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AnHoTanus. VccnenoBanue reHOMHBIX aJanTaliil Ha IpuMepe HEMOJEIbHBIX
OpraHU3MOB, OOUTAIOIINX B HKCTPEMAIIbHBIX YCIOBUSX, IIO3BOJISIET ONPEEINTD,
KaK TPOMCXOIWT WM3MCHEHHE OJHHX M TEX )K€ TeHETHYECKHX CHCTEM MOJ
BIMSHUEM pa3HbIX (PAaKTOPOB OKpYXKaromieid cpexpl. B nmanHON pabore MbI
HCCIIENOBAI  YMEPEHHO KpHO(QWIBHBIA BHI KOMapoB-3BOHIIOB Diamesa
permacra (Walker, 1856) (Diptera: Chironomidae: Diamesinae), Iu4MHKH
KOTOPOTO CTEHOTEPMHBI 1 OOMTAIOT B XOJIOAHBIX POJHUKAX U PYUbsX.
[pencraButenn poma Diamesa SIBISIFOTCS XOpOLIEH MOJIENBIO JUIS W3yYCHUS
TEHETUYECKUX MApPKEPOB XOJIOJ0YCTOWIMBOCTH, PETYIIAIMN IKCIIPECCHU T'€HOB
temtoBoro moka (hsp) u remornoounos (Hb), munumnoro cocraBa memOpan
KJIETOK, OEJIKOB-aHTH(PHU30B, a TaKXkKe TEPMOCTAOMIBHOCTH OesIkoB. B pamkax
HAalIero ucciiefoBaHus Oblia nomydeHa de novo cOopka siiepHoro remoma D.
permacra ¥ BBIIIOJHEHO IOJHOICHOMHOE MNpelCKa3aHhe OeI0K-KOAUPYHOLINX
reHoB. B ToMm uncie, Obln Mpecka3aHbl FeHbl, KOTOPbIE MOT'YT OBITh CBSI3aHBI C
ajanTaryei K HU3KHUM TeMIIepaTypaMm.

[lomyuenHass reHOMHass cOopka W TEHHas AaHHOTAIMA IIO3BOJIUT H3Y4YHTh
PETYISIMIO SKCIPECCHH Pa3JIMYHBIX TE€HHBIX CEMEHCTB, CpeId KOTOPBIX
HauOONBIINI WMHTEpPEC MPEACTAaBISAIOT TeHbl TemioBoro moka (Hsp) m
remoniiobuHel  (Hb), perymsiums SKcrpeccMM KOTOPBIX U DBOJIOIMOHHAS
HCTOPHs HEJJOCTATOUHO U3yYeHa.

KiroueBble ciioBa: X051010ycTOHYNBOCTD, peoduiIbl, KpHODHIIbI, alanTaruys,
cOOpKa TeHOMa, TPAHCKPUIITOM, XMPOHOMH/IbI, HAHOTIOPOBOE CEKBEHUPOBAHUE



Beenenne

ApanTtanus K )KU3HH B YCIOBHSAX HU3KUX TEMIIEPATyp MOXKET OCYIIEeCTBISTHCS
pa3HBIMH crtoco6aMu. MOXKHO BBIIEITIMTH ABE OCHOBHBIX CTPATErUH alalTalluH K
HHU3KHM TeMIlepaTypaM: YCTOWYUBOCTD K MEPEOXIIKICHUIO, KOTa HACCKOMOe MpU
HHU3KHX TeMIIepaTypax MOXKET MPEIsTCTBOBAaTh COOCTBEHHOMY 3aMEp3aHHIO, U
MOPO30CTOUKOCTb, MIIM CIIOCOOHOCTH MIEPEHOCUTD 3aMOpakuBaHue tena [ 1, 2].

K 0CHOBHBIM MeXaHU3MaM, HCIIOIb3yEMbIM BHIAMH, MPETSITCTBYIOIINMHU
COOCTBEHHOMY 3aMepP3aHUI0, OTHOCUTCS YBEIHYEHHUE IIIACTUYHOCTH CTPYKTYPBI
HCUXPOQUIBHBIX (PEPMEHTOB IIyTeM YMEHBIICHUS KOJIMUECTBA BOAOPOIHBIX CBSI3eH
[3,4], u3MeHeHUS B CTPYKType JIUMUAHOTO CIOSI MEMOpPaHsbI [5], cuHTe3
0enKoB-aHTH(PU30B, TNIMKOMPOTEHHOB [ 1], a Takke CHHTE3 KPHONPOTEKTOPOB,
MPEUMYIIECTBEHHO HU3KOMOJIEKYIISPHBIX (IIOJIMOJIBI, Caxapa ¥ aMUHOKHCIIOTHI) [6]. Y
HEKOTOPBIX BHJOB TAKKe HAOIIOAAETCS HATMYME HHIYLIPYEMBIX XOJIO0I0M
mpoMoTopoB [7]. Buasr Mopo30oycToiiurBEIe, HATIPOTHUB, HE MPETSTCTBYIOT
KPHCTAJTM3aIIMU BOIBI B CBOEM OpPTaHN3Me, 8 MOTYT CYILECTBOBATh B TAKOM
COCTOSIHIH, UCTIONB3YS JUISl 9TOTO KPHONIPOTEKTOPHBIE U KPHO3aIUTHEIE OenkH [8].
KpronpoTeKTops! MPETsTCTBYIOT POCTY BHYTPUKIETOYHBIX KPUCTAILIOB JIb/a, B TO
BpeMsi KaK U KPHO3aLIUTHBIE OEIIKH MPESTCTBYIOT MOBPEKACHHUIO TKAaHEH 1
BHYTPUKJIETOUYHBIX CTPYKTYp IIPU IOHWKEHUH TeMieparypsl [1,9].

B nanHO# paboTe MBI HcCIea0BaIN YMEPEHHO KpUODUIBHBIN BU
KoMapoB-3BOHIIOB Diamesa permacra (Walker, 1856) (Diptera: Chironomidae). Otor
BuJ (puc. la, 6) — TUIIMYHBIN IpeACTaBUTENb NoAceMelicTBa Diamesinae.
TToncemeiictBo BrimrouaeT 22 poaa (Ashe & O’Connor, 2009) u 6onee 220 Bui0B,
JIJMYHUHKH ITOJABJIAIOIICTO 6OJ'II>HJHHCTB3. N3 KOTOPBIX O6I/ITaIOT TOJIBKO B XOJIOOHBIX
Ui 6I>ICTpO TCKYIIUX BOAOTOKAX U SABJISAIOTCA XO.TIO}IOJ'I}O6I/IBLIMI/I CTCHOTCpMaMHU U
okcudpunamu. Jlnunaku Diamesinae — MaccoBble 0OMTATEIN TOPHBIX PEK M PYYbEB,
POIHMKOB 1 IPYTHX XOJIOAHBIX BOIOTOKOB. B3pociibie kKoMaphbl y MHOTHX
MpeNCTAaBUTENeN STOTO IMOACEMENHCTBa OSBISIOTCS B XOIOIHOE BpeMsI ToJia.
Diamesa permacra NpiHUISKHUT K rpymie Buaos D. dampfi; ato
OopeallbHO-CyOaIBITUIICKII BU, paclpoCTpaHEeHHBIH B cTpaHax EBpomnsl (Ashe &
O’Connor, 2009; [pxu6opo, 2018). Jluuanuku D. permacra crenorepmusl (Rossaro,
1991); oHM pa3BHBAIOTCA B XOJIOAHBIX POAHUKAX U PYUbsX, TUTAACh BOIXOPOCISIMHU U
nerpuroM (Dittmar, 1955; Lindegaard, 1995; Moller Pillot, 2013; IIpxxu6opo, 2018; u
Ip.). JInunHKM n3y4aeMoi moImyssiiui OOUTAlOT B BEPXOBbE POJHUKOBOW PEKH Ha
3anaje Jlenunrpaackoit oonactu (puc. 1B) mpu cTabUIBHON TeMIEpaType BOAbI
5-10°C B teuenue Bcero roga (Przhiboro, 2009; Ipxu6opo, 2018).

Panee, oTa xe nomynsanus D. permacra Obu1a pacCMOTPEHA B paMKaX CPaBHUTEILHOTO
MCCIIeJOBAaHMS SKCIIPECCHU TeHOB TeIoBoro 1oka hsp70 (Zatsepina et al., 2016).
ITpu 3TOM OBLIO MOKA3aHO, YTO Y JAHHOTO BHJa HAONIONAETCSl CTAOMIIBHO BBICOKHI
ypoBenb Hsp70 u orcyrcTByeT nHAyKIus hsp70 mpu TEIIOBOM IIOKe (BEPOSITHO, OHA
yTepsiHa 13-32 OOMTaHMS MTPU CTAOMIBHOM TeMIepaType).

IpencraBurenu poxa Diamesa HMEIOT MMPOKHUHI THAIa30H TEPMOTOIEPAHTHOCTH:
9TOT POJ BKITIOYAET KaK CTEHOTEPMHBIE KPHOPHITEHBIE, TaK M OoJee SBPUTEPMHBIE
BUIIBL. TakuM 00pa3oM, MOJNIEKYISIPHO-ONOIOTHYECKasl XapaKTePUCTHKA
XOJIOOTFOOMBOTO BH/a TIO3BOJIUT JIyYIIIe TIOHATh MEXaHU3MBI CTOJb ITUPOKOI
9KOJIOTMYECKOH BapHadeIbHOCTH KOMapOB-3BOHIIOB, KOTOPBIE PEICTABICHBI
Pa3sHOOOpa3HBIMH HKOJIOTMYECKUMHU IpynnaMu. B yucie naHHbBIX rpym, Hanbosee
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MHTEPECHBIMH MPEICTABISAIOTCS SKCTPEMODUIBHBIE KOMAPbI-3BOHIIBI - YK€
OIMCaHHBIE BBIIIE KPHODHUIIBI, alUA0(HIIBI, TEPMOTOJICPAHTHBIE BUIBI, TATOQIIBI, a
TaKOKe BUJIBI YCTOHYUBBIC K BBICBIXAHUIO, U KpaiiHell (hopMe afanTanuu K norepe
BOJIBI - aHTHPoOH03y. Diamesa permacra MOXET CITY>KUTh OTIIHYHBIM
CPaBHUTENBHBIM 00BEKTOM, Hapsy C APYTHM 3KCTPEMabHBIM KPHO(MIBHEIM BHIOM
Belgica antarctica (Jacobs, 1900) (Diptera: Chironomidae: Orthocladiinae).
Ha nanHBbIif MOMEHT T€HOMHbIE MEXaHU3MBI aJjalTaluii K HU3KUM TeMIlepaTypam pojia
Diamesa c1a00 n3y4eHbl U3-3a OTCYTCTBHUS TEHOMHBIX JTAHHBIX.

Takum 00pa3oMm, TIIaBHO# 3a1a4eil TaHHOW paOOThI ABJISETCS UCCIICJOBAaHNE
MEXaHU3MOB IPUCIIOCOONIEHNS BU/Ia K HU3KUM TEeMIIepaTypaM MeCTOOOUTaHHus Ha
JMYUHOYHOH cTanuu Ha OCHOBaHUM JaHHBIX NGS ceKBeHHpOBaHUS.

Coopxa resoma

BricokokadecTBeHHasi cOOpKa TeHOMa 1O MPEXPOMOCOMHOTO YPOBHS IO3BOJISET
JIOCTOBEPHO OIPEAENIUTb BECh CIIEKTP TAPTETHBIX TEHOB U UX PETYISTOPHBIC YUACTKH.
DT0 O4YeHb BAXHO JUII OOBEKTHBHOM OICHKH YPOBHS OKCIIEPCCHU TE€HOB U HX
perymsanuu. Harpumep, y KOMapoB-3BOHIIOB B TEHOME MOXKET IIPUCYTCTBOBAaTh Oojee
10 xomuii remMoronoOMHOB M  YTOOBI IPAaBMWJIBHO OLEHHUTh pabOTy 3THUX TICHOB,
HEOOXOAMMO HMETh KayeCTBEHHO COOpaHHBIH reHoM. B paHHO# pabore ObLia
BBIIIOJIHEHA TIHOpuaHas cOopka reHoma D. permacra de novo ¢ nomouibio Haslr
v.08al [10] Ha oOCHOBE [UIMHHBIX MPOYTEHUH, MOIYUYEHHBIX C IOMOILBIO
cexBenupytomeit miarpopmel Mk1C (Oxford Nanopore Technologies) n kopoTkux
MPOYTEHHH, IOMYYCHHBIX C IMOMOIIBIO CEKBeHHpytomed miardopmel Hiseq 2500
(Illumina). OuouHpOpMaTHUecKuii mNamuIalH 1Mo cOOpke U OICHKE TIeHOMa
npezcTaBieH Ha pucyHke 2. [1o pacnpeneneHuo k-meroB mpeaBapuTeNbHBIA pazmep
reHoMa coctaBu 85.8Mb - 86.6Mb (Puc. 3), koHeUHBIi pa3Mep COOPaHHOTO reHOMa C
MIOMOIIBI0 TporpaMmbl Haslr ¥ JOMONHUTENFHOTO TMOJMHINMHTA WILTIOMHHOBCKHMH
pHIaMH, OCYLIECTBICHHOTO C TOMOIINbI0 mporpammbl Pilon v.1.23 [11] cocraBmn
92.7Mb. Pa3smep reHoma D. permacra Ha TEKyIIMHA MOMEHT SIBJISICTCS OIHHM W3
HaMMEHBIINX CPEIH BCEX BUJOB ceMeiicTBa KoMapoB-3BOHIIOB [12].

Npurotosnenne
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Puc. 3. a - mpenckazaHue pa3Mepa I'€HOMa,YHClla YHUKAIBHBIX K-MEpOB U ypOBHA
TeTepO3UTOTHOCTH: MO OCH X IpelcTaBlIeHbl pazMepbl k-MepoB, mo ocu Y - 4ucio
YHUKalIbHBIX k-MepoB, O - COOTBETCTBME MOJENH genomescope HabmonaeMoin

9aCTOTEC BCTPEYaCMOCTHU k-MCpOB.

JInist olleHKH KadecTBa cOOPKH OBLIO MCIIOIB30BAHO MporpaMMHoe obecriedueHrne Quast
(Bepcus 5.2.0) (rabmuma 1) [13], aist ompenaeneHHs. TMOMHOTHI COOPKH OBLIO
HCTOIB30BaHo Mporpammuoe obecriedenne BUSCO 5.3.2 [14] (Tabnuma 1).

Tadauua 1. OcHOBHBIE XapaKTEPUCTUKH COOPKHU

*C - completed (3aBepiieHnsie) reHsl, S - single-copy (B eanHnvHOM Komuu), D - duplicated
(mynimuuposanHsle), F - fragmented (¢pparmenTupoBanusie), M - missing (HeHalIeHHBbIE).

OO0111€e€ KOJIMYECTBO KOHTUTOB 168
KonTuru anunoit >= 1000 bp 155
Konruru pnunoit >= 5000 bp 112
Konuturu piuao# >= 10000 bp 95
KonTuru anunoit >= 25000 bp 82
Konturu mnuHoi >= 50000 bp 75
HawubGonpuit koHTHUT, bp 5811341
Ob6uias anuHa c6opku, bp 92766986
Iokpertue Illumina 300
IToxperTne ONT 50

I'l] cocras (%) 26.95
N50 2272732
N75 1141309
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L50 13
L75 27
N na 100kbp 0.00

Onenka nonHotel BUSCO B pexxnme
“reHoM” J10 TIOJIMILMHIA

C:94.0%[S:93.3%,D:0.7%],F:1.0%,M:5.0%,
n:3285*

Onenka noiaaotsl BUSCO B pexume
“reHoM” TIOCJIC TIOJTUIIIMHTA

C:95.2%[S:94.3%,D:0.9%],F:0.5%,M:4.3%,
n:3285%*

Onenka noiHotsl BUSCO B pexume
“nporeom”

C:94.9%[S:84.3%,D:10.6%],F:0.8%,M:4.3
%,n:3285

KonnvectBo GenOK-KOAUPYIONIMX TCHOB

15257
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®unoreHernyeckuii anaaus D. permacra Ha ocHoBe 1aHHBIX COX1

Jlnst cOOpKH MUTOXOHIPHAIBHOTO T€HOMA HCIOIb30BAIUCH NIPEIBAPUTEIEHO
or¢uasTpoBaHHbIe uTeHUs [llumina, ocTaBmMECs HECONOCTABIEHHBIMH MTOCIIE POLIETYPhI
KapTUPOBAHMS BCEX UTEHHUH Ha MMONYYUBIIUICS IAEPHBIN TeHOM. TakCOHOMHYECKast
NIPUHAJJISKHOCTD BHUJIa ObLIA TPOBEPEHA IO TOCIIEI0BATEIFHOCTH LIMTOXPOMOKCHIa3bI- 1,
Hali/ICHHO ¢ MOMOLIBIO COOPKH M aHHOTUPOBAHHSI MUTOXOHIPHAJIbHBIX KOHTHIOB
uccieayemMoro Bujia ¢ ucnonszopanueM SPAdes v3.1.13, MitoBim, MitoZ, Mitos2.

. zagrosica

. moubayedi

. sakartvella

. urvantsevi

. loeffleri

. caucasica

. goetghebueri
. modesta

. latitarsis

. marinskiyi

. dragani

. praecipua

. nowickiana

. amplexivirilia
. serratosioi

. alpina

. khumbugelida
. baicalensis

D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D.
D. parancysta

D. insignipes

D. cf. aberrata sp.1
D. hamaticornis

D. cinerella

D. zernyi

D. bohemani

D.

. bertrami

Diamesa permacra

D. dampfi

D. leona

D. japonica

Pseudodiamesa aff. nivosa
Arctodiamesa appendiculata
Arctodiamesa marinae

Drosophila

Puc. 4. dusorenernyeckoe APeBoO MO MOCISIOBATEIFHOCTH I'eHa IUTOXPOMOKCH Ia3bI- 1
(COX1) npeacraButeneii AuamMec 1 HEKOTOPBIX APYTUX HpeacraBureneit orpsaa Diptera
(Arctodiamesa, Pseudodiaesa, Drosophila). BeipaBuusanue - anroputv MUSCLE, noctpoeHue
JiepeBa - aITOPUTM MakcuMalbHOro mpasaonoaodus B MEGAX, bootstrap 500).

