aHAIN3a, BKIIOYAs MICHTH(UKAIIMIO KOTHATOB; BO-
BTOPBIX, IMEHHO B TEUCHHUE TIOCIICTHETO IECATHIICTUS CTAIN JOCTYIHBI KPYTTHBIC JINHTBUCTHUECKHE
KOPIYCBl W KpOCC-TMHIBUCTHYECKHE 3MOCIINHTH, CYIIECTBEHHO PACIIMPUBIINE BO3MOXKHOCTH
aHalu3a JIEKCUYECKUX CBA3EH.

B kadecTBe OCHOBHOTO MCTOYHMKA MyOJMKanuii ObUT BEIOpAaH HAay4YHBIM perno3uTopuit arXiv.org,
KOTOpBIH TIPEACTaBIseT COOOW KPYMHYIO OTKPBITYIO IUIaTGOpMy Ml IpPEABAPUTEIHHOU
MyONMMKALMKM HAayIHBIX CTaTed B OOJACTH KOMIBIOTCPHBIX HAyK, JMHTBUCTHKH, MAaTEMaTHKH U
CMEXHBIX IucHuiUiH. Beibop arXiv obocHoBaH cienyrommmMu (axtopaMu: (1) OTKPBITOCTh H
JIOCTYITHOCTh: BCE MaTepHalbl PEHO3UTOPHUS HAXOAATCS B OTKPBHITOM JOCTYIIE, YTO IapaHTHPYeET
BOCTIPOM3BOAUMOCTE METOJIOB U TIPOBEPKY PpEe3yJIbTaTOB HCCIENOBaHUA; (2) aKTyalbHOCTh H
OINEepaTHBHOCTH: arXiv pa3MellaeT MPENpUHTHl J0 MyOJHMKalMd, YTO IO3BOJISIET OTCIIEKUBATH
nocieqHue TeHAeHnMH; (3) TeMaTHYecKHuil OXBaT: PENO3UTOPHI CONEPKHUT 3HAYHUTENIFHOE
KOJIMYECTBO MyOJMKaIMii 110 HampasieHusM ‘computation and language’, ‘artificial intelligence’,
‘machine learning’, 4to menaet ero peIeBaHTHBIM PECYPCOM IS OMCKA CTaTel 10 COBPEMEHHBIM
MeToJlaM HJIeHTU(PUKAINK KOrHATOB; (4) API 1 TexHNYecKast MHTETpalys: HaJInIue OQHUINaIbHOTO
API u mognmepxkka cTpykTypupoBaHHBEIX (opmaroB (XML, JSON) ympomiaroT aBTOMAaTH3AIHIO
cOopa nHdpopManny U U3BJICYEHNE METAIAHHBIX JUIS OCIEeNYOIero aHaIn3a.

C wucnonp30BaHNEM pa3pabOTaHHOTO Iapcepa OB BBIIOIHEH AaBTOMAaTH3WPOBAHHBIN ITOHCK
myONHKanuil 0 KIFOYEBEIM CIIOBaM, BKJIFOUAIOMINM «cognate detectiony», «cognate identificationy,
«automatic cognate recognition». ITo pe3ynbpraTaM GUIBTPALINH 11O COEPKAHHIO, TATE ITyOITHKAIIIH
W PEJeBAaHTHOCTH KOHTEHTa OBUI OTOOpaH pSAJ HCCIEIOBaHWH, COOTBETCTBYIOUIMX KPHUTEPHUSIM
BKJIFOUCHHUS: pabOTH TOCBSIMICHHI 33a7adaM aBTOMATHYECKOTO aHaJIM3a KOTHATOB M HCIIOJIB3YIOT
100 OpUTHHAIIBHBIE MOJIENH, TM00 MOAU(PHUKAINN H3BECTHBIX apXUTEKTYp ITyOOKOro 00ydeHUs.
JanHblit Kopnyc ObUI COXpaHEH B CTPYKTYPHUPOBaHHOM BHJIE M TOJBEPTHYT COAEPIKATEILHOMY
ananmmsy. Jlanee mpencraBieH MOApOOHBIH aHAIN3 PabOT, BKIIIOYAsT apXUTEKTYpHBIE OCOOCHHOCTH
Mo/iesiel, CIOCOObI MPEACTABICHHUS IMHIBUCTHYECKUX PU3HAKOB, THITbI HCIIOJIb3YEMbIX TAaHHBIX U
METOJIUKH BaJIUIALHH.

3 0630p nony4yeHHbIx OaHHbIX

B pa6ote T. Pama [2] mpemmoxkeHa apxuTeKkTypa CHaMCKO# cBepToYHO# Helpouuoii cetu (CNN),
IpefHa3sHAaYeHHas U1 aBTOMATHYECKOTO aHaln3a KOTHATOB Ha OCHOBe cmuckoB Caojermra.
BXO)IHI)IMI/I JaHHBIMHU JJII MOZICIHN CJIYXaT JABYMEPHBIC MaTpUIlbl, KOAWUPYIOUINE (I)OHCMHBIC
MIOCJIC/IOBATENILHOCTHU CJIOB C TIOMOIIBIO 1 6-MEpHBIX OMHAPHBIX NPU3HAKOBBIX BEKTOPOB (CM. TabII.
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1), a Takke OWHApHBIE BEKTOPHI, OTPAKAIOUIWE IMaphl CPABHUBAEMBIX S3BIKOB (HAIpHUMED,
«HEMELKUN—aHTTHACKUIT).

Tabn. 1. @pacmenm mabnuybi OUHAPHBIX POHEMUYECKUX NPUSHAKOG.
Table 1. Fragment of the table of binary phonetic features.

IMpusnak \ ®onema p b f v m
3BOHKOCTb 0 1 0 1 1
I'yoHo#t 1 1 1 1 1
3yOHoit 0 0 1 1 0
AJbBEOIISIPHBII 0 0 0 0 0
Bensipnblii 0 0 0 0 0
YByssIpHBIIL 0 0 0 0 0
ImorranbHbII 0 0 0 0 0
CMBIYHBIH 1 1 0 0 0
DpukaTuBHBII 1 1 1 1 0
Addpuxar 0 0 0 0 0
HazanpHblil 0 0 0 0 1
Ilenkarormmit 0 0 0 0 0
ATNpOKCHMAaHT 0 0 0 0 0
JlarepanbHbIit 0 0 0 0 0
Poruueckuii 0 0 0 0 0

CBEpTOYHBIC CIIOHM CETH MO3BOJIAIOT A(()EKTUBHO BBIACIATH JOKAIBHBIC ()OHETHYCCKHE MATTCPHBI
13 BXOAHBIX JIaHHBIX M MHTErPUPOBAaTh MX C HMH(POpMAIMEH O SA3BIKOBOW IPUHAIC)KHOCTH.
[ocnemyromue TMONHOCBSI3HBIE CIIOM OOYYalOTCS OLEHUBATH BKIJIAA SI3BIKOBOW ONHM30CTH B
BEPOSATHOCTH TOTO, UTO JBa CJIOBA SBJIOTCA KorHatamu. OmeHKa Moaenn Ha Habopax MaHHBIX W3
Pa3IUYHBIX A3BIKOBBIX CEMEUCTB NOKa3ana yBeIMYEHUE TOUHOCTH U F-mepbl Ha ypoBHe oT 15 10 20
% mo cpaBHeHHIO ¢ SVM-KkiaccuukaTopoM, KpoMe TOTO, MPEUIOKEHHBIN MOIXO0J COXPAHSET
BEICOKYIO 3((PEKTHBHOCTD J1aXKe TPH OTPAHUICHHOM 00BEMe 00yJaroInuX JaHHBIX, YTO OCOOCHHO
aKTyaJbHO JUISI aHAJIN3a MAJIOPECYPCHBIX S3BIKOBBIX CEMEH.

JlaHHas Wpes HAXOAWT pa3BHTHE B OoJiee MO3THUX paboOTaX, TIe MPOBEPSIETCS YHHBEPCATHHOCTD
MOOOHBIX MOJIENICH 3a TpefeslaMi HCXOIHBIX S3BIKOBBIX cemeit. Hampumep, E. CoiicanoH-
Coiinuned u M. I'parpot-Bunaunr [3] cTaBsT BOonpoc o ToOM, MOXHO JIH TATTEPHBI, BEIYUEHHbIE Ha
HH/I0EBPOTEHCKUX A3bIKaX, IEPEHECTH Ha CTPYKTYPHO OTAAJIEHHBIE TPYIIIBL, TAKHE KaK YPaJIbCKHUE
CaaMCKHe S3bIKH. ABTOPHI CONOCTaBISIIOT TPH METOJA: pacuéT HOPMAIM30BAaHHOTO PACCTOSHUS
JleBenmreiina, SVM ¢ HabOpOM CTPOKOBBIX METPHUK B KauecTBE NPH3HAKOB M CHAMCKYIO
cBéprounyto Heipocers (S-CNN). OOyuyenue Bcex Mogelnei mpoBoauioch Ha WordNet s
MHJIOEBPOIEHCKHX SI3BIKOB, ITOCJIE Yero ObIJIO MPOU3BECHO 1000y4YEeHUE Ha TPEX CAaMCKHX SI3bIKaX.
Pesynpratel moatBepawid, uTo apxurektypa S-CNN  1neMOHCTpHpYeT CYIIECTBEHHOE
peBOCXOACTBO Ham SVM u 0a30BEIMH METpUKaAMH pelakTHpoBaHmsA. Kpome Toro, Momenb
YCIENTHO HICHTH(OUIUPYET YHUBEPCAIbHBIC (DOHETHUECKUE 3aKOHOMEPHOCTH, aJalTUPYs MX IS
aHanmM3a pa3HBIX S3BIKOBBIX ceMeil. Hampumep, ceThb KOPPEKTHO HISHTH(UIIMpOBala KOTHATEHI,
CBSI3aHHBIE PETYISIPHBIMH COOTBETCTBHSMH TJIACHBIX (B YacTHOCTH, Iepexoxa *a — *0), HecMOTps
Ha OTCYTCTBHE SIBHOM pa3METKH JUIS ATHUX S3BIKOB.

Yenemnas pemoHcTpamus crocooHoct S-CNN Kk mepeHocy (OHETHUECKHX MaTTEPHOB MEXIy
Pa3HBIMH SI3BIKOBBIMH CeMbsMH [3] BBIABHJIA BaXKHBIH BONPOC: HACKOJIBKO TAKHE apXUTEKTYPhI
MOTYT OBITH pacHIMpeHbl 3a CUET WHTErpaluH JIONOJIHUTEIbHBIX JIMHIBUCTHYECKUX YPOBHEH.
OrpannyeHne, CBA3aHHOE C NTHOPHPOBAHHEM CEMaHTHKH, OBUIO YACTHYHO IMPEOIOJICHO B paboTe
Ha MaTepuajie aHTJIMHCKOTO M TOJUIAHJICKOTO SI3BIKOB [4], menbi0 KOTOPOTO SIBIISUIOCH CO3/IaHHE
KOHTEKCTHO-HE3aBUCHMOTO CTaHJAapTa OIEHKH KIACCU(PUKATOPOB M BKIIOUEHHE CEMAHTHYECKOU
nH(pOpMAaIMM HA OCHOBE BEKTOPHBIX Mojeneil. Opdorpaduueckne mpu3HaKW, HCIONH3yeMbIE
aBTOpaMH, BKITIOYAH 15 MeTpHK (popMabHON CX0KECTH, TAKUX KaK KO UIIMEHT cCaMOoil ATTMHHON
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obmeit moamocienoBarensHocT (LCSR), HOpManmm3oBanHOe cxoxactBo JleBenmreitHa (NLS),
nHaekcel Jaiica, Kakkapa n JIxappo-Bunkinepa. CeMaHTHYECKHE TPU3HAKH OCHOBBIBAIMCH Ha
KOCHHYCHOM CXOXECTH BEKTOPHBIX mpexacraBieHuii fastText, mpenBapurenbHO OOYYCHHBIX Ha
kopryce Wikipedia U BRIDOBHCHHBIX B OOIIEM MPOCTPAHCTBE [T aHTIMHACKOTO U HUJICPIAHICKOTO
SI3BIKOB.

PesynpraTel mokasamu, urto opdorpadpuueckne merpukn, ocoberHo LCSR (F1=85.47%) u NLS
(F1=84.24%), neMOHCTPUPYIOT BHICOKYIO 3((EKTHBHOCTD, MX KoMOUHanus gocturaet F1=84.38%.
AHanu3 Ba)XXHOCTM TPH3HAKOB C MCHOJIB30BAHUEM JEPEBBbEB pEIICHUH W CIy4alfHOro Jieca
MOATBEPAMI ToMUHHpYIo1yto poib LCSR n merpuknu [xappo-BuHkiepa (coBrnaseHne HayanbHbIX
CHMBOJIOB). BakHO oTMeTHTh, uTO cMbIcn LCSR 3akiodaeTcss B OLEHKE CTPYKTYPHOTO CXOJICTBA
JIBYX CJIOB BHE 3aBUCIMOCTH OT HETIOCPEACTBEHHOT0 coceicTBa OyKB. Hanpumep, B clI0Bax «KHUTa»
U «KaHUCTpa» camas JJIMHHasi o0Ilias IOANOCIIeI0BATEIbHOCTh OYKB B NPABHJILHOM IOPSAKE —
«kHHay (K-H-1-a). YeM JuInHHEee Takas 00IIas [eTmovYKa CHMBOJIOB, TEM BBIIIIE TIOKA3aTENb CXOKECTH.
LCSR mo3BosieT yCIEemHO BBISBIATH KOTHATHI, KOTOPBIE YacTO MMEIOT OOIIWii KOpPEeHb, HO CO
BpEMEHEM HM3MEHSAIOTCS B HANHMCaHUM (HampuMmep, AoOaBieHrne Cy(h(UKCOB MM 3aMeHa OYKB).
LCSR cnocoOHa pacmo3HaBaTh TaKMe CKPBITHIC CTPYKTYPHBIE COBIAJCHUS JaXXe y CIOB, BHEITHE
CHJIFHO Da3NIMYaONINXCs, HANpUMep, OTIMYaTh KOTHATHl (Hampumep, problem—probleem) ot
JIOXKHBIX JApy3ed mepeBoaunka (Hampumep, actual-actueel), y KOTOPBIX OYKBBI IOXOKH, OJHAKO
oOmas cTpykTypa pas3Has. VHTerpanus CEMaHTHYECKHX NPHU3HAKOB CYIIECTBEHHO YJIydlIMja
Pe3yabTATHL: H30JIMPOBAHHOE UCIIOIBb30BaHUE BEKTOPHBIX MpecTaBIcHu obecneumno F1=89.14%,
nx KoMOnHanus ¢ opdorpaduueckumu mpu3HakaMu nosbicrina oommii F1 o 88.30%.

TeMa nHTErpali CEMaHTUYECKUX U OpdorpadguiecKux Mpu3HAKOB JUIsi OOHAPYKEHUS] KOTHATOB,
HaxOJAHMT CBOE pa3BUTHE B pab0TaX, OXBATHIBAIOIINX OOJIEE CIIOKHBIE INHI'BUCTHYECKHUE KOHTEKCTHI.
B uccrenmoBanny Ha MaTepuane HHIMHCKHUX S3bIKOB [5] aBTOPBI cHOPMHUPOBAIH KOPITYCHI TaHHBIX
ucronb3ysi cuHTakcuueckue ciosapu IndoWordNet u pomonuuB cuamckyto CNN-apXHTEKTypy
ceMaHTHYeCKUMU pecypcamu. [lepseiii Habop (WNData) o0beMHAT CII0Ba, CBSI3aHHBIC OOIIUMHU
KOHIICTITAMH 4Yepe3 CHHOHHMHUYECKHe cetH, a Bropoir (PCData) ocHOBEIBasCS Ha HapaiieIbHBIX
KOpITycaX C BBICOKOH opdorpaduueckoii cxoxkecThro. s KiaccupuKanuy map CIOB aBTOPHI
CPaBHHUBAIOT JIBE APXUTEKTYPHI HEHPOHHBIX ceTeil. B mepBoM MOIX0/1e UCTIONB3YeTC s TOTHOCBS3HAS
cethb (Feed Forward Neural Network), e cioBa HCXOIHOTO H LEIEBOTO SI3BIKOB KOTUPYIOTCS C
TTOMOIIBIO OTJENBHBIX SMOCIIMHT OB, TTOCJIE YeT0 MX MPEICTABICHUS KOHKATCHUPYIOTCS H IIPOXOIST
yepes cKpeITHIH cioii ¢ ReLU-aktuBarmed u BRIXOOHOH softmax-cnoii. Bo BTopoM momxoze ciioa
TPaKTYIOTCS KakK IIOCJIeIOBATEIbHOCTH CHMBOJIOB: CHUMBOJIBI KaXKJOTO SI3bIKa KOIUPYIOTCS B
COOCTBEHHOM SMOEIJIMHIOBOM MPOCTPAHCTBE, OOBEIUHSIOTCS M IEPEAaloTCsl B PEKYPPEHTHYIO
CeTh, BBIXOJ| IIOCIEIHEr0 CKPBITOTO COCTOSHUSI KOTOPOHM JOMOJHUTENbHO 00padarhiBaeTCs
MOJIHOCBSI3HBIM  citoeM U softmax. ABTOpbI cpaBHHBAaIOT 3()(GEKTHBHOCTH TMOJHOCBSA3HONH U
PEKypPPEHTHOI Mojieneli Ha IeCATH Iapax SI3bIKOB — OT OJIM3KOPOJCTBEHHBIX (HANpHMep, XUHI—
canckput, riae RNN memoHcTpupyeT TouHOCTh 70 93,9 %) no Gonee oTman€HHBIX (TaKMX Kak
XUHIU—TaMIIIBCKUH, T1Ie TOYHOCTh, COOTBETCTBEHHO, HIDKE). BO BceX ciydasx peKyppeHTHAs CeTh
npeBocxoqut FFN, 4To CBHIETETHCTBYET O MPEHMYIIECTBE PAaOOTHI C MOCIECAOBATEIHHOCTSIMH
CHMBOJIOB B 3ajJjade OOHapy)KCHHs KOTHATOB, TAaK)Ke IOJUEPKUBAETCS POJIb CEMAaHTHKH: Jaxe
MHHUMAaJIBHOE BKJIIOYEHHE KOHIENITYIbHBIX CBA3el (Harmpumep, o0mux onpenenennii B WordNet)
YCHIIMBAJIO CIIOCOOHOCTH CETH OTJIMYaTh WCTUHHBIE KOTHATHl OT CIYYalHBIX TIpadUuecKux
COBIIA/ICHUM.

Hdannoe wucciemoBanue [5], nokasaBiiee 3((EKTHBHOCT HHTerpauuu cemMaHTukd B CNN-
ApXUTEKTYpBl, TEM HE MEHEE, OCTABWJIO OTKPBITHIM BOIPOC O TOM, KaK OOBEIMHHTH aHAIU3
(hOHETHYECKUX M CEeMAHTHUYECKHX MHPU3HAKOB B €IMHYIO CHCTEMY, CIOCOOHYIO YYMTHIBaTh Kak
rpaguyeckue, TaKk W KOHIENTYyalbHbIE CBS3M MEXAy ciioBamu. I[IpoGiema OblL1 perieHa B
MPOJIODKCHUH JIaHHOM paboTh, Ilie aBTOPBI BBILIUIM 32 PAMKH H30JIMPOBAHHOIO HCIIOJIB30BaHHS
WordNet, mpeayio’)KuB KOMIUIEKCHBIH ITOIXOJ Ha OCHOBE KPOCC-IMHTBAJIBHBIX 3MOEIIMHIOB U
rpadoB 3Hanuit [6].Eciu panee ceMaHTHYECKHE CBSA3H KOIUPOBAIUCH YePE3 CHHOHUMHUYCCKUE CETH
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IndoWordNet, To HOBasi METOIOIOTHSI AOTMOJHUIA UX KOHTEKCTHBIMH CJIOBApSIMH M JTHHEHHBIMH
peoOpa30BaHUAMH BEKTOPHBIX MPOCTPAHCTB, YTO MO3BOJIMIO YJIAaBIMBATh CMBICIOBYIO OIM30CTh
JTake TIPX OTCYTCTBUH MPSAMBIX opdorpadruecknx cooTBeTcTBHA. HamprumMep, mapa «aar» (XuHIN)
U «arHu» (TeNyry), CBsi3aHHas OOLIMM 3HAYCHHWEM «OTOHbY», ObLIa MICHTHU(HIMPOBAHA HE uYepe3
rpaduyeckoe win (OHETHUECKOE CXOJCTBA, a YEPEe3 CEMAHTHUYECKOE BHIPAaBHHBAHHE BEKTOPOB H
aHamu3 KoHTekcTtoB n3 WordNet. J{ns omeHKH OJIM30CTH CIIOBa M €ro KOHTEKCTHOTO CIIOBaps
MIPUMEHSIaCh KOCUHYCHAs CX0XKECTh MEXy COOTBETCTBYIOIMMH BEKTOPHBIMU MPECTaBICHUAMH,
MOJIyYEHHBIMHU U3 TPEX Pa3InYHbIX BhIpaBHEHHBIX aMOenaunr-moaenei: MUSE, VecMap u XLM-
R. Kiaccugpukanust KOTHaToB OCYLIECTBIISIACH METOAAMH MAIIMHHOTO o0yueHust (SVM,
JorucTuaeckas perpeccus) u HelipoHHbME ceTsiMu (FFNN). PesynpraTs! nokasanu yiydamienune F-
Mepel Ha 18% o cpaBHEHHIO C MPEABLIYIIMMH MOAXOAAMH, AEMOHCTPHUPYSI, YTO OOBEIUHEHHE
KPOCC-IMHTBAJIbHBIX O3MOENMHIOB C B3BEIICHHOM JIEKCHIECKOW CXOXKECTBIO IPEOO0IEBACT
OTpaHUICHUS MOeIeH, (POKYCHPYIOIIMXCS TOJIBKO HAa OJJHOM YPOBHE aHaIN3a — (POHETHIECKOM HIIH
CEMaHTUYECKOM.

BMmecte ¢ COBEpIICHCTBOBAaHHEM METOJIOB OOHApyKEHHS KOTHATOB B COBPEMEHHBIX S3BIKAX,
HeWpoceTeBbIe ITOXO0/bI HAIIIIN IPUMEHEHNE B PEIICHUH 33/1a4 HCTOPHYECKON JIMHIBUCTUKH. Taxk,
K. Menorn m ULI. PaBdorens [7] mpoaeMoHCTpHpOBaiH, Kak apXHTEKTYpHl JUIi paboThl C
MIOCJIEI0BATENILHOCTAMH (s€q2seq) MOTYT PEKOHCTPYHPOBATh JIATHHCKHE NTPadOpMbl. APXUTEKTYypa
BKJIIOYasa 3HKOJIep, 00pabaThHIBAIONINIA CIIOBA IIATH POMAHCKUX S3bIKOB (MTAIbSHCKHUNA, HCIIAHCKUH
U Jp.) KaK MOCJIEA0BAaTEILHOCTH CUMBOJIOB, U JACKOJIEP, TEHEPUPYIOIINii TaTHHCKHE (HOPMBI Yepes3
MexaHu3M BHUMaHus. OOy4yeHne MOJIeNN OCYLIECTBIUIOCh Ha 8799 mapax «KorHaT — JIATWHCKast
npadopMa» B IBYX mpexacraBieHusx: opdorpadpuyeckom u donernyeckom (IPA). BaxubiM
aCIIeKTOM palOoThl SIBJISETCS BBISBICHHE CIOCOOHOCTH MOJENM K YCBOGHHIO CHCTEMHBIX
(DOHOJIOTUUECKUX 3aKOHOMEPHOCTEW M aHaIn3 OMIMOOK. AHaNIM3 TO0Ka3all, YTO YTO IOJAABIISIOIIEE
GonpmHCTBO OommMOOK (okosmo 80 % B opdorpaduueckoit m 75 % B ¢doHeTHUECKOH dYacTH
9KCTIEPUMEHTA) MOXHO OOBSICHUTH W3BECTHBIMH JIMHIBHCTHUCCKUMH (PEHOMEHAMH, CIIOKHOCTBIO
(hOoHETHUECKOH SBOJIIOINHU M BApHATUBHOCTHIO €€ OTPa)KEHHsI B COBPEMEHHBIX sI3bIKax. Yarie Bcero
OIIMOKU CBSA3aHBI C YEPEOBAHUSIMU TIacHBIX (Hampumep, /il <> [el, lu/ < /o) u koHTpacTom
JIONITOThI, BBINAJICHAEM CJIOTOB U YIPOIIEHHEM COTJACHBIX KJIACTEPOB, & TAKKE C CHCTEMHBIMU
MpOIIECCaMK  O3BOHYCHUS], OTIyIIeHHs W accuMmisiiuu (K mnpumepy, nepexon [K] — [ts] B
UTAJIBSHCKOM U Jiajiee B [s] Bo ¢paniry3ckom; Bapuaiuu [b] < [v]). JlonodaHuTeNbHBIE 3aTPy THEHUSI
B BOCCTaHOBJICHHH MNPEACTABISIET PeLyKLUsT MOP(HOIOrnyeckux (opM JIATHHCKUX CHPSHKEHHH U
HeperyJsipHbIX CJIOBO(OpPM, YTEPSHHBIX HIIM YHPOUIEHHBIX B POMAHCKHX S3bIKaX, a TaKXke
creuuduKka rpeyeckux 3aMMCTBOBaHHMH, OTpaKarolascs B HECTaHAAPTHBIX opdorpaduyeckux
coveranusix (<ph>, <th>, <rh>, <y> u J1p.), KOTOpble B COBPEMEHHBIX S3BIKAX COXPAHSIOTCS
HepaBHOMEpHO [7].

Jlnst mpoBepku cOCOOHOCTH MOJENU ycBauBaTh (HOHETHUYECKHE YepeloBaHUs ObLI pa3paboTaH
HCKYCCTBEHHBI KOPIYC KPaTKUX CJIOTOB, WILUIIOCTPUPYIOHMIMX 33 pa3iuuHbIX (POHOIOTHYECKUX
npasuiia. [Ipy TeCTUpOBaHNMHU Ha 3TOM KOPITyCE MOJIEJIb IPAaBUIILHO PEKOHCTPYHpPOBaJia OKOJIO JBYX
Tperel ATux npaswi (22 u3 33). I3MeHeHus, KOTophIie OBLTH MpeCKa3yeMbl U OJTHO3HAYHEI BO BCEX
JIOYEPHUX s3bIKaxX (HampuMmep, acCCHMHJLIIMM HOCOBOTO IiepeJl CIeNYIOLeH COrjacHOW) ObuH
BOCIIPOM3BEICHBI MPABMIILHO, TaM, I/Ie¢ U3MEHEHHs ObLIM Pa3HBIMHM WM HEHTPaIM30BaHHBIMHU B
OJTHOM HJIM HECKOIIBKHX S3BIKAX, OBLIH JOMYIIEHBI OMHOKH [7].