[NonyueHHBIC HAa JAHHOM 3TaIe PE3yNIbTaThI SBISIOTCS IPEBAPUTEIBLHBIMU, OIHAKO OHU
HEOOXOAMMBI JUTsl TaJIbHEHIIeT0 Pa3BUTHS MPOEKTA MO N3YUYSHUIO MeXaHu3MoB D. permacra k
YCJIOBHSIM JKU3HU TIPH HU3KHX TEMIIEpaTypax: MOUCKa Y4aCcTKOB T€HOMA, 3a1eHiCTBOBAaHHBIX B
aJlanTaIyy, aHaJIM3a TPAaHCKPUIITOMA U H3MEHEHH 3Kcnpeccnu 6enxoB D. permacra npu
U3MEHEHHUSIX TeMIEpaTyphl, a TAKKE MOJCIUPOBAHUE U U3yYEHHE CTPYKTYPhI OSIIKOB Y
HECKOJIBKHX BUI0B pofa Diamesa, 0OMTAIOMNX B pa3IMuHBIX TEMIIEPATypPHBIX YCIOBHUSIX, IS
CPaBHEHUSI TEPMOIIIACTUYHOCTH 3THX BUOB.
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Abstract. Bacterial genome size varies from 100 kb in obligate parasites to
over 15 Mb in free-living species. Most of bacteria have a single chromosome
that may be supplemented by a few smaller, dispensable plasmids. However, to
date, approximately 10% of the bacteria with completely sequenced genome
have more than one stable large replicon. Some of them are species-specific,
carrying pathogenicity or symbiotic factors. Others are present on genus level
and may carry even house-keeping genes. Meanwhile, the evolutionary relation-
ships between the replicons have not been described yet.

In this work, we analyzed replicons’ sizes in genomes of different species in the
context of species evolution. In four bacterial genera (Burkholderia, Cupri-
avidus, Vibrio, and Pseudoalteromonas) we detected strong positive correlation
between chromosome and cromid sizes. In other bacteria, chromid/plasmid
shows stable size ~0.5 Mb. Our results shed light on the factors under formation
of multipartite genomes in the bacterial world.

Keywords: Bacteria, Chromosome size, Chromid, Evolution.

1 Introduction

For many years, there was a consensus idea that the bacterial genome consists of a
single circular chromosome that may be supplemented by small nonessential circular
plasmids. Since 1979, when linear plasmids in Streptomyces were discovered [1],
these views have undergone changes. Ten years later the presence of two chromo-
somes in Rhodobacter genome were discovered [2]. This type of genome organization
is called multipartite genome [3]. To date, about 10% of the sequenced bacterial
species differ in composition from the model organism E. coli, which contains one
large circular chromosome and several small circular plasmids [3].

When the bacterial genome is divided into several large elements, the largest one,
that holds the main fraction of house-keeping genes, is accepted to be considered a
primary chromosome. The others can be classified as chromids, megaplasmids or
plasmids based on their size and gene composition [for details, see notation in 3], but
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there are no strong definitions and this classification is mostly based on thresholds [4,
5,6, 7,3l

Bacterial genome size varies from ~100 kb for parasites [8] to ~15 Mb for free-liv-
ing organisms [9]. Indeed, multipartite genomes are on average larger, however, there
are also large single chromosome genomes and only one third of the genomes with a
size >6Mb are multipartite. Therefore, genome size is not uniquely driven by multi-
particity. Another hypothesis suggests that secondary replicons are expected to be un-
der less selective pressure and have more hotspots of the new HT genes [10]. In this
context, secondary replicons may act as «test beds»that accumulate new genes and al-
low them to evolve more rapidly.

2 Results

In this work we analysed different aspect of bacterial genomes composition. First step
of our analysis was dedicated to the analysis of the total length of the genome. The
size of the genome is associated with the lifestyle of a bacterium, while more than one
large component of the genome can be in a bacterium of any lifestyle. No association
was found between taxon and genome size.

Secondly, we checked which bacterial species have large secondary replicons. To
determine the threshold for the size of the replicon, we analyzed the size of secondary
replicons found within the species. For all genomes with large secondary replicons in
the dataset, we analysed relationships between first (chromosome), second
(chromid/megaplasmid) and third replicon (if available). As a criterion for outliers,
we used one and a half interquartile intervals according to the size of each individual
replicon.

For each pair of replicon sizes, we calculated the correlation coefficients between
their sizes. By this procedure, we identified three patterns of relationships between
sizes of first and second replicons. The initial data can be separated into three groups:
with positive correlation between first and second replicon, with the constant size of
one of the replicons and with negative correlation between first and second replicons
sizes. The explanation of the inverse correlation between the sizes of replicons can be
a translocation or a series of translocations between replicons while preserving the
overall size of the genome.
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OT1imyuus B TpexMepHOIl CTPYKType XpoMaThHA
MeXK/1y HellpOHAJbHBIMU U IVIMAJbHBIMU KJIETKAMU
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Annorarmusa TpexMepHasi CTPYKTypa XpOMaTHHA U3MEHSIeTCs] B IPOIIeC-
ce nuddepennupoku kierok [1],[2], ogHako cBs3b 3THX M3MeHEHMIT C
KJIETOYHOH cleluau3anueil MaJonoOHsATHA. B JaHHo#l paboTe MbI IPO-
BeJIM CpPaBHEHHWE TPEXMEPHOH CTPYKTYpbl XpOMAaTHHA B HEHPOHAJIBLHBIX
U TJMaJbHBIX KJETKaX. AHaau3 MoKasasa riobajbHble U3MEHEHUs XPO-
MaTHHA Ha BCEX YPOBHAX CTPYKTYPHOI opranuzaiuu. B HefipoHaIbHBIX
KJIETKaX Npeobiiafaior Giu3kue KOHTAKThl (< 4 MJH 1.0.) u Gojiee BbI-
ParkeHbl TaKUE XPOMATHHOBBIE CTPYKTYPBI, KAK TONOJOTUIECKU ACCOIH-
uposannbie qoMens! (TAIpr) u netin xpomaruna. HanpoTus, B KieTkax
M OGOTAIEeHBI JaibHre (> 4 MJIH 1M.0.) U MeKXPOMOCOMHBIE B3aHMO-
JIeHCTBHSA, & TaK>Ke 60Jiee BBIPAYKEHA KOMIIAPTMEHTAJIU3AIUSA XPOMOCOM
HA aKTUBHbIE U HEAKTUBHbLIE DETHOHBI. BbINENnepeduceHHble OTIUIrs
KOPPEJUPYIOT C U3MEHEHUAMU B TPAHCKPUIIIIUU MKy HeHPOHAILHBIMI
U TJIMAJIbHBIME TE€HAMY, TO3BOJIAS MPE/IIOI0KUTL BAYKHYIO POJIb TPEX-
MepHOIt KoH(pOPMAIK XPOMATHHA B OIPEIEJeHNN KJIeTOTHOH CyIbObI.

KuroueBble ciioBa: XpoMaTuH, TPAHCKPHIILHS, HEHPOHBI, TVINS
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AHAJIM3 MHOKECTBEHHO KaPTHPOBAHHBIX NPOYTEHHUIl B
Red-C 3xcnepumMenTe
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AnHoTanusi. Ha naHHBI MOMEHT, cymiecTByer GOJbIIOE KOJIMYECTBO IMPOTO-
KOJIOB, TI03BOJIsIIOLINX ananu3upoBate NGS naHHbIe, TTOTyYeHHbIE U3 Pa3HO00-
pa3HbIX TEHOMHBIX HccienoBanuil. K coxaneHuro, 60NIbIIOe KOINYECTBO alro-
PUTMOB HE YUMTHIBAIOT IPOYTEHHUS, KAPTHPOBAaHHKBIE Oojiee OHOTO pasa. Takoe
JIOIYLIEHUE MPU 00pabOTKe JaHHBIX HE JaeT MOJHOLIEHHOTO MPECTaBIeHHs 00
OpraHM3aliy XPOMATHHA M HE MPUHUMAET BO BHUMAHUE MOBTOPSAIOIINECS IO-
CJIEZIOBATEIIEHOCTH, KOTOPBIE SIBISIOTCS 4acThio reHoma [ 1,2].

B nanHoM uccnenoBanuu Obuiu B3sThl JaHHble [ITHK-PHK wuHTepakToma,
MOTy4eHHbIe B pe3ynbrare 3kcnepuMenta ReD-C[3] ana nuaun xietok K562
yenoBeka. Ha naHHOM mpumepe ObUTH HCCIIENOBAHBI OCOOCHHOCTH MHOMKE-
CTBEHHO KapTUPOBAHHBIX MPOYTECHUI M BBISBICHBI HEKOTOPHIE MHTEPECHBIC 3a-
KOHOMEPHOCTH B pactpeneneHun kaprupoBok PHK mpoutenuii Ha 21 xpomo-
come.

KuoueBsie ciioBa: Red-C, MHOXXeCTBEHHO KapTUpoBaHHbIe npoutenus, PHK-
JHK untepaxkrom.

1 BBenenue

Kak u3BeCTHO, 'éHOM 3yKapHOT HAaceleH OIPOMHBIM KOJIMYECTBOM IIOBTOPOB: IO
HOCJICHUM JaHHBIM B 4EJI0BEYECKOM I'€HOME MOBTOPSIOLIMECS I0CIEA0BATEIbHOCTU
cocTaBIsIIOT nopsiika 66%—69%[4]. Cpenu Takux noBTOpPOB ecTh Alu a1eMeHTHI,
YMCIO KOMHUI KOTOPBIX 3HAYUTENBHO IPEBBINIACT | MHUIUIMOH B I'€HOME 4YeJIOBEKa.
Taxoke MBI 3Ha€M, UTO B Pa3JIMUHBIX OMOJIOTHUECKUX SKCIEPUMEHTAX, BKIFOYAOIMIIX
9Tall BBICOKOIPOU3BOJUTEIBHOIO CEKBEHUPOBAHMUS, IIOJIyYalOTCsl MPOYTEHUSI KOPOT-
KOM JIJIMHBI.

ITo mepeunciieHHBIM OMOJOTUYECKUM U TEXHHUYECKUM IMPUYMHAM BO3HUKAET IIPO-
Onema MHOXeCTBeHHOro kaptupoBaHus. B Red-C skcnepuMeHTe MHOXECTBEHHO
KapTHPOBAHHbIE IPOUYTEHMS COCTABIAIOT nopsaaka 20-40% ot obiero uncna npoyre-
HUIA.
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AnroputMma Uil COOTHECEHHSI MHOXXECTBEHHO KapTUPOBAHHBIX NMPOYTEHHH B CO-
craBineHnd kapT PHK-XxpoMaTHHOBBIX KOHTaKTOB HE CyLIECTBYET. B cTaHIapTHBIX
MIPOTOKOJIAX, MCIOJIb3yEeMbIX Ha JAHHBIX MOMEHT, MHOXECTBEHHO KapTHPOBaHHBIC
MPOYTEHHUS] HE YYUTHIBAIOTCS TPH aHajn3e. Takue MpoYTEeHHUs MOTYT OTpaKaTh B3aH-
MOJICHCTBHS IIOBTOPSIIOIIMXCS 3JIEMEHTOB reHoMa win B3aumogeicteusa PHK, mpouc-
XOIAMUX U3 HUX. [ToBTOpsIONIIMECS IEMEHTHI 3a4acTyl0 HECYT PETYJIITOPHYIO POJIb.
CrnenoBaTeslbHO, HA KapTax KOHTAKTOB 00pa3yroTcsi MpoOesbl, HE HECYIIMe HUKAKOU
UH(POPMAIIMU O B3aUMO/ICHCTBHAX.

2 Iean

HccnenoBaTh MHOKECTBEHHO KapTHPOBAaHHbIE IIPOYTEHHS], TOJIyYEHHBIE U3 IIPOTOKO-
noB 1o u3ydenuto PHK-/ITHK untepakroma.

3 3amaun

1. Kaptuposats JIHK 1 PHK uactu npoutenus Ha pedepeHCHBII reHOM.

2. OtpunbTpoBaTh pe3yabTaThl KAPTUPOBAHMUS.

3. IlocTpouts pacrpe/iesieHus Yuciia IPOYTEHUH B 3aBUCUMOCTH OT KOJIMUECTBA MECT
UX KapTUPOBAHHUA.

4. AHHOTHPOBaTh IOCIEJOBATEIbHOCTH NMPOYTEHUI C MOMOIIBIO MHCTpyMEHTa Re-
peatMasker.

5. Cchopmuposath BEIOOPKY npouteHuid st 20-0ii, 21-oi u 22-0#f XpOMOCOM.

4 Pe3yabTarsl

4.1 Pacnpenenenusi ynciia npoYTeHuii B 3aBUCHMOCTH OT KOJIMYeCTBA
MeCT UX KapTHPOBAHNSA

brumn moctpoensr pacnipenenenus it Beex JJHK u PHK xaptupoBannbix mpourennit
o otAenbHOCTH (cM. Puc. 1).
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Puc. 1. PacnpezeneHue KoluuecTBa MPOUYTEHHI B 3aBHCUMOCTH OT KOJIMYECTBA UX MECT Kap-
TupoBOK. Ha (A) mpencrasieno nanxoe pacnpenenenue nius PHK npourennit, va u3 B - mis
JIHK.

Ha rpaduke npezacrasieno 00ubliee KOJMYECTBO YHUKAIBHO KaPTHPOBAHHBIX IPO-
YTEHUH U pacripeesieHne Uil MHOXKECTBEHHO KapTUPOBAHHBIX MPOUYTEHUH.

Taxxke MPOMCXOAUT HAKOIUIEHHE MPOYTEHUH B paiioHe, coorBercTBYomeM 1000
MecTaM KapTUPOBOK. DTO BBI3BAHO YCTaHOBJIECHHBIMH IapaMeTpaMH ajJrOpUTMa Kap-
TUPOBKH: MPOYTCHUE HE MOKET OBbITh BhIpOBHEHO Ooubiie 1000 pa3. Takum oOpazom,
npoureHust ¢ 1000 u OOJBIIMM KOJMYECTBOM KAPTHPOBOK OKA3BIBAKOTCS MPEICTAB-
JICHHBIMHU B JTAaHHOM ITHKe.

4.2  Annoranus RepeatMasker

Bruta nposesena anHoTams ¢ nomoubio RepeatMasker BoiOopku npourennit JJHK.
AHaIM3UPOBAIUCH N1OCIEI0BATEIBHOCTH IIPOUYTEHUH C MOMOIIbIO BHYTPEHHUX AJIrO-
putmoB RepeatMasker. B pesynbrare, ObUIM HaiiIeHbl IATTEPHB! BCETO B | MpoLEHTe
IIPOYTEHUH U3 aHATIM3UPYEMOil BEIOOPKH.

4.3 ®dopmMupoBaHHe BHIOOPKHU

beina cdopmupoBaHa ManeHbKas BbIOOpKa mpouTeHMd. JIns Takoi BBIOOpKM ObLIU
B3SIThl IIPOUTEHUS], KOTOPbIE KapTUPYIOTCs 10 10 pa3 Ha FeHOM U IPUXOIATCS TOJIBKO
Ha 20-21-22-ple XpOMOCOMBIL.

Ha nannom stame Obuto oOHapyxkeHo, uto PHK npourenuii Ha 21 xpomocome
CHUJIBHO 0OJIbIIE, YEM Ha OCTaJbHBIX XpoMocoMax. Jlis aHalu3a JaHHOTO SBIIEHHs
65110 nocTpoeHo nokpeitue 21 xpomocomsl PHK kaprupoBkamu (cMm. Puc. 2).
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Scale 200 bases | { hg3s
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RNA reads

H3K27Ac H3K27Ac Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

Puc. 2. IlokpbiTne Mectamu kaptupoBanust (parmenta 21-oit xpomocomsl (18,141,825 -
28,568,159) mis PHK npourenuii.

Ha Puc. 2 Obuti 0OHapyskeHbl MUKU mpuHOM B 30 HykieoTu0B. COrllacHO aHHOTa-
nuu Gencode Ha JaHHBIC YYacTKU HE MPUXOAUTCS W3BECTHBIX TeHOB. [Ipu 3TOM, Ha
JTAHHOM y4YacTKe BUAHBI MUKU B JaHHBIX CHIP-seq, KOTOpbIe OTpaXkaroT pacroyioxkKe-
Hue osnureHetuueckux MeTok H3K27Ac. Kak wu3BecTHO, JaHHas MOIuQUKAIMS
OOBIYHO HAXOMUTCS BOJIHM3U PETYJISTOPHBIX SJIEMEHTOB.

5
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Abstract. Loop extrusion is a widespread model of chromatin struc-
ture formation in eukaryotic cells. Extruder protein moving on DNA
and boundary elements are two main components of this model. The
positioning of boundary elements results in the insulation at the bound-
ary of TADs. While the SMC complex typically represents the extruder,
boundary elements vary between species. In particular, in Drosophila
melanogaster, up to 12 architectural proteins were claimed to contribute
to the insulated boundary formation. While it is debated whether these
proteins are indeed insulators and under what condition in the cells, we
ponder the possible evolutionary reasons that might have led to multiple
insulators in Drosophila.

Keywords: Drosophila - Loop extrusion - Insulators - Chromatin struc-
ture.

Introduction Currently, there are two primary mechanisms that play a role
in global mammalian chromatin structure formation: loop extrusion and com-
partmentalization [1]. Minor and more targeted mechanisms contribute, such
as the formation of Polycomb loops [2,3]. While the mechanisms and factors
of compartmentalization are debated [4], the critical players of loop extrusion
are well-known, at least in mammals. There, structural maintenance of chromo-
some (SMC) complexes (typically, cohesin) act as extruding factors, and DNA-
binding protein CTCF serves as barrier element [5]. This barrier element stops
the spreading of SMC-dependent loop by interaction with barrier element [6,7],
leading to formation of chromatin peaks (or loops) and boundaries of Topologi-
cally Associating Domains (TADs).

In mammals, this mechanism was confirmed by the studies of cohesin and
CTCF depletion [8,9], and may involve different regulators [10]. The position-
ing of CTCF contributes significantly to the contact probability prediction for
the Hi-C experiment [11-13]. Convergent sites for CTCF binding dictate the
insulation of interactions, detectable as boundaries of TADs in mammals [5].

* The study was supported by RFBR grant 19-34-90136 and Skoltech Fellowship in
Systems Biology
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While SMC proteins have notable conservation across the domains of life [14]
claiming to be a widespread, if not universal mechanism of chromatin factor,
CTCF has appeared in evolution only recently [15]. More studies on global chro-
matin organization in multiple species emerge, providing the interconnection
between the presence of CTCF in the genome and the patterns of chromatin
folding and regulation [16,17].

In non-mammalian species with no CTCF, various factors were proposed to
serve as barrier elements for loop extrusion instead, including moving polymerase
in bacteria [18], Dosage Compensation Complex (DCC) in C. elegans [19] and
cohesin itself in yeast [20]. However, non-mammalian species with CTCF, such as
insect Drosophila melanogaster, demonstrate yet another scenario complicating
our understanding of the regular loop extrusion model and calling into question
the presence of this mechanism in insects [21].

In particular, CTCF binding is not enriched at TAD boundaries in most cell
lines of Drosophila [22], except neuronal cell line BG3 [23]. Instead, there are up
to 8 other motifs in the genome found to be enriched at the TAD boundaries [24].
Some studies report the collection of 12 architectural proteins that contribute
to the structure formation in Drosophila [11]. However, the exact mechanisms
of action of these insulator proteins are not studied in detail. For example, [25]
proposes that pairs of proteins BEAF-32/CP190 and BEAF-32/Chromator can
act instead of the usual CTCF/cohesin pair.

DNA binding motif of CTCF is enriched in the genome and across Drosophila [15];
thus, we can confirm that CTCF indeed binds DNA in Drosophila and plays at
least some crucial role in the life of its cells. The motif itself is very similar to
those in mammals [26]. However, the interaction of CTCF with other proteins
might serve as a structural basis for cohesin/CTCF coupling and has not been
studied in Drosophila.

Results In this research, we focus on the structural basis for CTCF bind-
ing to cohesin subunits. We consider a recent study on the crystal structure of
SA2-Sccl in complex with CTCF [6] in mammals. There, the authors report
conserved essential surface (CES) between these proteins. The homologs of all
three proteins exist in Drosophila [27]. Moreover, CES is highly conserved from
fungi to mammals. To confirm this, we aligned the sequences of CTCF, SA2 and
Sccl from multiple mammalian and three Drosophila species (see Fig. 1). We ob-
served the presence of the putative conserved motif in distant Drosophila species.
As expected, they deviate from the mammalian motif. Notably, this motif is less
conserved between Drosophila species than between mammalian species.

We map the substitutions that happened in the course of evolution be-
tween Drosophila and mammals to the three-dimensional structure of SA2-Sccl-
CTCF complex. Indeed, we find that the crucial amino acids were replaced (see
Fig. 2). Most importantly, the SA2 D326 residue is replaced by proline. In mam-
mals, D326 residue of SA2 forms hydrogen bond with Y226 of CTCF. This bond
is necessary for the SA2-Sccl-CTCF interaction, and mutagenesis of Y226 leads
to disruption of complex interaction and abolition of loops on Hi-C maps. In
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Fig. 1. Multiple alignment of CTCF in mammals (19 species) and three Drosophila
species. The fragment is centered at CES motif (denoted in red)

Drosophila, D326 of SA2 is replaced by very rigid amino acid that does not form
conventional hydrogen bonds [28] and thus cannot form the key bond responsible
for cohesin-CTCF attachment in the same manner as in mammals.

CTCF

Scel

CTCF CTCF

Fig. 2. Key substitutions in Conserved Essential Surface (CES) of Drosophila mapped
to the 3D structure of SA2-Scc1-CTCF complex. Underlined amino acids are not
changed in Drosophila or have similar biochemical properties. The image is based on
surface-rendered cartoon from [6]
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In line with the model of expansion of boundary elements around the gene
starts [29], we propose that this substitution might be crucial for the evolution
of regulatory mechanisms in Drosophila. We speculate that it lead to the burst
of adaptation of other DNA binding proteins as novel insulators. As a result,
we observe several interchangeable insulator proteins contributing to insulated
boundaries formation in the chromatin of Drosophila melanogaster.

Discussion We note that D326P substitution in CTCF might be compensated
by substitutions in other amino acids of CES or surrounding hydrophobic pocket.
These substitutions can lead to the restoration of the specificity of CTCF to the
SA2-Sccl complex. However, substitution to proline disrupts the protein’s local
secondary structure, complicating the evolutionary path towards the restoration
of complex formation. Thus, we suggest that this substitution might at least
decrease the specificity of CTCF to SA2-Sccl complex (upon the assumption
that it forms and plays a functional role in Drosophila).

Even though there is no confirmation of active loop extrusion by cohesin
in Drosophila, we suggest that high conservation of extrusion machinery proteins
indirectly signifies its presence and importance for promoter-enhancer interac-
tions. We propose the scenario where disrupted specificity to CTCF leads to
"leaking” extrusion with impaired regulation. Thus additional barriers (such as
BEAF-32, Su(Hw), and other proposed insulator protein) emerge in the evolu-
tion of Drosophila ancestors as compensation for CTCF barrier weakening.

We note that some other mechanisms of regulation and DNA compaction
might take over instead of loop extrusion. Polycomb binding is reserved for fine-
tuning of cell-specific genes expression during development [3] and thus can-
not serve as universal compensation. Compartmentalization, given its under-
investigated mechanism, presents a promising potential mechanism that can
compensate loop extrusion perturbations in Drosophila.
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AHHoTanusi. AxanmuThdeckas ©0aza gaHHeiXx RNA-Chrom  comepxut
KOOp/AMHATHI MIJUTMOHOB KOHTAaKTOB JiecsiTKoB Thicssdy PHK yenoBexa u MbImm ¢
xpomaruaoM. Yepe3 BeG-untepdeiic (https://rnachrom?2.bioinf.fbb.msu.ru/)
ObutM  peayu3oBaHbl JBa noxxoxa Kk aHanmm3dy PHK-xpomarmHOBOTO
uHTepakTtoMa. [lepBblii: BBUICHHTH, KOHTAaKTHPYeT JIH C XPOMaTHHOM
uHTepecytomas nons3oBaresis PHK, u ecnu na, To ¢ KakuMM TreHaMu WA
JHK-noxycamn? Bropoit: BbicHuTh, kakue PHK xonTakTHpylor ¢
uHTepecyromuM nons3oBarens JTHK-mokycoM (M BEepoOsSTHO y4acTBYIOT B €ro
PeTyISLMN), ¥ €CJIN TaKUE eCTh, TO KaKOB XapakTep ux B3aumopeicteus? bonee
JETAbHO HM3YYHTh KapThl KOHTAKTOB W CPAaBHUTh MX C APYTHMH JaHHBIMH
MoxkHO ¢ omoinsto UCSC Genome Browser.

KimoueBble cioBa: Hexogupymoume PHK, kapTsl KOHTakTOB, XpOMaTuH.

Kak u3BecTHO, KOOUPYIOIIME U HEKOAUPYIOLIME TPAHCKPHUIITHI MOTYT BBIIIOIHATH CBOU
(YHKIIMM HE TOJNBKO B IIMTOIUIA3ME, HO M B sJIP€ KIJIETKH, IJie aKTHBHO YYaCTBYIOT B
mpoueccax peryJsiidd  TPaHCKPHIIIMH, B PEMOACIMPOBAHUU M IOJJIEPKAHUU
MPOCTPAHCTBEHHON CTPYKTYphl XpoMaruHa. Cpean METO/I0B, U3YHaIOLINX MEXaHU3MbI
B3auMozeiicteus Hekoaupyomux PHK ¢ xpomarunoM, MoaudukaropaMu XpoMaTHHa
WIA C JpyrdMd  OelKaMH, MOXXHO  BBIIENUTH JBa  Kjacca METO/OB:
“opun-ipotuB-Bcex” (RAP, CHART-seq, ChIRP-seq, dChIRP-seq, ChOP-seq,
CHIRT-seq) n “Bce-mpotuB-Bcex” (MARGI, GRID-seq, iMARGI, RADICL-seq,
Red-C) [1].

Hamu Obiia paspaborana 6a3a naHabix RNA-Chrom, kotopast COIEpKHT HE TOJIBKO
00paboTaHHbIe YHHMBEpPCAJIBbHBIM HalIIalHOM JaHHBIE THIA ‘‘ONMH-IPOTHB-BCEX’
(6omee 150 paraceroB, Oomee uem mmst 50 PHK denmoBeka w wblmm) u
“Bce-mpotuB-Bcex” (Oonee 35 maraceroB, BKIIOYAIOMIUX B ce0sl KOHTAKTHI IECATKOB
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teicsiy PHK), HO u moapoGHbie MeTasaHHble 000 BceX IKCHEpUMEHTax. [J1aBHBIM ee
OTIMYMEM II0 CPAaBHCHUIO C JAPYrMMH 0a3aMu [aHHBIX SBJISETCS TO, YTO OHA,
Bo-TepBhIX, “PHK-XpoMaTHHOBBEI MHTEpakTOM -IIEHTpUYHas 0a3za IAaHHBIX, a He
PHK-uentpuunas kak, Hanpumep, LnChrom [2] wim RNAlnter [3], xotopsie
CTaparoTCsl OMHMCaTh C IOMOINBIO CaMbIX Pa3HbIX JaHHBIX Hekopupyromue PHK ¢
pasHbix cropoH. bmaromaps stomy RNA-Chrom sBiseTcs Ha AaHHBIE MOMEHT
Hanbosee TONHOW 0a30if NaHHBIX, OTPAKAIOUICH BCE JOCTYIHBIC HA CETOMHSIIHUMA
MoMeHT noiaHoreHoMHble PHK-xpomariHOBbIe B3auMoieiicTBuS, a TaKkKe BKIIIOYAET B
ce0st yiy4IleHHble HOPMHUPOBKU M (GUIBTPHL. Bo-BTOPBIX, YIOOHEIH BeO-mHTEpdEiic
(https://rnachrom?2.bioinf.fbb.msu.ru/) mo3BoONAET MMONB30BATENIO MPOBECTH B
pearbHOM BPEMEHH IOJHOLIEHHOE HCCIEI0BAHUE CBOETO0 OOBEKTa: 3TO MOXKET OBITh
nnTepecyromas ero PHK wm JIHK-nokyc.

B cnyuae PHK nonb3oBareinto OyneT npeisiokeH HaOOp aHAIUTHYECKUX IPaUKOB,
OTpaXalolMX Xapakrep B3auMmojeicTBus BbOpaHHOM PHK co Bcem reHomom, a
TaKoKe TabIMIa ¢ TeHAMU M OKOJIOTEHHBIMU 00IaCTAMH, ¢ KOTOpbIMU BeiOpanHas PHK
KOHTaKTUpyeT HauOonpliuM oOpa3zoMm. [lns Oojee neTaabHOTO H3Y4YCHUS KapT
koHTakToB BbIOpanHO! PHK mome3oBarens moxker otnpasuts ux B UCSC Genome
Browser [4], Tme B TOM 4nCiie MOXHO COIIOCTaBHTh BHIOpaHHBIE KapThl KOHTaKTOB C
JIPyTUMH TpeKaMu, Hanpumep, ¢ MetwiupoBanueM JJHK uimi rucToHOBBIMU METKaMHU.

B caywae JIHK-nmokyca  momp3oBaremo  OygeT  MpemIOKEH  CIIHCOK
KOHTaKTHUPYIOIINX C BBIOpaHHBIM JIokycomM PHK, Bimouarommii pasHble METPHKH
CWJIBI UX KOHTakTHpyemocTu. BriOpas u3 crnucka ogny PHK, momb3oBaremo OynyT
JIOCTYITHBI BCE BO3MOXKHOCTH, OIMCAHHbIE BBIIIE, IPU YCIOBHUH, YTO KapTa KOHTAKTOB
OyzneT orpannueHa BIOpaHHbIM H3HauasbHO JJHK-1mokycom.
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AuHotanus. J{is M3MepeHus AaBieHHs 0T6Opa Ha 3BOJONHOHHUPYIOIIHE TTOCIIEIO-
BaTEJIbHOCTH HUCIOJNIB3YeTCs Moka3aresb dN/dS. V3HauanbHO 3TOT Mokasatesib OblT pa3paboTaH
IUIsI TPUMEHCHHST Ha OOJBLIMX BONIONHOHHBIX PACCTOSHIUSIX, HO 3a4acTy0 HCIOIB3YeTCS W
JUTSL BUZIOB, Pa30LICANINXCS HEAABHO, ¥ B CIy4asX, KOTJA CJIOKHO ONPEISTUTh TPaHUIIbI BUIOB.
CymiectByeT Teoperndeckoe Bblpakenue g dN/dS momyssiiuit B COCTOSIHMM paBHOBECHS,
OJIHAKO JIO JOCTHKCHHUSI PABHOBECHsI YCTAHOBUTDH 3aBUCHMOCTH MeXay mnokaszareiasmu dN, dS
(TO ectb, 3BONMIONMOHHBIM paccrosiuueM) U dN/dS cnoxHo. Haie npeanonoxeHue cocTouT B
TOM, YTO €CIIH Ha TOJBKO YTO OTIEJMBIIYIOCS HOITYJISALHIO ACHCTBYET HOJIOXKHUTEIbHBII 0TOOD,
TO B HEil MOJOXKUTEIbHBIC MyTallii MOTYT CHavana GUKCHpOBATECs OBICTpee, YeM HEHTpaib-
HBIE, YTO HpHBeaeT K 6oinee BricokoMy dN/dS, e mpu 3TuX e mapaMeTpax B YCIOBHAX PaB-
HoBecws. ITo Mepe HakorureHus: HeWTpanbHBIX 3aMeH dN/dS Oyzper majaTh 10 CBOEro paBHO-
BECHOr0 3Ha4eHus. B 3T0if paboTe MBI MPOBOANM CHMYIUSILHH SBOJIOLMH TPU Pa3IeCHHH
POIHUTENBCKOM TOIMyYIISIMK Ha JIBE JJOYSPHHE M CPABHHBAEM HALIM PE3yJBTAThl C M3BECTHBHIMHU
Ha JIaHHBIA MOMEHT TeOopeTHYeCKUMU 3aBucuMocTssMu dN/dS ot BpeMeHH.

KuaroueBble ciioBa: TeopeTnueckast nomy siidoHHasi reneruka, dN/dS, Jlerex-
LS TIOJIOXKUTENILHOTO 0TOOpA.

1 BBenenne

PaccMOTpHM CHTYyaluio, B KOTOPOW IPEIKOBasi MOMYJSIIHS Pa3aeiseTCs Ha IBE [0-
yepuue. M3BecTHO, YTO (HKCAUMs aiUIenei, HAXOMIIUXCSA IO MOJOKUTEIbHBIM
0TOOpPOM, MPOUCXOIMUT OBICTPEe, YeM HEUTpaibHBIX (T.e. TEX, HAa KOTOpbIE HE
neiicteyer otoop) [1]. [TosToMy Hama rumore3a COCTOMT B TOM, YTO IPH JIEHCTBUA
TIOJIOKUTENBHOTO OTOOpa Ha MAJIBIX IBOJIOMUOHHBIX PACCTOSHUAX MOCTIEe MOMEHTA
pasneneHusl ABYX MOMYJSILHNA, IOJOXKHTEIBHBIE MyTaluuu OyayT (DHKCHPOBATHCS
ObIcTpee, ueM HeiTpanbHble, u3-3a 4ero dN/dS cHavanma OyaeT BBICOKMM, a 3aTeM
OyIeT CHIKATBCS 10 MEPE TOTO, KaK CHUYKAETCS CKOPOCTh (DHKCALIMH IOJIOKUTEIb-
HBIX MYTAllHi, U B pe3yJIbTaTe aCHMIITOTHYECKH CTPEMHTBCS K CBOEMY PaBHOBECHOMY
3HAYCHHMIO TIPH JJAHHOHM CHJIe 0TOOpa. DTy THMIIOTE3Y MBI IPOJEMOHCTPUPOBAIIH C IO-
MOIIBIO CUMYJIAIUHN 3BOJIIOIUU ABYX pa3ACIMBIINXCS HOl'lyJ'lf[LlI/Iﬁ 1o CHJIBbHBIM IIO0-
JIOXHUTENBHBIM 0TOOpOM (prucyHOK 1). Ha pucynke 1 BHAHO, KaK MOJOXHUTEIbHBIC
MyTalMK B Haualie QUKCHPYIOTCS ObICTpee (PO30BBIC TPACKTOPHU 3aKPEILICHHUS). A
ITOCKOJIBKY CKOPOCTh (DHKCAIMK HEHTPABHBIX 3aMEH IOCIE Pa3JICNCHHUs POIUTENb-
CKOH MOMYJISIUK HE MEHSETCs (XapaKTepHOoe BpeMs (DUKCAIU HEHTPATbHOTO aJlIes
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= N [2]), mbI npeamnonaraem, yto dN/dS nocne pa3zaeneHus nonyssiuy cHavyana Oy-
JAC€T OYCHBb BBICOKHM, a 3aTEM, KOTla CKOPOCThH (I)I/IKC.':ILH/II/I HECMHOHHUMHUYECCKUX 3aMCH
Oynmer cumxkathes, dN/AS Oynmetr majaTh U aCMMIITOTHYECKH CTPEMHUTHCS K CBOEMY
paBHOBecHOMY 3HadeHHIo [3] (kak Ha pucyHke 1, HaumHast, mpuMepHO, ¢ 100 mokoe-
HUS).