S1. Mun Kum [8] MoaepHH3upOBaN AaHHBIN MOJX0A, IPUMEHHUB apXUTEKTYPY TPAHCHOPMEPOB IS
00paboTKM  OOBEAMHEHHBIX IIOCIEAOBATEIFHOCTEH JIOYEpHHMX s3bIKOB. Hampumep, mnis
PEKOHCTPYKIIMHU JIATHHCKOW NpaOopMbl MOJIENb MOJyYaeT Ha BXOJ KOHKaTEHHPOBaHHBIC (hOPMEI
CJIOB-KOTHATOB M3 IISITH POMAHCKUX SI3BIKOB (PYMBIHCKOTO, (DpaHIly3CKOTO, HTAJIBSHCKOTO,
UCMAHCKOTO, TopTyraiabckoro). Kaxknas 1odepHssi IocienoBaTeNbHOCTh  00padaThIBaeTCs
OTJEJIBbHO: K TOKEHaM JI00aBIISIOTCS SI3BIKOBBIE 3MOEUTMHTH (4TOOBI MOJIENb OTJIMYAIIA, U3 KaKOTo
A3bIKa TIPOUCXOANUT CHMBOJI) M TTO3UIIMOHHBIE KOAMPOBKH (YTOOBI COXPAHUTH MOPSAIOK CHMBOJIOB
BHYTPH S3bIKa), HAIIPUMeE:
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e tooth (t, 0, 0,1, h):

t — mo3uius 0,

0 — mo3unwms 1,
0 — TIO3ULHA 2,
t — mo3uIus 3,

h — mosunms 4.

e dent(d, e, n,t):

d — mosumms 0,
e — no3unus 1,
n — Mo3unus 2,

t — mo3umus 3.

[Tocne 3TOro0 BCe MOCIEAOBATEILHOCTH OOBEANHSIIOTCS B OJIHY M IOJAIOTCS B 9HKOoAep. Hampumep,
KOTHATBl JJIs CloBa «3y0» B aHrimiickoM (tooth), romranackoMm (tand), HemerkoM (Zahn) u
PEKOHCTPYHPOBAaHHOM MPOTO3amagHOTepMaHCKOM (tanp) ObutH OB OOBEAWHEHBI B EAWHYIO
nocienoBarenbHocTh Biaa: [RO] tooth [FR] dent [IT] dente [ES] diente [PT] dente, rae [RO], [FR]
U TJ. — METKH SI3bIKOB. MOPSIOK MEXIY Pa3HBIMH sI3bIKAMHM WrHOpUpyercs. Takod momxon
UMHTHPYET pabOTy JIMHIBUCTOB, KOTOPBIE CPABHHBAIOT CUCTEMATHUECKHE COOTBETCTBUSI MEXKIY
KOTrHaTaMM (HampuMmep, HayalbHBIH *t-* B aHMIMHCKOM, TOJJIAHACKOM W HPOTOr€PMAaHCKOM).
Tpanchopmep, Gnaronmapsi MexaHW3My BHHMAaHUS, BBIBISET TaKHE IMATTEPHBI aBTOMAaTHUECKH,
Jla’ke eCIT BXOAHBIC ITOCIIEJ0BATEIbHOCTH AIMHHBIE U Pa3HOPOIHBIE.

MeTtobl, HCTIONB3yIONIME TPaHCHOPMEpHBIC apXUTEKTYphI [8] 1 MeMOHCTpUpYIONIE MOTECHIHAT
ABTOMATHYECKOTO  BBISBJICHHS CHCTEMHBIX IIaTTEPHOB B  KOTHAaTax, CTaJKHUBAIOTCA C
($yHAaMeHTATBHOM TPOOJIEMOI IMHIBUCTHYECKOH PEKOHCTPYKIMHU - HEOAHO3HAYHOCTHIO Tpadopm,
0COOCHHO B YCJIOBHSAX OTPAHMYCHHBIX WM NPOTHBOPEYMBBIX JaHHBIX. B CBOIO odepenp,
HCCIIeIOBaHMs, TaKue Kak aHcamOneBble moaxoasl [9], mpeanaraoT NpUHINIHAIEHO WHOHM B3I
Ha 33/1a4y: BMECTO ITOMCKA €JMHCTBEHHOH «MACaIbHOI» PEKOHCTPYKIIMH, OHU (POKYCHPYIOTCS Ha
KOJIMYECTBEHHO! OILICHKE HeonpenesIEHHOCTH. B dacTHOCTH, Ha MpuMepe OMPMHUICKUX, KAPEHCKUX
Y NTAaHOAHCKUX SI3BIKOB aBTOpaMM ObLIO co3maHo 10 mMozenel, Kaxaas U3 KOTOPHIX o0ydayach Ha
MOJIU(UIMPOBAHHBIX BEPCHSIX MCXOMHBIX MaHHbIX (¢ ynanenuem 10% cioB). PesymbraTs
OOBEAMHUIUCh B «pa3MbIThie» Tpadopmbl, Tae Kaxias (GoHeMa MpeacTaBisuiack HabopoM
IBTEPHATHBHBIX BAPUAHTOB C YKa3aHUEM X YaCTOTHOCTH B BHJE IISITH YPOBHEH WHTEHCUBHOCTH.
Taxue «fuzzy-cTpoku» He TONBKO OB IIPO3PAYHOCTh BBIBOJIOB, HO U BBISIBIISUIN POOJIEMHBIE
yuactku. Tak, Ha HpUMepe OMPMHUIICKOTO KOpIyca aBTOPbl MIUTIOCTPUPYIOT STHMOJIOTHYECKYIO
HEOJHO3HAYHOCTH (CM. TabI. 2).

Tabn. 2. [Ipumep ceemenmayuu cio8 ¢ SMUMONOUYECKOU HEOOHO3HAUHOCTIBIO 8 OUPMULICKOLL 2pYnne A3bIK08.
Table 2. An example of segmentation of words with etymological ambiguity in the Burmese language group.

SI3BIK CnoBo  BripaBHEHHBII B

Lashi lat lat
Achang  [fot Jat
Khumi xat xat
Atsi sat sat

Shwe Lu fat Jat

B Tabnuie BUAHO, YTO B YETHIPEX U3 MATH S3bIKOB HAYAIbHBIM CErMEHT BapbUPYETCsl B Mpejenax
/-], [s-] u [x-], Torma kak B Lashi BcTpeuaercst aHOMaibHO oTnmMuaroiuiics [l-]. AHamus c
ynanerarem 1o 10 % jaHHBIX OKa3bIBaeT, 4To B 40 % cirydaeB alNropuT™ peKOHCTpyHpyeT *[-, B 35
% —*s- u B 25 % — *I- (cm. Tabn. 3), mpuuém naxe HeOOJbIIAs A0S BApHAHTA *1- CBHACTEIBCTBYET
0 cepb&3HOoM BIISTHUN (Gopmbl Lashi Ha 0011y10 yCTOMYHMBOCTE PEKOHCTPYKITHH.
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Tabn. 3. Pacnpedenenue yacmomHocmu pekOHCmMpYUupOSaHHbIX 6aPUAHMOs npagpopm.
Table 3. Frequency distribution of reconstructed variants of the protoforms.

IMozunmss  Bapmant  Yactota (%)

Wunnman  *[- 40
*s- 35
*]- 25
dunan *.at 50
*-ot 30
*-aj 20

Cxodkasi KapTHHa HaOJoaeTcs BO (MHAIBHBIX YacTsIX: Ipeo0iIajaloliuM BapUaHTOM sIBIIsIeTCs *-
at (50 %), onrHako reHepauusi MOKa3bIBaeT ycToiunBoe mnosieieHue *-ot B 30 % u *-aj B 20 %
ciyyaeB. Takas MHOXKECTBEHHOCTh PEKOHCTPYKIMH HWCKIIOYAeT OJHO3HAYHBIA  BBIOOD
€MHCTBEHHOW mpadopMbl W MOTYEPKHBAET HEOOXOAMMOCTh Oosiee TIIyOOKOro aHajmu3a
MOTEHIMATIBHBIX PETYIPHBIX COOTBETCTBHU [9].

[TpoGnema HeonpenenEHHOCTH B PEKOHCTPYKIMK padopM, TECHO CBsA3aHa C APYTO#l CI0KHOCTBIO
aHaJM3a KOUHATOB - HEXBATKOW Pa3MEUCHHBIX AAHHBIX JUIS MaJOPECYPCHBIX SI3BIKOB, TIE Aaxe
MUHHMalbHas aHomanus (Bpone *1-* B Lashi) moxxer ucka3uth pe3ynbrarel. Ecnu ancamOuneBble
METO/IbI TIPEIAraloT «MSATKOe» pelIeHie uepes3 BeposTHoCTHBIe mpadopmer, To K. T'ocBamu [10]
UJIET Aajblie, AeTas MOMBITKY IOJHOCTBIO OTKa3aThCs OT 3aBUCHMOCTH OT Pa3MEUECHHBIX KOPITYCOB.
ABTOpSBI pa3paboTany c1ab0 KOHTPOIMPYEMYIO MOAENb AJISI MAJIOPECYPCHBIX A3BIKOB, TAE METOIBI,
TpeOyroIye pa3MEUCHHBIX JaHHbBIX, OKa3bIBAIOTCS ManodhPeKTuBHEIMA. OCHOBHAS HIes pPaOOTHI
3aKIIOYaeTcss B pa3pabOTKe MOAX0Ja, KOTOPBI HCIONB3yeT MOP(OIOTHYECKHE JaHHBIC
ONM3KOPOJICTBEHHBIX S3BIKOB /NI IOBBIMICHHS TOYHOCTH OOHApyKEHHS KOTHATOB. ABTOPHI
MPEAaraloT apXUTEKTYpy Ha OCHOBE CHAMCKHX CeTeH, 0OBeIMHAIONIYIO TiTyOoKkoe oOydeHue n
KJIaCTepPHU3aLHUI0, YTO II03BOJSIET MHUHUMHU3UPOBATH 3aBHCUMOCTh OT aHHOTUPOBAHHBIX JaHHbIX.
Mopgenb BKIIOYAET TPU KOMITOHEHTA: KOJMPOBIIMK CJIOB, COYETAIOIIUI CBEPTOYHbIC HEHPOHHBIE
cetu (CNN) s u3BJIeUCHHS N-TPAMMHBIX IPU3HAKOB Ha YPOBHE CHUMBOJIOB, MO3MIHOHHBIC
SMOEIMHTY U MEXaHU3Mbl BHUMaHHUS; MOP(OIOTHUECKHH MOJYJb, UCIIOJIB3YIOUIMH JTaHHBIE U3
pecypca UniMorph; nerektop Ha ocHoBe t-pacmpenencHus CrbromeHTa W onTuMmm3anuu KL-
JIMBEPTEHIIUH JJIsl KJIacTEepU3allii KOTHATOB 0€3 MCIIOJIb30BAaHMS Pa3MEUEHHBIX JaHHBIX.

IMoaxon, B 4acTHOCTH, IMO3BOJIIET MCHOPUPOBATH BapualMu IIacHbIX (Hanpumep, Alankar —
Alankaaram), ¢okycupysice Ha cornacHbix marrepHax (*-1-n-k-*) u pacmosnaBate o06Iie KOpHH
ke Tpu u3MeHeHusX B addukcax winm Quekcusx (Hanpumep, umggibelo vs. um-geibelo).
CpaBHeHHe ¢ 06a30BBIMH METO/AMHM I10Ka3ajJ0 3HAYUTENbHOE IMOBBIIIEHHE KadecTBa - 0e3 SBHBIX
MeTOK Mojienb gocturana F1 ~0.85, uro B 2—3 pasa npesbiano ux pe3yaprars: [10].

B ommune or cnabo konTponmpyemoro nmoaxona K. I'oceamu [10], MOJHOCTEIO YCTpaHSIOLIETO
3aBUCHMOCTDh OT Pa3MEUYEHHBIX KOPITYCOB 3a CUET HCIIOIBb30BAaHMS MOPQOIOTHUECKUX ITaHHBIX
OIM3KOPOJICTBEHHBIX SI3BIKOB M CHAMCKUX CeTei, B craTbe M. AkaBapany u A. bxarrauapsu [11]
peanuzyeTcst MpsIMO TPOTHBOIIOJIOXKHASI CTpPAaTETHs: BBISBICHHE KOTHATOB CBOAWTCSA K 3ajade
oOyuenust ¢ yumrenem monenu CogTran2. B kadecTBe HCXOAHBIX J@HHBIX HCIOIB3YIOTCS
BBIPOBHEHHBIE  (DOHETHUECKHE IIOCIEAO0BATEIIbHOCTH, NONydeHHble anroputMoM SCA n
npuBen€HHbIe K KOMIakTHOMY andaButy ASJP, npu 3TOM K KaXAOMY psiiy BbIpaBHUBaHHS
nobaBiseTcst TOKeH, oOo3Hawarommii s3bIk, Hampumep, [LAT] mns matmackoro, [ESP] mms
ucnanckoro win [FRA] s ¢ppaniry3ckoro.

B XoJe SKCHepHUMEHTOB aBTOPbI TNPHUBOIAT IMPHMEDP BBIPABHMBAHMS CJOBA «OTEl» B TPEX
WHJOCBPOTIEUCKIX SI3bIKaxX: JIATHHCKOE pater, ucmanckoe padre m ¢paniysckoe pére, rae B
LEHTPAIBHBIX CTOJNONAX BBIPABHUBAHUSI COXPAHSETCS KOPEHb p—t-r, a BapuallMK INIACHBIX a, € U
apdukcoB -dre, -re OKa3pIBAIOTCS IO KpasM MaTpPHUIBl. AHAJOTHYHBIM 00pa3oM st
ABCTPOHE3MHCKUX SA3BIKOB MOJIENb YCIENTHO WACHTH(UIIMPYET KOTHATHI tangi (taramor) u tangis
(Manaickuii) — Ha ypOBHE KOpHsI tar)- OHa UTHOPHPYET pa3nudus cy(hPHKCOB -i U -iS.
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Apxutexrypa CogTran2 BxmrouaeT aBa cios Transformer ¢ pa3menéHHBIM BHUIMaHHEM IO CTPOKaM
M cronlnaM, 4YTO MO3BOJIICT Y4YeCTh KaK BHYTPHS3BIKOBBIE (DOHETHUECKHE CBS3H, TaK U
MEXBSI3BIKOBBIC COOTBETCTBHS. 3areM Omok ‘Outer Product Mean’ ¢opmupyeT mnomapHbie
MPE/ICTABIICHUS CJIOB, & CIICIHAIbHBIC «TPEYTOJIbHBIE» MOJYJIH, 00ECIeYHBAIOT TPAH3UTUBHOCTS!
€CITH, HallpHMep, KUTalCKOe CII0BO C HadYaJIbHBIM K- CBSI3aHO ¢ THOETCKUM CJIOBOM ¢ h-, a TuGeTckoe
CJIOBO CBSI3aHO C €lI€ OJHUM CIOBOM B IPYrOi BETBH, MOJIEb BEIBOJUT CBS3b U MEXKy KUTallCKUM
U TIOCJIEJIHAM CJIOBOM. B 3akitodeHue JIMHEWHBIH KilacCUpHUKAaTOp Ha copTMaKce IpecKa3bIBaeT
BEPOSITHOCTh KOTHATHOCTH [UISl KaXKAOH TapBbl.

st 0O0yuenus ucrnosp3oBal kopiyc u3 6 817 xonuentos (16 609 cnoB) n3 12 sI3bIKOBBIX ceMeild, a
Jutst TectupoBanus — 19 136 konnentoB (67 347 cnoB) u3z 14 cemeii, BKJIro4ass HHAOEBPOINEHCKHE,
ypaJbCKHe, aBCTPOHE3UHCKUE U CHHO-THOETCKHE S3bIKU. B KauecTBe MeTprku BeiOpana B-Cubed
F1, orpaxaromas Ka4ecTBO KJIACTEPHOW CTPYKTYphl KOTHATOB. ABTOPHI 00paIlaloT BHUMaHHE Ha
CHIDKEHHE KauecTBa IPH aHAJIN3E SI3BIKOB CO CIIOKHOW Mopdonorueii — HanpuMep, pOMaHCKUX H
HEKOTOPBIX aBCTPOHE3MHCKHX — & TaKK€ Ha HEJOCTATOYHYIO CIIOCOOHOCTH MOJENH BBIIBISTH
YacTUYHBIE KOTHATHl Ha ypoBHe Mopdem. B kadecTBe mepcrnekTwB manpHEWIIeld pabOTHI OHHU
IpeaIaraloT yrryOnéHHsId aHamu3 (OHETHYECKHX 3aKOHOMEPHOCTEH, pacIIMpeHHe KOPITyCHOH
6a3bl 171 MaJIOPECYPCHBIX SA3BIKOB, a Takke aganrtanuio CogTran2 g 3agad (puiIoreHeTHIecKOn
PEKOHCTPYKIUH U y4&Ta 3auMCcTBOBaHuit [11].

B ommmune or oOydeHust ¢ yuurenem B monenn CogTran2 [11], rme KIIFOYEBYIO pOJNb HIPArOT
BBIPOBHEHHBIE (DOHETHUYECKHE IIOCIENOBAaTEIbHOCTH M ciom Transformer uisi mpeackazaHus
korratHoct, I'. Opaysii u B. Tlatpanmkenapy [12] mpeanararor moJHOCTHIO HHOW B3I OHH
MepeMeIaloT 3aJady B TEOMETPUYECKOE IPOCTPAHCTBO TPEXIY4eBOM CTPYKTYpPBI S3BIKOB,
UCTIONB3YSl METPUKY Ha OCHOBe cmucka CBojema. ABTOPHI paccMaTpUBAaIOT TPOHKU A3BIKOB Kak
TOYKH THPOCTpaHCTBa T3, Iie Kaxkzaas U3 TPEX BeTBEH COOTBETCTBYET OAHOM M3 map SA3BIKOB, a
paccTosiHUE BJIOJIb BETBU ONPEIIISETCS JIEKCHYECKOM OJIM30CThIO sI36IKOB 10 207 6a30BBIM CII0BaM
cnucka Cojenia.

Mertpuka paccTosiHUSI MEXIy IBYMs si3blkamMu L, u L, paccuntbiBaercs opdorpaduuecku: ams
KaXJIOTO CJIOBA U3 CITHCKa OIpeeNseTcs, COBNAAET JIM UX nepsas OykBa (paccrosHue 0) wiu HET
(paccrosuue 1), a UTOrOBOE PacCTOsIHUE d;; BBIYUCIAETCA KAK CyMMa TaKMX HHMKATOPOB 110 BCEM
cioBaM. Hanpumep, uist Tpoiiku «1at. aqua — UCIL. agua — (paHIl. eau» paccTOSHHUS COCTABIISIOT:

d(aqua,)\ agua) = 0\ d(aqua,\ eau) = 1,\ d(agua,\ eau) = 1,\ d(aqua,\ agua)
= 0,\ d(aqua\ eau) = 1,d(agua,\ eau) =1,

MOJIy4EeHHAs TOYKa PacIoiaraeTcs Ha Jiyde, COOTBETCTBYIOIIEM CaMOMY «YAAJIEHHOMY» SI3BIKY, Ha
paccrostaud min{d; j }OT LEHTpa TPOHKH.

KnroueBbIM B HCCIICJOBAaHHM SBJISICTCS H3ydeHHe «cpemHeit toukm» (Fréchet-cpemnee, wiu
barycenter) Ha CTpyKType U3 TpEX Jiydel, aBTOpPbI BBISICHWIIN, YTO €CJIH BCE TPH SI3bIKOBBIE BETBU
UMEIOT TPUMEPHO OJMHAKOBYIO JUIMHY (TO €CTh HMX CpeJHHME JIEKCHYECKHE PAacCTOSHUS He
OTIIMYAIOTCS U OCTAIOTCA HeBeNukH), To Fréchet-cpemHee cTpeMuTCs K IEHTpaIbHOH BEpIIHHE.
Ecmu kakas-To w3 BeTBel OKa3bpIBacTCS 3aMETHO JUIMHHEE NIBYX IPYTUX (TO ecTh €€ CpemHss
JIeKCU4ecKast TUCTaHIUs OOJIbINe HyJIS ), TO CPEHSIS TOUKA CMEIAETCs BIOJIb 3TOTO Jyda OT LEHTpA.
Taxoe cMelieHne yKa3blBaeT Ha TO, YTO JIAHHBIN SA3BIK YAAJIEH OT Hapbl Oosiee ONM3KUX SI3BIKOB H,
CJIeZIOBAaTENIbHO, HE UMEET C HUMHM TaKOTrO e YpOBHs poAcTBa. MHBIMM caoBamu, KOrjga BCE TpH
A3bIKa OJIMHAKOBO «OJIN3KW», CPEIHssI TOYKa OCTAa&Tcs B LEHTPE M CHUTHAIM3MpYeT 00 oO0Iem
npoucxoxaeHuu. Korma ke OgWH SI3BIK OTYETIIMBO OTIMYACTCS, TOYKA CMEIIAeTCd B CTOPOHY
HUMEHHO 3TOrO S3bIKa, IOKa3bIBasl pa3HUIly B CTEIIEHU UX POJCTBA.

ABTOpPBI IPOBEPWIIM METOJ Ha TPEX TUIOBBIX IpuMepax. s poMaHCKON TPONKH «UCHaHCKUN—
MOPTYTaJbCKUW—HUTANbSIHCKUID» JTaHHAasg TOYKa OCTaJach B IIGHTPE, YTO COOTBETCTBYET
MPEACTAaBICHUI0 O EOWHOM JIATWHCKOM mpeake. Jmsd Tpynmsl «aHTIHACKHHA—(ppPaHITy3CKHH—
pyCcCKuil» OKa3aloch, YTO CpEIHEe II0 BETBH PYCCKOTO (WM aHIJIIMHCKOT0) S3bIKa CTallo
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MOJIO>KUTEIBHBIM, U TOUYKA CMECTHIIACh 10 COOTBETCTBYIOIIEMY JIydy, OTpakas IPHUHAIC)KHOCTD K
pa3HbIM  BETBAM  HMHAOEBpONEWcKkoll  cembu. [lpumep  MPOMEKYTOUHOTO  CpPEIHETO
MIPOJEMOHCTPUPOBAH HA IPUMEPE «UPIAHICKUH—TIOTIAHICKUA—BaNIMHCKUI», TI€ OJHA U3 BETBEH
HE3HAYUTENHHO BBIACISECTCS MO cpeaneii mune [12].

B ommume ot reomerpudeckoro nomxonaa Opayas u [arpanmkenapy [12], mepeBosiiero 3amadqy
B TpEeXMepHOe TPOCTPAaHCTBO Ha ocHoBe cmmcka Copemra, ucciemosanue ‘Improved Neural
Protoform Reconstruction via Reflex Prediction’ [13] Bo3Bparaercs k Hef{poceTeBbIM METOAAM H
ONUpaeTcsl Ha JIByHANpPaBICHHYIO Seq2seq-apXUTEKTypy AJIsl PEKOHCTPYKLHUH MpadopM. ABTODEI
UCTIONIB3YIOT YeThIpe Kopiryca: kurtaiickue s3b61ku CpenHero Kuras (WikiHan) u ero pacimpennas
Bepcust WikiHan-aug, kotopast BKIIIO4aeT JONOIHUTEIbHBIE UAIEKTHbIE BApUaHThI, faTaceT Hou,
OXBATHIBAOIINIA 39 Pa3IMYHBIX AHATICKTOB, HOHETHYESCKHUI KOPIMYC POMaHCKUX A36IKOB Rom-phon
n opdorpaduueckuii Rom-orth, kakaplii U3 KOTOPBIX COAEPKHUT JaHHBIE O ISATH S3BIKAM.
PexoHCTpyKIINS TPON3BOAUTCS € MOMOIIBIO seq2seq-Monaenb Ha ocHoBe GRU u cocTouT M3 ABYX
stamoB: (1) reHepanms KaHAMZATOB Npadopm: Hadaja HEHPOCETh «YyUUTCS» IPeoOpa3OBHIBATH
Ha0Op COBPEMEHHBIX CJIOB 00paTHO B mpadopMy, 3allOMHHAS OOIINEe 3aKOHOMEPHOCTH 3BYKOBBIX
n3MeHeHnd. Monens Gopmupyet He onHY (GopMy, a HECKOJIBKO KaHIUJATOB, YIIOPSAAOUYCHHBIX 10
BEpOSATHOCTH; (2) MpoBepKa W BBHIOOp Jydiero kanauaara (reranking): 9ToOBI MOHATH, KaKas W3
npadopM IEHCTBUTEIIFHO MPaBAONO100HA, aBTOPHI 00y4JaroT BTOPYIO HepoceTh, KoTopast OepeT Ha
BX0/1 Ipa)OopMy U IIBITAETCS 110 HEil BOCCTAHOBHUTH BCE MCXOAHBIE CJIOBA. /ISl KaXKI0ro KaHIuaaTa
npadopMbl 00paTHasi MOZENb I'eHEpUPYET MperoiaraeMeie (JOpMBI B KaXKIOM U3 COBPEMEHHBIX
SI3BIKOB. 3aTeéM HOBBIE «IpEJICKa3aHHbIE» (OPMBI CPaBHMBAIOT C HACTOSAMIMMH. YeMm Iydine
COBIIAJICHHE, TE€M BbINIE Oamn y KaHauaara. HakoHel, OpUTHHANBHYIO OLIEHKY YBEPEHHOCTH
reHeparopa mpadopM KOMOMHHUPYIOT C OLCHKOH «00OpaTHOW» MOJENH M MNepeyHopsaouYnBarOT
KaHIN/IAaTOB: Ha IEPBOE MECTO BBIXOIUT (popMa, KOTOpasi ¥ cama BBITJIAEIa IPaBAONOI00HO IIpH
TeHepalyy, U U3 KOTOPOH JIy4Ille BCETO BOCCTAHABIMBAIOTCS BCE COBPEMEHHBIE CIIOBA.

HpI/IMeHﬂH TaKyl0 IABYHAIIPABJICHHYIO BajluAalluio MOJCJIb YUYUTCA OTAaBATh MNPHUOPUTET TEM
PEKOHCTPYKIHAM, KOTOPHIE HE NMPOCTO «IPaBAONONO0HBI» HW30JIMPOBAHHO, HO M JEHCTBUTEIHHO
«BO3BPAIIAIOTY» COBPEMEHHbBIC (HOPMBI CBOMX MOTOMKOB [13].