3 &
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Puc. 1. JlunamMuKa 4acTOT HECHHOHUMHUYECKHX (TOKa3aHbl PO30BbIM) M CHHOHUMHYECKHX (I10-
Ka3aHbl roJIyObIM) MyTalMil B OJHOM M3 JABYX JOYEPHUX MOIYJIAIMI, Ha KOTOPbIE Pa3ielniach
poauTenbekas nomysuus. HyaeBoit MOMEHT BpeMEHH — 9TO MOMEHT pa3/ielieHHs. 3Be3104KON
OTMEYeH MOMEHT 3aKperuieH st MyTanun. Ha monoxuTenbHble MyTalnuy AeHCTBYET 0TOOpP CHITBI
s = 0,4; mponopIst CaiToOB, HAXOISAIIMXCS MO OTOOPOM K HeWTpaibHbIM = 1 : 10.

TakuM 00pa3oM, LeIb HAIIeTO UCCIICNIOBAHNSA: H3YUUTh JHHAMUKY CKOPOCTH (pUK-
cauuu cuHoHuMuueckux (dS), necunonumuyeckux (dN) pa3nuumii 1 UX OTHOILCHUS
(dN/dS) mexy AUBEPrUPYIOIMME MOMYIAMAMY Ha MaJIBIX 3BOJIIOLIUOHHBIX PACCTO-
SHUSIX Ha OCHOBE CUMYJISLIMI 9BOMIOLUY.

3amaun paboThI:

1. Tocrpouts 3aBucumoctu dN, dS u dN/dS oT BpemeHH (M3MEpPEHHOM B 4YHCIIC
MOKOJICHIH ¢ MOMEHTa JUBEPICHINH JBYX IOMYJISAMIH ITOCe JOCTIDKCHAS H3HA-
YaJbHOH IOIYJILUEH paBHOBECUS) HA OCHOBE CUMYIIALMI 3Bosouy. Paccmor-
pETh BIMSHME HAa 3TU 3aBUCUMOCTH TAaKUX [apaMeTpOB, KaK pa3Mep BHIOOPKH,
ULt KoTopo# noacuuthiBaeTcss dN/dS, u ckopocTs peKoMOUHALINH;

2. CpaBHUTH IMHAMHKY HAKOIUICHUS MOJNOXKUTENBHBIX W HEHTPANbHBIX HECHHOHH-
MHYECKHX 3aMEH U MX BIHsHHE Ha AuHaMuKy dN/dS Ha MaybIX 3BOJOMUOHHBIX
PACCTOSHUSX;

3. M3yuuts nunamuky dN/dS Taxoke B IpUCYTCTBHU OTPULATENILHOIO 0TOOpA.

2 PesyabTarsl

2.1 [dunamuka dN, dS u dN/dS noa moo:kutTe 1bHBIM 0TOOPOM

CHayasna Mbl pacCMOTPUM CHMYJISIIIMH, B KOTOPbIX Ha HECHHOHMMHYECKHE CAaHTHI B
MOCIIEIOBATEIBHOCTSX ICUCTBYET MOJIOKHUTENBHBIN 0TOOp. B cCUMyIISIHsIX B TeHOMax
MOT'YT POUCXOAUTH MYTALIU TPEX TUIIOB: HCCHHOHUMHYECKHE HOIOKUTEIBHBIC IO
orbopom cuabl s=0,1, HECMHOHMMHYECKHE HEWTpalbHbIC W CHHOHUMHYECKHE
HEeHTpaJlbHbIE, IPH ITOM IMPOMOPLHS CAUTOB, B KOTOPBIX MPOUCXOIAIT MYTAIUH ITUX
tunoB no resomy = 1 : 200 : 100, coorBercTBeHHO. Takke Mbl BapbHpPOBAIU CKO-
POCTb peKOMOMHAIIUM, U pa3Mep BBIOOPKU, A1 KOTOpoi moacuuthiBancs dN/AS, pe-
3yJIbTaThI [TOKAa3aHbl HA PUCYHKE 2.
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Puc. 2. 3aBucumoctr dN u dS oT BpeMeHH 1 pa3HBIX BEIOOPOK (sample) I CKOPOCTH PEKOM-
6unamuu A) 0,5 u B) le-6. IIpo3paunoii ruroma/ipio MOKa3aHO CTaHAApTHOE OTKJIOHEHHE pac-
npenenenust AN wmu dS o 10 cuMyauusSM B KaXKI0M MOKoJieHHH. Ha mosiokutenbHble MyTa-
muK aerctByer oroop cuibl s = 0,1; mponopiys HECHHOHMMHUYECKUX CAHTOB, HAXOISIIUXCS
1oJ; 0T00pPOM, K HECHHOHUMHMYECKUM HEHTPaJIbHBIM K cHHOHUMu4YeckuM = 1 : 200 : 100.

Mpr BuauMm, uto HakoruieHne u dN, U dS Bo Bcex cityuyasix OJIM3KO K JIMHEHHOMY,
TpUYeM JUis Mabix pa3mMepoB BeIOOpok (1 u 2) AN u dS HauMHAIOT KOMUTHCS HE C
HYJS. DTO OOBSACHSIETCS TEM, YTO B MOMYJISIIIMA Ha MOMEHT pa3JelIeHHsI €CTh HEKOTO-
poe pacrpeneneHre moaIMMOp(HH3MOB, KOTOPbIE MBI H BHIMM, KOT/Ia CYATAEM YUCIIO
pa3nmuuuii Mexy napoil reHoMoB. A BoT aist 60nbimux BeiOOpok dN u dS cHawana
PaBHBI HYJIO, & 3aTEM HAYMHAIOT HAKATUTMBATHCSA CO CKOPOCTBIO, OJMM3KOH K JHHEH-
HO#, HO B HaJajle HECKOJIBKO 3aHIKEHHOM.

3ameTM, 4To Ui OonbiuX BeIOOpOK AN HE MPOXOJUT Yepe3 HOJb, 4 HAYWHAET
pacTH ¢ Kakoro-To MOMEHTa, TOYHO Tak ke ceOs BexeT dS, HO HAUMHAET PAcTH He-
CKOJIBKO mo3ke. I[Toxoke, YTO MMEHHO 3TO MOIJIO Obl 00ecHeuYrBaTh AWHAMHKY
dN/dS, xotopyto Mbl oxuaeM yBuaeTh: Beicokuit dN/dS B Hawane, cHuKarommics
IO MEpEe NOCTUIKCHUA HOHyJ]HLlI/Ieﬁ paBHOBECH L (HOZ[ PaBHOBECUEM ITOHUMACTCA CO-
CTOSIHHE TIOMYJISIINH, TIPH KOTOPOM BEPOSTHOCTH (DMKCAIMH AJIENs HEe MEHSETCS CO
BpEMEHEM).

3aMeTHM TakXke, 4To 4eM Oosblie pazmep BbIOOpKH, TeM mo3xke dN u dS Haunna-
IOT pacTH. ITO OOBSCHSETCS TeM, YTO, KOTAa BEIOOpKa Malia, HEKOTOPHIE ellle He 3a-
(UKCUPOBABIIMECS MYyTallMd MOTYT OBITh JICTCKTUPOBAHBI, KaK 3aMEHbI, HO YeM
Gorbllie BHIOOPKA, TEM MEHbIIIE TAKUX MYTAIWid, a JJs pa3Mepa BbIOOPKU, PaBHOTO
pasmepy NOIMYJIALMH, TAKUX MyTallUi HET COBCEM.
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Jlis Masiolf CKOpOCTH PEKOMOMHALMK XapaKTEePHO TO, YTO 3aBUCUMOCTU JUISl pa3-
HBIX BBIOOPOK 0Oosee MOX0H Mexay coOoi. IIpu 3ToM Tak *e, Kak M IJIsl BBICOKOH
CKOpOCTH peKoMOuHaIuH, 3aBucuMocTH ajst AN u 11t dS moxoku Apyr Ha Apyra, HO
TIpU MaKCUMalIbHOH BbIOOpKe dS HaunHaeT pactu mozxe, yem dN.

Hanee paccmorpum muHamMuky dN/dS Bo BpeMeHH (PUCYHOK 3).
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Puc. 3. 3aBucmocts dN/dS oT BpeMeHH mpu pa3HBIX pa3mepax BhIOOpKHU (sample) Ajs CKOpo-
ctu pexombuHanuu A) 0,5; B) le-6. IIpo3paunoii mionanpio NOKa3aHO CTAHIAPTHOE OTKIIOHE-
nue pacnpezeneHus dN/dS nmo 10 cumymsuusiM B KaxaoM mokoneHud. Ha mososkutenbHbie
MyTaluu JIedcTByeT oT6op cuibl s = 0,1; mponopiys HECHHOHUMHYECKHX CalWTOB, HAXOMs-
MXCcs 0 0TOOPOM, K HECHHOHMMHYECKUM HEUTpalbHbIM K CHHOHHUMHKYeckuM = 1 : 200 :
100, myHKTHUpPHO TUHUEH TOKa3aHa eANHULIA.

Jlist GONBIIOH CKOPOCTH PEKOMOUHAIMY U 1711 O0JIbLINX BBIOOPOK MBI HAOIIOaEM,
YTO HauMHasi ¢ MOMeHTa, rje dN/dS MakcuMabHbIN (U JOBOJIBHO BBICOKHIA), OH YObI-
BAaeT M aCHUMIITOTUYECKH CTPEMHTCSA K HEKOTOPOMY PaBHOBECHOMY 3HaueHHro. OmHa-
KO JI0 3TOro MoMeHTa Tam, rae dN/dS MoxHO mocunTaTh, OH Bo3pactaeT. Mbl 1yma-
€M, 9TO yObIBaHHE, NEHCTBUTEIBHO, OOBACHACTCS HCKOMBIM 3(()EKTOM: ITOCKOIBKY
Ha MOMYJISUU AEHCTBYET IOJIOKUTEIbHBI 0TO0p, HECHHOHUMUYECKHE 3aMEHBI I10-
clle pa3/ieNIeHHs] HaKaIUIUBaloTcs ObICTpee, yeM cuHoHuMudeckue, u dN/dS momyua-
eTcsl 3aBbIICHHBIN. A a7 Bo3pactanust dN/dS B camMoM Hayane y HacC TOYHOTO 00b-
scHeHus HeT. B Beuncnenun dN/dS B camom Hauasie mociie pas/iesieHust €CTh CTaTH-
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CTUYECKHE TPYIHOCTH, IIOTOMY 4TO eciu dS paBeH Hyio, To otHomenue dN k dS
paBHO OeckOHEYHOCTH. MBI HOIDKHBI KAKHUM-TO 00pa3oM BCE PABHO YUUTHIBATH 3TH
3HAYEHHUS], TIOTOMY YTO MMEHHO OHH, CKOpEEe BCETro, BHOCAT BKJIAJ B MCKOMBIH (-
(dekt. ABTOpPHI HccnenoBanus [4] ucronb3oBany s mojacyera otHomenus dN k dS
HEKOTOPYIO TOIMPABKy C ICEBJOKAYHTOM, ITOCKOJBKY OHH IOKa3ajH, YTO MMEHHO
Takas MOMpPaBKa MUHUMH3UPYET BKJAJ[ CTATHCTHYCCKHX dP(EKTOB B MOIOKHTEIb-
Hy10 Koppesuoo Mexay dS u dN/dS (dS B nepBom npuOIMKEHUH MOXHO MPUHSTH
3a Bpemst). OfHaKo 3Ta ke nornpaBka 3aHmwkaet dN/dS, cyas no pesynsratam [4]. Mer
UCIIOJI30BAJIN TaKyIO )K€ MOMPaBKY, YTOOBI MUHIMH3HPOBATh BKJIAJ CTATUCTHUECKUX
a¢dexToB B dAN/dS, onHako, BO3MOXXHO, IMEHHO TOIPaBKa TaKOTO BUJA MpUBENa K
3aHmwkeHHoMy dN/dS B Hauane. J[pyroe BO3MOKHOE OOBSICHEHHE MOJOKHTEIBHON
koppessiuuu dN/dS co BpeMeHeM B Hayajie COCTOMT B CLEIUIEHHMH MEXIy IOJIOKH-
TENBHBIMH U HEUTPaJbHBIMH MYyTalUsAMH. TO e€CTh W3-3a TOrO, YTO HEKOTOpBIC
HeﬁTpaJ'lLHLIe MyTallun CHCIUICHBI C MTOJIOXKUTCIBHBIMU, YBEIINYCHUC dN NPpUBOAUT K
yBesmueHuto u dS, B pesynbrate dN/dS nosyuaercs 3aHMXEeHHBIM. BO3MOXKHO, XOTs
MBI ¥ PacCMaTPHBACM MAaKCHMAIBHYIO CKOPOCTh PEKOMOMHAIMH, B Hayaje MEXIy
HEKOTOPBIMH TOJIOKUTEIBHBIMH M HEHTPAIbHBIMU 3aMEHAMH HE YCIIEBAST MPOU30NTH
pekoMOMHaIUs. DTO 10 HEKOTOPOH CTENEHH MOATBEPXKAACTCSl Pe3yabTaTaMu JUis
MaJloil ckopocTu pexoMOuHaIuy (pUCYHOK 3B): Mbl BUAUM, 4TO JJ1s1 OONBIIUX BBIOO-
POK OTpe30K, Ha KoTopoM dN/dS majgaeT CHIBHO COKPATHIICS, a OTPE30K, Ha KOTOPOM
dN/dS pacrer, Ha060pOT, cTad GONBIIE.

JInst Manbix BBIOOPOK (prCYHOK 3A) Mbl HaOJII01aeM MeUICHHBIA pOCT B Havale, a
3aTeM OHH TaKKe aCHMITOTHYECKH CTPEMSTCS K HEKOTOPOMY 3HAUSHHWIO. 3HAYHT,
noacyer dN/dS mo mape reHOMOB M3 MOMYJSIKUKA (MM TIO TMape AUTUIONIHBIX TeHO-
MOB) JaeT JIOBOJILHO OIOCPEIOBAaHHOE IpescTaBieHue o peanbHoM dN/dS, ocobenHo,
MOKa paBHOBECHE HE IOCTUTHYTO. Harm pe3ynbTathl it BBIOOpKH pasmepa 1 corma-
CYIOTCS C TEOPETHUECKUMHU 3aBHCHMOCTSIMH IIPH MOJOOHBIX IMapameTpax B UCCIEI0-
BaHWH [5] (pUCYHOK 12, TONOKXHUTENBHBIE ).

2.2 Haxomienue dN pa3Jau4HbIX THIIOB U MX BiaussHue Ha AN/dS

Jyist TOrO, 9TOOBI TIPOBEPUTH, ICHCTBUTEIBHO JIN MOIOKHUTEILHBIC MYTAIIMN B PE3YJib-
TaTe CTAHOBATCS 3aMEHaMH, ompejensomuMe Beicokuii AN/AS mocie paspeneHus
MOMYJISIMKA, MBI P [POAHAIN3UPOBATh JTUHAMHUKY HAKOIUICHUS Pa3JIMUHBIX
TUIIOB 3aMeH. B HalMX CUMYJSLUAX B TEHOMax 0COOel NPUCYTCTBOBAIN CAMTHI TPeX
TUIIOB: HCCHUHOHUMHWYCCKUEC II10J IIOJOXUTCIbHBIM OT60pOM, HECHMHOHUMHWYCCKHEC
HEUTpanbHble, cMHOHNMUYeckne B cooTHomeHuu 1 : 200 : 100, cooTBeTCTBEHHO.
Takum o6pazom, dN, HaOIrOMAEMBIH B KaXKJIOM ITOKOJEHHH, CKIAbIBACTCS M3 JBYX
COCTaBJISIOIINX: M3 HEHTPAIbHBIX 3aMEH M 3aMEH, HaXOMIAIIUXCs 1o otoopom. ITpu
3TOM, €CJH, JEHCTBUTENBHO, MOJIOXKUTENIbHBIE 3aMEHbl HAKaIIMBAIOTCS ObIcTpee B
Hayasue U 0O0yCJIOBIMBAIOT, TEM caMbIM, BbICOKMiI dAN/dS, TO B Hayane MbI JTOJDKHBI
yBuieTh OONBILIMI BKIIAJ MTOJIOKUTENBHBIX 3aMeH B dAN/dS. MbI nipoaHain3npoBaiiy,
KaK MEHSJIACh CO BPEMEHEM CKOPOCTh HAKOTUICHHSI HECHHOHMMUYECKUX U CHHOHUMH-
YeCKMX pasziauuuid. EcM MBI B KaXIIOM MOKOJICHHH OyJeM CUMTATH KOJIMYECTBO 3a-
(DUKCHPOBABIINXCS UMEHHO B 3TOM IOKOJCHHH MYyTaluid (CHHOHHMHYECKUX WIIH
HECMHOHUMMYECKUX ), OTHOPMHPOBAHHOE HA YUCJIO CAlTOB COOTBETCTBYIOIUX THIIOB,
TO MBI MOJY4YUM 3aBUCHMOCTh CKOPOCTH HAKOIUICHHS TaKUX 3aMEH OT BPEMEHH, TO
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€CTh MPOU3BOJHYI OT 00bluHON 3aBucuMocTH AN mnu dS ot Bpemenu. Takas
3aBHCUMOCTbD MPEJICTABICHA Ha PUCYHKE 4.

das
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dN neutral
0.0006 dN positive

0.0007

0.0005

0.0004 \ \ ge [0S J
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Puc. 4. 3aBucumocts ckopoctu HakorwieHus dS u dN pas3HBIX THIIOB OT BpEMEHH I pa3Mepa
BbIOOpkH 1000 u ckopocty pexomOuHanmu 0,5. [Ipuparienue st Kax0ro NOKOJCHHUs CUUTa-
ercsi Ha paccTosHuU S50 MOKONEHH, ajee 3HaYeHHsT yCPEAHAIOTCS CKOJIB3SIIIUM OKHOM JIJTHHBI
50. Cymmapsslii N moka3aH KpacHOH JIMHHEH, a BKJIAJbl B HETO pa3nH4HEIX THIOB AN moka-
3aHBI TUIOMIAIBI0, 3aKPAIICHHON 3€JIEHBIM HIIN CEPBIM.