4 3aknrovyeHue

B cBere mocTaBIeHHBIX 33729 — MIEPEOCMBICICHHS CYIIECTBYIONINX METOJOJIOTHYSCKIX PEIICHUH,
COTIOCTaBJICHUS TIPUHIIUIIOB BBIABJICHUS IPH3HAKOB M aNTOPUTMHYECKHX ITOIXOJOB, a TaKXKe
MPOSKTHPOBAHUS aJalITUBHOW MHTETPATUBHOW MOJIETH — MPOBEAEHHOE MCCIIEIOBAHUE MTO3BOIIIIIO
BEISIBUTH 3aKOHOMEPHOCTH W OTPAaHWYCHHS COBPEMEHHBIX ApXUTEKTYp IS aBTOMATHYECKOTO
oOHapykeHus: KOrHatoB. CBOJHOE COMOCTaBJICHHE PACCMOTPEHHBIX METOJIOB MPEACTABIECHO B
T1abn. 4. Anamm3  ¢onetmueckux cuamckux CNN  u  TpaHc)OpMEpHBIX  IHKOICPOB
MIPOJAEMOHCTPUPOBAI UX BBICOKYIO TOYHOCT M CIIOCOOHOCTh MEPEHOCUTH (POHETHYCCKHE TATTEPHBI
MEXy S3BIKOBBIMH CEMBSIMH, OJHAKO OIPaHUYECHHOCTh YHUCTO (DOHETHUECKHUX MPEICTABICHHIMA
cTana odeBHIHA TpuU paboTe ¢ MajJOPECYpPCHBIMHU SI3bIKAMH M B YCJIOBUSAX IIIYMHBIX JIaHHBIX.
Hccnenoanus, ommparoniuecss Ha opdorpaduieckue METPUKH M CEMaHTHYECKHE SMOEITUHTH,
mokazanmu, 4ro komOwmHHpoBanme LCSR, HOpManm3oBaHHOTO paccTosiHUs JleBeHIITeHHAa W
KOCHHYCHOTO CXOJICTBa BeKTOpoB fastText CyIiecTBeHHO MOBBIIIAET KAYeCTBO KIIacCH(DUKAIIUH, HO
IIPH 3TOM HEPEIKO TEPSCTCS YYBCTBUTEIBHOCTH K (DOHOIOTMYECKHM H3MEHEHUSIM. Takxke OBLIO
OTMEYEHO, YTO COBpPEMEHHBIC TpaHchopMepHbie pemreHus, Takue kak CogTran2 u seq2seq-
MOJIXO/BI JUT PEKOHCTPYKIUU MpadopM, MPEBOCXOAAT H30JIUPOBAHHBIC MOJACTH MO CIIOCOOHOCTH
VIIaBIMBATh CHUCTEMHBIC JICKCHYECKUE COOTBETCTBUS, OJHAKO CTAJIKHBAIOTCA C MPOOIeMOit
HEOTPeAeIEHHOCTA PEKOHCTPYKIIMHA MPH OTrPaHUYCHHBIX KOPITyCcaX.
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Tabn. 4. Ceoonas mabauya mMemooos asmoMamuieckol 0emeKyuu KOZHAmMos u PeKOHCMpPYKYuu npagpopm.
Table 4. Summary table of methods for automatic cognate detection and preform reconstruction.

Astop / HazBanue

SA3biku / Kopmycsl

ApXHTEKTypa

Jlono/THHTeIbHbIE XapPAKTePHCTHKH

Taraka Rama (2016).
Siamese CNN for Cognate
Identification

Hnnoesponeiickue
(pomaHckue,
TepMaHCKUe)

Cnamckast cBEpTOUHAS
HeHlpoceTs Haj
(hOHEMHBIMHU BEKTOpaMU

®donernueckue 16-MepHbIe OMHAPHEBIE BEK-
topsl ASJP/IPA; unrerparms nadopmanuu
0 SI3BIKOBOH Tape; JIOKAIbHOE BBIIEICHHIE
(hOHETHUECKHX TATTEPHOB

Kanojia et al. (2019).
Utilizing Wordnets for
Cognate Detection

10 uHauiACKUX
SI3BIKOB (XMHIH,

CaHCKPHT, OeHraum,

NeHDKa0u 1 ap.)

FFN u RNN Hag
IMOEIIUHTaMH CJIOB K
CHMBOJIOB

CeMaHTHYECKHE NTPU3HAKY U3
IndoWordNet; opdorpaduueckue
metpuku (LCSR, NLS, Dice, Jaccard,
Jaro-Winkler);

Soisalon-Soininen &
Granroth-Wilding (2019).
Cross-Family Similarity
Learning

Indo-European

(train) — caamckue

SI3bIKH (test)

Cuamckast CNN Haz

(onemubiMu one-hot IPA;

CTPOKOBBIE METPUKH
(Levenshtein, Gurpammsi,
TpepUKCHI, IJIHHbI)

IpoBepxka nepeHoca (OHETHIECKUX
MaTTEPHOB MEXY CEMbSIMHU; BBISBICHHE
PEryIsIpHBIX INIACHBIX COOTBETCTBHUIT Oe3
SIBHOU pa3MeTKU

Kanojia et al. (2020).
Harnessing Cross-lingual
Features

14 unauiickux
SI3BIKOB

FFN (1 ckpbIThIii CI10¥1)
HaJl KOHKaTeHaIMel
(hoHETHUECKHUX BEKTOPOB
1 KPOCC-SI3bIKOBBIX
9MOEUINHTOB

Vcnosnb30BaHue BHIPABHEHHBIX
amberuaros MUSE, VecMap, XLM-R;
uHTerpauus GOHETHYECKUX U
CEMaHTUYECKUX PU3HAKOB

Meloni, Ravfogel &
Goldberg (2021). Ab
Antiquo: Neural Proto-
language Reconstruction

5 poMaHCKUX
SI3BIKOB +
JIATUHCKUH

Seq2seq GRU ¢
MEXaHU3MOM BHHMAaHHUS

JIByxdazHas BamugaLus: reHepanus
KaHAuAaToB 1padopm u obpaTHast
MPOBEpKa uepe3 seq2seq-MoJIelb; OlleHKa
ournOOK (HOHOJIOTHIECKHUX YPEJOBAHHI U
penykuuii; ~80 % 0OBSCHSAIOTCS U3BECT-
HBIMH (DOHETHYECKHMH ITPOLIECCAMH

Kim et al. (2023).

5 poMaHCKUX

Tpauchopmep-sHKOAED-

SI3bIKOBBIE SMOEIIMHTH + ITO3UIIMOHHBIE

Transformed Protoform SI3BIKOB + JIeKoziep Hal KOJTMPOBKH; KOHKATECHAIHSI
Reconstruction JIATUHCKUH; 39 00bEeTUHEHHBIMU MOCJIEIOBATEILHOCTEH C METKAMU SI3bIKOB
CHHUTHYECKHX (oHeMHBIMH
SI3BIKOB I0CJIIOBATENILHOCTAMH
List et al. (2023). Burmish, Karenic, Ancamb6ieBsie MHoromozensHoe 00yUeHNE ¢ YIaIeHuEM
Representing and Panoan s3p1xu PEKOHCTPYKTOPBI; 10 % paHHBIX; BEPOSITHOCTHAS OLICHKA

Computing Uncertainty

«fuzzy»-npadopmsr ¢
YaCTOTHBIMU yPOBHAMH

(1)0H€MHLIX BapHaHTOB

Goswami et al. (2023). Wnnuiickue, Cunamckuif CNN (n-gram  OTka3 OT pa3Me4eHHBIX JaHHBIX; MOpdo-
Weakly-supervised Deep KeIBTCKHUE, IOKHO-  + BHUMaHUE) — normgeckue npusHaky u3 UniMorph; me-
Cognate Detection adpuKaHCKHE TIOJTHOCBSA3HBIH CIIOM ¢ TEKTOp Ha OCHOBe t-pacnpeneneHus Crbio-
SI3BIKH KJIacTepHu3anuei nenra + onrtumusarust KL-nuBeprenuun
Akavarapu & Bhattacharya 14 cemeiicTts (mo  J[ByxcioiHBII Paznenénnoe BHUMaHUE MO CTPOKAM U
(2024). Automated Cognate Rama & List, 2019) tpanchopmep Hax crosnbuam; Outer Product Mean st mo-
Detection as a Supervised MHOKECTBEHHBIM MapHBIX MPEACTABICHUN; «TPEYTOIbHbIE)»

Link Prediction Task with
Cognate Transformer

BEIpaBHUBaHHEeM (MSA) +

link-prediction

Moy Jutst Tpan3uTuBHOCTH; B-Cubed F1
Ha OOJBIINX KOpIycax

Ordway & Patrangenaru
(2024). Sampling the

Swadesh List in Tree Spaces

EBponeiickue
SI3BIKU (JIATHHHMIIA,
HMHAO0EBpONencKue
BETBH)

Single-linkage clustering
B «3-spaiinepe»
MPOCTPAHCTBE JIEPEBHEB

MertpuKka Ha COBIAJICHHH TIePBO GYKBBI
o crimcky Csonenra; anamm3 Fréchet-
CPEIHEro ISl TPOHHBIX S3BIKOB;
BBISIBIICHHE YIAJIEHHOCTH Yepe3 CMeIeHIe
barycenter

Labat & Lefever (2019). A
Classification-Based
Approach to Cognate
Detection Combining

Orthographic and Semantic

Similarity Information

AHTITHACKAHR <>
Tomnanackmii

JlepeBbs pemienuii /
Random Forest nax 15
opdorpadryeckuMu
METPHUKaMHU U
CeMaHTHYECKUMH
¢actText amOeTHHraMI

Opdorpaduueckue merpuku: LCSR, Dice,
Jaccard, Jaro-Winkler; cemanTHueckue
TIPH3HAKH: KOCHHYCHas cxoxecTh fastText

Lu, Wang & Mortensen
(2024). Improved Neural
Protoform Reconstruction
via Reflex Prediction

Cpennekuraiickue
JTNAJICKTHBIC
xopryca (WikiHan,

WikiHan-aug, Hou)

U pOMaHCKHUE
kopryca (Rom-
phon, Rom-orth)

Seq2seq GRU c beam
search 11 reHepanuu
KaH/AUaToB + seq2seq-
pamKupoBIIUK (reranker)

JIBySTamHas BalUIaLuMs: TCHEPaTop
npadopM 1 0OpaTHas MOJENb IS
BOCCTaHOBJICHHSI COBPEMEHHBIX (opM;
00beIMHEHHE BEPOSITHOCTEH TCHEpALHU U
TOYHOCTH PEKOHCTPYKLIMH ISl BBIOOpa
Ty4qiier mpadopMsl

187



Goncharova O.V. Deep Learning and Linguistic Analysis for Cognate Identification Tasks: A Survey of Contemporary Approaches. Trudy
ISP RAN/Proc. ISP RAS, vol. 37, issue 6, part 2, 2025. pp. 177-190.

CoIocTaBIIeHNE ITUX PE3YJIBTATOB ITO3BOJIMIIO CHHTE3UPOBATH APXUTEKTYPY, O0BEIUHSAIOLIYIO TPH
KJIIOYEBBIX KOMIIOHEHTA: BO-TIEPBBIX, MOIYJIb (POHETHYECKOTo aHaimu3a Ha 6ase cuamckux CNN u
TpaHc(hOpMEPOB, WHTETPUPYIOMHUX (oHONIOTHUECKHE M opdorpaduyuecKkie COOTBETCTBHS, BO-
BTOPBIX, MOP(OJIOTHUECKUH CJIOH, W3BJIEKaroImuii rpaMMmembl U addukcsl, oOpabaTsiBacMble
BIiLSTM u o0beauHsiemble ¢ OOIIMM TIPEJCTABICHHEM CIIOBA; M, HAKOHEI, CEMaHTHYECKYIO
NPOCJIOIKY, B KOTOpO# cMemeHHe (OHETHYECKHX W CEMaHTHYECKHX BEKTOPOB C 00y4aeMbIMU
BecaMu oOecreunT y4y€T mHpenanonaraeMblX 5BPHCTHK. [Ipenmnonaraercsi, 4To Takoe COuYeTaHHE
o0ecIieuuT He TOJILKO NEPEHOCUMOCTD MEXIY SI3BIKOBBIMU CEMbSIMH, HO U CTa0MIBHOCTh METPHK
npH paboTe ¢ MaOPECYPCHBIMH SI3BIKAMHL.

TakuM 00pa3oM, BBHIIOJHEHHOE MCCIIEOBAaHUE MO3BOJIMIO HE TOJBKO KPUTHYECKH OICHUTH
CYIIECTBYIOIIE METOJIUKH, HO M Ha MX OCHOBE MNPEAJIONKUTH APXUTEKTYPY, OOBEAMHSIONIYIO
¢doneTHyeckue, MOPHOIOTHISCKIE K CEMAHTHIECKHE KOMIIOHEHTEL.
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Abstract. The suicide is a terrifying act of a person who is misled by his own mental state. This problem arises
across many countries. Sadly, Russia also has quite high number of persons who committed suicide. Luckily,
a subset of these people writes their struggles in social media, allowing a way to find them and help. However,
these valuable texts disappearing in many irrelevant texts which is considerably slowing down the decision
process about person's suicidal risk. To tackle this problem, in this work we have presented a detailed
methodology of building the dataset for detecting texts that describe presuicidal and anti-suicidal signals. This
methodology describes the process of instruction and class table creation, the process of annotation, verification
and post-annotation correction. Guiding by this methodology, we collect and annotate a large-scale Russian
dataset with more than 50 thousand texts from social media. We provide a count statistic of the dataset as well
as common problems in annotation. We also conduct basic experiments of building the classification models
to show the on go performance on different levels of annotation. Furthermore, we make the dataset, code and
all materials publicly available.
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Annortamusi. CaMOyOUIICTBO — 3TO Y)KacaloIHi MMOCTYIIOK YeIOBEKa, KOTOPOTO BBOJWT B 3a0IIy)KICHHE €ro
COOCTBEHHOE NCHXMYECKOEe COCTOSHHE. JTa IpobieMa akTyallbHa IUIsi MHOTHX CTpaHax M B Poccum B ToM
yucie. K cuacTbro, HEKOTOPBIE U3 ITUX JIIOAEH MUIIYT O CBOMX NMPOOIIeMax B COIHANBHBIX CETSIX, YTO ITO3BOJISIET
HaWTH UX 1 TIOMOYb CIIPAaBUTHCS C HX IpobiaeMamu. OHAKO 3TH 3HAUYMMBIE TEKCTHI TEPSIOTCS CPEAN OOJIBILETO
KOJIMYECTBA HEPENEBAHTHBIX TEKCTOB, UYTO 3HAYUTENBHO 3aMEUIIET IPOIECC INPUHATHS pEMIeHuS O
CYyHIHIAIEHOM PHCKE YelloBeKa. UTOOBI TOMOYb CIIPaBUTHCSA C 3TOH MPOOIEMOii, B 3TOI paboTe mpeacTaBiIeHa
noApoOHass METOJONIOTHS CO3JaHMs Habopa [aHHBIX JUIi OOHApYy)K€HHS TEKCTOB, COAEPXKAIMINX
MPeCYMIUAaIbHbIe W AHTUCYHIUJAIbHBIE CHTHAIBL. JTa METOIOJIOTHS OIMCHIBAET MPOIECC CO3TAHMS
HWHCTPYKIMH ¥ TaOJIHI[ KJIACCOB, MPOLIECC aHHOTUPOBAHUS, TPOBEPKU M MCIIPABJICHHS NIOCIIE aHHOTUPOBAHHSI.
PykoBoacTBYsCh 9TOi MeTo0I0OTHEH, OBLT COOpaH M pa3MedeH OOJBLIOH PYCCKOS3BIYHBIN HA0Op JaHHBIX,
cozepxammit Gonmee 50 ThICSY TEKCTOB M3 COLMANBbHBIX ceTell. B pabore mpenocraBieHa CTaTHCTHKA
KOJIMYECTBa JAaHHBIX B HaOOpe NaHHBIX, a Takke oOIre MpoOJeMBI C Pa3METKOH, KOTOpbIE BO3HHMKIN B
nponecce. [Toka3aHsl pe3yabTaThl 6a30BBIX KCIEPUMEHTOB 110 TIOCTPOSHHIO KITACCH(PHUKAIIMOHHBIX MOJIEIEH,
9TOOBI MPOJEMOHCTPHPOBATh Pa0OTOCIOCOOHOCTh Ha Pa3HBIX YPOBHSAX aHHOTauuu. Kpome Toro, Habop
JTAHHBIX, KOJI ¥ BCE MaTepHalIbl OBUTH CIeNIaHbI OOIEOCTYTHEIMI.
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1. Introduction

Although technological advancements have greatly enhanced living standards for numerous
individuals across the globe [1]. According to the Federal State Statistics Service [2], in 2019 17
thousand people committed suicide, which is comparable to half of an average Russian regional city.
Given findings from recent research indicating rising levels of depression [3], the issue of suicide
appears poised to worsen since depression is recognized as a significant contributing factor [4-5].
Beyond causing substantial economic loss for governments, suicide inflicts profound emotional pain
upon those close to the victim. The studies show the rise of suicide chance in the social cycle of the
suicide victim.

One of the surprising places where suicides can be found is social media platforms such as X, VK,
Instagram, and Telegram. On these sites, some people share personal reflections alongside humorous
content, occasionally disclosing deeply intimate struggles. For some contemplating suicide, voicing
their emotions online acts as a release mechanism alleviating internal pressure. Occasionally,
individuals intent on ending their lives leave explicit messages detailing plans, including location
and method. Prompt detection of such posts might enable rescue efforts. Even without drastic
revelations, tracking subtle signs like emerging depression symptoms or instances of self-inflicted
harm could aid intervention prior to severe psychological deterioration.

Over the past few years, there has been a surge in academic publications exploring methods for
recognizing various mental illnesses, such as depression or PTSD, using social media data. Methods
dedicated to suicide are designed to predict specific outcomes, such as whether someone will attempt
suicide during a defined time interval. Unfortunately, there is no way to understand the reasons
behind the decision. Also, much of these works are in English. To address this gap, this paper
introduces a Russian-language dataset derived from various social media platforms specifically
designed to analyze indicators signaling potential suicidal tendencies and suicide chance itself.

To summarize, in our work we present a detailed methodology of creating the dataset that is
dedicated to the classification of text that describes factors leading to the higher or lower level of
suicide chance. We present the large-scale Russian dataset collected by this methodology that
includes more than 50 thousand examples. We also prove the results of building the classification
models on this dataset. We made the dataset and models publicly available [6].

2. Related Work

The utilization of Natural Language Processing techniques in the field of mental health is made
feasible through access to extensive social media data. Commonly employed platforms include
Reddit and X, which serve as a source of textual content posted by users. Reddit features specialized
sections focused on mental health issues, enabling users to openly disclose their diagnoses, thereby
facilitating the creation of high-quality datasets. Similarly, X provides opportunities for users
seeking emotional support to publicly share their medical diagnoses. Nevertheless, these posts must
undergo verification processes to ensure they do not contain humor, sarcasm, or irrelevant material
[7-8].

By employing this strategy, researchers have successfully constructed datasets aimed at identifying
users suffering from depression or Post Traumatic Stress Disorder (PTSD) [7, 9], developed datasets
highlighting signs of depression [10] leading to tasks such as Early Depression Detection (eRisk),
and curated a distinctive suicidal dataset compiled from deceased and surviving X accounts [11].
An exhaustive compilation of existing datasets relevant to mental health studies is detailed in [12].

An alternative approach involves designing questionnaires integrated into prominent social
networking platforms. Participants consent to sharing their publicly accessible data, encompassing
elements such as status updates, demographic details, and other pertinent attributes. Such
methodologies have proven effective in investigating linguistic variations associated with different
personality traits [13].
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With the rise of large language models (LLM), the researchers start to build the benchmarks in the
domain of psychology and mental illness in order to assess the capability of the LLM to tackle these
problems. The notable benchmark is PsyEval [14]. This benchmark is a composition of existing
datasets providing three assessed dimensions: emotional support skills, diagnosis skills, and
knowledge.

Turning attention towards contributions rooted in the Russian language, two valuable works should
be mentioned. One study gathers depression-related posts from the platform VK by leveraging a
predefined lexicon of depression-specific terms, subsequently analyzing the resultant dataset [15].
Additionally, another investigation compiles essays authored by individuals formally diagnosed
with depression, focusing on neutral topics. Through comparative analyses, this study illuminates
differences in sets of depression markers observed across depressive narratives versus control
samples [16]. Similar work was presented in [17], but for persons who committed suicide and
couldn’t survive. The work discusses various speech features that characterize the text of these
persons. Also, there is a work [18] where the researchers also build the dataset for presuicidal signals
but without any granularity.

3. The methodology of dataset creation

The primary task of the dataset is to classify what is being talked about in text into factors that push
to or pull from the suicide. We call them presuicidal and anti-suicidal signals, respectively. The idea
behind the task is to provide the human the complete and relevant information from the whole text
history of the social network account in order to make the decision about suicide status.

Next, we provide a detailed methodology of how we build the dataset. We will start from the
description of the data source; next we talk about instruction creation, and finally we outline the
general annotation process along with the verification procedure.

3.1 The data sources
We can divide data sources into three categories:

» The social networks — we directly parsed the accounts from popular social networks like
VK [19] and X [20]. We used custom parsers that use either the API or direct parse of the
page. The parsers available on the Github [6].

» The suicidal forums [21] — these are platforms that was popular before the rising of social
networks. The main characteristic of these platforms is that they are dedicated to one global
topic.

« The existed datasets — we reused some available datasets [15] because they closely match
our needs.

Speaking of forums, to our surprise, we found ones that dedicated to suicidal topic in some variants:
on some forums there is a general discussion of the suicide, other constructed in the way to provide
some online psychological help. We collected the messages where users share their feelings and
struggles.

3.2 Instruction construction

The instruction consists of two parts — the instruction itself, which describes how to perform tasks,
and a table with class descriptions. The main part of the instruction is a document divided into
several sections: an introduction, a labeling algorithm, labeling principles, and recommendations.
The core text of the instruction is based on the guidelines from a previous study [18]. The
introduction provides a general overview of what the annotator will be doing and why it is necessary.
The latter serves as a strong motivational element, as the annotator is informed that the quality of
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their work will directly impact future assistance efforts. During discussions with annotators,
substantial feedback was collected, with many emphasizing the importance of the project.
Following the introduction is the annotation algorithm, which describes the purely technical actions
that annotators must perform to carry out their work. Next is a detailed, step-by-step description of
how to begin the annotation process and how the annotation should be performed. The final section
is the annotation principles block. This is a set of rules that must be followed when making a decision
about selecting a particular class. The second part of the instructions consists of class tables
describing all the classes included in the annotation. The first table contains presuicidal classes,
while the second contains anti-suicidal classes. The complete table includes:

e The class name, which consists of two parts: the group and the class itself;
e The class description, indicating what exactly should fall under this class;
o Examples containing texts that correspond to the specific class.

It should be noted that the algorithm provides references to two tests: the Emotional Well-Being
Test [22] and the Beck Depression Inventory [23]. These tests are intended to monitor the emotional
state of annotators, as they have to work with texts of an extremely negative and distressing nature.
The assumption was that if test results showed a negative trend, the annotator should stop performing
the work.
To create the table of classes, we reviewed literature on suicidology, specifically [24]. The study
revealed that there are actually numerous models of suicide. Typically, they describe similar factors
and signals (indicators), but differ in how these elements are grouped. Sometimes, weakly
distinguishable phenomena were included as separate signals. We decided to generalize several
systems and create maximally atomic signals in such a way that, on one hand, they would be easily
distinguishable in meaning, and on the other hand, other researchers could adapt them to their
theoretical models. A natural limitation was that the signals had to be expressible in social media
texts.
We selected the systems from [18], as they are well-formed and represent approaches that vary in
time and culture. The work [18] was done by the demands of helpers that do investigate social media
seeking persons with a high suicidal chance. In addition, they all are conveniently described in
tabular format or as lists. The "mood board" technique was applied to synthesize the classes. All
lists and tables were placed in a single space so that they could be viewed at a glance. Then, the
following iterative process was carried out:

1. The entire field was reviewed,;

2. Based on emerging associations, a feature was formed;

3. Both the feature itself and signals from other systems were marked with color;

4. The list of formed features was checked for consistency, adequacy, and completeness;

5. The process returned to step 1 until the list was fully converged.
The results of anti-suicidal classes are few in number. They were well described in the [25] system
and all formed the basis of the table.
The latest version of presuicidal signals includes 33 classes grouped into 7 categories.

With the correction of the anti-suicidal classes, which we will describe later, the final version of
anti-suicidal table contains 12 classes without division into groups.

3.2 Instruction Validation

After developing the main annotation guidelines and class tables, we conducted several development
annotation rounds within our team:

e Annotation of presuicidal signals by two ML specialists on 200 examples.
e Annotation of presuicidal signals by three non-specialists on 200 examples.
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e Annotation of anti-suicidal signals by two ML specialists on 100 examples.
e Annotation of anti-suicidal signals by three non-specialists on 100 examples.

The non-specialist means that our team members didn’t participate in guideline creation nor see the
data. Thus, they simulate new annotators. The difference in sample size was due to the significantly
lower number of anti-suicidal classes compared to presuicidal ones. ML specialists and non-
specialists annotated the same dataset, respectively. After the annotation by ML specialists, their
labels were compared to identify discrepancies. Each such case was analyzed individually, resulting
in 28 revisions to the guidelines and presuicidal class table. After implementing all changes, a trial
annotation was performed by non-specialists. Follow-up meetings were held with each annotator to
discuss difficulties and observations. Based on the feedback, further revisions were made to the
guidelines and class tables. Psychological well-being was also assessed—no significant negative
effects were observed. The anti-suicidal class annotation followed the same process, requiring fewer
than five revisions. Four new anti-suicidal classes were introduced. After finalizing the guidelines
and class tables, the main development phase was completed. The guidelines underwent minor
adjustments during the annotation process.

During the annotation, we see that a notable part of the examples has multiclass annotation. This
brings some special features to how to calculate the inter-annotator agreement and how to aggregate
the annotation from multiple annotators.

To automatically calculate inter-annotator agreement, we used Krippendorff's alpha [26]. Since the
dataset annotation allows for multiple classes per example, we applied a specialized metric for
Krippendorff's alpha called "Measuring Agreement on Set-Valued Items" (MASI) [27]. It is
calculated using the following formula:

Where A and B are label sets, n is a number, and M is a monotonicity scaler, determined by the
following rules:

e |fthe sets are identical, M equals 1.

o If one set is a subset of the other, M equals two-thirds.

o |fthe intersection of the two sets is non-empty, M equals one-third.
e Otherwise, M equals zero.

For agreement calculation, we used implementations of Krippendorff's alpha and MASI from the
NLTK (Natural Language Toolkit) library [28]. The alpha values for abovementioned rounds before
any corrections are shown in Table 1.

Table 1. The annotator agreement in development annotation.

Signal type Annotators Krippendorf’s alpha value
Presuicidal ML specialists 0.39
Non-specialists 0.39
L ML specialists 0.45
Anti-suicidal Non-specialists 0.41

We tested three aggregation methods on the non-specialists' annotations:
e Full agreement—cases where all three annotators agreed.

e Standard majority voting—a text receives a class label if at least two annotators assigned it.
For multi-class cases, the label sets must fully match between at least two annotators.

e Soft majority voting—a text receives labels that appear at least twice in the combined list of
annotations. Multi-class labels are split into individual classes for counting.
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After each aggregation method was applied, we selected 30 examples randomly and checked for
compliance with the class table. Agreement was measured as the percentage of examples where the
label was deemed correct by the guideline author. For aggregation methods we also report coverage,
the percentage of non-empty class assignments. The results were as follows:

o Non-specialists: 95%, 75%, 55% agreement.
o Full agreement aggregation: 100% agreement, 33% coverage.

o Standard majority voting: 91% agreement, 71% coverage.
e Soft majority voting: 91% agreement, 93% coverage.

We see that agreement between the guideline author and the non-specialist varies notably from a
well-performed level to a moderate level. The full agreement, as expected, shows full agreement
with low coverage. On the other hand, we see that soft majority voting has higher coverage compared
to standard majority voting, keeping the same level of agreement. So, we decided to use this variant
of aggregation.

Notably, during post-annotation discussions, annotators provided justifications for their labels in
many cases where they disagreed with the guideline author. This highlights that the task has a high
level of subjectivity that needs to be accounted for. In Table 2 we present some examples where
annotators' decisions completely mismatched.

Table 2. Examples of subjective texts. Texts are taken from the corpus. We added the comments at the time of
writing.

Subjective text The comment

Y MeHs TPACYTCS PYKH, KaK y TlocIie/iHero ankama | Does the user really have a trouble with an alcohol

(My hands are shaking like a drunkard's). or is it just a speech figure describing the fear or is
it perhaps physical health issue?

51 ObUT ML BUPTYaNbHEIM Jutst Heé (I was just a Some of the annotators recognized it was a

virtual person to her). reflection of relationship problems, some decided it
was not significant to be it.

BoT ObI KaX/IbIil Y€I0BEK, KOTOPBII Pa3pyILIHI Again, is it just a speech figure or does this person

MOIO MEHTAIIKy OILTAYMBaN ObI MHE CEaHC y really have problems with mental health?

ncuxonora (I wish every person who ruined my
mental state would pay for my therapy sessions).

3.3 Annotation Team Formation

We used two primary channels to find annotators. These are trusted professional contacts and
freelance platforms, aggregator platforms where clients post tasks and freelancers apply.

A total of eight annotators were recruited: three for the test set and five for the training set. All
annotators underwent the following onboarding steps:

1. Orientation meeting: Overview of the project, tasks, working conditions, and annotation
interface. Annotators could ask questions.

2. Training annotation: 100 pre-annotated examples from the internal team.
3. Feedback session: Discussion of training annotations and clarifications.

4. Rapid verification cycle: During the first iteration, every 500 annotations, an ML specialist
reviewed 30 newly labeled examples and provided feedback.

5. Training annotations were manually reviewed due to task-specific complexities.
Performance was evaluated at two levels:

o Correct examples: Cases where soft majority voting with the original annotation yielded a
non-empty class.
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e Acceptable examples: Correct examples plus annotator labels deemed valid by ML
specialists. That is because of task subjectivity.

The average correct example rate was 54.2%, and the acceptable rate was 73.5%. One freelancer,
achieving an 80% acceptable rate, was assigned to the test set. During rapid verification, the average
error count was 5 after the first check and 2 to 3 thereafter.

3.4 Data Sampling Schemes

Our goal was to annotate 50 thousand examples. To improve annotation efficiency and control class
distribution, we split this value into 5 iterations by 10 thousand, and further, each iteration was split
into 5 blocks (2 thousand examples). One block is one annotation task.

We apply different sampling schemes for each iteration. Sampling was based on pre-extracted
features. The sampling includes standard selection criteria and optional ones. The former applied to
each iteration in such a way that ensured the uniform distribution of basic statistics. The latter is
used to influence the resulting class distribution.

The standard criteria include:
¢ No foreign-language texts.
e Balanced text length distribution.
e Presence of first-person pronouns.
Optional criteria include:
¢ Predictions from a suicidal signal detection model [29].
e Subsets of emotion model predictions [30].
e Sentiment model predictions [31].
o Keyword sets.
o FEtc.

3.5 General Annotation Process
The annotation workflow for a single annotation block consisted of the following steps:

1. Data sampling: Examples are sampled from the corpus using an ML specialist-approved
scheme.

2. Data distribution: Samples are uploaded to Label Studio [32] and distributed across
annotators.

Initial screening: First-time annotators complete the Beck Depression Inventory (BDI).
Pre-annotation check: Annotators take an emotional well-being test.
Annotation: Annotators label the data.

Post-annotation check: Annotators retake the emotional well-being test. If it was their final
task, they also complete the BDI.

7. Debriefing: ML specialists hold meetings to discuss questions, suggestions, and emotional
venting—a simple psychological support method to alleviate stress.

8. Guideline adjustments: ML specialists revise the guidelines as needed.

L

3.6 Annotation verification

To ensure the quality of annotated data, it was necessary to develop a data verification process. It
was decided to conduct verification in parallel with the primary annotation, meaning that instead of

198



Bysnos U.0O., ScekoBa JI.B., Cepenko M.C., llkepena .H., ScekoB A.Jl., CouenxoB W.B. Meromonorus co3manust Gombumioro
PYCCKOSI3BIMHOr0 HabOpa JaHHBIX JUIsl 0OHAPYKCHHS IPECYHIHAAIBHBIX H QHTHCYHIIMAABHBIX CHTHAJIOB B TEKCTAX COLMABHBIX ceTell. Tpydsbl
HUCII PAH, 2025, tom 37 BB 6, wacts 2, ¢. 191-210.

checking the data post-annotation, the annotation of the control set was performed by the instruction
creators. This approach has the advantage of saving time, as the control set annotation is conducted
concurrently with the primary annotation. Given the subjective nature of the annotation, as noted
earlier, it is advisable to manually review mismatched examples obtained after comparing the
primary annotation and the control set to obtain a more accurate assessment. Thus, the verification
algorithm is described as follows:

1. From each annotation task, a subset of data is selected to form a control set.
2. The annotation of the control set is performed by the instruction creator.

3. If necessary, make adjustments to the instructions.
4

. Upon completion of the primary annotation, compare the data in the primary and control
sets.

5. If the number of mismatches exceeds a predefined threshold, conduct additional
verification of discrepancies between the annotator’s and verifier’s responses.

6. Ifthe number of mismatches still exceeds the threshold, perform an error analysis and return
the task to the annotator for revision.

7. If the number of mismatches does not exceed the threshold, the task is accepted.

Based on the review results, a meeting was held with the annotator to discuss the issues. Subsequent
checks showed that no further corrective meetings were required. Since the task is subjective and
involves a large number of classes, it was decided to evaluate not by specific classes but by signal
direction, of which there are three: anti-suicidal, pre-suicidal, and irrelevant. It was decided to adjust
the dataset based on model training results, while at this stage ensuring a clear separation into the
three main signals. Evaluating at this level allows for sufficiently clear class boundaries, as anti-
suicidal and pre-suicidal signals are opposites, and irrelevant signals are also clearly distinguishable
simply by contrast with the target signals.

Based on the conditions, experience with data annotation, and other studies [33] involving subjective
tasks, the acceptable mismatch threshold for control annotation was set at 15%. The number of
examples selected from each block (consisting of 2000 examples) was 185 (9.2%). This "uneven"
number was chosen during initial design when the certain degree of subjectivity was not yet known,
with provisions for alternative verification methods. A total of 5 verification tasks were annotated
for the test set and 25 tasks for the training set. Additionally, 2 tasks were completed to resolve
annotations in the test set where soft aggregation failed to assign class labels. The volume of one
task was 357 examples. The upper mismatch rate across all control tasks for the training set was
14.55%, and for the test set, it was 13.99%. Thus, both test sets met the established threshold.

3.7 The annotation correction process

After completion the annotation process, we started to analyze the whole dataset and experiment
with the models. Two main problems were found:

e Based on confusion matrix of presuicidal and anti-suicidal model we figure out that the
irrelevant texts heavily intertwine with significant part of the classes.

e The metrics of the anti-suicidal model was significantly lower compared to presuicidal
model.

Analysis of models revealed the sources of the first problem:

e The 3rd person rule violation — the texts where the signal is not related to the author should
be considered as irrelevant.
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v Example: «Ona cka3ai, 4To XOUeT IIOCKOpee CA0XHyTh yxe» (She said she wanted
to die quickly.)
e The relatively complex texts where the model is triggered by some lexical parts but actually
there is no clear definition of the signal.

v Example: «U TOBOPUTH YTO HACTOAIIUEC CTPaJaHHA TOJBKO CKPBITHIC OT BCEX - 3TO
KaK TOBOPHTH UTO T€, KTO PEalbHO XOYeT yMepeTh yke B rpoOy» (And to say that
real suffering is only hidden from everyone is like saying that those who really want
to die are already in their coffins.)

e The texts that have multiple classes.

v' Examples: «MHe HacTONBKO BCE 3TO HANOENO, S HE 3HAK, YTO MHE JEIATh, s
moctosiHHO aymaro o cmepti» (1'm so tired of all this, | don't know what to do, and
I keep thinking about death.)

e Errors in the annotation.

To find the examples that are dubious, we applied the dataset cartography technique [35]. On the
given map that is presented in Fig. 1, we can estimate the hard-to-learn region as a quadrant x < 0.4
and y < 0.4.

15000

1.0
> 10000
@
c
3 5000
0.8
0
0.0 0.5 1.0
confidence
0.6
w
v
c
W
©
=
c
=]
o
0.4
0
0.0 0.2 0.4
variability
30000
0.2
2 20000
@
c
3
10000
o
00| # l .
0 = i 5 .
0.0 0.1 0.2 0.3 0.4 0.5 1.00.20.80.40.60.0
variability correctness

Fig. 1. Data cartography for the exact presuicidal dataset.

The count class distribution of selected examples is shown in Table 3. As we can see, the top class
is an irrelevant class. Besides anti-suicidal signals that, as we know, have issues, the rest of the
classes are from the feeling group. This is not surprising, as the feelings interpretation is heavily
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subjective by nature. Thus, we decide to reannotate the whole irrelevant examples that don’t come
from the test set because the analysis shows that these examples are mostly correct but complex.

Table 3. The class distribution in hard-to-learn region.

Class name Count
Irrelevant 1,726
Anti-suicidal signal 992
Feelings/mental emptiness, depression, longing, sadness 860
Feelings/negative self-image, guilt, shame, worthlessness, self-flagellation 763
Feelings/helplessness, hopelessness, hopelessness, despair 710

The deep analysis of the anti-suicidal model reveals that there is too much noise in the annotation
that mainly comes from too abstract names of the classes. We decide to reassemble the class table
of anti-suicidal classes by the next procedure:

1. 20 examples per existed class are selected.

2. The main sense of each text is annotated by ML specialist. Each specialist forms his own
set of main senses.

3. The result sets are cast to the close set.
4. The two close sets are aligned to each other and grouped together.
5. The final set of groups becomes a new class table.

As an effect, several new classes are emerged saving almost all source classes but with clearer
semantic meaning.

Having the new class table, we reannotated the anti-suicidal dataset. Because of the limited budget
and time, the annotation was done by different schema. We decided to validate the annotators each
500 annotated examples by the batch of 50 texts. The threshold of the errors was 8 examples (15%).
All checked examples become a test part (10%), while rest of the examples become train (80%) and
validation parts (10%).

4. Dataset statistics

We collected 57,810 annotated examples in total. The presuicidal dataset consists of 38,406
examples, anti-suicidal dataset consists of 9702 examples, irrelevant examples are 9702 (not a
mistake). Table 4 and Table 5 show the top 5 counter distribution of presuicidal and anti-suicidal
dataset respectively. The final Krippendorf alpha for the test part of presuicidal dataset is 0.542. As
we mentioned earlier, the significant part of the dataset is a multilable examples. The ratio of such
examples is 0.261.

5. Experiments

In this section we present the results of the model learning on the final dataset. As we mentioned
earlier, the structure of the classes allows us to learn the model with different levels of granularity.
We hypothesize that with a high level of granularity the model will better capture the difference
between classes as semantic change will be clearer. Besides the plain granularity, one might explore
more complex schema where some classes are collapsed to a group and some classes rest as exact
labels. It’s useful if one might want to isolate some dubious classes to make the model more robust.
An example of such a group is feelings.

We show results for the RUBERT [36] model only, as it constantly shows better performance
compared to the RoBERTa [37] and DeBERTa [38] models.
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Table 4. The class distribution of anti-suicidal dataset.

Class name Count
Having positive social connections 1,650
Expression of love 1,384
Expression of happiness, joy, contentment 858
Positive self-assessment 595
Expression of love; Having positive social connections 486

Table 5. The class distribution of the presuicidal dataset.

Class name Count
Death/thoughts about death 4,205
Feelings/negative self-image, guilt, shame, worthlessness, self-flagellation 3,236
Problems in the outside world/unhappy love, problems with friends, difficulties in 2 602
building relationships '
Feelings/helplessness, hopelessness, hopelessness, despair 2,359
Feelings/mental emptiness, depression, longing, sadness 1,964

We do basic text processing like text lowering and removing all non-alpha symbols. We also remove
all multiclass examples for this experiment. The classes that have less than 100 examples were also
removed. We derived the datasets from the whole data that we named as the master dataset. That
means that irrelevant examples are shared across the presuicidal and anti-suicidal parts, while they
actually are different, as they were sampled by different sampling schema and were annotated
separately. So, the results might be biased. Table 6 shows the result performance on the different
granularity levels.

As for the presuicidal model we see, that exact granularity is significantly lower than group
granularity, and, on the other hand, the ternary model with irrelevant, anti-suicidal, and presuicidal
classes with the binary model (relevant and irrelevant) shows even better results. That supports our
hypothesis that the higher the level of classes, the better the model can distinguish them. We also
see that the group presuicidal model performs on par with the anti-suicidal dataset.

Table 6. The performance of the RUBERT on different dataset settings.

Model name Label_ Class Precision Recall F1-score
granularity count
. Group 8 0.65 0.65 0.65
Presuicidal

Exact 26 0.61 0.51 0.53
Anti-suicidal Exact 9 0.70 0.59 0.63
Al Binary 2 0.71 0.71 0.71
Ternary 3 0.71 0.69 0.70

The analysis of the errors reveals that the main problem is that the irrelevant texts are notably
intertwined with several classes. Manual investigation shows the same problems that were
highlighted in the annotation correction section above. Especially the problem of overlapping lexical
features and the 3rd rule violation.

6. Annotation instruction

Here we provide the annotation instruction translated into English along with the lists of presuicidal
and anti-suicidal signals. Due to space limitations, we omit the instruction part dedicated to the
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annotation interface as well as examples for each class. You can find the full version of the
instruction and class tables in our repository [6].

6.1 Introduction

You will be shown texts collected from various social networks. It is necessary to distribute them
according to the classification below. The annotation is needed to create a classifier that will make
it easier for volunteers to find people who are on the verge of suicide so that they can be consulted
and provided with assistance. Without exaggeration, we can say that by doing this work, you are
contributing to saving someone's life.

6.2 How to annotate

It is necessary to study the description of pre-suicidal signals — signs in the text that indicate a
possible suicide — by clicking on the [link to class table]. The description of anti-suicidal signals by
clicking on the [link to class table]. The latter reduces the likelihood of suicide.

Before you start marking, you need to complete two tests.

e The emotional well-being test is completed before and after each marking block.

e The Beck Depression Scale is completed before starting all tasks and at the end of all tasks.
(The instruction of interacting with Label Studio is omitted)

6.3 Annotation principles

1. Despite data cleaning, you may encounter texts that violate the laws of the Russian
Federation. We are not responsible for such texts, as they were collected from social
networks. You may notify us if you come across a text that violates Russian laws via the
feedback form (or messenger).

2. The content of the text must relate to the author. The text should contain first-person
personal and/or possessive pronouns (I, we, my, our, me, us). For example:

a. “I want to escape from this oppressive outside world into myself,”

b. “Well of course I am loved, but what’s the point of being with someone who isn’t.”

Or other speech patterns that indicate the content refers to the author. For example, “and a
month later you write, ‘Kostya, I’m sorry, I met someone else, I truly love him”” — it can
be said that the author received such a message. If a person talks about someone else, this
information is irrelevant. Examples of irrelevant texts:

C. “A person needs another person, or a chocolate with tea is fine too” — it cannot be
determined that the author needs chocolate and tea.

d. “Oh, Atsumu really wanted to yell at his brother, to vent his emotions and find out,
to ask about all the feelings between them, and not +” — this is about a character.

e. “Everyone has something that is most important to them.” — this refers to an abstract
group of people.

f. “She’s all dressed up with earrings and eyeshadow FOR BREAKFAST, and her
husband of course looks like a water balloon that you don’t throw away for at least
three years.” — this refers to third parties.

3. Messages in a foreign language should be marked as unrelated to suicide.

4. You must not attempt to interpret texts in any way, for example, assuming that the person
wrote the text to attract attention. You must judge strictly according to the class
descriptions. It is also not allowed to assess texts based on perceived context. Example:
“but I didn’t know how or what — all my plans for the future were connected with him, in
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fact everything was connected with him — favorite books, favorite music.” Someone might
think the author is describing negative relationships, because instinctively, if someone talks
about their relationship this way, it probably ended badly. However, the text does not
directly state whether the relationship ended, or whether it was bad at all.

If a signal is described as having happened in the past, it should also be labeled. However,
for classes related to feelings, this principle applies weakly.

If you feel emotionally distressed or it becomes difficult for you to continue the task, you
should stop immediately.

The texts may have unpleasant subjects; try not to annotate them right before sleep.

To clarify disease codes in the format F{number}.{number}, use this link to ICD-10:
https://mkb-10.com/

If there is one clear class and it’s unclear whether another class is present (especially
common in short texts), do not try to look for it or spend time on it.

6.4 Specific points for dataset annotation

1.

If there is an example describing a breakup, and it is not clear whether it is about a husband
and wife, you should assign the class “External world problems/Unhappy love, problems
with friends, difficulties building relationships”

If, due to some comparison, allusion, metaphor, etc., you cannot clearly determine the class,
you should assign the irrelevant class. Example: “God, I must have been Commander
Shepard in a past life, given how lucky I am with people in this one.”

6.5 List of classes

6.5.1 List of presuisidal classes
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1.

Clinical manifestations/Depression — this class includes texts with facts or mentions of the
diagnosis "depression”, as well as symptoms of depression.

Clinical manifestations/Insomnia — a condition that prevents a person from falling asleep.

Clinical manifestations/Eating disorder (ED) — a range of behavioral syndromes associated
with disruption of the eating process.

Clinical manifestations/Fatigue, stress, resource depletion — manifestations of physical
and/or emotional fatigue, stress, and a state of exhaustion of physical and/or emotional
resources.

Clinical manifestations/Anxiety, fear, phobias, obsessive thoughts — anxiety is a negative
emotional state, expectation of trouble, impending danger, or unfavorable events,
disproportionate to the actual situation, as well as sensations of fear and worry.

Clinical manifestations/Other mental disorders — this class includes texts mentioning any
mental disorders not specified in the current list.

Clinical manifestations/Physical illnesses, disability — texts mentioning physical illnesses,
injuries, or disability fall into this class.

Clinical manifestations/Past suicide attempt — this class includes texts mentioning suicide
attempts in the past.

Clinical manifestations/Crying, hysterics — this class includes texts describing crying, tears,
sobbing, hysterics, etc. (do not confuse with tearfulness).

10. Destructive behavior/Self-harm — this class reflects behaviors and thoughts related to self-

harm, cutting, or inflicting physical pain on oneself.
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11. Destructive behavior/Alcohol and drugs — problems and behaviors associated with alcohol,
drugs, or other psychoactive substance abuse.

12. Destructive behavior/Problems with the law, discipline — facts from the past or present
related to problems with the law or discipline.

13. Family problems/Bullying, physical abuse — this class includes all types of physical
violence within the family and at home.

14. Family problems/Sexualized violence — events in the family environment related to
sexualized violence.

15. Family problems/Family breakdown — facts related to the breakdown of the family in any
form.

16. Family problems/Difficult relationships with relatives — in this class, we are interested in
emotional relationship difficulties (not physical violence).

17. Family problems/Pregnancy difficulties, abortion, miscarriage — this class includes texts
mentioning problems related to childbirth or pregnancy.

18. External world problems/Bullying, physical abuse — events at school, among peers, at work,
or outside the home, related to bullying, emotional and physical humiliation, or violence.

19. External world problems/Sexualized violence — events at school, among peers, at work, or
outside the home, related to sexualized violence.

20. External world problems/Unhappy love, problems with friends, difficulties building
relationships — negative emotional states and feelings associated with situations of unhappy
or unrequited love, as well as problems in friendships.

21. Death/Death, accident or suicide of loved ones — loss, death, or suicide of family members
or close people, including friends.

22. Death/Thoughts about death — permissive attitudes and thoughts about suicidal behavior.

23. Death/Suicidal intentions — messages containing a concrete plan of action. Differs from
"desire to die" in the declaration of actions.

24. Feelings/Helplessness, hopelessness, despair — negative emotional states, beliefs, and
situations associated with feelings of helplessness and hopelessness.

25. Feelings/Negative self-perception, guilt, shame, worthlessness, self-blame — negative
emotional states, beliefs, and situations associated with negative self-perception, feelings
of guilt, shame, or worthlessness.

26. Feelings/Loneliness, misunderstanding, isolation, abandonment — negative emotional
states, beliefs, and situations associated with feelings of loneliness, sadness, resentment,
misunderstanding, etc.

27. Feelings/Aggression, anger, resentment, rage, irritability, jealousy, injustice — expression
of aggression, anger, protest, rage, and other active negative emotions.

28. Feelings/Emotional suffering, emptiness, depression, melancholy, sadness — this class
includes texts mentioning emotional suffering (without specifics), pain (if not in the context
of physical pain), the feeling that "everything is bad", etc.

29. Other/Destructive attitudes — this class includes worldviews such as fearlessness of death,
devaluation of life, reflections on the futility of life.

30. Other/Stalking — stalking is when a person is obsessively pursued. An ex-boyfriend or
girlfriend, a rejected admirer, or even a stranger may wait at the entrance, watch, ambush
at work, write letters, call persistently and systematically on personal or even work phones,
send gifts — all these are manifestations of stalking.
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31. Other/Problems with career choice and realization — this class includes texts mentioning

forced dismissal, unemployment, long unsuccessful job searches, dissatisfaction with
current job, or inability to find oneself in a profession.

32. Other/Money problems (poverty, debts) — temporary or permanent situations with debts,

poverty, or destitution.

33. Other/Imitating an idol in suicidal behavior — this class includes texts expressing sympathy

or imitation of friends, book or film characters with suicidal themes, as well as imitating an
idol or public figure in suicide.

6.5.2 List of antisuisidal classes

1.

Protective factors/Expression of love — this class reflects the expression of feelings of love,
infatuation, and affection towards someone. This class includes texts containing such
expressions.

Protective factors/Presence of positive social connections — this class reflects the presence
of positive connections and relationships in the author’s life.

Protective factors/Help-seeking — this class reflects the author’s search for or request for
help.

Protective factors/Desire for love and relationships — this class reflects the author’s desire,
need, search, or aspiration for love and warm relationships.

Protective factors/Positive self-esteem — this class reflects positive self-perception and high
self-esteem of the author. It is the opposite of the "Negative self-perception” class from the
presuicidal map.

Protective factors/Positive beliefs — this class reflects positive attitudes and beliefs of the
author. It is the opposite of the "Negative beliefs" class from the presuicidal map.

. Protective factors/Pursuit of happiness and joy — this class reflects the desire for, search for,

and aspiration to happiness and joy.
Protective factors/Material desires — this class reflects material needs and desires.

Protective factors/Presence of goals, plans for the future, favorite activity — this class
reflects the presence of goals, plans for the future, favorite activities, and is associated with
some kind of activity and/or actions.

10. Protective factors/Expression of happiness, joy, satisfaction — this class reflects feelings of

happiness, joy, and satisfaction.

11. Protective factors/Positive dynamics — this class reflects positive dynamics and progress in

the author’s emotional and/or physical state.

12. Protective factors/Supportive states and situations — this class reflects supportive states,

rituals, actions, and skills of the author.

7. Conclusion

In this work we show the developed methodology of creating the large-scale dataset for detecting
presuicidal and anti-suicidal signals in social media texts. By using this methodology, we collect the
dataset of more than 50 thousand examples. Our experiments, despite being basic, show a promising
performance level of classification models. We also find typical problems raised during the
annotation and model training.

In future work we plan to deal with the annotation problem of interfering irrelevant class with
relevant ones. We also want to investigate the subjectivity feature of the dataset because it
significantly influences the annotation process, leading to confused annotation. Also, we would like
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to

explore the power of LLM for classification and annotation purposes. Furthermore, the

augmentation strategies can be explored to give the model more examples of the 3rd rule. The same
goes for overlapping lexica.
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IbTEPHATUBHBIC aJUISNIM, CHIKas 4YHCIO OWNIMOOK B YKa3aHHBIX perumoHax. Ilpm stom Tpebyemble
BEIYHCIIUTENBHBIE PECYPCHl OCTAIOTCS HAa MPHEMIIEMOM YPOBHE, UTO JeNaeT peIleHHe NPHMEHNMBIM B
craHaapTHEIX WGS-naiituiaitHax 6e3 CymecTBEHHOTO yBeNHueHHs1 Harpy3ku. CKOpocTh paboTHI adropuTMa
CONOCTaBMMa C TPAJUIUOHHBIMH PEIICHUSIMH, YTO YIPOMIAeT €ro WHTETPAlMi0 B CYIIECTBYIOIINE
aHAINTUYECKHEe TPOTrpaMMHBIe KOoHBelephl. [IpakThdeckas HEHHOCTh METOZAA 3aKIIOYaeTCs B YIydIICHHH
TOYHOCTH BBIPaBHHMBAHUS, YTO HANPSAMYIO BJIMSET Ha KaueCTBO MOCIEAYIONIIEr0 OOHApyKEHHsl BapHaHTOB U
JIpyrux aHanu3oB. IIpeanaraemblil moaxoJ| cioco0eH CirykuTh 3G(EeKTUBHON albTEePHATHBONH COBPEMEHHBIM
rpadoBBIM MeTOJaM BBIPABHHBAHWs, OOECIIEUMBAsi COIIOCTABUMOE IIOBBIIICHHE KadyecTBa pPe3yJbTaToB
BBIPaBHHMBAHUS NP MEHBIIEH CIOXKHOCTH peanu3anuu. [IepcrieKTUBBI NajabHEHIIero pa3BUTHS BKIIOYAIOT
ONTHMH3AIMIO TIPOU3BOJUTENBHOCTH AITOPUTMA, pACIIMPEHHe Habopa YYUTHIBAEMBIX T'eHETHYECKHX
BapUaHTOB U MPOBEACHNE YTIIyOJICHHOTO CPaBHEHUS C APYTMMH MHCTPYMEHTaMH. JTH IIard IPHU3BAHEI eIle
Gonee TOBBICUTH 3(P(HEKTUBHOCT M HAJEKHOCTh METOJA, YKPEIUIs €ro 3HAaYUMOCTb JUIS NPAKTHIECKOTO
TIPUMEHEHHS B TCHOMHKE.