Ha pucynke 4 Mbl BUOUM, YTO B Hayaje Ha HEKOTOPOM IIPOMEXYTKE CKOPOCTH
HakorieHus: AN OBICTPO pacTeT, a CKOpocTh HakoruieHus dS paBHa Hyit0. Takke MbI
HaOMogaeM, Kak MEHSETCs] BKJIAJ TTOJIOKUTENBHBIX U HEUTPaJbHBIX HECHHOHHMUYE-
CKUX 3aMeH B obmmid dN: B caMOM Hayase BKJIaJ] BHOCST TOJIBKO MOJIOKUTEIBHBIC
3aMEHBI, 8 3aTeM HAuYWHACT PAcTH BKJIAJ HEHTPATbHBIX 3aMEH U, B KOHIIC KOHIIOB,
CTAHOBHUTCA 60.]'[])]]_[6, YyeM TaKOBOM ITOJIOKUTEIBHBIX. Bce 310 TFOBOPUT B IIOJIB3Y
Hameld TumoTe3bl. MBI Takke BHOWM, YTO AWHAMHKA CKOPOCTH HAKOIUICHHUS
HEWTpaTbHBIX HECHHOHUMHUYECKHX 3aMeH 110 TOYKE Hayalla pocTa OYeHb IT0X0XKa Ha
TaKOBYIO JUISl CHHOHHMHYECKHX 3aMEH, Yero JIOTHYHO ObUIO OBl OXXHIATh. 3aMETHO
TaKoKe, 9TO MO (popMe BCe KPUBBIE MMOXOXKH JPYT HA IPYTa, B TOM YHCIIE 3aBHCHMOCTH
s ooumero dN u dS. DTo emie 0HO CBHIETEIBCTBO B IMOJb3Y TOTO, YTO B HAIIMX
CUMYJIAIUAX CUHOHUMUYCCKHEC W HCCHMHOHUMHYCCKHUEC MYTallUM OJOBOJIBHO CHJIBHO
CIEIUICHBI (HECMOTPSI HAa MaKCUMaJIbHY CKOPOCTh PEKOMOMHAIIMHU). ITO MOIIIO ObI
00BSICHUTh HEMOHOTOHHOCTB 0011ei auHamukn dN/dS ms1st GonbIIX BEIOOPOK MoOCIe
pa3ieneHust Oy JISLIUH.

2.3  unamuxa dN/dS B npucyTcTBHM OTPHLATEJLHOI0 0TOOPA

Jlaniee MBI pelii pacCMOTPETh TAKXKe CUTYallHIo, B KOTOPO Ha HEKOTOPBIE CaWThI
JEHCTBYET CUJIBHBIN TIOJIOKHUTEIBHBIH 0TOOp, HO Ha OOJblIee 4YHUCIIO CaiiToB neii-
CTBYET OTpULATENBHBII 0TOOP. B Takom ciyuae, Mbl oxunaeM, uyro dN/dS acummnro-
THUYECKH OyJeT CTPEMUThCS K 3HAUCHHIO <l, TaK YTO MO UCTEUYCHUH OOJIBILIOrO BpE-
MEHH TIOCIIC TUBEPTEHIIUHU MOJIOKUTEIBHBIH 0TOOp NETEKTHPOBATh OYAET HEBO3MOXK-
Ho. Ho, BO3MOXHO, nM3ydaeMblii 3((dekT B Hauane (KOrja BKJIAI MOJIOKHTCIBHBIX
MyTanuii OOJBLION, a OTPHLATENILHBIX — MAJICHBKUI) MTO3BOJISIET IETEKTUPOBATH I10-
JIOXKHUTENIBHBIN 0TOOp. Pe3yabTaThl 3TUX CUMYIISMN IPEICTaBICHbI HA PUCYHKE 5.
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Puc. 5. 3aBucmocts dN/dS oT BpeMeHH npH pa3HBIX pa3Mepax BbIOOpKH (sample) st ckopo-
ctu pexomOuHanuu 0,5. TIpo3payHoil MIOIAABI0 MOKAa3aHO CTaHAAPTHOE OTKJIOHEHHE pacipe-
nenenust AN/AS o 10 cumynanuaM B KakI0M MOKojaeHud. Ha monoxxurenbHble MyTaluu ei-
cTByeT 0TO0p cuibl s = 0,1; Ha oTpHUIATENbHEIE s=-1; poropnus caitoB B reHome 100 (otpu-
narenbHele) : 1 (mosnoxurensusie) : 100 (HecuHoHMMHMYecKkue HelTpanbhbie) @ 100 (cHHOHUMU-
YeCKue); IyHKTUPHOI JIMHUEH MoKa3aHa eANHHIIA.

B 1menoM, Mbl HAaOJIIOJaeM 3aBUCHMOCTH, MOXOKME HA COOTBETCTBYIOIIME HA PU-
cynke 3A: B Hadane Ha HeKOTopoM otpe3ke dN/dS pacteT 10 AOCTATOYHO BHICOKOTO
3Ha4YeHUs, a 3aTeM nanaer. MHrepecHo, uto nmo npourectBun 2000 nokonenuit dN/dS
He CTaHOBUTCA <1, 4TO O3HAYaeT, YTO B HaMX cumyJisinusax dN/dS crpemurcs k 3Ha-
YEHHUI0, KOTOPOE HECKOIBKO OOJIbIINE, YeM TEOPETHUECKOE YIS JaHHOMW CHIIBI 0TOOpA.
MB&I ymMaeM, 9T0 3TO OOBICHSIETCS, OIATH JKE, CIETUIEHHEM CalTOB MO MOJIOKHTETb-
HBIM ¥ OTPHIIATEIBHBIM OTOOPOM.

3 BrIBOABI

Msr m3yunnmu guHaMuky dN/dS oT BpeMeHM ¢ IOMOIIBIO CUMYJISIMI 3BOIIOLUH H
BBISICHHJIH, YTO:

1. Ilpu meiicTBUM Ha JUBEPIUPOBABILYE MOIYJILUH IOJI0XKUTEIbHOr0 0TO0pa dN
HauvHaeT PacTd paHblue, 4eM dS; mpu 3TOM pasMep BBHIOOPKH, Ha KOTOPOH MOACUH-
teiBaeTcst AN i dS, BIuseT Ha TO, B KAKOH MOMEHT 3TH TOKa3aTeIM HAYMHAKOT pac-
TH, 32 CUET TOTO, YTO YeM MEHBIIE BEIOOPKa, TEM paHbLIe B HEH MOXHO JETEKTHPO-
BaTh IOIMMOP(U3MEI OIIpe/ieNIeHHON 4acTOTh, Kak 3aMeHbl. dN/dS cpa3y mocne pas-
JIeJICHNS! OITYJISIUI PacTeT 10 HEKOTOPOTO BHICOKOTO 3HAUYCHHMS, a 3aTEM CHIDKACTCSL.
Ilpy HU3KOH CKOPOCTH PEKOMOMHALMK HAaOJFOJACTCs TaKoe K€ BIHSHHE pa3Mepa
BeIOOpKH Ha pocT dN u dS, Ho B 3aBucuMocTi dAN/dS OT BpeMeHM CTaHOBHUTCS 0OJIb-
e otpe3ok, Ha kotopoM dN/dS pacrter u Kopoue 0Tpe30K, Ha KOTOPOM OH CHHYKAEeT-
cs, IOTOMY MBI TIpEIIoiiaraeM, 4TO IOJIOKUTENbHass Koppesauus Mexay dN/dS u
BpeMeHeM B Hadaiie (cpa3y Iocie JUBEpreHINH) o0ycioBiIeHa 3 dekTaMu crere-
HUS,

2. Ilocne pacxoxaAeHus! MOMYJISIUI MOJI0KUTENbHbIE HECHHOHUMUYECKUE 3aMe-
HBI KOISITCS OBICTpee, YeM HeHTpalbHble HECHHOHHMMHYECKUE 3aMEHBI, TaKUM 00pa-
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30M, MIMEHHO TOJIOKUTEIbHBIE 3aMEeHBI BHOCAT Oosbiuii Bkiaa B AN/AS B Havane, a
3aTEM HX BKJIaJ ITIOCTCIICHHO CTAHOBUTCA MCHbBIIC, YCM BKJIAQ HeﬁTpaJ'IbHBIX 3aMCH,

3. B mpHCYTCTBHH W TOJOXKHTEIBHOTO, W OTPUIATENHFHOTO 0TOOpa JUHAMHKA
dN/dS Takxke cHayana Ha HEKOTOPOM OTPE3KE BO3PACTACT IO 3HAUYCHHS, MEHBINETO,
YeM [PH UCKIIOYUTEIBHO MMOJOKUTEIFHOM 0TOOpPE, a 3aTeM yObIBaeT M aCHMIITOTH-
YEeCKH CTPEMHTCS K HEKOTOPOMY 3HAYEHHIO, KOTOPOE B HAIIMX CHUMYJIIHAX MOTyYH-
JI0Ch >1, MPEAMONOKUTENBHO, 32 cUeT 3D(HEKTOB CISTIICHHUS.
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Annoraumsi. Ha JaHHBII MOMEHT U3BECTHBI Cllydyau NPUMEHEHUS
xomiieMeHTapHblx PHK-koHCTpyKimil i caiineHcuHra reHos [1].
Taroke uzBectHO, uTo B mpupone PHK moryr obpasossiBats ¢ JTHK
CTPYKTYpBI, Ha3blBaeMble R-NETIsIMU, U TaKUM 00pa3oM peryiupoBaTh
9KCIPECCUIO TEHOB WJIM K€ MPUBOAMTH K TCHOMHOW HECTaOMJIbHOCTU
[2]. Meton Red-C [3] no3BonsieT OmpeienuTh Kak OMOCPEIOBaHHBIC
6enxom B3aumozeiicteuss PHK ¢ JIHK, tak u npsimpie B3auMozeiicTBUsS
(#0 ¢ MeHbIel 3 (eKTHBHOCTHIO). OCHOBBIBAsICh HAa 3TUX JaHHBIX MBI
nonbiTanck onpenenuts PHK, ob6pasyromme R-mermmn. C momomipio
TIOCTPOCHHUS BBIPaBHUBaHUI (FASTA AITOPHUTM) MEeXITy
nocnenoBarenbHocTsMu  PHK  w  JIHK-mokycamm, ¢  KOTOpbIME
cootBercTByomas PHK koHTakTHpyeT, 1 mpoBeIeHUs CTaTHCTUYECKUX
tectoB Obutn BeisiBIeHb! PHK, oOpasyrommue rerepomyruexcer. U3 47
tunoB PHK mnumips 8 o6pa3oBbiBaiy reTeponyiekcsl, a Z-TecT noxasal,
4TO OTHOILIEHHE reTepoLyILIEKCO00pa3yOLINX MPHK U
TpaHCKpuOupyeMbIx HeoOpaborannbix ncesroreHoB (THII) ko Bcem
rerepoaymiekcoodpasyrommum PHK 3Haunmo Gosbliie, 4eM OTHOLIEHUE
Bcex mpexacrasureneil coorserctytomero Tuna PHK ko Bcem PHK u3
pasmetku (p = 0.01). D10 mMoxer 3HauuTh, uto MPHK u THII Gonee
CKJIOHHBI 00pa30BBIBAaTh TeTepORyILIeKCHl, ueM apyrue PHK.

KimoueBble cioBa: R-newin, nekogupytromume PHK, xpomaTtus.
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AHHOTanMsA. YCTaHOBIEHA CBA3b MEXAY JOKAIGHOW BTOPHYHOU CTPYKTYPUPOBAHHOCTHIO HEKOTOPBIX
Hexoqupytomux PHK, paccunTaHHON Ha OCHOBE CBOOOIHBIX SHEPrHi B3aMMOACHCTBUI HYKJICOTHIOB IPH
nomouin RNASurface [1], © KOIMYeCTBOM KOHTAKTOB, KOTOPbIE HX JIOKAJbHBIC Y4YacTKU 00pasyloT ¢
XPOMAaTHHOM.

Kuarouesrbie caoBa: PHK-/IHK B3anmonectsus, xpomarus, Bropudsas crpykrypa PHK.

I'pyna wexomupyrommux PHK (uxkPHK) Brmouaer B cebs Bce kierounsie PHK, kpome
Oenok-konupyronmx. [IoMuMo TaBHO ONMMCAHHBIX pudocoManbHEIX M TpaHcopHTHBIX PHK, rpynma ukPHK
BKJIIOYAET B ceOs MUKpPO-, Majble HHTepepupyromue, Majble sIepHble, [UIMHHBIE HEKOMUPYIOIIHE U IpyTUe
PHK. K mmuaabmM HexopupytommM PHK otHOcsTest Bce HKPHK mnmuHoii ceime 200 Hykieotnnos. M3BecTHO,
yto HKPHK BOBNICUEHBI B pEryIsIMIO SKCIIPecCcuu reHoB [2, 3].

Yacts HKPHK oOnamaer craOuiabHOW BTOpUYHON cTpykTypod. K HacrosiieMy MOMEHTY H3y4yeHa
BTOpHYHAs CTPYKTypa Hebombiioro konuuectsa HKPHK. K HuM, Hanpumep, oTHOCATCs Xist, THAKTUBUPYIOLIASL
OIIHY M3 JABYX X-XpOMOCOM B KieTKax Miekonurtamoummux [4], SRA, ydacTByromas B siAepHON KOAKTHBALIUU
crepouzHblx peuentopoB [S5], u Neatl, BoBiedeHHas B pPETYIALMIO TPAaHCKPUILUU IOCPEICTBOM
B3aNMIOCHCTBUS ¢ XPOMAaTHHOM B oOmactu mapacnekyn [6]. Eme Menblne usydeHa (yHKIMOHAJIbHAs POJIb
BropuuHbIX cTpykTyp HKPHK [7].

B nannoit padote, onupasice Ha PHK-xpomaruHoBsie nannbsie Red-C [8], MbI onpenenuim cBsi3b MEKIAY
JIOKaJTbHOW BTOPUYHOM cTpykTypupoBaHHOCThI0 PHK u konmdaecTBoM KoHTakTOB To¥ mim mHOHM dactu PHK ¢
xpoMatuHoM B Kierkax K562. beuia paccuntana kxoppemsuns CrnupMeHa MeXIy JIOKaJbHOM BTOPUYHOM
cTpykrypupoBanHocThio PHK (paccunranHO# Ha OCHOBE CBOOOJHBIX SHEPIUil B3aMMO/EHCTBUI HYKICOTHIOB
npu momoru RNASurface [1]) u kommuecTBOM KOHTAKTOB COOTBETCTBYIOIIUX JIOKANbHBIX ydacTkoB PHK ¢
XPOMaTHHOM.
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U3 5604 PHK (Bce PHK u3 skcniepumeHTa ¢ KOMHUECTBOM KOHTakTOB Oouibie 1000), BKIFOYCHHBIX B
aHanm3, ToJabko 20 MPOIEMOHCTPHPOBAIN BBICOKYIO KOPPEISLUIO MEXIY BTOPHYHON CTPYKTYpPOH M 4acTOTOMH
koHTakToB (|corr|>0,1, pval<0,05), nmpuuem cpeau Hux AomuHHUpPYOT MPHK ¢ HEBBICOKHM XpOMAaTHHOBBIM
MOTEHINAIIOM (Z-SCore KOJIMYeCTBa KOHTAKTOB BBIIIE 2).
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Abstract.

Pabora mnocesimena ompenenennto PHK-JIHK koHTakToB, omocpenoBaHHBIX
OHUM M3 HCCIEAYEeMBIX OEIKOB-pEryJISATOPOB XpOMATHHA, Ul KaXIOTO H3
Habopa 19 accouunpoBaHHBIX ¢ XpoMaTHH-accouurpoBanHeiMiH PHK Genkos,
MpH  HCMONB30BaHUM JaHHbIX 1o PHK-xpomaTnHOBBIM B3anMoneHCTBUAM
skcnepumenta Red-C u mannbix mo PHK-0enkoBbIM  B3auMOAEHCTBHSIM
skcriepumenta fRIP-Seq. Tlonyuennsie Tpuanst B3anmonericteuii PHK-6emox-
JIHK 6b1m1 mpoaHanu3upoBaHbl B KOHTEKCTE MX OMOJIOTMYECKON JIOKAIU3aluu
OTHOCHTEJIEHO PETYJISTOPHBIX JIEMEHTOB I'eHOMA.

Hexogupyromue PHK npuHMMaroT yuacTme BO MHOTHMX Ipoleccax B KJIETOYHOM
sape, BKIKOYas peryJsluio TpaHCKpuniuu reHoB. BzaummopeiictBue PHK ¢ JJHK
Yalie BCEro OINOCPENyeTcss HeKOTOpbIM OesnkoM. B HacTosmiee Bpems CyliecTBYeT
MHOXECTBO  JIaDOpPAaTOPHBIX  METONOB 1O  BbiAeneHuro  Qpakuouit  PHK,
B3aMMO/ICHCTBYIONIUX ¢ Makpomoekyinamu oenkoB wiu JJHK [1-5], naiinensr MHOTHE
nexoaupytomue PHK, koTopsle JOCTOBEpHO Y4acTBYIOT B PETYJIATOPHBIX Mpolieccax
(MALATI1, NEATI1, XIST) [6]. B nanHoii pabGore ObuUM NpOaHAIM3HMPOBAHBI
pe3ynbrathl skcniepumenTa fRIP-Seq [4], onpenenstomero PHK-6enkoBble KOHTAaKThI
s 24 GenKOB-peryJsTOpoB XpOMaTHHAa, M IonHoreHoMmHoro merona Red-C [5],
onpenenstoniero PHK-/IHK koHTakThI.