KiiioueBble ¢JI0Ba: BBIPABHUBAHWE KOPOTKAX IPOYTEHWMH; WHIENbI, aJbTEPHATUBHBIE KOHTUIH,
npeoOpa3oBaHie KOOPAHHAT; ONpe/eICHHEe BAPUAHTOB.
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Abstract. We present a novel method for aligning reads in whole-genome sequencing (WGS), aimed at
improving alignment accuracy and the practical efficiency of this stage of genomic analysis. Unlike graph-
based approaches, the proposed algorithm directly integrates knowledge of known genetic variants into the
alignment process, enabling more accurate mapping of reads to the reference genome without constructing
complex graph structures. The method has demonstrated high effectiveness on real sequencing data: we
observed a consistent improvement in read alignment quality in highly variable and difficult-to-map regions of
the genome. In particular, using variant information allows more precise alignment of reads that contain
alternative alleles, reducing the number of mapping errors in these regions. At the same time, the required
computational resources remain at an acceptable level, making this solution applicable in standard WGS
pipelines without a significant increase in workload. The alignment speed of the algorithm is comparable to
traditional  solutions, which facilitates its integration into existing analytical pipelines.
The practical value of the method lies in the improved alignment accuracy, which directly affects the quality of
downstream variant calling and other analyses. The proposed approach can serve as an effective alternative to
current graph-based alignment methods, providing comparable improvements in alignment quality with lower
complexity of implementation. Future work will include optimizing the algorithm’s performance, expanding
the set of genetic variants accounted for, and conducting in-depth comparisons with other tools. These steps are
intended to further increase the method’s efficiency and reliability, reinforcing its significance for practical use
in genomics.
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1. BeedeHue

CoBpeMeHHbIE TEXHOJIOTHH CEKBCHUPOBAHMUS TCHOMOB CTAHOBSITCS BCE JICIIEBIIE M JJOCTYITHEE, YTO
MIPUBOIMT K MEPEXOAY OT CEKBEHHPOBAHMUS OTAEIBHBIX T€HOMOB K MAacCOBOMY CEKBEHHPOBAHHIO
momymsiuid. Spkum mpumepom siBisietcss npoekt UK Biobank 1o cexkBeHHpOBaHMIO TEHOMOB
xuteneil BeankoOpuTaHuy, B paMKax KOTOPOT'O YK€ IOJIyYeHBI COTHH THICSY ITOJHBIX T'€HOMOB
BMECTe C KIMHMYECKMMH JaHHbIMU [l]. HakoruleHme naHHBIX MaccoBOTO CEKBEHHPOBAHHS
MOPOANIIO O0IIMPHBIE 0a3bl H3BECTHBIX F'EHETUUECKUX BAPUAHTOB YeJIoBeKa, Takue kak 6aza Human
Pangenome Reference Consortium (HPRC) [2], coaepskaiuasi COTHH pa3JIM4HBIX TalUIOTUIIOB JUIS
6oJee TOTHOTO 0XBaTa TeHEeTHUecKoro pasHoodpasus. K anm npumsikaet u mpoekt 1000 Genomes
[3], craBmmii mepBoi MacmTaOHOW WHHUIMATABOM TI0 CHCTEMAaTHYECKOMY  KaTalloTy
pacipoCTpaHeHHBIX BapHAHTOB B Pa3HbIX MOMYJSIMAX M 3aJ0XKUBIIUA METOJOJIOTHYECKUE U
pecypcHbIE OCHOBBI JIJIsl TIOCIEIYIOIINX MAHIEHOMHBIX 3TAJIOHOB. Mcrosib30BaHie HHPOPMAIMU O
paHee M3BECTHBIX BapHaHTaX T€HOMAa KOHKPETHOW NOIYJSIHMHA OTKPBHIBAET BO3MOXKHOCTH IS
yirydqmeHns: OMOMH(OPMATHUECKUX METOJIOB aHalINW3a, B YaCTHOCTH METOJOB BBIPAaBHHBAHUS
MPOYTEHHI 1 OUCKA BApUAHTOB.

[Monnoe cexBennposanue reroma (Whole Genome Sequencing, WGS) ¢ npumeHeHnEM TEXHOIOTHH
Next-Generation Sequencing (NGS) remepupyer orpomHsie 00beMbl KOpoTkux ¢pparmentos JJTHK
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— KOPOTKHX MpPOYTEHWH, OOBIYHO IMHOHN Topsaka 150 map ocHoBaHwmid. BeipaBHHBaHWE ITHUX
MPOYTEHUH Ha pe)epPEHCHBIN I'EHOM SABIIAETCS OHIM U3 CAMBIX TJIaBHBIX 9TAIIOB aHAJIN3a TCHOMHBIX
nauubix. 1lupoko wucmonb3yercs AByXmmarosbiii momxon (seed-and-extend), mpu koTopoM u
pedepeHc, U nmpoyTeHHsl pa3dMBArOTCS Ha KOPOTKUE IOAINOCIEAOBATENLHOCTH (CHUABI), HIIYTCS
COBIIAJIAFONIHE IKOPHBIE YYACTKH, BHICTPAUBAIOTCS LIETIOYKH SIKOPEH, a 3aTeM BBINOJIHSIETCS TOYHOE
BBIPABHUBAHUE aJITOPUTMOM, HanpuMmep, Cmura—Batepmana ninn Hunnmmana—Bynina. [TomynsipHbrii
MHCTPYMEHT BBIpaBHHUBaHUS minimap2 [4] peanusyer 6muskyro cxemy (Seed-chain-align): mocme
MIOMCKA CHJIOB CTPOUTCS 1IENI0YKa KOJUTMHEapHbIX sKopeit (anchors), n y)ke BOJIb Hee BBITOIHSIETCS
TOYHOE BBIPABHMBaHHE; MpPU OTOM pedepeHc HHISKCHpYeTCs 110 MHUHHMHUMai3epaM ¢
HCIIOJIb30BaHUEM XEII-CTPYKTYPHI, COTIOCTABIISIOIEH MUHUMA3epsl X MO3UIMAM B pedepeHce.
bnaromapst MuHMMaii3epaM Takoil MHIEKC MO3BOJSAET OBICTPO HAXOAWUTH COOTBETCTBHS MEXIY
NPOYTEHUSIMH U peepeHCOM B MacIITabax BCero reHoma.

OnHako HaIMYHE TEHETHYECKNX BAPHAHTOB B CEKBEHUPYEMOM T'€HOME 3aTPyJHSET BHIPAaBHUBAHHE
KOPOTKHX MPOYTEHUH Ha THHEHHBIH pedepenc. Ecmu npouteHnii coepXUT HHACTH (BCTaBKY WIH
JETIEIUI0 OTHOCUTENHHO pedepeHca) Witk Ipyroi BapuaHT, Ka4eCTBO €TI0 BHIPAaBHUBAHMS CHIDKACTCS
— Merpuka MAPQ 3ameTHo nmanaet. B psne ciyyaeB Takue NpoYTEHUI BOBCE HE BBIPABHUBAIOTCS B
BEpHOE TIOJIOXKEHHE, YTO IPHBOAUT K MOTEPSHHBIM (JTOKHO-HETAaTUBHBIM) BapHaHTaM IIPH
MIOCJICTYIOIIIEM BBI30BE BapHAHTOB. MI3BeCTHO, YTO Oo0Jiee NBYX TpeTeH CTPYKTYpPHBIX BapHaHTOB
(SV) He o0OHapyXHBaJIMCh TIPU aHAJIN3€ JAHHBIX KOPOTKHUX MPOUYTEHUI MMEHHO W3-3a OTCYTCTBUSA
IBTEPHATHBHBIX aJljIeJiedl B MCIOJIb3yeMOM pedepeHcHOM reHome. [IpoOnemMbl BO3HHKAIOT U B
CJIOXKHBIX PErHOHaX reHoMa (HanpuMep, MOBTOPax), Ie CTaHJapTHbIC ATOPUTMbI BHIPABHHBAHHMS
KOPOTKUX MNPOYTEHHH pabOTaloT HEAOCTaTOuYHO TO4YHO [5]. Bce 3TO omumchiBaeT mHposiBICHUE
CMELICHHsS OTHOCHTENIFHO pedepeHca, MPH KOTOPOM IOCIEIOBATEIbHOCTH, OTJIMYAIOIIHECs OT
pedepeHca, BEIpaBHUBAIOTCS XyXKeE.

OnHuM ®W3 MyTed pelieHUs MpoOJIeMBbl SIBISCTCS MEPEXOi OT JHMHEHHOro pedepeHca K
MaHI€HOMHOMY pedepeHcy WM rpady TreHOMa, YYMTHIBAIOLIEMY W3BECTHBIE BapHAHTHL
IMoctpoenne rpadoBoit Momenmn pedepeHca (genome graph) mMO3BOISAET TPEACTABUTH
QIPTEPHATHBHBIC AUIEIM W WHJEIN B BHJE AIBTEPHATHBHBIX IyTe M y31oB rpada. I'padossie
BEIpaBHUBaTenn (Hanpumep, VG Giraffe [6]) nemoHcTpupyroT Ooliee BBEICOKYIO TOYHOCTH B
MEpEeMEHHBIX PErHOHaxX IeHOMa I10 CPAaBHEHHUIO C BHIpPABHMBAaHWEM Ha JIMHEHHBIM 3TanoH. Tak,
koHcopuuyM HPRC HenaBHO mpencTaBWII MEPBEI YepHOBOM MAHTEHOMHBIA pedepeHC YeloBeKa,
BKITIOYaronii 47 (a3supoBaHHBIX JAUIUIOMIHBIX COOPOK IeHOMa, MT00aBUB OKOJIO 119 MIIITHOHOB
Tap OCHOBAaHHUH HOBBIX MOCJIEIOBATENBHOCTEH U 3HAYUTEIBHO MOBHICUB BBIIBICHHE CTPYKTYPHBIX
BapHaHTOB. VICIONB30BaHME 3TOr0 MAHI€HOMA MpPU aHaJIW3e KOPOTKHX NPOYTEHUH IMO3BOJIHIO
COKpaTUTh OIIMOKK OOHapyXEHHs BapUaHTOB M YBEIMYUTH YKCIIO BBISBISIEMBIX CTPYKTYPHBIX
BapUaHTOB 110 CPAaBHEHHUIO C TPAJULUMOHHBIM TpouneccoM Ha ocHoBe GRCh38. OnmHako mosHbie
rpadoBble pelIeHHs] OCTAIOTCSl CIIOKHBIMU BBIYMCIMTENILHO: MOCTPOCHUE W XPAaHEHHE HHJEKCa
naHreHomMa TpeOyeT OOJbIIMX OOBEMOB MaMATH M BpPEMEHH. IJTO CTUMYJIUPYET IOHCK
KOMITPOMHCCHBIX TIO/IXO/IOB, COYETAIOIMX CKOPOCTh JIMHEHHOTO BBIPABHHUBAHHS C Y4YETOM
W3BECTHBIX BapUAHTOB.

OmuH M3 TakWX TIOJXONOB — HCIIOJIb30BAHUE pPacCHIMPEHHOTO JIMHEHHOTO pedepeHca c
QIPTEPHATHUBHBIMU KOHTHUTAMH, COJEPXAIIMMH H3BecTHble BapuaHThl. Eme npoekt GRCh38
BKJIIOYAJI aJIbTEPHATHBHBIC KOHTHUTH JUISl CIIO’KHBIX PETMOHOB, 8 COBPEMEHHBIE METOIbI Pa3BUBAIOT
9Ty WAEI0 Ha ypPOBHE MOMYJISALMOHHBIX JaHHBIX. Hampumep, B HpONpHUETapHOM HHCTPYMEHTE
[llumina DRAGEN peanu3oBana MyJabTUT€HOMHAsl KapTa: K OCHOBHOMY pedepeHcy J00aBIeHbI
JIOTIOJTHUTENBHBIE TOCIIEIOBATEILHOCTH — (PparMeHThl TaIUIOTHIIOB M3 pasHbIX NOMyisiuui [7].
[IpodteHust BEIpaBHUBAIOTCS OAHOBPEMEHHO Ha OCHOBHOH pedepeHc W Ha 3TH anbTepHATHBHEIC
KOHTHTH, CBSI3aHHBIE C HUM dYepe3 3apaHee PacCUNTaHHBIE COOTBETCTBUS (JIH(TOBEp-IETIOUKH).
[lanee BBIpaBHMBAaHUS OIICHMWBAIOTCS TPYINIAMH: €CITH MPOYTCHHWE Jy4llle BBIPOBHSUICS Ha
AJIbTEPHATHBHBIA KOHTHT, 9TO BBIPABHHBAHHE CTAHOBUTCS OCHOBHBIM, HO MO3HLMUS IPOYTEHUH BCE
PaBHO TEPEBOIUTCS Ha KOOPAMHATHI OCHOBHOTO pedepeHca, u B utoroBoM SAM/BAM daiine

213



Koltunov N.A., Guguchkin E.P., Karpulevich E.A. Optimization of short reads alignment with indels in whole-genome sequencing. Trudy
ISP RAN/Proc. ISP RAS, vol. 37, issue 6, part 2, 2025. pp. 211-222.

YKa3bIBaeTCs CTAaHIAPTHBIA XPOMOCOMHBIH pedepeHc. Takum o00pa3oMm, BHENIHE Mpoiecc He
OTIMYAETCsA OT KIACCHYECKOTo (BCe KOOPAMHATHI B MPHUBBIYHOI COOpKE), a BHYTPEHHSS TOYHOCTD
BBIPAaBHUBAHUS TTOBBIIIACTCS 3a CUET HCIONB30BAHUS HHPOPMAIUX O MOMYIAIHOHHBIX BAPHAHTaX.
Iloxa3ano, uro Takoit ALT-opueHTHpOBaHHBII NOAXOJX 3aMETHO YIydllaeT TOYHOCTh
BBIPABHUBAHUS B CJIOKHBIX 00JIACTSIX M CHUIKACT YHCIIO OIIMOOK B BbI30Be SNP 1 HHIEOB.

B manHO# paboTte mpeniokeH HOBBIH METO[| YIIy4YIICHU BEIPAaBHUBAHUS KOPOTKUX MPOUYTCHHH 3a
cuer MoauduKanuu pedepeHCHOW IMOCIeqOBAaTEIbHOCTH JJIsl WHCTPYMEHTa BBIpaBHUBAHUS
minimap2. B oTinuyne oT MoJHOIEHHBIX IpadoBBIX PELICHUH, HAIl OAX0A COXPaHsET JIMHEHHYIO
CTPYKTYpY pedepeHca, HO JONOJHAET €ro KOHTUraMH C WHJIENSMH, OTPa)KAIOIIMMU H3BECTHBIC
BapuanTtel. [lo cytH, pedepeHc oboramaercsi ajJbTEpPHATUBHBIMU ITyTSAMH JUIsS ITIPOYTCHUH,
colepXalliX BCTAaBKM MM JeJCLUH, XapakTepHble M JaHHOM mnonymsuuu. Ilocne
WHJICKCUPOBaHMS TaKOM pacIuMpeHHOW 0a3bl B minimap2, MpPOYTEHUs BBIPABHUBAIOTCS
CTaHAAPTHBIM 00pa3oM — Haubosee MoaXOAAIINe KaHIUAATHI Ul BEIpaBHUBAHUSA OyAyT HaiJICHBI
JTa’Ke eCIIM OHM COJEpIKaT BapHAHTHI, IIPEJCTABICHHbIC HA HOOABICHHBIX KOHTUTaX. MIHCTpyMEHT
LevioSAM2 [8] 3aTeM Hcmonb3yeTcs I IpeoOdpazoBaHus KOOpaAuHAT (¢ TOBEpa) IMOITyIeHHBIX
BBIPABHUBAHWII: BCE TIO3UIMM MPOYTCHUH, BHIPOBHEHHBIX Ha J100aBJICHHBIC KOHTHIH,
aBTOMAaTHUYECKH IEPECUUTHIBAIOTCS B KOOPAMHATHI OpPHTMHAIBHOTO pedepeHca. B pesymbrate
BBIPABHUBAHMUS U MOCIEAYIOIUI MOUCK BAPHAHTOB OCYIIECTBIISIOTCS OTHOCHTENBHO CTaHAAPTHOU
IIOCJIEZIOBATEILHOCTH, HO C MOBBIIIEHHOW TOYHOCTHIO. IIpeanmaraeMblii MOAXOX IO3BOJIIET
YMEHBLIUTh YHCIIO JIOKHO HE OOHapYKEHHBIX T'€HETHUECKHX BapUaHTOB (OCOOEHHO HMHEJeH) U
MIOBBICUTH Ka4eCTBO BBIPAaBHUBAHUSA 0€3 CYIIECTBEHHOTO yBEIHMUCHHS BBIYUCIUTEIBHOM Harpy3Ku.
TakuM 00pa3oM, Halll METOJ| MOXKET PacCMaTPUBATBLCS KaK albTepHATHBA IpadOBBIM METOAUKAM
IIPpU aHaJM3e TEeHOMHBIX [aHHBIX YeJOoBeKa (M IOTCHUMANIbHO JAPYTMX BHAOB), coyeTas
MPENMYIIECTBA YUeTa N3BECTHBIX BapHallii TCHOMA C IIPOCTOTOH M OBICTPOAECHCTBHEM JIMHEHHOTO
BBIPAaBHUBAHUS.

2. Mamepuanbi u MemoObI uccriedo8aHus

2.1 BblpaBHMBaHUe KOPOTKMX NPOYTEHUM C NOMOLbIO minimap2

Jlis BEIpaBHUBAHMS MPOYTSHUN IPUMEHSIICS HHCTPYMEHT minimap?2 (Bepcus 2.30). OH peanusyer
CTaHOapTHBIA anroput™ Tthma seed—chain—align, MmMpoko WCHONB3yeMbId B HOJHOT€HOMHBIX
MHCTpyMEHTaxX BhIpaBHUBaHUs. Ha sTane mHnexcupoBaHus pedepeHCHBI TeHOM pa3OuBaeTcs Ha
KOopoTkue k-Mepbl, M3 KOTOPBIX OTOMPAIOTCS MHHHUMaW3epbl — HauOoliee JeKCHKorpaduuecku
MaJlple TIOJICTPOKM B CKOJIB3SIIIEM OKHE (DMKCHPOBAaHHOH JMHBL Minimap2 coOupaer Takue
MHUHHMan3epbl pedepeHca 1 COXpaHsIeT UX B XelI-HHIEKCe: KII0YOM CIY)KUT Xell MUHUMaii3epa, a
3HaYeHHEM — KOHKaTeHHPOBAHHBIM CIHMCOK MO3UIMHA JaHHOTO MHUHHMAai3epa B reHoMe. 3a CYeT
MHHHIMan3epoB pa3Mep HHIEKCa CYIIECTBEHHO yMEHbIIAeTCs 0€3 IOTepPH 4yBCTBUTEILHOCTH.

Jlanee xaxxaoe BXOJHOE 4TeHHME 0OpadaThIBaeTcsi CleqyrolmuM oOpa3oMm. Minimap2 BeIMHCISET
MUHHMai3epsl ¥ ATl IPOYTEHNUS, 3aTeM C IMOMOIIBIO MHIAEKCA OBICTPO HAXOJHUT BCE COBIAJAIOIIUE
MO3UIMK 3THX MHUHHUMal3epoB Ha pedepeHce. DTH COBIAJEHHs CyXaT sikopsiMu (anchors) s
IIpeaBapuUTEILHOTO BEIpaBHUBaHUSA. Ha ocHOBEe Habopa SKOPHBIX COBIAACHUN BBITIOJIHACTCS MONUCK
MaKCUMallbHO JUIMHHOM LENOYKH KOJUIMHEApHBIX SKOpPeH — TO €CTh MOCIEJOBaTeIIbHOCTU
COBITQJICHUH, PACIOJIOKEHHBIX Ha TPOYTEHHH W B T'€HOME B OJHOM M TOM JKe mopsjke (6e3
HapyILIEHNUs] OTHOCUTEIBLHOTO PACIIONIOKEHHST). DTO MO3BOISET OMPEAETUTh IPUMEPHOE MOJIOKEHHE
CErMEeHTa MPOYTEHUS Ha TEHOME, JJaXKe €CITU MEKIY IKOPSIMHU UMEIOTCSI pa3pbIBbI M3-3a HH/ECIIOB WU
JIpyrux BapuaHTtoB. [l HalileHHOW LEmoYkM minimap2 BBIIOJHSAET TOYHOE BBIPABHUBAHUE
MIPOYTEHNsI Ha COOTBETCTBYIOIIUI Y4acTOK pedepeHca, HCHONb3ys alITrOPHUTM IHHAMHUYECKOTO
nporpaMMmupoBanus (peanm3oBan B OuOmmotexke KSW2). B pesymbrate dopmupyercs
okoH4arenbHOe  BhIpaBHMBaHHE ¢ CIGAR-cTpoko#i, oTpakaromeil COBMAJaOIIHe |
HecoBMajatoniie 0a3pl, BCTaBKA W fenenuu. Ecim Ui OZHOTO MpoYTEeHHs OOHapyKHUBaeTcs
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HECKOJIBKO IIOYTH pPAaBHBIX II0 KAdecTBY LENOYeK, HWHCTPYMEHT BBIBOIWUT QJIbTEPHATHBHBIC
(BTOpHYHBIE) BBHIpABHMBaHHA C NOHMWKEHHbIM MAPQ. Opnako B 0o0meM ciiydae minimap?2
BBIOMpAET OJTHO HamTyyilee (TIEpBUYHOE) BEIPAaBHUBAHUE ISl KAXKAOTO IPOUYTEHHSI.

Minimap2 n3Ha4ajabHO pa3padoTaH i AIHHHBIX YTCHHH, HO BKITIOYAET W PEXHUM IS KOPOTKUX
TPOUTEHHIA (ITapaMeTpsl -X st 1 mapameTpsl -K27 -w14), KoTopsIil ObIIIM MCIIOIB30BAHBI B HAIITHX
9KCIIepIMEHTax. B 3TOM pexxuMme mapaMeTpbl HHACKCUPOBAHUS W BBHIPABHUBAHHS aJallTHPOBAHBI
noA JUIMHY yTeHui ~150 nmap ocHoBanuii (“OykB” u3 MHOxecTBa A, C, T, G), 4TO COOTBETCTBYET
TUIINYHBIM JIAaHHBIM CcekBeHHMpoBaHus 1uatdopm Illumina (mapuble mnpoutenHus 2x150 map
OocHOBaHMH). Bce mpouTeHust B TECTOBBIX HaOOpax NaHHBIX MMEH CTaHAapTHYIo JumHy 150 map
OCHOBAaHMH W BBIPAaBHMBAINCh Ha pedepeHcHbIi reHoMm uenoBeka (coopka GRCh38) ¢
UCIIOJIb30BaHUEM ONMCAHHOTO alnropuT™a. JIsi OlleHKH HOBOT'O T0/IX0/1a MBI CPAaBHHBAJIN Ka4yeCTBO
BBIPAaBHUBAHUS Minimap2 B 00BIYHOM pexkuMe (JIMHEHHBIN pe)epeHc) 1 ¢ y4eTOM JAOIOIHUTENbHBIX
HOCTIeI0BATEIBHOCTEH, KaK OIMCAHO HIDKE.

2.2 BbipaBHMBaHME KOPOTKUX NPOYTEHUN C MOMOLLLIO minimap2

B pamkax npennmaraemMoro noaxoaa peepeHcHas I0CIeA0BaTeIbHOCTh OblIa paclIUpeHa 3a CU4eT
J00aBIEeHNS ATbTEPHATUBHBIX KOHTHIOB, COAEPIKALINX U3BECTHBIC BapHaHTHbIE ajuieni. B kadecTse
HCTOYHHKA BaPHAHTOB UCIIOJIb30BaHa HH(opMmarust nanreroMHo# 6a3sl HPRC (Human Pangenome
Reference Consortium), B KOTOpO#l HAKOIUIEHBI PA3IMYHBIE AJUICIH, OTCYTCTBYIOLIHNE B IMHEHHOM
pedeperce GRCh38. MbI CKOHIIEHTPHPOBAIICH Ha MHCEPIHMAX U IENEIUIX (MHACSIX) — BApHaHTaX
THITa BCTABOK//IENEINHA, KOTOPBIE OCOOCHHO 3aTPyIHSIOT BEIPaBHUBAHKUE KOPOTKUX ITPOYTCHUH Ha
JTMHEHHBIN 3TanoH. Kaxp1it Takoi BapuaHT 100aBIsuICs B pepepeHC B BUAE OTAEIEHOTO KOHTHTA:
U3 TI0CJIeA0BATEIbHOCTH OCHOBHOTO pedepeHca BhIAeIsICA HEOOIbIION (IaHKUPYIOMMI y4acTOK
BOKPYT ITO3UILIMH BAPHAHTa, ¥ B HET0 JINOO BCTABJISIIACH IOTIOIHUTEIbHAS IOCJIEI0BATENLHOCTD (IS
UHCEPIHiA), 1100 yamsuicst pparMeHT (AJsl AeNeyii), TakuM 00pazoM GpopMHUpYs alnbTepHATUBHBIN
anyens. [lonydeHHBI KOHTUT MPeNCTaBIsAeT co00il aqbTepHATUBHBIA MyTh JJIMHON B HECKOJBKO
COTEH Map OCHOBAHUIA, BKIIOYAIOIIHIA TaHHBIH BAPHAHT B KOHTEKCTE UCXOAHOTO reHoma (puc. 1).

Bce creHepupoBaHHBIC allbTepHATHBHBIC KOHTUTH OBLTH N0OaBieHb B pedepercHsiir FASTA-¢aiin
KaK OTJENbHBIE IOCTEIOBATENbHOCTH (QHAJIOTHYHO TOMY, Kak albTepPHATHBHBIC aJUICIH
npezacraieHsl B coopke GRCh38). B Ha3BaHMSIX KOHTUTOB YKa3bIBaJach pOIUTEIbCKAst XPOMOCOMa
U UJIEHTU(HUKATOP BapUaHTa, YTO MO3BOJISUIO OTIMYUTH UX OT OCHOBHBIX XpoMocoM. [Tociie aToro
pacimpeHHbIi pedepeHc (BKIFYaIMi CTaHAapTHBIE XPOMOCOMBI U JIOTIOJHUTEIbHBIE KOHTUTH)
MHJIEKCUPOBAJICS WHCTPYMEHTOM minimap2 aHaJIOTMYHO OOBIYHOMY TeHOMY. BwIpaBHHBaHME
NPOYTEHUH BBIMOJHJIOCH OJHOBPEMEHHO Ha BECh J3TOT KOMOWHHpOBaHHBIH pedepeHc. B
pesysibTaTte Uil TPOYTEHHH, COAEpXAIIMX M3BECTHbIE WHAEIHW, minimap2 MOT HaXOAUTbH
BBIDABHUBAHUS HE TOJBKO HAa OCHOBHOM OJTalOHE, HO M Ha J100aBICHHBIX allbTePHATHBHBIX
MIOCJIe/I0BATENHHOCTSIX.

Xpomocoma |...|..|..|T|G|A|A|A|G|G|c|a|c|Alc|T|T|T|T A|TIG|T|A|T|. .|

KoHTHr ‘T".G‘A|A‘A‘G‘G|C‘A‘C‘A'.C G A T"C|T|T‘T|T‘A‘T|G|T‘A.|.T‘

Puc. 1. Ilpumep cozoannoeo konmuza c 0obasnennoii uncepyueii (A — ACGAT).
Fig. 1. Example of a constructed contig with an added insertion (A — ACGAT).

YroObl KOPPEKTHO 00pabOTATh CIlyyan MHOKECTBEHHOTO BBIPAaBHHBAHHS, Mbl PEAIM30BAIIN 1TOCT-
00paboTKy pe3ysIbTaTOB BBIPABHUBAHUS Mepeja 3TarnoM JMpToBepa KoopauHaT. Minimap2 c
pacuMpeHHbIM peepeHcOM HEepPEIKO BBIIAET JBa BHIPABHUBAHUS JUIs OJHOTO IPOYTEHHS: OJIHO —
Ha OCHOBHOW XpoMocoMme (C MPOMYCKOM WJIHM DPa3phlBOM B MECTE€ BapHaHTa), U BTOpPOE — Ha
aNbTEpPHATHBHOM KOHTHTE€, COAEP)KAIlleM BCTAaBKY WM JAeNenuio. MBI CrpyNIHPOBAIN TaKUe
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BBIPABHUBAHUS 10 HJICHTU(QHUKATOPY IIPOYTCHUS] U CPABHUBAIM KadyecTBO (Oayibl BEIPABHUBAHUS,
MAPQ). Ecnu anpTepHaTHBHBIM KOHTUT naBaj 0OoJiee KauyeCTBEHHOE BhIpaBHHBaHUE (MEHbBIIE
pacxo’kieHui, BBINIE BBHIPOBHCHHBIM mpoleHT u MAPQ), To BEIpaBHHBaHHE Ha OCHOBHOM
pedepence cunTanoch CyoONTHMAaNbHBIM M yAIAIOCh U3 (aina. M1 HaobopoT, ecinu mpodTeHue
Jy4dllle BBIPOBHSUIOCH HA JIMHEHHBIH pedepeHc, JOMOJHHUTENbHOEC BHIPABHUBAHWE HA KOHTHT
CYNTAIIOCHh M30BITOUHBIM. Takum 00pa3oMm, Juisl KaXKJ0ro IPOYTEHHs 0CTaBajoCh He Ooyiee 0JJHOTO
HaWJIydllero BBIDABHUBAHUS — (aKTUUECKH MBI BBIOMpaNIH MEXAY pepepeHCHBIM |
aIbTEPHATHUBHBIM IIyTEM JUIs IPOYTEHHUH ¢ BapuaHTOM. [laHHBIH pueM NpeloTBpaIlaeT CHIKEHUE
cymmapHoi MeTpuki MAPQ 13-3a HaIMUUS ABYX KOHKYPUPYIOUIMX MO3UIMH BBIPaBHUBAHUS JUIS
OJIHOTO U TOTO e (pparMeHTa.

kowrwr  [T|G[a[alalcla[c|alc]alclala[T]c|T[T[T|T]A]T]a[T]A]T

ClBARE A alc|ajclalclala[T]c|T|T|T|T]
NudpToBep Ha
OCHOBHYIO XPOMOCOMY
Xpomocoma |...|..| T|G|A|a|A]a|a|c|alc|alc|T|TTIT|A|TG|T|A|T]..|..
n i a :
(CIGAPE??N?ZESM) |G|C|A|C‘AUC|T|T\T|T|

Puc. 2. Ilpumep nepernoca 8bip0oHeHH020 NPOUMEHUs: HA OCHOBHYIO XPOMOCOMY.

Ipoumenue cooepacawee uncepyuio A -> ACGAT 8blpo6HAIOCH HA CO30AHHbIL KOHMUL.
Cmpoxa CIGAR 14M o3nauaem, umo 6cé npoumenue, cocmosiwee u3 14 n.o. 6piposHanocy 6e3 6cmagox u
deneyuil. [locne nugpmosepa npoumenus na ocnosuyio xpomocomy cmpoka CIGAR cmana SM4D5M,
umo oznawaem: 5 n.o. 6e3 6cmasox u deneyutl, 4 n.o. — deneyus u CHosa 5 n.o. 6e3 6cMasox U Oeseyuil.
Fig. 2. Example of lifting over an aligned read to the primary chromosome.

The read containing the insertion A — ACGAT aligned to the constructed contig.

The CIGAR string 14M indicates that the entire read of 14 bp aligned with no insertions or deletions.
After liftover of the read to the primary chromosome, the CIGAR string became 5M4D5M,
which means: 5 bp matching (no indels), a 4-bp deletion, and then another 5 bp matching (no indels).

Ilocne orbopa [md KaXIOr0 IPOYTEHHS €IWHCTBEHHOI'O HAWIYUIIEro BBIPAaBHUBAHUA
(pedepeHcHOro MM aNnbTepHATHBHOTO), CICAYIOIINM IIaroM ObLIO MEPEBECTH 3TH BbIPABHUBAHUS
Ha KOOPAWHATHI OCHOBHOTO 3TAJIOHHOTO reHOoMa. J[J1 3TOro Mbl BOCHOJIB30BAIMCH HHCTPYMEHTOM
LevioSAM2, crienmansHO pa3pabOTaHHBIM IS BBICOKOTOYHOTO IEPEHOCA BBIPABHUBAHUI MEXIY
Pa3IHYHBIMH BEpCHUSAMH WM cOOpKamMH reHoMa. B Hamem cimydae mHCTpyMeHT LevioSAM2
MPUMEHSUT TTOATOTOBICHHBIM Hamu chain-gaiin (¢paiin menoyex), ONMMCHIBAIOIIAN COOTBETCTBHUE
MEXIY MOCIIEI0BAaTEIILHOCTAMH J00aBICHHBIX albTePHATUBHBIX KOHTUTOB U y4acTKOM OCHOBHOM
XPOMOCOMBI, YTOOBI KOPPEKTHO NEPECUUTaTh KOOPHHATHI BBIpAaBHUBAaHMNA. BakHO OTMETHTB, 4TO
nHCTpyMeHT LevioSAM2 He mpocTo cMemaeT KOOPAWHATH: OH OOHOBJISET BCIO WH(POPMALHIO O
BEIpaBHUBAHMU (Ha3BaHUe pedepenca, mounmio, ¢piara, CIGAR-CTpoKy U T.ZI.) B COOTBETCTBUH C
LeseBBIM pedeperHcoM. B pesyipraTe BRIpaBHHBAHUS NMPOYTEHUH, W3HAYAIHHO MONTyYeHHBIE Ha
JIOTIOJTHUTEIBHBIX KOHTHTaX, OBLIH MPeoOpa30BaHbl B YKBUBAJICHTHHIC BEIPAaBHUBAHNUS Ha THHEHHOM
pebepercHoM TeHoMe (puc 2.).

Xotst LevioSAM?2 BBIMONHSET TMEPEHOC KOOPAMHAT JOCTATOYHO TOYHO, B HEKOTOPHIX CIIydasx
OCTaBaJINCh MEJIKHE HETOYHOCTH BBIpaBHMBaHMA. Hampumep, ecnu mpoyTeHne coaepikaio HHAEThb
HEMHOTO OTJIMYAIOLIMICA OT HPEACTaBICHHOTO Ha KOHTHre, To mocie judrosepa ero CIGAR-
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CTpOKa MOIJIa CMECTHThCS Ha Mapy No3uuuil. i JONONHUTENBHOW KOPPEKTUPOBKH MBI
NPUMEHWJIN HMHCTPYMEHT JIOKaJbHOTO mepeBsipaBHuBanusi ABRA2 (Bepcust 2.24). ABRAZ2
BBITIOJTHACT JIOKAJIBHYIO MEPECOOPKY yJaCTKOB C MPEATIOI0KUTEIbHBIMI HHACISIMH, YTO MTO3BOJISET
YCTpaHUTh CHUCTEMaTHYeCKHEe OIIMOKM BBIPAaBHHMBAHMS BOKPYT MHCEpLHMi/menenuid. B xoHTekcre
Hamtero noaxona ABRA2 nonactpanBail BEIpaBHUBaHMS IPOUTEHUH B T€X MECTaX, ryie JU(TOBEp
MOT' OBITh HETOYHBIM, TEM CaMbIM BBIPABHUBAHUSI OKOHYATEIHHO MPUBOJMIKCH B COTJIACOBAHHOE
COCTOSIHHME OTHOCHTEIBHO OCHOBHOTO pedepeHca.

[locne »srtamoB mudroBepa W IEpeBHIPABHUBAHMS IOJYYCHHbIE BBIPAaBHUBAHHS IPOXOJST
CTaH/apTHYI0 00pa0OTKy: ¢ MOMOIIBI0 samtools BBIMOJHSIACH COPTHPOBKA IO KOOPJMHATaM,
MapkupoBka nyonukaroB PCR, u monmy4ennsiii BAM-daiin BepaBHUBaHUS IOCTYAN B UHCTPYMEHT
ornpezesnenus BapuanToB Deep Variant. OTMeTnM, 4TO 3a CUET 0OPAaTHOTO IIEpeHOca KOOPANHAT BECh
MOCJIEIYIONINH aHalli3 Bapuanuii ocymecTBisuicss B cucreme koopauHart GRCh38, kak u B
KIIACCHYECKOM IMOIXOE.

3. Peaynsmambi

Bce akcniepuMeHTHI MPOBOAMIKCH C UCIIOIB30BAHUEM YTAJIOHHON YEIOBEUCCKOM TeHOMHO COOPKH
HGO002, B3sroii u3 mpoekra Genome in a Bottle (GIAB) [10], a Taxxe mapabie npoutenus u3 FDA
Precision Truth Challenge V2 [11]. 3amycku ocyIiecTBISUTUCH ¢ MOMOIIBIO KOHBelepa nf-core/sarek
(v3.4.0). B xauecTBe WCTOYHHMKA BAPHAHTOB OISl CO3JAaHHS KOHTHIOB OblLIa HCIIOJIb30BaHA
nHpopmanus nanreHoMHo# 6a3p1 HPRC, u3 k0oTOpo#i OBLIH M3BICYCHB HHICTH C HEOOXOIMMBIMH
cBoiicTBaMH. Bee 3aIyckn CpaBHUBAIHCH C 3TAJOHOM C TIOMOIIBI0O HHCTpyMeHTa hap-py [12]. Ilpu
STaJIOHHOM 3amycke (Tabmuma 1) Ha STarme BBIpaBHHBAaHWA OBUT mMpuMeHeH minimap2 (v2.30 c
napamerpamu -X Sf -K 27 -w 14), Ha stame BpI30Ba BapHaHTOB ObUT HMCmoib30BaH DeepVariant
(v1.9.0).

Tabn. 1. Dmanounwiil 3anyck Ha opueunaibHol nocredosamenvHocmu GRCh38.
Table 1. Reference run on the original GRCh38 sequence.

Type TOTAL TP FN FP Recall Precision | F1_Score
INDEL | 525469 522364 3105 1222 0.994091 | 0.997666 | 0.995875
SNP 3365127 3348351 16776 4444 0.995015 | 0.998675 | 0.996841

[loce MoamduKauM AJIrOpUTMA BHIPABHMBAHWS M CO3JaHUSl JIOMOJHEHHBIX T'€HOMHBIX
pedepeHCHBIX  mOCIenOBaTeNIFHOCTEH  moTpedoBasioch mepebparh  OOJBIIOE  KOJIMYECTBO
KOMOHMHAIMH Pa3IMYHBIX HapaMeTPOB JUIs TONCKa ONTUMAIIbHBIX pe3ysbTaToB. [IepBbIil N3 BaXKHBIX
napaMeTpoB — pasMmep (IIaHKHPYIOIIETO y4acTKa IPH CO3JAaHMH KOHTHUIOB (PaccTOSHUE BIEBO U
BIIPAaBO OT JTOOABJIEHHOTO WHAETS), 3HAYCHUS KOTOPOTO MpH KcIepuMeHTax paBHsummchk 100, 150,
200, 300, 500. bpats anuHy (pruaHkupyromero ydactka menbie 100 He UMeeT cMbICia, TaKk Kak
TOrjla KOpOTKOE NpouTeHHe JUIMHONM 150 He CMOXeT Ha Hero BBIPOBHATHCS, a JUIMHA
(dbnankupytromero ydactka Oosibiie 500 co3maeT CAMIIKOM MHOTO «ITyMa» Ha TpaHUIaX 3TOTO
KOHTHIa U YBEJIMYMBAET KOJMYECTBO JIOKHOMOJIOXKHUTEIBHBIX BapUaHTOB. Tarke MpH CO3AaHHU
KOHTHUTOB MOXXHO YYHTHIBaTh JUIMHY CaMHX HWHJENel, Tak KaKk O4YeHb JJIMHHBIE (MJIM OYeHb
KOPOTKHE) MOTYT HEraTHMBHO BIHMATh Ha pe3yibTaThl. BepxHeidl rpanuieil ObLIO oOmpeserieHo
3HaueHne 100 (1 OHO ocTaeTcs TaKOBBIM IIPH BCEX 3aIyCKax, KOTOpbIe OyIyT yKa3aHbI Jajee), Tak
KaK KOHTHUTH CO CJIMIIKOM OOJIBIIMMH WHJIEISMH CHJIBHO YBEJIMYMBAIOT JIOKHOIIOJIOXKHUTEIIBHbIC
BapUaHTHl, HIDKHEH IpaHMIel B3ATO 3HaueHHe 10, 4TO Tak)Ke YMEHBIIAET KOJIMYECTBO HEBEPHBIX
pe3ynbraToB. U eme oMH M3 OCHOBHBIX IepeOHpaeMbIXx napaMmeTpoB — 3To 3HaueHne AF (Allele
Frequency) — 5To yacToTa anbTepHATHBHOM aJliey B BBIOOPKE, MpeAcTaBlieHHas yucioM ot 0 1o 1.
Omna noka3sbIBaeT, Kakas J0Jsl BceX ajuiesiel B Homysuuy (Wi Habope 00pa3ioB) MPUXOIUTCS Ha
IBTEPHATHBHYIO ajuiesib. JlJisi yiaydiieHus TOYHOCTH Pe3yJIbTATOB Mbl MOXKEM IOBBIIIATH 3TO
3HaueHHE, YTOOBI OpaTh TOIBKO O0JIee YaCTO BCTPEUAIONIMECS HH/IEH.
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Brinm BRIOpaHb! 3HaYEHUS HITUHBI wHIEeH oT 10 1o 100, mpu 3TOM B3sUTHCH T€ MHIEIH, 3HAUCHUE
AF y xotopeix Oonpmie 0.1. B mampHEHWmmMX 3amyckax OBUIO WCCIICOBAHO BJIMSHUC JTHHBI
(hITaHKUPYIONIETO yYacTKa MPU CO3IaHUU KOHTHUTOB.

Tabn. 2. Pesynomamui 3anycka va pegpepernce GRCh38 ¢ dobasnenuem konmueos. /[nuna gaankupyrouezo

yuacmka 100. AF > 0.1. Hnoenu onunst om 10 0o 100.
Table 2. Results of the run on the GRCh38 reference with added contigs. Flanking region length: 100 bp.

AF > 0.1. Indels 10-100 bp long.

Type TOTAL TP FN FP Recall Precision | F1-Score
INDEL | 525469 522515 2954 1228 0.994378 | 0.997655 | 0.996014
SNP 3365127 3348470 | 16657 4412 0.99505 0.998684 | 0.996864

Tabun. 3. Pesynomamul 3anycka na pegpeperice GRCh38 ¢ dobasnenuem xonmuzos. [iuna grankupyrowezo

yuacmra 300. AF > 0.1. Hnoenu onunvr om 10 0o 100.

Table 3. Results of the run on the GRCh38 reference with added contigs. Flanking region length: 300 bp.
AF > 0.1. Indels 10-100 bp long.

Type TOTAL TP FN FP Recall Precision | F1-Score
INDEL | 525469 522540 2929 1313 0.994426 | 0.997493 | 0.995957
SNP 3365127 3348469 16658 4474 0.99505 0.998666 | 0.996855

Tabn. 4. Pesynomamet 3anycka Ha pegpepernce GRCh38 ¢ dobasnenuem konmueos. /[nuna gaankupyrouezo

yuacmka 500. AF > 0.1. Hnoenu onunwt om 10 0o 100.

Table 4. Results of the run on the GRCh38 reference with added contigs. Flanking region length: 500 bp.
AF > 0.1. Indels 10-100 bp long.

Type TOTAL TP FN FP Recall Precision | F1-Score
INDEL | 525469 522536 2933 1341 0.994418 0.99744 0.995927
SNP 3365127 3348415 16712 4621 0.995034 | 0.998622 | 0.996825

brino nonmyyeno (tabma. 2-4), uto Ha SNP konmmdectBo BepHO HaiifieHHBIX (TP) BapuaHTOB pacter
OpU  Ka&XJOM  YMEHBIICHMHM  JUIMHBI  (DIAHKUPYIOLIEro  y4yacTka, a  KOJIMYECTBO
noxHomnonoxutenbHeIX (FP) ymenpmaercs, uto maer poct merpuk Recall u Precision, u, kak
ciencTeue, yiydiieHne merpuku F1. Ha WHIeNsSxX KonmdecTBO BEpHO HAWICHHBIX BAapHAHTOB
HEMHOTO YMCHBIIAETCS MPH CHIDKEHUH JUTMHBI (PIIAHKUPYIOIIETO Y9acTKa, HO MPH ATO BCE PABHO
ocTaeTcs BBIIIE, YeM IIPH 3TAIOHHOM 3amycke. KonmdecTBo ke JI0KHO-TTOJI0KUTEITHHBIX BAPHAHTOB
3HAYHUTENBHO MA/IaeT IIPH YMEHBIICHUH JITHHBI (PIAHKUPYIOIIETO YIaCTKa, YTO JaeT XOPOIIHA POCT
Metpuku F1. Tlo pesympTaTaM IDaHHBIX SKCIIEPUMEHTOB pa3Mep OKHa ObII 3aUKCHpPOBAaH Ha
3HaueHuu 100, kak TyyIuii pe3yaprar.

Jlanee OblM paccMOTpeHBI BapraHThI rpaHuiisl 3HadeHust AF >0.05, >0.1 (tabx. 2), >0.15.

Tabn. 5. Pe3ynomamul 3anycka na pegpeperce GRCh38 ¢ oobasnenuem konmueos. [Jnuna gaankupyrouezo
yuacmra 100. AF > 0.05. Anoenu orunvt om 10 do 100.

Table 5. Results of the run on the GRCh38 reference with added contigs. Flanking region length: 100 bp.

AF > 0.05. Indels 10-100 bp long.

Type TOTAL TP FN FP Recall Precision | F1-Score
INDEL | 525469 522521 2948 1242 0.99439 0.997628 | 0.996007
SNP 3365127 3348464 | 16663 4411 0.995048 | 0.998685 | 0.996863

218




Kontynos H.A., I'yryukun E.I1., Kapnynesua E.A. Ontumu3anust BIpaBHHBAaHHS KOPOTKUX MIPOYTSHUH C HHACISMH MPH TOJTHOTEHOMHOM
cekBeHuposanun. Tpyoet UCII PAH, 2025, Tom 37 Boim. 6, wacts 2,, ¢. 211-222.

Tabn. 6. Pesynomamul 3anycka na pegpeperice GRCh38 ¢ dobaenenuem xonmueos. [iuna gnankupyiowezo
yuacmra 100. AF > 1.5. Hnoenu onunsi om 10 0o 100.

Table 6. Results of the run on the GRCh38 reference with added contigs. Flanking region length: 100 bp.
AF > 0.15. Indels 10-100 bp long.

Type TOTAL TP FN FP Recall Precision | F1-Score
INDEL | 525469 522496 2973 1215 0.994342 0.99768 | 0.996008
SNP 3365127 | 3348471 | 16656 4411 0.99505 0.998685 | 0.996864

ITo pesynpratam (Tabm. 2, 5, 6) OBUIO 3aMEUYCHO, YTO ONTHMAIBHBEIM MO MeTpuke F1 sBusercs
sragenne AF > 0.1, Tak kak OTKJIOHEHHE B OOJBINYIO CTOPOHY YMEHBIIAET KOJNYECTBO BEPHO
OIpe/IeJICHHBIX BapUAaHTOB Ha MHAEIAX, a OTKIOHEHHE B MEHBLIYIO CTOPOHY YBEIMYHMBACT
KOJINYECTBO JI0KHO-TIOJIOKUTENbHBIX.

Taxke B kadecTBe dKcliepuMeHTa (Tabn. 7) ObLIO NMPOBEPEHO BJIMSHHE M3MEHEHHUsS] MapaMeTpoB
minimap2 (-k 21 -w 11), ogHAaKO 3TO CHMKAET KOJMYECTBO BEPHO OMPECICHHBIX BAPHAHTOB Ha
CHMIIAX HIWKE ITAJOHHOrOo 3amycka (Tabm. 1), ¢ KOTOPBIM Mbl CPaBHHBAJIHCh, IO3TOMY OBLIO
OCTaBJICHO Tpenbiaymiee 3Hauenue (-k 27 -w 14).

Tabn. 7. Pesynomamut 3anycka na pepepernce GRCh38 ¢ dobasnenuem konmueos. [Jnuna ghranxkupyowezo
yuacmxa 100. AF > 0.1. Hndenu onunwt om 10 0o 100. Hapamempur minimap?2: -k 21 -w 11.

Table 7. Results of the run on the GRCh38 reference with added contigs. Flanking region length: 100 bp.

AF > 0.1. Indels 10-100 bp long. Minimap2 parameters: -k 21 -w 11.

Type TOTAL TP FN FP Recall Precision | F1-Score
INDEL 525469 522508 2961 1213 0.994365 | 0.997684 | 0.996022
SNP 3365127 3347736 17391 4446 0.994832 | 0.998674 | 0.996749

[Tocne mondopa ontuManbHbIX 3HaueHUH AF W JUIMHBI (h1aHKUpyONIEro y4acTka ObLT MPOBEICH

9KCrepUMeHT (Tabu1. 8) ¢ yianeHrneM HU)KHEero OrpaHu4eHus Ha AuHy uHnenei (>10).

Tabn. 8. Pesynomamul 3anycka Ha pegpepence GRCh38 ¢ 0obaenenuem konmueos. /[nuna ranxkupyrowe2o
yuacmka 100. AF > 0.1. Hnoenu onunvt oo 100.
Table 8. Results of the run on the GRCh38 reference with added contigs. Flanking region length: 100 bp.
AF > 0.1. Indels less then 100 bp long.

Type TOTAL TP FN FP Recall Precision | F1-Score
INDEL 525469 522707 2762 1334 0.994744 | 0.997454 | 0.996097
SNP 3365127 3348441 16686 4486 0.995041 | 0.998662 | 0.996849

JanHb1ii HaOOp MapaMeTpoB JaeT HamOOIbIIee KOJUYECTBO BEPHO OMPEICICHHBIX BapUAHTOB Ha
WHJICISIX W, HECMOTPS Ha POCT JIOKHOTIOJIOKUTEIFHBIX BAPHAHTOB, caMblil mydmuii mo F1-metpuke
pe3ynprat. OQHAKO Ha CHHIIAX OBUI TONYYEH POCT JIOKHOMOJOXHTEIBHBIX WM TaleHHE BEPHO
OTIpeNIeICHHBIX PE3YJIbTAaTOB, YTO B CyMME JJAaeT Pe3yJIbTaT XyKe, YeM Ha 3amycke u3 tabm. 2. [Tocie
MPOBEJCHUS PA3INIHBIX JKCIEPUMEHTOB OBUT CHeNaH BBIBOA, 4TO MO Fl-meTpuke mydmimid
pe3yabTaT Ha MHACIAX JAOT MapaMeTphbl U3 TaOJHII 8, a ISl CHUIIOB — U3 Ta0JI. 2.

4. 3aknoyeHue

Takxum 00pa3om, IPeIIOKEHHBIH METO/I BRIPABHUBAHUS AEMOHCTPHUPYET BEICOKYIO 3 (EKTHBHOCTD
Ha npaktuke. OH obecreunBaeT CyIIECTBEHHBII IPUPOCT Ka4eCTBA BRIPABHUBAHUS MPOUTEHHUHN 110
CPaBHEHHIO C TPAIUIIMOHHBIMH MTOJIX0IaMH, YTO OCOOCHHO 3aMETHO B CIIOXKHBIX [T KapTHPOBAHHS
pernoHax reHoma. JIOCTHTHYTBIE pE3yJNbTaThl IIOKA3BIBAIOT, YTO METOA MOXKET CIy>KHTh
3¢ ¢dexTHBHON aTbTEPHATHBOM TpadoBBIM MOAXOJAaM K BBIpaBHHUBaHHMIO mpoureHHid WGS,
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oOecrieunBasl COMOCTABUMOE YIYYIICHHE TOYHOCTH 0€3 3HAYUTENbHOTO YCIOXKHEHHS MIIH
YBEJIMUYCHNUS BBIYUCIUTEIBLHON HArPy3KH.

B manpHeiimem miaHupyeTcs NPOBECTH ONTUMHU3ALUIO TPOU3BOAUTEIFHOCTH aITOPUTMA TS
YCKOPEHHS BBIYHCICHUI M yMEHBIIECHHU NOTpeOneHus pecypcos. Kpome Toro, Mbl HaMepeHbI
pacmmpuTh HA0Op YUUTHIBAEMBIX B BEIPABHUBAHWH TCHETHIECKUX BAPHAHTOB, YTOOHI €1IIe
CHUJIbHEE MOBBICUTD ITOJTHOTY U TOYHOCTD TIOKPBITHS BapHaOEeIbHBIX YYaCTKOB TeHoMa. BakHbIM
IIarOM CTaHEeT TaKXe CPABHUTENIbHBIN aHaTIN3 NMPEI0KEHHOTO PELIEHUS C COBPEMEHHBIMU
WHCTpyMEHTaMH BeIpaBHUBaHU, TakuMu kKak VG Giraffe, DRAGEN u npyrumu. Otu maru
MO3BOJISIT BCECTOPOHHE OLIEHUTH MIPEUMYIIECTBA METOAA U MMOATBEPIAT €r0
KOHKYPEHTOCIIOCOOHOCTh KaK Ha/Ie)KHOTO U 3(p(heKTHBHOTO MHCTPYMEHTA ISl BHIPAaBHUBAHHS
MIPOYTEHHUH NPU OTHOT€HOMHOM CE€KBEHHPOBAHUU.