Jlannble cexBeHupoBaHus pesynbraroB fRIP-Seq mns xnerok nuanu K562 Obuin
nojiy4eHsl u3 coorBercrByomero pernosuropus b NCBI GEO (ID: GSE67963),
nanHele Red-C (tarxke s kietok jauHuM K562) monydeHsl B BHIE TaOIHIBI
koHTakToB. KapTrupoBanue manneix fRIP-Seq Oblno mpoBeeHO Ha TEHOM YeNOBEKa
(GRCh38.p13). AHHOTHpPOBaHUE MHAHHBIX Ha BEPCUIO PAa3METKU HYEIOBEYECKOIO
reHoma Gencode Human Release 37. Beil HpuMEHEH anroput™M HAXOXKACHUSA
CTaTUCTUYECKH 3HAYMMOTO 3HAYEHHs IOPOra XPOMATHHOBOTO MOTEHLMANA JUIs
accoruupoBanaoct PHK ¢ xpomatuaom, 3Hauenus mopora curHana konrakra PHK-
OeITOK IS B3aUMOAeHCTBU [7].

B nporecce paGoTsl co3aaH MporpaMMHbBIN KOHBeWEp, MO3BOJISIOLIMHA PacCUUTaTh
CHUTHAJIbl KOHTAKTOB 3KCIIEPUMEHTOB, a TAK)KE HAHTH KOMIUIEKCHI OMOCPEIOBAHHBIX
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6enxkom PHK-JIHK  B3aumopelictBuil.  Pe3ynpTaThl  HpPOBENEHHBIX  TECTOB
IIPEATNOoJaraloT acCoMMpoBaHHOCTh 19 uccienyemeix OenkoB ¢ PHK, noctosepHO
accolMUpoBaHHBIX ¢ XpoMaTuHOM (caRNA). MccnenoBaHbl mepecedeHus Tpymil
caRNA, KOHTaKTHUPYIOIINX € KaKABIM H3 OENKOB, BO3MOXKHOCTH KJIACTEPH3ALMN U
KOppeupoBaHHOCTh CaRNA 10 MHTEHCHBHOCTH KOHTakTa ¢ Oenkamu. [IpoBeneHO
CpPaBHEHHE TPOEK B3aUMOJAEHCTBHUS, MOJYYEHHBIX M3 IAaHHBIX 110 KayHTaM CBIPBIX
punoB u u3 PHK-GenkoBoro nmk-kosummHra. MccnenoBaH OMOJIOTMYECKHH CMBICI
B3anmozetictBust PHK-/IHK, omocpenoBanHOro OmHMM W3 HCCIIETOBAaHHBIX OEJIKOB,
nexxamuii B jokanmsanuu JIHK-duacTn KOHTakTa OTHOCHTEIBHO PETYJISTOPHBIX
obmnacreli reHOMa, onpeeNnéHHBIX Mo oKkpacke xpomarnHa ChromHMM [8].

ABrop BbIpaxaer OmarogapHocth JKapukoBoii A. A. 3a mpepocraBieHHE
pe3ynpTaToB 3kcniepumenta Red-C.
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Abstract. Dictyostelium discoideum is an unicellular amoeba feeding
on bacteria. When nutrients are depleted, cells begin to secrete cAMP
helping them to sense each other and thus to aggregate forming a mul-
ticellular fruitying body. It is known that changes in epigenetics and
3D chromatin folding occur thought developmental cycle and it affect
gene expression. This project is dedicated to chromatin and epigenetics
changes in Dictyostelium discoideum during developmental cycle. During
this study, we have detected elongated loops (called el-loops) and anno-
tate them on chromatin maps. We have unreaveled differences in gene
expression between elongated and regular loop anchors, and there are
also remarkable difference in levels of active histone marks, which seems
to correspond to different enhancer frequency.

Keywords: chromatin, epigenetics, dictyostelium

1 Introduction

Dictyostelium discoideum is an unicellular amoeba feeding on bacteria. When
nutrients are depleted, cells begin to secrete cAMP helping them to sense each
other and thus to aggregate forming a multicellular fruitying body. During star-
vation period it feeds with autophagy, and fruiting body formation provoke some
cells to altruistically become a stalk allowing spores at the top reach as far as
they could in search for nutrients. This coordinated behaviour and the phe-
nomena of multicellularity itself occur several times independently throughout
evolution, and each of these cases is worth detailed study.

It is known that chromatin structure changes dramatically through develop-
mental cycle to repress one genes and to induce the other. There are several levels
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of chromatin hierarchy, starting from chromatin loops and TADs up to chromo-
some territories. And they all to some extent play a role in the regulation of
gene expression.

In our work we would like to unravel how chromatin structure changes in D.
discoideum to provide understanding of one on the examples of transition from
unicellularity to multicellularity. This particular study is dedicated to elongated
chromatin loops and their features.

2 Results & Methods

Initial goal of the study was to unravel how chromatin is compacted in D. dis-
coideum and how it is linked to gene expression and, most importantly,how
transition from unicellularity to multicellularity supported by chromatin struc-
ture changes. Surprisingly, we detected high similarities between Hi-C maps at
different stages of developmental life cycle.

During the visual examination of chromatin in D. discoideum using Higlass
(Kerpedjiev et al., 2018) we noted that, apart from symmetrical loops, LASCA
(Luzhin et al., 2021) also annotated asymmetrical loops, both elongated to the
right and to the left (see Fig. 1 for examples, framed in black rectangles)

Fig.1. View from Higlass (Kerpedjiev et al., 2018) with elongated loops framed in
black rectangles

To separate these elongated loops (el-loops for short) from existing annota-
tion made by LASCA, we developed a simple algorithm based on fold changes
in the 3’ anchor flame comparing to the 5’ anchor flame. Cut-offs was chosen
based on 20% and 80% percentiles of fold-change distribution accordingly.

To make sure our algorithm worked properly, we plotted average loops using
coolpuppy (Flyamer et al., 2020), and it seems that we successfully separated
left and right el-loops (Fig. 2). It is interesting to note that these el-loops are
stable between stages of development and also during cell cycle. Final lists of
el-loops contain 550 loops in average for each timepoint.

In order to perform a comperative analysis of dot features, we separated whole
set of loops annotated by LASCA into three categories: 1. regular loops with no
assymetry in signal enrichment; 2. left el-loops - el-dots with 5’ flame; 3. right el-
loops - el-loops with 3’ flame. Then, we checked whether gene density corresponds
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Fig. 2.

to the formation of el-loops. We found out there is the same asymmetry for genes
from Watson and Crick chains regardless of what type of loops we study.

Annotation of enhancers was also carried out by crossing the ATAC-seq,
ChIP-seq H3K4mel and H3K27ac peaks, and then the fraction of the base of the
loops containing enhancers was calculated in comparison with the permutation
test - about 30% of the bases contain enhancers, which has statistical significance
i 0.001 (Fig. 3).

— — p-value < 0.001

Percent
o B N W B U O N ®

15 20 25 30 35 40 45 50
Shuffle

Fig. 3.

Further, we shifted our focus to RNA-seq from recent paper (Wang et al., 2021).
Using deeptools (Ramirez et al., 2016), we computed pileups for RNA-seq in re-
lation to loop anchors. These results allow us to notice depletion in RNA-seq
signal (Fig. 4) in 5’ anchor for left el-loops and in 3’ anchor for right el-loops
accordingly as compared to symmetrical signal in both anchors for "regular”
loops.
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Fig. 4.

We also checked whether el-loops linked to replication origin locations. There
is almost no annotation of replication origin in Dictiodtelium from the literature,
so we decided to look on cis- and trans-contact coverage obtained from Hi-C maps
along the dot position to check whether there is an enrichment, which can be a
sign on replication origins located at the el-loops anchors. Apparently, there is
not enough evidence to support this hypothesis from the pileup plot analysis.

3 Conclusions

During this study, we detected elongated loops in chromatin maps and find
out they have assymentry in levels of gene expression between dot anchors,
while active histone marks levels remain almost equal in comparison between
do anchors. El-loops are stable in life cycle and are also visible at different
stages of cell cycle. Apparently, they are not linked to replication, gene length
or differences in gene occurrence.

Acknowledgments. The reported study was funded by RFBR, project number
20-34-90058
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Awnnoramusi CepIedHo-cOCyIUCTbIE 3a00IEBAHNS SIBJISIOTCS JIMJIUPYIO-
meit mpuanHoi cmeptu B Poccun. HeKoMIakTHBI MHOKAP/T JIEBOTO Ke-
aynouxa (HMJIZK) siBisiercst reHeTudeckuM 3a00JIeBaHUEM, IPOSIBIISIO-
IIUMCST AHOMAJIBHBIM Pa3BUTHEM JIEBOTO Keayaodaka cepama. HMJIZK ss-
JISIETCSI Ay TOCOMHO-IOMUHAHTHDBIM 3a00/ICBAHUEM U BBI3BIBACTCS PEIKAMU
MyTalusaMU B pgAIE I'€eHOB. TaK KaK CTaHIJapTHBIE METO/bI ITIOUCKa acCCo-
[MAIUil HEIPUMEHUMBI K PDEJIKHUM BapHaHTaM, HEOOXOAMMO UCIOJIb30BaTh
MEeTObI, pa3paboTaHHbIE CIENHUAIBLHO JJIs MOMCKA ACCOIMAIUI Pa3/Ind-
HBIX (PEHOTUIOB ¢ peakuMmu BapuaHTamu. llesbio mamHHOW paboThl OBHLT
IIOMCK aCCoIaluii peJknx BapuanToB B 189 renax ¢ ¢penorunom HM-
JIZK cpenn mpezcrasuTesieit poccuiickoit momynsanuu. s aToro Obiia
cobpaHa BbeIOOpKa u3 1685 KouTpoJIeit u3 MBanoBckoit obactu n 172 ma-
numentoB HMUII Tepanuu u npodunaxruueckoit mepummab ¢ HMJTZK.
B kaxxgom m3 189 renos ¢ momomipio 3 pasimdHbx MeTonoB — SKAT,
SKAT-O u HArpy304YHBIX TECTOB — OBLI IPOU3BEJEH MTOUCK ACCOIUAIMI
penkux BapuanTtoB ¢ denoruniom HMJIZK. B pesymbrare paborsr ObI-
J1 mokasanbl accormarun gpenoruna HMJIZK ¢ penkumu BapuanTtamu B
resax MYH?7, TTN, DSG2 u NEBL.

Kirouessblie caoBa: Pejikue BapuanThbl, HEKOMIIAKTHBIN MIOKAP/] JIEBOI'O
KEJTYJTOUKA, POCCUICKAS TOIYJISIIINSI.



1 Bsegenue

Cep/ieTHO-cocyIucThie 3a00JI€BAHNS SIBJISIIOTCS OCHOBHOMN NPUYHUHON CMEPT-
HocTH Ha TeppuTopun Poccuiickoit ®enepannn [1]. 3auactyio, passurue cepuedHo-
COCYJIUCTBIX 3a00JIeBaHUN y YeJOBeKa OOYCJIOBJIEHBI HE TOJBKO CTHJIEM KU3HH,
HO M T€HETHIeCKUMU (HAKTOPAMU PUCKA.

HekommakTabiit Muokapy, jesoro xkenygouka (HMJIZK) asisiercst peakoit
ayTOCOMHO-JIOMIHAHTHON (hopMOil HeKOMIIaKTHOM KapauoMmuonarun. Jlanaoe 3a-
GosieBanne XapaKTePU3yeTCsl aHOMAJILHBIM PA3BUTHEM JIEBOIO KEJIYA0UKa Cep/i-
11a, BCJIEJICTBHE Y€ro B JIEBOM JKEJYIO0YKe 3HAYUTEIHHO YBEJIUIUBAETCH HUUCIIO
TpabeKy/I U MeXKTPaOeKyIAPHBIX IIPOCTPAHCTB, YTO MPENSATCTBYET HOPMAJIbHO-
My bYyHKIMOHIPOBaHUIO cepedHoii Mpltbl [2]. HMJIZK moxer 6bITh BBBI3BAHO
PeAKUME MyTalsiMu B Gostee deM 20 renax [3].

WsBecTHO, 9TO 60/IE3HETBOPHBIE MYTAITMHN 329ACTYIO0 PEJIKH B MTOIYJISIIIUH, 10~
TOMY IIOUCK accoruamii ¢ momoinbio, Hanpumep, GWAS, K HuUM He pUMEHUM.
s perteHust JaHHON IPOOJIEMBI OBLITH Pa3pabOTaHbl METOJIbI IOUCKA ACCOIUa-
it HEHOTHUIIOB U PEJKUX BAPHAHTOB, OCHOBHOI HJieeil KOTOPDIX SIBJISETCS arpe-
ranus peJiKNX BAPHAHTOB JIsl yCTAHOBICHAs acconuanuu [4].

Hempio nanHON pabOTHI OBLIO IPOU3BECTH HOUCK ACCOIUAIUIT PEJIKUX BapH-
antoB B 189 renax B poccniickoii momyssiun ¢ denorurnom HMJIZK.

VccenoBanue BBITOJHEHO B COOTBETCTBHU CO CTAHJIAPTAMHU Ha/ [JIeKallei
ksuangeckoit npaktuku (Good Clinical Practice) u npuniunamu XenbCHHKCKON
neksapamnun. [IpoTokon uccmemoBanust oo0peH stuaeckuM komurerom HMUTL
TIIM (mporokos Homep 07-03/12 ot 03.07.2012).

2 Marepuajbl 1 METO/IbI

2.1 Omnucanune oGpasioOB

B kadecrBe KOHTPOJIbHOI BBIOOPKH OBLIM UCIOJIB30BAHBI YIaCTHUKOB UCCJIE-
JOBaHUs “OMUAEMHUOJIOTHST CEPIeTHO-COCYIUCTRIX 3a00IeBaHmii U UX (PaKTOPOB
pucka B peruonax Poccuiickoit @eneparun” (SCCE-P®) no sanosckoit obiia-
cru [5]. Beero B BBIGOPKe npucyrcrBoBasio 1685 obpasna. B BeiGopke npucyr-
cTBoBasi 1056 KeHIHBI, MeINaHHBII BO3PACT KOTOPBIX PABHSJICS 52 ToJaM Ha
MOMEHT yJacTus B uccaefoBanuu u 609 MyKIuH, MeIHAHHBI BO3PACT KOTOPBIX
paBHsiica 44 rogam.

st mcenemosarns HMJIZK 6p1in orobpansr 172 manmenta ¢ HMJIZK, cro-
amux #Ha yaere 8 HMUIL TIIM. B Bei6opke mpucyTcTBOBan 81 2KEHITUHA, Me-
JIMAHHBI BO3PACT KOTODBIX paBHsiicst 43 rogam (Ha MOMEHT y4acTHsi B HCCJIe-
soBaHuu) 1 91 My>KUnH, Me/MAHHbIA BO3PACT KOTOPBIX PABHSUICS 42 roja.

2.2 OTGop reHoB AJisi UCCJIeIOBaAHUS

st moncka acconmanmii penkux BapuanToB ¢ denorunom HMJIZK 6611 co-
CTaBJIEH CIUCOK T€HOB IO JAHHBIM B JINTEPATyPE W B PEJIEBAHTHBIX 0a3ax JaH-
woix - HPO, OMIM. B crucok Borum reHbl, IpO KOTOPbIE M3BECTHO, YTO OHU
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accormmupoBanbl ¢ HMJIZK u apyrumm tumamu kapamomuomnartuit. Beero crm-
COK BKJIIOYaJI 189 reHoB, HAXOJANIMXCs Ha ayTOCOMHBIX XpomocoMax - AARS2,
ABCC6, ABCC9, ACADY9, ACADVL, ACTA1, ACTA2, ACTC1, ACTN2,
AGK, AGL, AGPAT2, ALMS1, AMPD1, ANG, ANK2, ANKRDI,
ARFGEF2, ATP5E, ATPAF2, BAG3, BRAF, BSCL2, CACNAI1C,
CALR3, CASQ2, CAV3, CBL, CITED2, CNBP, COA5, COQ2, COX15,
COX6B1, CRELD1, CRYAB, CSRP3, CTF1, CTNNA3, DES, DLD,
DMPK, DNAJC19, DNMIL, DOLK, DSC2, DSG2, DSP, DTNA,
ELN, EYAl, EYA4, FAH, FBN2, FHL2, FHOD3, FKRP, FKTN,
FLNC, FLT1, FOXD4, FOXRED1, FXN, GAA, GATAJ, GATAG,
GATAD!, GBE1, GFM1, GJA1, GJA5, GLB!, GNPTAB, GUSB,
HADHB, HBB, HCN/, HFE, HMGCL, HRAS, ILK, ITGA7, JAGI,
JPH2, JUP, KCNE1, KCNE2, KCNH2, KCNJ2, KCNJ8, KCNQ1,
KLF10, KRAS, LAMA2, LAMA4, LDB3, LIAS, LMNA, MAP2KI,
MAP2K2, MEF2A, MIB!1, MLYCD, MMACHC, MRPL3, MRPS22,
MTMR14, MTO1, MURC, MYBPC3, MYHI11, MYHG6, MYH7, MYH7B,
MYL2, MYL3, MYLK2, MYOMI1, MYOT, MYOZ2, MYPN, NEBL,
NEXN, NF1, NKX2-5, NNT, NOTCH!, NRAS, OBSL1, PDLIMS,
PITX2, PKP2, PLEC, PLEKHM2, PLN, PMM2, PMP22, PRDMIG,
PRKAG2, PRKAR1A, PSEN1, PSEN2, PTPN11, RAF1, RBM20, RYRI,
RYR2, SCNiB, SCN5A, SCO2, SDHA, SDHD, SGCA, SGCB, SGCD,
SHOC2, SIX1, SIX5, SLC22A5, SLC25A8, SLC25A4, SMADS3, SOSI,
S0OS2, SPRED1, SURF1, SYNE1, SYNE2, TBX1, TBX20, TBX5,
TCAP, TFAP2A, TGFB3, TMEM}3, TMEM70, TMPO, TNNC1, TNNI3,
TNNT2, TNNT3, TPM1, TRIM63, TSFM, TTN, TTR, TXNRD2, VCL,
YWHAE.

2.3 CekBeHUpoOBaHUE

Ceksennposanne yaacTHUKOB DCCE-P® u3 1Banosckoit ob1acTu ObLI0 Ipo-
BEJIEHO C UCIIOIb30BAHUEM TapPreTHON MaHe/n, Colep:KaBIieil 242 reHa, acCoIuu-
POBAHHBIX C PA3JUIHBIMU CEPJECTHO-COCYIUCTRIME 3abosieBanusmu. CekBeHnpo-
BaHue npousBoauock Ha miardopme Illumina NextSeq 550.

Cexpenupopanue nanuenros ¢ HMJI2K nposojuiiocs ¢ ucnosib3oBanuem pas-
JINYHBIX TApreTOB: NaHeaun Ha 242 reHa, JBYX 9K30MHBIX HAaOODOB, a TaKXKe
nosiHoreHoMHOro cexksenupoBanust (Tabsuua 1). st o6beuHeHust pe3ysbra-
TOB I[TOJIHOPEHOMHOI'O M TapreTHOIO CeKBEHUPOBaHUs Ha 58 0Opa3slax, CeKBeHU-
pOBaHHBIX OOOMMU crocobaMu, ObLIa pa3paboTaHa MPOIEaypa OObeIUHEHUS 1
rapMOHU3allUN JIaHHbIX.

2.4 OO6paboTka JaHHBIX CEKBEHHPOBAHUS

Ob6paboTKa JaHHBIX ceKBeHupoBanus, npousseaernoro 8 HMUIL TIIM, upo-
M3BOJMJIACH C TIOMOIIBIO TIPOTPAMMHOIO KoHBeliepa, ocHoBanHoro Ha GATK 3.8
coryiacHo JrydmmM mpakTukaMm Broad Institute myst KosmnHTa BapuaHTOB C TO-
MoIbIo kéctkux Guiibrpos u VQSR [6]. Bee Bapuantsl, nporemue Guiabrpsl,

o4



Tabauna 1. Taprers! u mardopMbl, Ha KOTOPBIX ObLIM CEKBEHUPOBAHbI HAIMEHTHI C
HMJIZK.

Taprer Kos-Bo mnanu-|Koms-Bo mnauwm-|Ilinardpopma cekBeHu-
€HTOB, CEKBe-|€HTOB, BKJIIO- DOBaHUs
HUPOBAHHBIX |YEHHbIX B
Ha JIAHHOM | JaJIbHEN I
Taprere aHau3
Taprernass  na-|60 60 Illumina NextSeq 550
Heqb  Ha 242 (HMUIII, TTIM)
resa
TruSeq exome |20 20 Illumina NextSeq 550
(HMUIII, TTIM)
SecCap sx3om |8 8 Illumina  HiSeq 1500
(HMUIII TTIM)
TToHorenomuOEe 142 84 Illumina NovaSeq 6000
CEKBEHMPOBAHME (IICII ®MEBA)
Bcero 172 nmanuenTa

anHoTHpOoBaJCh ¢ nomoribio ENSEMBL VEP. Kaxinomy BapuaHTy mnpucsau-
Basiuch uHdopMaIys O ero Tuie (HeCHHOHUMUIHDIH BAPUAHT, UHJIEJ), UJICHTU-
dukarop u3 6a3ser dbSNP, nadopmanms o KaHOHIIECKOM TpaHCKpunTe. JlaHHbIe
6a3b1 dAbNSFP 6bLin ncmob30BaHbl, 9T00BI IIPEICKA3aTh TATON€HHOCTh MUCCEHC~
BapUAHTOB ¢ TOMOIIBLIO 1T MeTooB - SIFT, PolyPhen-2, MetalL.R, MetaSVM,
REVEL. Taxxke st KaxXX0r0 BapraHTa IPUCYTCTBOBajIa WHMOpMaIust 06 aJ-
sesbHbIx Konustx (AC), amtessHoii yacrore (AF) u HOCHTEIISIX BADUAHTOB.

ITpu nosHOreHOMHOM ¥ TapreTHoM cekBenuposanun (Tabuuna 1) ucnoss-
30BAJINCH Pa3J/InYHble BEPCHH PEMEPEHCHOr0 TeHOMa M PA3JIUIHBIE ITPOTOKOJIBI
06paboTKM TaHHBIX. B 9acTHOCTH, TIPU MTOJTHOTEHOMHOM CEKBEHUPOBAHUU OTCYT-
cTBOBaJIa (PUIBTPAI BAPUAHTOB HU3KOTO KadecTBa. Jla maibpHeiineit paboTh
OBLI COCTABJIEH Taprer u3 3k30HOB 189 1eseBbix renosB B cbopke hgl9. Bt mpo-
W3BesIeH ero mepeBos, B hg3d8 muist paboThl ¢ TEHOMHBIMU TAHHBIMU,€HOMHBIE JTAH-
Hble ObLIM ype3aHbl [0 JJAHHOMY TapreTy u 3aTeM ¢ nomoinbio Picard Liftover Vet
nepeBesnennl B hgl9 cbopky renoma.

3arem gt 58 06pa3IoB, CEKBEHUPOBAHHBIX JIBarKIbI, C ITOMOIIBIO OHOJIIO-
texkn Hail 6b11a mpoussesiena mpoBepka COBIAJEHNSI M€HOTHUIOB IIPU Pa3JIAY-
HBIX 3HAYEHUX IOPOra KAYeCTBA BAPUAHTOB U WHIUBUyaIbHBIX reHoTurnoB. [ Ipu
TOM CTABIJIACH 33/1a1a 00EeCIIeINTh MAaKCUMAIbHOE COBIA/ICHIIE BADUAHTOB U WH-
JUBUIYAJbHBIX TEHOTUIIOB TP MAKCUMATHLHOM COXPAHEHUN JTAHHBIX.

Ha mepBom sTare ObLT BBITIOJHEH TOAOOP MOPOra Ka4eCTBA BAPUAHTOB JIJIst
[MOJTHOT€HOMHBIX JIAHHBIX, TAaK KaK HCIIOJIb30BAHHBIN KOHBeiep o0paboTKu He
BKJIIOYAJT (QUTHTPAIIIIO BApuaHTOB. V3HauampHO, B 58 06pasiax mpucy TCTBOBAIO
2636 obmux BapuanTos ¢ AC > 0. /I reHOMHBIX JAHHBIX OLLIN HCCJIEIOBAHBL
moporu kKadecrsa BapuaHToB, pasuble (), 50, 60, 70, 80 u 90. Hanmyumee cosna-
sierne reHoTunos (98.75%) GbLIO JOCTUTHYTO HPU HOPOre KadecTBa BAPUAHTOB,
pasuom 70. Takoit mopor ocrasui 2612 obmmux Bapuanta B 58 obpasmax. laiee,

99



mocJie psijia TecToB ObLT BbIOpaH mopor 10 u 20 st TeHOMHBIX U TapPTeTHBIX JTaH-
HBIX, cOOTBeTCcTBeHHO. [lomobpanubie TakuM o6paszom GuILTphl ocTtaBuan 2420
O0IIMX BAPUAHTOB B 58 0Opa3nax u ObLIN IMPUMEHEHBI K ITOJIHBIM BBIOOpKaM 06-
pasIoB.

J1st IOATBEPKIEHUsT OTCYTCTBUS CUCTEMATUIECKUX PASIUIUA MEXKIY JBY-
Msl HAOOpaMU JAHHBIX OBIIO PEIICHO POM3BECTH AHAJIM3 OCHOBHBIX KOMIIOHEHT
(PCA) Ha BCex JOCTYIHBIX HOJHOTEHOMHBIX naHHBIX (709 06pa3ios, BKIOYA0-
mux He Tosibko manuenTos ¢ HMJIZK) u 1773 kourposeit u narmenros ¢ HM-
JIZK (Pucynok 1). Jljist aHanmM3a UCHOJB30BAINCH BAPUAHTHI, IIPUCYTCTBYOIIIE
B 06onx HABOpAX JAHHBIX, ¢ 9acTOTOH peakoro amtens MAF > 5%. Boura npo-
u3BejieHa (BUIHTPAIUS BAPUAHTOB HA OCHOBE HEPABHOBECHOI'O CIICILJICHUS T'€HOB
¢ momoreo 6ubmorekn Hail. Tak Kak 3HAINMBIX OTJIMIWI MEXKTy JTaHHBIMU 00-
Hapy?KEeHO He OBILI0, JaHHbIE OBLIN Jajiee 00beInHEHbI B euHbIil Habop. s 58
006pa3IoB, CEKBEHUPOBAHHBIX JIBAYKIbI, ObLIO PEIICHO UCIIOIH30BATh PE3YJIbTaThl
TapreTHOrO CeKBEHUPOBAHNUSI, TAK KAK OHM NUMEIOT OOJIBIIYIO TiIyOUHY TOKPBITHSI.

2.5 Tlouck accommanuii dpenoruna HMJI2K ¢ peagkumm BapuanTamu

B kauecTBe BBIOOPKHU OBLT UCHOB30BaH HAaOOp 3 1685 KoHTpOseit n3 Una-
HOBCKOI1 obstactu u 172 nanuenros ¢ HMJIZK, Bcero 1857 obpasma.

17151 moncka acconuanuii peJIKuX BApuaHToB U (DEHOTHIIA BCE BADUAHTHI B TOM
MJIM THOM I'eHe O6’be,I[I/IHHJ'II/ICb B I'DYIIIBI COIVIACHO UX YaCTOTE U TUIIAM HOpOFI/I
110 yacrore (hOPMUPOBAJIN CJIEYIOIINE IPYIIIIbI:

— Hosble BapuanTs! (orcyrerByiomue B 6ase dbSNP). B gannom nabope y ta-
kux BapuanToB AC He npesbrimas 10;

— BapmanTer ¢ MAF < 0.5%, ato coorBercTBoBaso AC < 18;

— Bapuanter ¢ MAF < 1%, uro coorsercroBasio AC < 37;

— Bapuantsr ¢ MAF < 5%, uto coorsercrBoBaso AC < 185.

HpI/I CO3JaHUU TI'PYIIl IIO TUIIaM BapUaHTOB ObLIM HCIIOJIb30BAHLI cireayromue
Olpe/ieJieHus1:

— YKopavyuBaioIiue 6eJIOK BApUAHTHL;

— YkopauuBaoliie 0e0K BapUaHTBI U MHUCCEHC-BAPHAHTBI, MIPEJCKA3aHHbIE
PV AHHOTAIMY KAK MMATOTEHHBIE XOTsI OBl OJHUM METOIOM;

— YKopayupaloniue 0eJ0K BapHUAHTHI M MICCEHC-BAPHAHTHI, INPEJICKA3AHHbBIE
[IpU aHHOTAIINU KaK HATOT€HHBIE XOTs ObI TPEMsI METOIAMU;

— YkopauuBarorniie 0eJ0K BapHAHTHI M MICCEHC-BAPUAHTHI, MTPEICKA3AHHBIE
[IPU AaHHOTAIUU KAK IATOT€HHBbIE BCEMH ISITHIO METOIOM;

— YkopauuBaolue 610K BADUAHTHI, MICCEHC-BADUAHTHI U WH/IEJIBL;

— miS: MICCEHC-BAPUAHTHI;

— mis3: MHCCEHC-BAPUAHTHI, [IPEJICKA3AHHbIE KAK ITATOIeHHbIE XOTA ObI TPEMs
METOJIOM IIPU aHHOTAIUH;

— mish: MUCCEHC-BapUAHTHI, TPE/ICKA3aHHBIE KAK [TATOTeHHBIE BCEMU TISITHIO Me-
TOJIOM [IPU AHHOTAIIUU.
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Puc. 1. PCA n15 cpaBHEHUs] JaHHBIX U3 HOJHOT€HOMHOTO (OPaH?KEBblE TOUKH) U Tap-
PeTHOrO CeKBEeHMpOBaHUs (rosyoble).

B kauecrBe KoBapuaT ObLIM HCIOJIB30BAHBI IO U BO3PACT.

st kaxkoit rpynmst 66u10 poseaeno 6 Tecra - SKAT, SKAT-O u marpy-
304HBIE TECTBI, KAXKJIbIil TeCcT ¢ KoBapuaramu u 6e3. Jljisi IIPOBeJIeHUs] TECTOB
ObLI co3/1aH KOoHBeiiep obpaborku vef daitioB Ha ocHoBe veftools, 6GubamoTekn
pandas (Python 3.7.4) u 6utiaunorekn SKAT (R 4.1.3).

3 PesyabTaThl

Bouna obHapyzkeHa acconmarius (heHOTHIIA ¢ PEJKUMU BapHaHTAMH B I'eHe
MYHY7, xoropasl IOATBEPJU/Ia YK€ M3BECTHYIO CBA3b MyTallMil B 3TOM I'e€He C
HMJTZK. Hannyammit pe3ysabraT ObLI JOCTUTHYT [IPH HATPY30IHOM TECTE C yUe-
ToM Kosapmar (p-value = 3*1071%). T'pynma pemxux BapmanToB cojepxKana 26
BapuaHToB mis5. /IBa BapmanTa - rs121913650 u rs121913624 - B 6a3e maHHBIX

57



ClinVar moMedeHbI KaK mmaToreHHbIE. Bee BapraHThI ObLIN HANIEHBI WA TOJIBKO
B nanuentax ¢ HMJIZK, unn Tompko B koHTpoOssx. Bocemb BapmanTOoB 13 26
B XOJIe KOHCYJILTUPOBAHUS IAIMEHTOB OB BLIHECEHBI B 3aKJ/IIOYEHHE KaK IO-
TEHITNAJBHO Kay3a/bHble. [[pr NCKIIOUeHNN 9THX BAPUAHTOB U3 Habopa, p-value
HOHU3M/ICS, OJHAKO ACCOIUAIHS OCTAJIACH 3HAUMMON - p-value pasmsacsa 9%107,
HeranbHyto nHGOPMAIMIO 0O BapraHTax MOKHO Haiitu B Tabsmie 2.

Tabauna 2. Penkwue Bapmantsl B rene MYH7, njas KOTOpBIX ObLIa IOKa3aHA ac-
conmanmss ¢ HMJIZK. Vkaszana kimHWYecKasi 3HAYMMOCTh BapuanTa B 6ase ClinVar:
Pathogenic - narorennsiii Bapuant, Conflict - BapuanT ¢ KOHMDIMKTYOIMMEI HHTEP-
nperamusamu naroreanoctr, VUS - BapuaHT HEU3BECTHON KJIMHUYECKON 3HAYMMOCTH.

He YKa3aHa - BapuaHT HE OIIMCaH B base.

BapuasT rsID Twun BapuaHTa AC |[Knunu4deckasi
3HAYMMOCTDb
(ClinVar)
chr14:23884618 T/C |rs730880813 MucceHc-BapuaHT 1 |VUS
chr14:23884861 _G/A  |rs121913650 Muccenc-sapuasT 1 |Pathogenic
chr14:23885272_C/T  |rs565663412 Muccenc-BapuanT 2 |VUS
chr14:23888450_C/T  |rs727505325 Muccenc-BapuanT 1 |VUS
chr14:23890217_C/A  |rs45478699 Muccenc-BapuanT 3 |VUS
chr14:23891399 G/A  |rs192722540 Muccenc-BapuaHT 1 |Conflict
chr14:23892899 C/G |Hossiit BapuanT |Muccenc-BapuasT 1 |He ykazana
chr14:23892910 A/G |rs145532615 Muccenc-BapuanT 4 |Benign
chr14:23893148 _C/G  |rs45496496 Muccenc-BapuanT 1 |Conflict
chr14:23893175_C/T  |rs886039204 Muccenc-BapuanT 1 |Conflict
chr14:23894202_G/A  |rs1064793206 MucceHc-BapuaHT 1 |Conflict
chr14:23894584 C/T |Hosslit BapuanT |Muccenc-BapuaHT 1 |He ykazana
chr14:23897042 G/T |rs876657878 Muccenc-BapuaHT 1 |VUS
chr14:23897798 C/T  |Hosslii BapuanT |Muccenc-sapuanT 1 |He yxazana
chr14:23898487_C/T  |rs121913624 Muccenc-sapuanT 1 |Pathogenic
chr14:23898506_T/G  |Hosslit BapuanT |Muccenc-sapuanT 1 |He ykazana
chr14:23899017 G/C  |Hosslit BapuanT |Muccenc-Bapuant 1 He ykazana
chr14:23899073_T/C  |rs876661150 Muccenc-BapuanT 1 |VUS
chr14:23899850 G/C |Hossiit BapuanT |Muccenc-BapuaHT 1 |He ykazana
chr14:23900798 C/T |rs267606910 MucceHc-BapuaHT 1 |Conflict
chr14:23900799 _G/T |Hosslit BapuanT |Muccenc-sapuanT 1 |He ykazana
chr14:23900824_C/G  |Hosslit BapuanT |Muccenc-sapuanT 1 |He ykazana
chr14:23900882 G/A  |Hosblit BapuanT |Muccenc-Bapuant 1 VUS
chr14:23901077_C/T  |rs730880156 Muccenc-BapuanT 1 |VUS
chr14:23901955 G/A |Hossiit BapuanT |MucceHc-BapuasT 1 |He ykazana
chr14:23902893 G/A |rs45511396 MucceHc-BapuaHT 1 |VUS

I'en MYH7 n3BecTeH KaK BBI3BIBAIONINII PA3JIMYHBIE TUIBI KAPAUOMIOIATHIA.
len Komupyer TsKeJyIo Henb B-MUO3UHA, IIO3TOMY MYTAIUU B T€HE MOTYT BJIU-
ATh Ha aKTUH-MUO3UHOBBIE B3auMogeiicTeust |7].
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Brina Ttakzke moaTBepikeHa m3BecTHasi accormanus resa TTN mw HMJIZK
s 16 pengux Gestok-ykopaunmparomux Bapuantos ¢ MAF < 0.5%. Ten TTN
KoZupyeT GeJIOK THTHH, sIBJISIIOIIUICT KOMIIOHEHTOM capKoMmep B cepjre. MyTa-
[IU B T€HE MOTYT IPUBECTU K HapyIieHusM (HYHKIUA capKoMep, a TakyKe U3Me-
HEHUIO MX Pa3Mepa 1 B3anMHOro pacnosoxkenns [8]. Hamryammii pesyasrar 6ol
nocturayT MetomoM SKAT 6es kosapuar (p-value = 2*10°4). Ha6op comeprkan
3 BapuanTa (rs727505319, rs1471414348, rs775072385) KoTopble GbLIM BBIHECEHDI
B 3aKJIIOYEHUE KaK IOTEHIMAILHO Kay3ajbHble. Jerbipe BapuaHTa ObLIU aHHO-
THPOBAHbBI KaK IIaTOreHHbIe, coriacHo mpaHubiM 6a3pl ClinVar. Ilpu nckimouennn
MIOTEHIUAJIHLHO Kay3aJIbHBIX BAPUAHTOB U3 IPYIIILI HE OBLIO TIOKA3aHO 3HAYMMO
acconmanuu (p-value=0.06). leranbras nadOpMaIms 0 BADUAHTAX [IPEJICTABIIE-
na B Tabaune 3.