OnpedeneHusi mepMuHo8

BEpcus TeHEeTHUYCCKOM MOCJICA0BATCIIbHOCTH, YHACJICAOBAaHHAA OT
OIHOT'O POAUTECIIA

T"armoTunel

Pe(bepeHCHaﬂ CTaHAapTHadg BEPCUA TCHOMA, UCIIOJIb3yEMasl KaK 3TAaJIOH AT
IMOCJICA0BATCIIbHOCTD CpaBHCHUA

mponecC yCTaHOBJICHUS COOTBETCTBUA MEKAY MOSULTUAMHN KOPOTKUX

BripaBHUBaHuE MoCJIeI0BaTENbHOCTEH (MIpoUTeHMI) 1 pedepeHCHOU
MOCIEI0BATENBHOCTH

I'enernyeckuit 3aMeHa OJHOT0 HyKJIeoTH1a (OyKBBI) B ONpE/ICIIEHHON NO3UIHH

BapuaHT (SNP) reHoMa

Wrxens BCTaBKa miH ynanenue ydactka JJHK (o mepseiM OykBam ot
WHCEPIIHS/ ISITEIH )

Kontur HETMPEPHIBHBIN ()parMeHT I10CIIeI0BATEIbHOCTH
IIpolecC IEPEHOCA BEIPABHUBAHUH (TEKCTOBBIX MOCIEI0BATENBHOCTEN

Jludrosep potl P P ( A )

Ha peepEHCHBIN TCHOM

COOTBETCTBUC MEKAY MOCICTOBATCIBHOCTAMU I[O6aBJ'IeHHI)IX
.HI/I(i)TOBep-HeHO‘IKI/I AJIBTCPHATUBHBIX KOHTUI'OB U YU4aCTKOM OCHOBHOM XpOMOCOMBI JJid
KOPPEKTHOI'O IepecyeTa KOOpANHAT BLIpaBHI/IBaHI/Iﬁ

HanOolee J'IeKCPIKOFpa(i)PI‘IeCKI/I MaJibIC MOJACTPOKHU B CKOJIB3SAIIEM OKHE
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Abstract. The substantial cost of training from scratch of visual foundation models (VFMs) on large and vast
datasets motivates the models’ owners to protect their intellectual property via ownership verification methods.
In this work, we propose ExpressPrint, a novel approach to watermarking VFMs based on the fine-tuning of
expressive layers of VFMs together with a small encoder-decoder network to embed the digital watermarks
into a set of input images. Our method implies a small modification of expressive layers together with training
an encoder-decoder neural network to extract user-specific binary messages from the hidden representations of
certain input images. This method allows distinguishing between the foundation model provided to a user and
independent models, thereby preventing unauthorized use of the model by third parties. We discover that the
ability to correctly extract encoded binary messages from images transfers from a watermarked VFM to its
functional copies obtained via pruning and fine tuning; at the same time, we experimentally show that non-
watermarked VVFMs do not share this property.
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AHHOTAanus1. 3HAUUTENBHBIE 3aTpaThl Ha 0OydeHHe BU3YaJIbHBIX 0a30BBIX Mopeneil ¢ HyiIs Ha OOJIBIIMX U
OOIIMPHBIX HaboOpax TPEHUPOBOUYHBIX MJAHHBIX MOTUBHPYIOT BIAJENbIEB Mojened mpuberats K
HCTIOIB30BAHHUIO METOJIOB 3aIIUTHl HHTEIUIEKTYaIbHONH COOCTBEHHOCTH. B maHHOM paboTe mpeanokeH MeTo,
ExpressPrint — HOBBIH TOXO/ K CO3/AHHIO IIU(PPOBBIX BOISHBIX 3HAKOB ISl BU3YaIbHBIX 0a30BBIX MOJIEICH,
OCHOBaHHBII Ha JOOOY4YeHHH HanOoJee BBIPA3UTEIBHBIX CII0EB MOJECITH COBMECTHO C HEOOIBIION HEHPOHHON
CeThI0 THINA “KOXUPOBIIMK-ICKOMUPOBINUK® C IEJNbI0 BCTpPaWBaHHWsA LU(POBBIX BOISIHBIX 3HAKOB B
OTJIOKCHHBIH Ha0oOp BXOAHBIX H300pakeHHH. [IpeuIoKeHHBI MeToX MoApa3yMeBacT He3HAYHUTEIbHBIC
MOIM(UKAIMN BBHIPA3UTEIBHBIX CIIOEB MOJEIH Hapsxy ¢ oOydeHHeM HeHpOHHOW CEeTH THIa “‘KOIUPOBIIUK-
JIEKOJUPOBIIUK” JUIl HU3BJICUCHUS CIELM(UYHBIX U I0Jb30BaTess OMHAPHBIX COOOLICHHH N3 CKPBITBIX
MpeCTaBICHUI BXOIHBIX N300paxeHuil. JlaHHbIH MOIX0/1 TO3BOJISET OTINYATh MOJAENb, IIPEIOCTABICHHYIO B
MONB30BaHWE MO JIMIEH3UM, OT JPYTMX BEpCHM MOJAENH, M, TakuM oO0pa3oMm, IpemoTBpaIarh
HECAaHKIMOHMPOBAHHOE HCIIOIb30BAaHUE MOJIETH TPEThHMH JHnamMu. B pabore Obuto 0OHapyXeHO, dYTO
CHOCOOHOCTh KOPPEKTHO M3BJIEKATh 3aKOJUPOBAaHHBIC OMHAPHBIE COOOLICHHUS U3 N300pakKeHH TepeiacTcs OT
HCXOIHON 0a30BOH Monenu, K ee (YHKIHOHAJIBHBIM KOIHMAM, INOJTYyYSHHBIM ITOCPEICTBOM J000YYEHHS U
MIPYHHUHTa; IOMUMO 3TOTO ITOKAa3aHO, YTO HE3aBHCHMBIC BU3yallbHbIE 0a30BBbIE MOJEIH, HE MOABEPraBIINeCs
HaHECEHHIO IU(PPOBBIX BOASHBIX 3HAKOB, HE 00JIA/IaI0T JAHHBIM CBOHCTBOM.

KnroueBble cioBa: Bu3yanbHble 0a3oBbIe MOAeNy; IHU(GPOBHIE BOJASHBIE 3HAKK AT HEHPOHHOH ceTw;
BBIPA3UTENBHBIE CJIOM; MACCHBHBIE aKTHBALIMH; JTOBEPEHHBII NCKYCCTBEHHbIH HHTEIICKT.

s uutupoBanus: Yuctsakosa A. C., [layroB M. A. ExpressPrint: MeTon co3manust mu)poBBIX BOASHBIX
3HAKOB JJIS BU3yaJbHBIX 0a30BbIX Moaeneid. Tpyast MCII PAH, Tom 37, Bemm. 6, gacts 2, 2025 1., cTp. 223-236
(na anrmuiickom si3bike). DOI: 10.15514/ISPRAS-2025-37(6)-31.

1. Introduction

Although foundation models are useful tools that are deployed in a variety of practical scenarios
from the fields of natural language processing [1], computer vision [2], biology [3], and many others
[4], their training is costly in terms of both time and money, making the models valuable assets of
their owners. Nowadays, user access to foundation models is mainly organized via subscription to a
service where the model is deployed or via purchasing the license to use the specific instance of the
model. Unfortunately, some users are violating the terms of use (for example, by integrating their
instances of models into their services to make a profit or impermissibly distributing copies of the
model). Consequently, it is reasonable that the models’ owners are willing to defend their intellectual
property from unauthorized usage by third parties.

One of the prominent approaches to protecting the intellectual property rights (IPRs) of models is
watermarking [5-7], a family of methods to embed specific information into the source model by
modification of the latter. Ownership verification is then done by checking the existence of this
information in the suspicious model. The other set of methods to protect IRPs is based on
fingerprinting, which usually does not introduce any changes to the defending model [8-11]. Instead,
these methods create a unique feature, or the fingerprint, of the source model; ownership verification
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in this case is done by comparing the fingerprints of the defended model and the one extracted from
the suspicious model.

In this work, we propose a method to watermark visual foundation models by embedding digital
watermarks into hidden representations of certain input images. To choose a proper hidden
representation to embed a watermark into, we utilize the concept of massive activations [12]: some
blocks of a VFM tend to produce high-magnitude activations in response to various inputs; these
activations usually dominate the ones of the subsequent layers. Here and below, we refer to the block
(or layer) that produces massive activations to the expressive block (or layer). In our method, we
experimentally verify that embedding a watermark into the representation of the expressive block
allows us to protect the ownership of VFMs fine-tuned for different practical tasks, such as image
classification and segmentation.

Our contributions are summarised as follows:

e We introduce ExpressPrint, a novel approach to watermarking visual foundation models.
The proposed method is based on embedding digital watermarks into a hidden
representation of a private set of input images of the VFM, where the choice of the proper
representation is done by utilizing the concept of massive activations.

e We experimentally show that the proposed method allows us to distinguish between the
watermarked VFM and the independent ones under the fine-tuning of the model for
different practical tasks, such as classification and segmentation.

e We demonstrate that different VFM architectures can be watermarked by our method,
showing the practical applicability of ExpressPrint. This work is the first, to the best of our
knowledge, that addresses the problem of watermarking of visual foundation models.

2. Related Work

2.1 Foundation Models and Massive Activations

Visual foundation models, especially those based on Vision Transformers (ViT) [13], have become
a dominant paradigm in modern computer vision due to their scalability and transferability across
tasks. The development of Self-Supervised Learning (SSL) [14] methods in computer vision has led
to the era of universal models, such as SImCLR [15], DINO [16], CLIP [17], and DINOv2 [18], that
learn representations from unlabeled images and show impressive flexibility in solving diverse tasks
with minimal labeled data for fine-tuning. However, the internal mechanisms, particularly the nature
of neural activations, have so far remained little studied.

One emerging concept in the analysis of these models is massive activations [12] — unusually high
responses in specific layers or tokens that play a significant role in decision-making. These
activations tend to appear across various layers, often have consistently high magnitudes, and are
frequently located at the same spatial or token positions across diverse input samples.

2.2 Protecting Intellectual Property via Watermarking and Fingerprinting

The application of watermarking and fingerprinting techniques to protect the intellectual property
rights of neural networks has recently become an important topic in trustworthy artificial
intelligence. In [19], the authors apply instruction tuning to fingerprint large language models: a
predefined private key triggers a model to produce a specific text when present in the input prompt.
The authors of [20] formalize the definition of artifact and fingerprint in large generative models
based on the geometric properties of the training data manifold. In [8], authors propose to utilize
artificially generated images in the attribution of image classifiers under model extraction attacks.
In [21], authors discover that it is possible to reliably detect was trained on a synthetic output of a
watermarked large language model, which discloses a potential privacy concern of neural network
watermarking.
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3. Problem Statement

In this work, we present a method to watermark visual foundation models by training an auxiliary
network that embeds binary messages into hidden representations of input images of the source
VFM. We start by introducing the notations used throughout the paper. Namely, let s be the
dimension of an image, 2 be the space of visual foundation models, f: RS — R< be the source VFM
that maps input images to embeddings of dimension d, h be the dimension of hidden image
representation, and let m € {0,1}* be the binary vector of length k. Let f be the composition
f(x) = q(p(x)), where p: R - R" and q: R* — R? represent mappings from an image to the
hidden representation and from the hidden representation to the output embeddings, respectively. In
our method, we train two auxiliary models, namely, encoder e: R* x {0,1}¥ — R" that embeds the
binary message m into the hidden representation p(x) and decoder d: R* — {0,1}* that extracts
binary messages from g (x). In addition, we fine-tune the latter part of the source model, namely, q.
Given the image x, the message m embedded into p(x) and transform m: 2 — 2 that maps the
foundation model to its functional copy, the goal of the method is two-fold: on the one hand, the
decoder d should extract close messages from hidden representations of f and m(f); on the other
hand, given the model g which is functionally independent of f, the messages extracted from hidden
representations of f and g should be far apart.

4. Proposed Method

We introduce ExpressPrint, a novel watermarking method designed to verify ownership of VFMs.
ExpressPrint embeds user-specific binary signatures into internal feature representations of VFMs
through fine-tuning a small number of expressive layers, accompanied by the joint training of
lightweight encoder and decoder networks. This approach enables ownership verification by
extracting digital fingerprints directly from model activations when provided with specific input
images.

Unlike traditional watermarking techniques that modify model weights or outputs, our method
introduces minimal architectural changes while preserving the functional capacity of the model.

4.1 Watermarking Pipeline
The watermarking pipeline is illustrated in Fig. 1. The process consists of the following steps:

1) Embedding of the watermark. Given input image x and user-specific binary message m,
we use a lightweight encoder network that injects m into a selected channel of the internal
activation of the predefined expressive block. This injection is performed via a forward
hook attached to an expressive transformer block.

2) Propagation and Decoding. The modified representation of x is propagated through the
remaining trainable layers of the VFM. At a later block, another hook triggers a decoder
network to extract the binary message m’, which is then compared to m.

3) Training. The encoder, decoder, and a small set of trainable VFM layers are optimized
jointly to minimize the decoding loss while maintaining task performance. The remaining
VFM weights are frozen to prevent degradation.

4.2 Expressive Layer Selection

The core idea behind ExpressPrint is to embed binary signatures into expressive regions of a model’s
latent space. We build on the observation that massive activations tend to emerge in later blocks of
VFMs and appear for the majority of the input images. Hence, we hypothesize that these high-
activation regions are suitable for watermark embedding due to their huge impact on the image
representations in the subsequent blocks of the model [12].

226



Uuctsixosa A.C., [TayroB M.A. ExpressPrint: meton co3nanust mupoBbIX BOISHEIX 3HAKOB ISl BU3YalIbHBIX 0a30BbIX Moaeneit. Tpyowt UCIT
PAH, 2025, tom 37 BB 6, wacts 2, c. 223-236.

3 ) 3 S 3
sidoinil e w o o W oY
Tl | m 3 o S = =ty @35
T A 0 7] w0 (= BT
g 0 = o L= s e T & a8 =
s 0o (= 0O o - = O
" x = = = x = 5 = X3
£ - a [ 3 = g + 3 N 3
1] (1] (1] - 1)
- - - - -

Encoder Decoder
0110..100}=0.1/" 0111..100]< 10

Fig. 1. Schematic illustration of the proposed method. To embed a watermark, we use an auxiliary learnable
encoder network and inject a user-specific binary signature into a selected channel of the internal activation.
To extract the watermark, we apply an auxiliary decoder network that extracts a binary message from the
image representation in a later transformer block.

To identify such regions, we analyze the activation patterns across the blocks of a pre-trained VFM.
Specifically, we pass 100 randomly selected natural images through the model and compute, for
each block, the average of the top-5 absolute activation values per image. These per-block averages
are then aggregated over all images to yield a global activation profile. As shown in Fig. 2, we
observe an explosion of activations in the final blocks of the model architecture. This motivates our
selection of these blocks as carriers for signature embedding. For each selected expressive block,
we further localize the most influential tokens — the ones that are most critical for the block's output.
For each token, we compute the absolute values of output activations and choose the token as an
outlier if the corresponding output activation increases drastically after some block (namely, if on a
particular layer its z-score increases up to 100). We propose to use these outlier tokens as internal
activation anchors for binary message injection.

4.3 Loss Function

Our training objective is the combination of two terms: given an input sample, the first one ensures
that the feature representations of the watermarked and original models do not deviate much; the
second term forces the extracted binary message to be close to the embedded one. Specifically, given
q = q(x) as the representation of the expressive part of the source model and ¢’ = q'(x) as the
representation of the expressive part of the watermarked model, the objective function is presented
in the form below:

L(q,q',x,m,m") = Lz, (q,q', x) + ALgiy(m,m’), 1)
where:
- Lgp(q,9,x) = |lq(x) —q'(x)]], is the feature preservation loss (namely, mean squared
error between the original representation and the modified representation);
- Lgg(m,m') = |Im —m/||, is the soft distance between the extracted and ground-truth

signatures (namely, mean squared error between the extracted and ground-truth signatures);
- A is a scalar parameter that controls the trade-off between feature fidelity and signature
reconstruction.

227



Chistyakova A.S., Pautov M.A. ExpressPrint: An Approach to Watermarking of Visual Foundation Models. Trudy ISP RAN/Proc. ISP RAS,
vol. 37, issue 6, part 2, 2025. pp. 223-236.

This formulation ensures that embedded watermarks are extracted from the fingerprinted models
while minimizing the impact on the feature representation.
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Fig. 2. Top-5 activation values across layers. It is noteworthy that starting from a particular layer, the
magnitudes of activations increase drastically. In our work, such a layer represents the beginning of the
expressive part of a visual foundation model.

4.4 Assessing the Performance of the Watermarking Method

To evaluate the performance of the proposed method, given a specific user message m and input
image x, we compute the distance p between the extracted binary message m'(f,x) and m. Note
that we specifically indicate that the extracted message depends both on the input image and the
model from which it is extracted. We measure the distance as the number of bits which differ in m
and m'(f, x):

p(mm'(f,x)) = Xty 1[mi(f,x) #m'], (2
where 1 is the indicator function.
Recall that a good watermarking method has to satisfy two conditions: on the one hand, given an
input image x, for the watermarked model f, the distance has to be close to 0; on the other hand, for
a separate (independent) model, the distance has to be close to n.
In this work, the decision rule that is used to evaluate whether the given network is watermarked is

the comparison of the distance with a predefined threshold: given a single input image x, we treat f
as the watermarked iff

p(m,m'(f,x)) <=t 3)

where t >= 0 is the threshold value. The case of many samples is discussed in Section 5.3.

4.4.1 Setting the Threshold Value

We set the threshold by formulating a hypothesis test: the null hypothesis, H,
"the model f is not watermarked" is tested against an alternative hypothesis, H; =
"the model f is watermarked", for a given model f. In this work, we assume that the messages
m'(g, x) extracted from all the non-watermarked models g are distributed uniformly over all bit
strings of length n. Having said so, we estimate the probability of false acceptance of hypothesis H;
(namely, FPR,) as follows:

FPR, = ml(g,x)(p(m'm’(gﬂx)) <=1t) = qu[o t] qu(l_p)qp'n_q 4

.....
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where p = Py, g (m; = m'(g,x),;) is the probability that i'th bits in m and m'(g, x) coincide. In
our work, we experimentally evaluate that p is close to 0.5 for all the indices i. To choose a proper
threshold value for t, we set up an upper bound for FPR, as € and solve for t, namely,

t =arg max(Tep,..c1 G =p)Tp""7), subject to Tyepo,.ep CIA=p)p" 1 <e  (5)

For example, if n = 32 and e = 107°,thent = 4.
5. Experiments

5.1 Models and Datasets

We conducted our experiments using two large-scale VFMs: CLIP [17] and DINOv2 [18]. For
evaluation, we used a subset of images from the ImageNet dataset [22]. To train models on
downstream tasks (namely, for classification and segmentation), we utilized three domain-specific
datasets:

e E-commerce Product Images [23]: This dataset consists of 18,175 product images
categorized into 9 major classes based on Amazon’s product taxonomy. It is primarily used
for image-based product categorization.

e Oxford-111T Pet Dataset [24]: A classification and segmentation dataset containing 37 pet
categories (dogs and cats), with approximately 200 images per class. It includes both breed
labels and foreground-background segmentation masks.

e F00dSegl03 [25]: A food image segmentation dataset containing 7,118 images annotated
with fine-grained pixel-wise labels for over 100 food categories. It supports both semantic
segmentation and instance-level analysis of food items.

5.2 Training Details

5.2.1 Watermark Injection

We initialized both VFMs with publicly available pre-trained weights [27-28]. To embed and extract
binary watermarks within their internal representations, we designed a lightweight encoder-decoder
architecture. For each image, we randomly and uniformly sampled a 32-bit binary vector and
assigned it as the corresponding watermark for this image.

The watermark encoder consisted of two fully connected layers and processed the concatenation of
a selected feature channel with the binary watermark vector. Namely, the encoder maps the pair
(internal image representation, binary message) to a vector from the dimension of the hidden
representation:

e(p(x),m) = u € R, (6)

This encoded perturbation was injected into a specific transformer block and channel via a forward
hook.

Similarly, the watermark decoder, also composed of two fully connected layers, was used to
reconstruct the watermark from the modified features extracted at a later block. During inference,
outputs were thresholded at 0.5 to obtain binary predictions:

d(ge(p(x),m)))) = v ER*; m'; =1(v; >05)Vi €[1,...,k]. (7)

Based on prior activation analysis (see Fig. 2), we chose block 12 in CLIP ViT-L/14 and block 18
in DINOV2 ViT-L/14 for the embedding of the watermarks (note that in the corresponding blocks,
massive activations first emerge). All transformer layers prior to the embedding point were frozen
during training, while the encoder, decoder, and all subsequent blocks are subject to change during
watermark embedding. Further discussion of this selection is provided in Section 5.3.
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During training, we used AdamW optimizer with learning rates of 10~* for the VFM backbones and
10~5 for watermark modules (namely, e and d). Both models were trained for 5 epochs with a batch
size of 16.

5.2.2 Fine-tuning for Downstream Tasks

We used a full fine-tuning strategy in all experiments to preserve watermark robustness against
representation shifts introduced by fine-tuning. Experiments were conducted on both classification
and segmentation tasks. For the classification tasks, three learning rate schedulers were evaluated:
constant (no scheduler), cosine annealing, and linear decay; for the segmentation tasks, no learning
rate schedulers were used. The training was performed using the AdamW optimizer for 10 epochs.

5.2.3 Pruning

To investigate the impact of model sparsity on both classification accuracy and watermark
robustness, we applied post-training unstructured L1-norm pruning to the entire model. We
evaluated two sparsity levels: moderate pruning, where 20% of the lowest-magnitude weights were
zeroed out, and aggressive pruning, where 40% of the weights were removed. This procedure
enabled us to assess the effect of varying sparsity levels on watermark reconstruction. Note that the
unrestricted L1-norm pruning is used purely as the baseline to illustrate the robustness of the
proposed method to a model’s modification.

5.3 Signature Location Selection

Given the source model f, the set of input samples {x;, x,, ..., xy}, false positive rate threshold from
Eqg. (4). and corresponding distance threshold t from Eq. (5), we compute the watermark detection
rate

r= ¥R pme)m'(f,x)) <=t], ©)
where N = 1000. Note that here we explicitly write m(x;) to indicate that for different input
images, watermark messages may differ.
For the length of the watermark k = 32 and two similarity thresholds (namely, t = 0 and t = 4),
we study the dependence of the watermark detection rate on the number n of the last frozen layer
(see Fig. 1 for clearance). Note that the value of the watermark detection rate at t = 0 indicates the
ability of the method to extract the same watermarks that were embedded. To evaluate the robustness
of the embedded watermarks to downstream task adaptation, we fine-tuned the CLIP model on a
semantic segmentation task (see Section 5.2 for details). The values of the hyperparameters were
chosen to satisfy the trade-off between the feasibility of the watermark embedding and its robustness
under the perturbations of the watermarked model.
In Table 1, we report the watermark detection rates and average bitwise distance between an
embedded watermark and an extracted binary message (see Eq. (2)).

The results indicate that early transformer blocks have low watermark detection rates and high
reconstruction errors, making them unsuitable for embedding. In contrast, blocks 12, 13, 15, 21, and
22 show high detection rates and low errors, demonstrating better stability and reliability for
watermark embedding. Block 12, in particular, provides the best balance between detection accuracy
and reconstruction quality. Notably, this is also the first layer where massive activations begin to
emerge, which may contribute to its effectiveness as an embedding point.

While watermarks embedded closer to the end of the transformer (e.g., in blocks 21 and 22) are
extracted with reasonably high accuracy, their robustness degrades after fine-tuning. This is likely
because the later layers are more heavily modified during task-specific adaptation, which negatively
impacts the detection rate. Therefore, mid-level blocks such as block 12 offer a more reliable trade-
off between initial detection performance and robustness to downstream fine-tuning.
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Table 1. Dependency of the watermark detection rate on the number of the first expressive transformer block,
n. The architecture of the source visual foundation model is CLIP.

Block Watermark detection Average Watermark detection rate
number, n rate, v T bitwise error | after fine-tuning, r T

t=0 t=4
1 0.000 15.959 0.000
2 0.000 16.033 0.000
10 0.000 14.382 0.000
11 0.000 11.255 0.000
12 0.938 0.143 0.983
13 0.960 0.607 0.980
14 0.483 1.766 0.610
15 0.940 0.885 0.810
21 0.939 0.328 0.945
22 0.931 0.150 0.864
23 0.569 0.852 0.882
24 0.000 15.905 0.000

6. Results

In this section, we provide the results of experiments and elaborate on them.

6.1 Overall Results

In Fig. 3, we report the dependency of the watermark detection rate on the threshold value of the
false positive rate from Eq. (4). We evaluated classification and segmentation tasks and studied the
effect of unstructured pruning. Details of experiments are provided in Section 5.2.

6.2 Comparison with Fingerprinting Methods

To assess the effectiveness of the proposed method, we compare it against the state-of-the-art
fingerprinting method, ADV-TRA [26]. The main idea of this method goes as follows. Given the
input sample x of the ground truth class y, an index of the target class y,, and the source model f,
the set of adversarial examples T = (x, x4, x5, ..., x;) is computed such that

Xip1 = X% — S; Sign(VL(f, xi, ye)),
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where L is the loss function guiding the optimization towards y,, and s; is the scalar variable
denoting the step size on i’th iteration. Then, this set T is used to compare the predictions of the
source model f and a suspect model, f,,, to decide whether f;,, is a stolen copy of f. It is worth
mentioning that the process of generation of the model’s fingerprint, namely, the predictions on the
adversarial examples, is downstream task-dependent: the owner of the model has to use an auxiliary
classification head to compute adversarial examples. This limitation makes ADV-TRA barely
feasible for other downstream tasks.
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Fig. 3. Effectiveness of ExpressPrint in ownership verification problem. We consider several downstream
tasks (classification and segmentation), and VFM architectures (CLIP and DINOv2) and evaluate our
approach against fine-tuning and pruning of the watermarked model.

To compare ExpressPrint with ADV-TRA on different downstream tasks and assess their robustness
under different types of model perturbations, we compute the watermark detection rate (or
fingerprint detection rate, in the case of ADV-TRA). Note that the higher the detection rate for
positive suspect models, the more precisely a method detects functionally stolen models; on the
other hand, the lower the detection rate in the case of the negative suspect models, the less frequently
a method detects an independent model as the functional copy of the source one. In Table 2, we
report the quantitative results of the comparison.

There are two types of suspect models in Table 2: positive suspect models and negative suspect
models. While positive suspect models represent the set of VFMs that are functionally connected to
the source (watermarked) model, the negative suspect models are independent of the source VFM.
The description of positive suspect models is presented in Sections 5.2.2. and 5.2.3; as the negative
suspect models, we use different visual foundation models, namely, CLIP [17] and DINOv2 with
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registers [29]. Note that the difference between DINOv2 and DINOvV2 with registers is that the latter
is equipped with additional learnable tokens which are shared among different input samples during
the model's training.

Table 2. Comparison of different fingerprinting techniques, the architecture of the source visual foundation
model is DINOv2. We report a watermark (fingerprint) detection rate for both positive suspect models and
negative suspect models. The best results are highlighted in bold. It is noteworthy that ExpressPrint
outperforms ADV-TRA both in terms of true positive detection rate and false positive detection rate.

Model Type ADV-TRA ExpressPrint
classification (const) 0.703 1.000
classification (linear) 0.012 0.842
. classification (cosine) 0.123 0.998
Positive
t
suspec segmentation 0.000 0.990
pruning 20% 1.000 1.000
pruning 40% 0.086 0.495
different architecture 0.012 0.000
_ (DINOV2 with
Negative registers)
Suspect
different architecture 0.000 0.000
(CLIP)

In Table 3, we report the computation overhead of the methods. It is worth mentioning that ADV -
TRA is excessively time-consuming in terms of fingerprint generation. At the same time, signature
verification times (or watermark extraction times for ExpressPrint) do not differ much for these two
approaches. Note that the first two columns of the Table 3 (namely, Signature injection (min) and
Signature generation (min)) indicate the time required for watermark (or fingerprint) preparation;
although for a given model this procedure has to be conducted only once, the faster it is, the more
applicable the corresponding method for the large-scale VFMs.

7. Discussion and Limitations

We experimentally show that ExpressPrint allows us to distinguish between independent models
and functional copies of the given watermarked visual foundation model. It is worth mentioning that
ExpressPrint is a downstream task-agnostic approach: the model’s owner has to prepare a set of
input images and perform the watermark embedding procedure only once for a given instance of the
model; then, the watermarked model remains detectable by our method after fine-tuning to a
particular downstream task (for example, image classification and segmentation). In comparison to
ExpressPrint, ADV-TRA, the state-of-the-art fingerprinting approach does not provide a satisfactory
level of fingerprint detection rate when the fingerprinted model is fine-tuned for a different
downstream task (namely, segmentation; see Table 2). More than that, the proposed method is robust
to the pruning of the protected model and yields very low false detection rates (namely, zero for the
experiments from Table 2).
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Table 3. Comparison of computational overheads for ADV-TRA and ExpressPrint, the architecture of the
source visual foundation model is DINOv2. We report cumulative time in minutes for N=1000 images.

Signature Signature Signature
injection generation verification
(min) (min) (min)
ADV-TRA 0.000 1663.70 3.412
ExpressPrint 31.533 3.105 4.017

Among the limitations of ExpressPrint, we indicate the necessity to have white-box access to the
first expressive layer of a suspect model: to verify that a model allows to encrypt and decrypt a
certain message, one has to pass the image and corresponding binary string to it (see Eq. (7)).

8. Conclusion and Future Work

In this work, we propose ExpressPrint, a novel watermarking approach for visual foundation models.
This method is model agnostic and allows to protect a VFM in a downstream task-independent
manner: our experiments show that the proposed method allows to reliably detect the functional
copies of a particular foundation model obtained by the fine-tuning and pruning both for image
classification and segmentation. On the other hand, we verify that ExpressPrint does not detect
benign, independent models as functional copies of the watermarked VFM, which makes the method
applicable in practical scenarios. We compared the effectiveness and computation overhead of the
proposed method with the state-of-the-art fingerprinting approach, ADV-TRA, and showed that the
watermark detection rate and false positive detection rate of ExpressPrint are superior to the ones of
ADV-TRA,; at the same time, the proposed approach is significantly faster. Important directions of
future work include an adaptation of the ExpressPrint to allow black-box inference of the suspect
models.
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AuHotamusi. AnropurM Shazam mokasan CBOO HaAeKHOCTh M 3P()EKTHBHOCTD B 3a[a4axX HUACHTH(PHUKALNN
ayauo. B manHOI paGoTe MBI ananTupyeM OCHOBHBIC MPHHLHIIBI anroput™Ma Shazam st 3aadu 06HapyKeHUsT
YaCTHYHBIX BUJICOKONUH. MBI Ipe/yiaracM HOBBIH METOJ BBIPDABHUBAHMS BHJICOOTIIEYATKOB IIPH IOMCKE
YaCTUYHON BHJIEOKONHH 3ampoca 1o 6ase Bumeo. OfHO M3 JTyUIINX KadyecTB JAaHHOTO METOJA — €ro BBICOKas
ckopocts wucroiHeHuss Ha CPU, mpoctota W OZHOBPEMEHHO C JTHM BBICOKas 3((EKTHBHOCTE.
DKCIeprMeHTaIbHbIe Pe3yJbTaThl Ha OOMIEOCTYIHBIX BHIEO HAOOpax JaHHBIX IEMOHCTPHPYIOT, YTO HaIll
MOAXOJ JOCTHraeT BHICOKOW TOYHOCTH B OOHAPY)KCHHUHM YaCTHYHBIX M MOAWGHIMPOBAHHBIX BHUICOKOIHH,
obnanasi KOHKYPEHTHOH MPOM3BOAMTENBHOCTHIO MO CKOPOCTH M MacluTabupyemocTu. Hamm pesynbTaThl
MOKAa3bIBAIOT, 9YTO CO3JAaHHE OTIEYaTKOB IO MPHHIMIAM Shazam MOXeT CIyXuTh 3(b(eKTHBHBIM
MHCTPYMEHTOM IS KPYIHOMACIITAOHBIX TIPUIIOKEHUH 110 0OHAPYKEHHIO BUIICOKOTIHH.

KioueBble cjioBa: MOUCK KOMUI BUICO(PpParMeHTOB; anroputM Shazam; mepuenTHBHOE XEIIHMPOBAHHUE,
U3BJICYCHUE  KIIOYEBBIX  KaJpOB;  BHACO  (UMHIEPIPUHTUHI; HOMCK  Ommkaimmx  coceneil;
MEINaKPUMUHAINCTHKA; 3alllUTa aBTOPCKUX IIPaB; aHAIW3 BHACO Ha OOJBLIMX JAHHBIX; OOHApyXCHHE B
peabHOM BpeMeHH; pecypcod()EeKTHBHBIC AITOPUTMbI; OTKPBITHIC CHCTEMBI ITOMCKA BHJEO.

Jas nurnposanusi: Y3zaenos P11, [TepmunoB AWM. Shazam anroput™ i 0OHApYKCHUS YACTHYHOTO BUICO
konupoBanusi. Tpyast UCII PAH, tom 37, Beim. 6, gacts 2, 2025 1., ctp. 237-248 (Ha aHIIIHICKOM SI3BIKE).
DOI: 10.15514/ISPRAS-2025-37(6)-32

1. Introduction

The rapid growth of online video content has made partial video copy detection essential for
copyright enforcement, content moderation, and large-scale media search. Real-world copies are
often transformed — cropped, re-encoded, overlaid, or altered in brightness, color, or speed — making
robust detection challenging.

While many detection methods exist, most are either proprietary, lack open-source transparency, or
depend on resource-intensive deep neural networks unsuitable for scalable, real-time processing on
standard hardware. Few achieve an optimal balance of robustness, efficiency, and simplicity.

We address this gap by adapting the core principles of the Shazam algorithm [1] from audio to video.
Our method extracts keyframes at regular intervals, hashes them using perceptual image hashing,
and matches them via efficient approximate nearest neighbor search. Post-processing aligns
candidate fragments by analyzing time differences between matches. The approach is fully
parallelizable for modern CPUs (Central Processing Unit).

Evaluation on the VCDB (Video Copy Detection Benchmark) benchmark [2] demonstrates that our
solution combines accuracy, efficiency, and practical scalability under diverse video transformations
The main contributions of this paper are as follows:

e We present an efficient, open-source implementation of a Shazam-inspired algorithm for
partial video copy detection.
e Our pipeline achieves robust detection of copied fragments under a wide range of real-
world video modifications, combining simplicity, high speed, and scalability.
e We provide comprehensive experimental results on the VCDB dataset [2], using standard
metrics such as Mean Reciprocal Rank (MRR), Mean Average Precision (MAP), and recall.
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2. Related Work

Video copy detection and partial video copy detection have been active research areas for more than
a decade. The main approaches can be grouped into three broad categories: perceptual hashing,
block-based and spatio-temporal signatures, and neural network-based methods. In addition, there
are several industrial and open-source systems with varying levels of accessibility and transparency.

2.1 Surveys and Overviews

A number of survey papers have systematically reviewed the landscape of video fingerprinting and
copy detection methods. Recent works, such as the 2024 survey “Digital Fingerprinting on
Multimedia” (200+ references) [3], provide a taxonomy of fingerprinting techniques, covering
classical block-based methods, perceptual hashes, and learning-based approaches. They highlight
key requirements for real-world systems: robustness to transformations, computational efficiency,
and scalability. Other recent reviews, e.g., “The 2023 Video Similarity Dataset and Challenge,” [4]
focus on benchmarking and the increasing role of deep learning, including transformer architectures
[5], for video retrieval and similarity matching

2.1.1 Block-Based and Spatio-Temporal Signatures

Classical video fingerprinting techniques include methods based on spatial and spatio-temporal
signatures. The 2009 Vobile paper [6], for example, uses spatial signatures derived from luminance
(Y channel in YUV (Y component (luma) and two chroma components U and V)) and organizes
video into blocks, enabling geometric transformation robustness and efficient matching. Robust
ordinal measure methods [7] (2004) and TIRI (Temporally Informative Representative Images,
2009) [8] extract features from carefully sampled frames or generate 3D hashes to capture temporal
context. However, such methods are often designed for full-video or coarse fragment detection, may
not be robust to all types of edits, and sometimes lack public, well-maintained code.

2.1.2 Perceptual Hashing and Open-Source Libraries

Perceptual image hashing methods are popular for their simplicity, speed, and small storage
footprint. Tools like OpenCV [9] and libraries such as ImageHash [10] offer a range of hash
algorithms (pHash, dHash, whash, etc.). These are widely used for frame-level fingerprinting in
video search pipelines. Benchmarks indicate that while CNN-based hashes [11] can provide higher
accuracy, classic hashes remain competitive for many tasks. However, none of the basic image hash
functions is fully robust to geometric transformations (e.g., flipping, severe cropping).

Recent open-source projects, such as VideoHash [12] and ViDeDup [13], provide practical
implementations for near-duplicate detection, mainly focusing on the whole video or image
collections, but often lack support for fine-grained fragment matching and may not be robust against
severe modifications.

2.1.3 Neural and Learning-Based Methods

The latest advances in partial copy detection use neural networks to learn robust video
representations. Winners of the DVSC23 (Dataset of Video Similarity Challenge 2023) [4]
challenges have used large transformer models and deep similarity networks, achieving top
performance in complex, large-scale retrieval settings. While these approaches achieve strong
robustness, they require significant computational resources and are not always feasible for
lightweight, real-time scenarios.

2.2 Proprietary and Industrial Systems

Many effective commercial systems exist, including those by Vobile [6] and Microsoft’s PhotoDNA
[14]. These are typically proprietary and designed for industrial applications (copyright, anti-piracy,
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CSAM (Child Sexual Abuse Material) (detection). While they set a high standard in robustness and
deployment scale, the lack of transparency and public implementation limits their use in academic
Oor open-source projects.

2.2.1 Shazam Algorithm and Audio Fragment Alignment

The Shazam algorithm [1], though originally designed for audio fingerprinting, is notable for its
speed, fragment-level matching, and alignment capabilities. Its open principles have inspired similar
approaches in video, including the method presented in this paper. Audio fingerprint alignment is a
key idea, enabling not just duplicate detection but robust localization of copied fragments.

2.3 Benchmarks and Datasets

Several public datasets and benchmarks support research in this area. The VCDB dataset [2] is
specifically designed for partial copy detection and is widely used for evaluation, have 27 hours of
video content from YouTube and MetaCafe with 9k+ pairs of similar segments. DVSC23 [4] is a
newer, more complex benchmark but may exceed the scale needed for lightweight systems. Proper
evaluation relies on standard metrics such as Mean Reciprocal Rank (MRR), Mean Average
Precision (MAP), recall, and found original accuracy.

2.4 Summary of Practical Implications

Open-source solutions do not yet achieve a balance of simplicity, CPU efficiency, robustness to
video modifications, and fragment-level search. Neural approaches deliver strong accuracy but
require significant resources. Most practical solutions use image/frame hashing, with search and
alignment inspired by Shazam-like approaches (see Table 1).

Table 1. Summary table of different methods/tools.

Method/Tool Approach Key Features / Limitations SOpen
ource
. L Fast, low memory, no fragment
VideoHash [12] 64-bit video hash support, not robust to flips Yes
VideoDeduplication DCT + clustering Old code, not malr_1ta|ned, focus Yes
[13] on full video
Wechat CV VSC2022 Deep learning SOTA accuracy, high complexity,
. . Yes
[15] (transformer) high resource requirements
Microsoft Proprietary, large vector, slow, .
pyPhotoDNA [14] algorithm robust to attacks Partially
S Block-based Proprietary, robust, industrial
Vobile (industry) [6] signature standard No

3. Problem Statement

The proliferation of digital video content has made the ability to automatically identify copied or
reused video fragments across vast multimedia collections a problem of global importance. Partial
video copy detection is a foundational technology for protecting intellectual property, supporting
copyright enforcement, enabling digital rights management, and combating misinformation and
illicit content distribution. As video sharing and remix culture become integral to communication, a
robust and efficient solution is essential for ensuring fair use and trust in digital media.

3.1 Task Definition

Given a query video fragment Q and a large database of reference videos D = {V;, V,, ..., Wy},
the goal is to:
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e Detect all segments in D that contain a fragment visually similar to Q, even if the fragment
has been altered (cropped, re-encoded, overlaid, color modified, etc.).

o Localize the temporal boundaries of each detected copy, i.e., determine the start and end
times within the reference video where the copy occurs.

3.2 Formal Statement

Let Q be a query video fragment of arbitrary length, and V; a video from the reference database. The
system must identify all tuples (V;, tsiqrt, teng)Such that the segment V;[tgiqre: tenal 1S @ copy of Q
(or a substantially similar transformation), subject to some robustness threshold.

3.3 Challenges

e Transformations: Real-world copies may undergo various visual and temporal
modifications (cropping, color jitter, overlays, speed changes, compression, geometric
transforms, etc.).

o Scalability: The reference database may contain millions of videos, requiring solutions that
are both memory- and CPU-efficient.

o Fragment Alignment: It is insufficient to detect only the presence of a copy; precise
temporal alignment is needed to localize the copied fragment.

3.4 Evaluation Metrics
Performance is typically measured using:
o Mean Reciprocal Rank (MRR): Measures how quickly a relevant video is retrieved.
o Mean Average Precision (mAP): Captures overall ranking quality.
o Recall: Fraction of true copies correctly detected.
¢ Found Original: Whether the exact original is retrieved and localized.

A practical solution must achieve high accuracy across these metrics under diverse transformation
conditions, while maintaining computational efficiency suitable for real-time or large-scale
applications.

4. Proposed Method

This section details the proposed approach for partial video copy detection, inspired by the alignment
and fingerprinting techniques of the Shazam audio algorithm [1]. The method is designed to be
computationally efficient, scalable to large video collections, and robust to typical video
transformations. The pipeline consists of four key stages:

1. Keyframe Extraction: Systematic sampling of representative frames from video
sequences.

2. Fingerprinting and Hashing: Generation of compact, perceptual descriptors for each
keyframe.

3. Search and Alignment: Fast identification and temporal alignment of matching fragments
within a reference database.

4.1 Keyframe Extraction

A fundamental component of the proposed method is the systematic extraction of representative
keyframes from each video. Keyframe extraction serves two principal goals: reducing data
redundancy and enabling robust comparison between videos based on compact, meaningful content
descriptors.
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For both reference and query videos, frames are sampled at regular temporal intervals, typically
every 0.5 seconds. This uniform sampling strategy provides a balance between computational
efficiency and the ability to capture temporal variations, even in videos with scene changes or edits.
The use of regular intervals, rather than scene-change detection, ensures that the approach is simple,
reproducible, and does not depend on the availability or accuracy of more complex scene detection
algorithms. This procedure is illustrated in Fig. 1 (first cycle), which presents the flowchart for
keyframe extraction and preprocessing. Keyframes extracted at this stage are used for both
constructing the reference fingerprint database and for processing query video fragments.

MNumber of hashes in query fragment = n;
Create array x;
Create result array ans

Y

ForifromOton-1 F——

Find top-k nearest hashes for hash i
in the database;
m = number of unique matching
videos

x

Fill array x with top-k hashes and
weights (inverse distance to hash i)

—» Forjfom0tom-1  }——

Build histogram from array
x for video |

¥

Select highest column in
histogram;
Record to ans

)
—

Sort ans by histogram column
height

Fig. 1. Pipeline of indexing and search video.

4.2 Fingerprinting and Hashing

Following keyframe extraction, each keyframe is transformed into a compact and robust fingerprint
using perceptual image hashing algorithms. The goal of this stage is to generate a representation that
is both discriminative-enabling distinction between different content— and robust to common video
transformations such as compression, resizing, or moderate changes in color and brightness.
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For every extracted keyframe, a hash function (e.g., pHash, dHash, or other perceptual hash) is
applied to produce a fixed-length descriptor. The choice of hash function is guided by the need for:

e Robustness to minor and color image modifications;
e Compactness for efficient storage and fast search;
o Simplicity for reproducible implementation on standard hardware.

Each hash value is associated with the corresponding video identifier and the timestamp of the
keyframe. In the context of reference videos, these triples (video ID, timestamp, hash) are stored in
the fingerprint database. For a query video, the resulting sequence of hashes is used as the search
template.

This hashing procedure enables scalable similarity search by mapping keyframes into a common
feature space where visually similar frames are close under a chosen distance metric (e.g., Hamming
or Euclidean distance). The use of perceptual hashing allows the system to tolerate small
transformations and degradations, which are frequently encountered in user-generated or re-encoded
video content.

This stage is illustrated in the middle part of Fig. 1, where each keyframe is processed by the hash
function, and the resulting fingerprint is recorded for subsequent matching and alignment.

4.3 Search and Alighment

The search and alignment stage is responsible for identifying and temporally localizing potential
video copies within a large reference database. This is achieved through efficient similarity search
and a robust alignment procedure inspired by the Shazam algorithm for audio [1].

4.3.1 Similarity Search

For each hash in the query sequence, the system performs a nearest neighbor search in the fingerprint
database, typically retrieving the top-k closest matches based on a chosen distance metric (e.g.,
Hamming or Euclidean distance). Efficient indexing structures, such as Annoy, are used to enable
sublinear search time even for millions of fingerprints. Each database match provides not only a
candidate video ID but also the timestamp of the matched keyframe.

4.3.2 Temporal Alignment

To identify true fragment-level copies and distinguish them from incidental matches, the method
aggregates all retrieved matches by calculating the time offset between the position of the query
frame and the corresponding database frame. For each candidate reference video, a histogram of
these offsets is constructed. Peaks in the histogram represent time shifts where multiple query frames
align consistently with the same region of a reference video— strong evidence of a copied segment.

4.3.3 Fragment Localization and Ranking

The location of the highest peak in the offset histogram determines the estimated start time of the
copied segment in the reference video. The height of the peak (the weighted sum of matching frames
at the same offset) is used as a confidence score. Candidate videos are ranked according to this score,
and the corresponding time intervals are reported as the detected copy locations.

This approach is robust to missing or noisy matches, as the alignment mechanism accumulates
evidence over multiple frames. It further enables partial and modified copies to be detected and
localized with high precision, even in the presence of typical video transformations.

The overall search and alignment process is visualized in Fig. 1, illustrating the construction of the
offset histogram and the identification of the optimal alignment between the query and reference
video sequences.
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5. Experimental Setup

Given the computational intensity of keyframe extraction, hashing, and nearest neighbor search, we
employ aggressive parallelization to maximize throughput and minimize wall-clock time.

5.1 Dataset

We evaluated our method on the VCDB dataset [2], which contains annotated pairs of partially
overlapping real, not simulated video fragments subjected to various transformations such as
cropping, overlays, changes in brightness, color jitter, rescaling, and re-encoding.

5.2 Frame Hash Functions and Search Algorithm
The search algorithm follows a “Shazam-style” pipeline:

1. Extract and hash keyframes for all database and query videos

2. Index all database hashes using Annoy for fast ANN search.

3. For each query frame, retrieve the k=10 nearest database frames.
4

. For each candidate video, build a histogram of temporal offsets between query and database
frames.

5. Select the offset with the highest count as the best alignment.
6. Rank candidate videos by their peak histogram value and return the top-10.

5.3 Evaluation Protocol and Metrics
We evaluate all methods using the following metrics, computed over the full set of queries:

e Mean Reciprocal Rank (MRR): Measures the average inverse rank of the first correct result.

e Mean Average Precision at 10 (mMAP@10): Average precision over the top-10 retrieved
results.

e Recall@10: Fraction of relevant items retrieved in the top-10.
e Found-Original: Fraction of queries where the original (ground-truth) video is present in
the top-10.
All experiments are run with fixed parameters (k=10 nearest neighbors, top-10 returned).
Unfortunately, other solutions for Partial Video Copy Detection haven't measured these metrics and

execution speed. Additionally, all these methods either don't have open-sourced code or are closed
solutions, which makes it difficult to test them.

6. Results

6.1 Accuracy and Robustness

Fig. 2 and Table 2 summarize the global accuracy metrics for different perceptual hashing
algorithms in the Shazam-based video copy detection pipeline. The results include Mean Reciprocal
Rank (MRR), mean Average Precision (mAP), recall, and the fraction of queries where the original
was found. All tested hash functions demonstrate competitive performance, with most achieving
recall and “found original” rates above 0.9. The differences among methods are minor, indicating
that even computationally efficient hashes can provide strong detection accuracy. This supports the
method’s suitability for large-scale deployments where both speed and accuracy are required.
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Fig.2. Main metrics across different hash algorithms.

Table 2. Results of accuracy of different hash functions. The best result is presented in bold text.

Hash Name MRR mAP Recall Found original

Marr-Hildreth 0.805 0.766 0.528 0.963
BlockMean0 0.801 0.760 0.533 0.961
BlockMean1 0.813 0.766 0.556 0.970
RadialVariance 0.817 0.774 0.527 0.956
phash 0.785 0.727 0.577 0.949
whash 0.767 0.722 0.544 0.942
dhash 0.787 0.731 0.573 0.948

6.2 Execution Speed and Scalability

The pipeline is optimized for parallel execution. With 14 parallel processes, database construction
and query search achieved a 2.9-3.0x speedup compared to single-process operation. Fig. 3 and
Table 3 present the average search and hash computation times for different perceptual hashing
algorithms in seconds per one-hour video. The orange bars represent the mean hash computation
time per algorithm, while the blue bars show the mean search time required to match video fragments
using the Shazam-inspired method. Notably, algorithms such as Marr-Hildreth and whash exhibit
the highest hash computation times (over 70 and 80 seconds, respectively), whereas simpler hash
functions like BlockMean0 and BlockMeanl achieve significantly faster hashing performance.
Across all algorithms, mean search time remains low (generally below 7 seconds), confirming the
scalability and efficiency of the search stage regardless of hash type. Also, Key Frame Extractor
(KFE) executed in around 450 seconds. This demonstrates that the proposed system can efficiently
process long videos and large datasets, with the primary computational bottleneck attributable to the
choice of hash function rather than the search phase.

7. Future Work

To address the above limitations and further enhance the system’s capabilities, future work will
focus on:

e Integration of Learning-Based Features. Augmenting the pipeline with deep neural
descriptors or transformers trained for video similarity may improve robustness to
challenging transformations and nontrivial copies.

e Multimodal Fusion. Combining visual fingerprints with audio, text, or metadata-based
signatures to reduce ambiguity and improve detection in noisy or complex scenarios.
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e Adaptive Parameter Selection. Developing automatic tuning or meta-learning strategies
to select optimal parameters based on data characteristics or operational constraints.

e Advanced Indexing and Distributed Search. Exploring scalable indexing techniques,
such as hierarchical vector search or distributed hash tables, to support petabyte-scale video
archives.

e Real-World Deployment and User Studies. Collaborating with industry and the research
community to deploy the system in practical applications, gather user feedback, and refine
the approach for diverse real-world environments.

By addressing these directions, the method can become an even more powerful tool for the global
community, facilitating responsible media management, copyright protection, and digital trust.

Time metrics on dataset for Shazam in seconds/1 hour video (KFE time: 449.49)

BN mean_search_bime B8 mean_hash_time

80 4

B0

Score

204

o

Marr-Hildreth ElockMeano BlockMeanl Radialvariance phash whash dhash

Fig.3. Speed execution of different hash algorithms in seconds per 1 hour video (on 28-core CPU).

Table 3. Results of speed comparison of different hash algorithms. The best result is presented in bold text.

Hash Name Mean Search Time (s) Mean Hash Time (s)
Marr-Hildreth 6.98769 72.5094
BlockMean0 5.28471 6.09451
BlockMean1 8.23796 6.23136

RadialVariance 7.07063 15.6441
phash 6.79499 224734
whash 6.52278 80.2889
dhash 6.05098 18.2236

8. Conclusion

In this work, we have introduced a novel method for partial video copy detection, inspired by the
proven principles of the Shazam algorithm [1] in audio identification. Our approach combines
systematic keyframe extraction, robust perceptual hashing, and efficient search and temporal
alignment to address the challenges of detecting copied video fragments within large-scale
collections. Code is available as open-source solution [16].

Extensive evaluation on the VCDB benchmark [2] confirms that the proposed method achieves high
accuracy, robustness to common video transformations, and real-world scalability through CPU-
parallel processing. The pipeline remains accessible and reproducible, relying solely on open-source
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tools and standard hardware, making it suitable for broad adoption in scientific, industrial, and
societal contexts.

By enabling reliable detection and localization of video copies, this work contributes a transparent
and effective solution for content protection, digital rights management, and responsible media use—
serving the needs of all humanity in the evolving digital landscape. Future research will explore
further improvements in robustness, scalability, and multimodal integration to extend the
capabilities of this framework.
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