Tabauna 3. Penkue Bapuantsl B rene TTN, nmokaszaBiine acCONUAIUIO ¢ (DEHOTUIIOM
HMJIZK. Pathogenic - ITatorennsiit Bapuant, VUS - BapuaHT HEM3BECTHON KJIMHUYE-

cKoit 3HaunMocTH, He ykazana - BapuaHT He OIHCaH B Oasze.

BapwuanT rsID Twnn BapuaHTa AC |Kauanyeckast
3HAYNMOCTb
(ClinVar)
chr2:179391864 CT/C |Hosslit BapuanT |Bapuanr co casurom|l He ykazana
PaMKH CYUTHIBAHUS
chr2:179406990 C/G |rs727505319 Cnunaiic-nonop Bapu-|1  |Pathogenic
aHT
chr2:179412221 C/A  |Hossrit Bapuant |Hosbiit cron-komon |1 |He ykasana
chr2:179418687_AC/A |Hosslit BapuanT |Bapnant co casurom|l  |He ykaszana
PAMKH CUUTBIBAHUS
chr2:179429208 C/T |Hosslit BapuanT |Hosblit cron-komon |1 He ykazana
chr2:179436920 _G/A  |Hosslii Bapuant |Hosslii cron-konon |1 |He ykasana
chr2:179439829 GT/G |Hossiit BapuanT |Bapumant co casurom|l  |He ykasana
PAMKH CUUTBIBAHUS
chr2:179444577 _T/C  |Hosslit Bapuant |Crulaiic-akienTop 1 |He ykazana
BapUAHT
chr2:179446316 _G/A  |Hosbiii Bapuant |Hosblit crom-komon |1 He ykazana
chr2:179458065_G/A  |rs1553649171 Hoserit crom-xomon |1 [Pathogenic
chr2:179477578 G/A  |rs1471414348 Hosprlit cron-komon |1 [Pathogenic
chr2:179569673 - rs777924443 BapunanT co cupurom|l  |Pathogenic
CCTCT/C PaMKHU CYNTHIBAHUS
chr2:179588868 _G/A  |rs576359448 Hogerit crom-xomon (1 (VUS
chr2:179598174 G/T |Hosblii Bapuant |Hosblit cron-komon |1 He ykazana
chr2:179604264 G/A  |rs775072385 Hoswriit cron-komon |2 VUS
chr2:179642563 G/A |Hossrit BapuanT |Hossri cron-komor |1 |He ykasana

Brura nmokazama accormarius 3 6€/I0K-yKOPAIUBAIONINX BAPUAHTOB U 5 mis3

B rege DSG2 ¢ HMJI?K. Ten DSG2 komupyer JIeCMOTJIENH 2, YIaCTBYONIMIi B
dbopmuposanuu gecvocom [9]. MAF BapuanTos ne npesbimada 1%. Hawnyammit
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pesyIbTAT GBI TIOKa3aH B HATPY30YHOM TecTe 6e3 KosapuaT (p-value = 2*1073).
Bce BapuanTsl B ClinVar 6b111 aHHOTHPOBAHBI KAK BAPUAHTHI ¢ KOH(MDIMKTY FOIITH-
MU HHTEPIPETAINSMI aTOT€HHOCTH HJIM BapUAHTHI HEM3BECTHOIN 3HAYMMOCTH.
BapuanT rs751527714 6b11 0TMEYEH KaK IOTEHIIMAIBHO Kay3aJbHbIN ¥ OJHOrO U3
nanuenToB. Ero uckirodenne u3 Habopa MPUBEJIO K YXYAIIEHUIO PE3YIILTATA, Off-
HaKO aCCOIMAINA OCTaBaIaCh 3HAYMMON (HArpy304HbIiT TecT, p-value = 3*1073).
Nudopmarus o BapuanTax B Habope upescrasiena B Tabsure 4.

TaGauna 4. Penkue Bapuantsl B rede DSG2, moka3aBIIre acCOMUAIAIO ¢ (DEHOTUIIOM
HMJIZK. Conflict - BapuanT ¢ KOH(MIIMKTYIOIUMI MHTEPIPETAIMAMA IATON€HHOCTH,
VUS - BapuaHT HeM3BECTHOH KJIMHHUYECKON 3Ha4ymMocTH, He ykazaHa - Bapuanr He
ommcaH B Oaze.

BapuasnTt rsID Tun BapuaHTa AC |Kaunun-
Jeckas
3HAYN-
MOCTBb
(ClinVar)

chr18:29099850_G/A rs121913013 Muccenc-sapuanr |5 |Conflict

chr18:29102201 T/G Hoserit BapuanT |Muccenc-sapuanT 2 He ykazana
chr18:29104417 A/C Hoseprit BapuanT |Muccenc-BapuanT 1 |VUS
chr18:29104753 _T/C Hoserit BapuanT |MucceHnc-BapuaHT 1 |He ykazana
chr18:29111023 C/A rs751527714 Hoserit cron-komon |1 |He ykazana
chr18:29121188 _G/A rs201564919 Muccenc-BapuanT 1 |VUS
chr18:29122554_CAAGG/C |Hosebiit Bapuanr |Bapuant co casurom|l  |He ykasama
PAMKU CUNTHIBAHUS
chr18:29126403_ AAGAG/A [rs397516706 Bapmant co casurom|l  |Conflict
PAMKHU CUNTBHIBAHHSL

Tax>ke Oblia mokazaHa acconuanus 25 muccenc-sapuantos (MAF < 5%) B
reie NEBL. I'en NEBL xkonupyet 0eJIOK 13 ceMefcTBa HEOYIIMHOB, sIBJISIIOIIIXCS
koMmnonenTamu capkomep [10]. Hammyummit pesysbrar 6bLI IOKa3aH METOIOM
SKAT c xosapmatamu (p-value = 2*¥10™*). Habop BkIOUan B cebs BAPHAHTHI
Habop BapmanTOB BKJIIOYa] 5 HOBBIX BapuaHTOB. MakcnMasbHOE KOJIMIECTBO
aJIIeJIbHBIX Komnii ObuIo y BapuaHTa rsd748728 - 112 konwuit. Y 19 BapmaHTOB
KOJIMYECTBO aJlIeJIbHbIX Komuil He mpesbimano 10. Hu oaun Bapmant B xome
AHHOTAIMH He OBLI IPEJICKa3aH KaK IIaTOreHHbIH Oostee yeM 3 meromamu. OuH-
Ha/IATh BADUAHTOB OBLIN IIPE/ICKa3aHbl KaK Oe3BPe/HbIE BCEMU METO[AMU.

4 3akJirodyeHue

B xoze BoimosHennst paboThl 6611 pa3paboTan aBTOMATU3UPOBAHHDIN KOHBEl-
ep it 00pabOTKM Pe3ysIbTaTOB CeKBEHUPOBAHUS U MOUCKA ACCOIMAINIA PEIKAX
BApUAHTOB € KOJUIECTBEHHBIMHU W KATETOPUAIBHBIMEI (DEHOTUIIAME C ITOMOIITHIO
CTATUCTUIECKUX TECTOB. BBLIN CO3/I[aHBI BHIOOPKU HAIMEHTOB U KOHTPOJIEH U3
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POCCHICKON MOIYJIAINY, IIPOBEJIEH aHAJM3 PE3YILTATOB CeKBeHUpoBaHus 189 re-
HOB, TIPEJICTABJISIONINX UHTEPEC /Tl TIONCKA ACCOIUAIUIN C PEIKIMHI BAPUAHTAMUI
u dpenoruniom HMJIZK. B pabore 6b11u moka3ambl acCOIUAINN HEKOMIIAKTHOI'O
MHOKaP/Ia JIEBOTO YKeJIYI0IKa ¢ PeJKIMI BAPHAHTAMYI PA3JINIHBIX TUIIOB B T€HAX
MYH?7, TTN n DSG2. Takxke 6bL1a IMOKa3aHa BO3MOXKHAS aCCOIMAINS PEIKIX
Muccenc-sapuanToB B reae NEBL ¢ denoruom HMJI2K.
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Abstract. The hourglass model of development implies diversity between closely related
species to be decreased in the middle of embryogenesis while being higher during early and late
stages. This so-called phylotypic period is thought to be conserved due to crucial processes oc-
curring at this stage. Some organisms have several developmental stages when organogenesis
occurs. Holometabola insects have larval tissues reorganized to form adult organs during meta-
morphosis, therefore the hourglass pattern could be hypothesized. We performed sequencing of
Drosophila melanogaster and Drosophila virilis transcriptomes across the ontogeny to test the
hypothesis and reveal the stage with maximum conservation in the pupal development. The
stage of minimal diversity across Drosophila species was estimated to be the second and third
pupae ages (2-6 hours of pupal development).
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AHHoTanus. ['eHHas KOHBEpCHs — 3TO ACCOLMHPOBAHHBIA C peKOMOHMHaIMEi
Ipoliecc, Mpu KOTOPOM MPOUCXOTUT 3aMeHa MOCIeI0BATEIEHOCTH HEKOTOPOTO
ydJacTKa TeHOMa Ha IOCIIeI0BaTEeIbHOCTh TOMOJIOTHYHOTO yJacTKa. Beimensror
JIBA OCHOBHBIX THIIA TCHHOW KOHBEPCHM — Q/UICJIBHYI0 M HCAUICIbHYIO
(9KTOMMYECKYI0) TEHHYIO KOHBEPCHIO. OKTONMHUYECKas TIE€HHas KOHBEPCHs
BBIP@XKAETCS B 3aMEIICHMH TE€HOMHOTO Y4YacTKa MOCIeNOBaTeIbHOCTRIO W3
MMapajJoruyHoOro JIOKyca. 3BECTHO, 4YTO JKTONMUYECKass TeHHas KOHBEPCHS
3HAYUTEJIBHO Yallle IIPOMCXOANT MEXIY MapasoraMu, HaXOSIIIMMHUCS Ha OJTHOM
XPOMOCOME, 110 CPAaBHEHHUIO CO CIIydaeM, KOT1a Mapajory HaXOAATCs Ha Pa3HbIX
xpomocomax [1, 2]. Ilpm 3TOoM dYacToTa BHYTPUXPOMOCOMHOI TEHHOU
KOHBEPCHUHM MEXIy IapajoraMH MaJaeT C YBEIMYCHUEM (JIMHEIHOTrO»
(u3MepsieMOro B HYKJICOTHJAaX) pAacCTOSHHS MEXAy [apajorami B
mocieaoBaTebHOCTH reHoma [ 1, 2]. OqHako 0 HACTOSIIET0 MOMEHTA He OBLIO
HM3BECTHO, 3aBHCHUT JIU BEPOSTHOCTH IKTOIMHYECKON T€HHOW KOHBEPCUH OT TOTO,
HACKOJIBKO YacTO MapajloTHYHBIE YYaCTKH TEHOMAa KOJOKAIU3YIOTCS B
MEHOTHYEeCKOM XpomaruHe. B nmaHHOH paboTe MBI HccienyeM 3aBHCHMOCTD
YaCTOTHI JKTONMHWYECKOH TeHHOH KOHBepcHH y Mus musculus OT B3aHMMHOTO
pacHONIOKCHUSI TapajoroB B TPEXMEPHOH CTPYKTYpe MEHOTHYECKOTO
xpoMatuHa. [IJis 5TOro MBI HCHOJB3yeM OIYOJIMKOBaHHBIC paHEe JaHHBIC IO
MPOCTPAHCTBEHHON OPTraHM3allMl MEHOTHYECKOro XpOMAaTHHA, MOJIYYCHHBIC
st Mus musculus [3]. Hamm npeBaputenbHbie pe3yibTaThl YKa3bIBAIOT HA TO,
4TO 4YacTOTa, C KOTOPOH MapajoruyHble YYacTKU KOJIOKAIMU3YIOTCS B
MEHOTHYECKOM XpOMAaTHHEe, SIBISIETCS 3HAYUMBIM IMPEIHUKTOPOM COOBITHS
9KTONMUYECKOI TeHHOI KOHBEPCHH. DTO CIPaBEJIUBO U B TOM CIIydae, €CIH pU
MPOBEJICHUU aHAIN3a MPUMEHIETCS IONpaBKa Ha «IMHEHHOE» PACCTOSHHE
MEX]y IapajioraMy B HyKJICOTH/AAX.

KnroueBble cj10Ba: reHHas KOHBEPCHs, Iapaory, MeHo3, IPOCTPaHCTBEHHAS
CTPYKTypa XpOMaTHHA.
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AnHoTanus. [lanHas paGoTa MOCBAIIEHA YTOYHEHHIO Pa3HMIBI B IOHATHUAX
KOHCEHCYCHOCTU U KOHCEPBAaTUBHOCTH I CaTOB CBSI3bIBAHHS TPAHCKPUIIIIU-
OHHBIX (DaKTOPOB, 8 UMEHHO — IIOUCKY KOHCEPBATHBHBIX HEKOHCEHCYCHBIX HYK-
JIEOTUJIOB B TaKHX caifTax. Mbl 0OHapyMJIM XOPOLIO BBIPa)KEHHbIE KOHCEPBa-
TUBHBIE HEKOHCEHCYCHBIE HYKJICOTH/IBI B CaliTax 10 KpaiHel Mepe HEKOTOPbIX
TPaHCKPUIIIMOHHBIX (AaKTOPOB, MOCKONBKY IIOKA3ajd, YTO HA 3TH HEKOHCEH-
CYCHBIE HYKJICOTUIIbI ACHCTBYET OTpULATENbHBINH 0TOOpP. Takxke Mbl BBIACHUIIH,
YTO HEKOTOPbleé HEKOHCEHCYCHbIE HYKJIEOTH]bI KOHCEPBATUBHEE, Y€M HYKIIEO-
TH[IBI B HEUTPAJIbHO 3BOJIIOLMOHUPYIONIMX MO3UIUAX FeHOMA. 3aTeM MBI MOKa-
3aJI4, 4YTO HeKOHCEHCYCHbIE HyKJIE€OTHIbI MOTYT HE TOJBKO OBITH KOHCEPBAaTHUB-
HBIMH, HO TaKXe y4acTBOBaTb B IIOJIEP>KaHUM Beca CaliTOB Ha ONPEIEIEHHOM
ypoBHe. Bce 3T HaOmIOeHHs CBUIETENLCTBYIOT B IIOJIB3Y TOTO, YTO HEKOH-
CEHCYCHBIE HYKJIEOTUJIBI NOAEPKHBAIOT SHEPIUI0 CBA3BIBAHMA TPAHCKPUIIIIU-
OHHOTO (haKTOpa ¢ CaiTOM Ha OIpPEIETCHHOM YPOBHE, a CIEIOBATENIBHO, MO
JeP’KUBAIOT U OINPEJEJICHHYIO0 CTENeHb PEryJIUM TPAHCKPHUILUK TeHa JaH-
HBIM (hakTOpOM, 00pa3ys AOMOJIHUTEIBHOE 3BEHO PETyJILUK TPAHCKPUIIIUH B
OakTepHaIbHBIX TEHOMAX.

KimoueBsble ciioBa: Peryssnus Tpanckpunimu, CaiTbl CBA3bIBaHUS TPaH-
CKpHIIIHOHHBIX (hakTopoB, KoHcencyc.

1 BBenenune

B panHoit paGoTe Mbl paccMaTpuBaeM TPYMIbl OPTOJIOIMYHBIX CAfTOB CBSI3bIBAHMS
TPAHCKPUIILMOHHBIX (PAKTOPOB B F€HOMAX pa3iMyHbIX cemeicTs GakTtepuu. [IpuHsTo
CUYMTATh, YTO B CAliTax CBS3bIBaHMS (DAKTOPOB TPAHCKPHIILIMY KOHCEPBATUBHBI TE HYK-
JIEOTHIbI, KOTOPbIe KPUTUYHBI /IJIs1 CBSI3bIBAHMS (DaKTOpa C CaliTOM, TO €CTh KOHCEH-
cycHble. OfHako paHee Kosuteru B padote [1] HaGmopanu B cailTax U3 GakTepUabHbIX
FEHOMOB, YTO KOHCEPBAaTUBHBIMU MOTYT OBbITb HE TOJILKO KOHCEHCYCHBIE HYKJICOTH/IbI
(pucyHok 1). [lepBoe BO3MO>KHOE OTKJIOHEHHE OT KOHCEPBATUBHOCTH UCKITIOUMTEITHBO
KOHCEHCYCHBIX HYKJICOTHIOB (PUCYHOK 1, cjieBa) COCTOUT B TOM, YTO HEKOTOpbIE He-
KOHCEHCYCHbIE HYKJICOTH/bI TOXKE KOHCEPBATUBHBI, @ BTOpPOe (PUCYHOK 1, cripaBa) — B
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TOM, YTO B XO[C IBOJIIOIUU COXPAHACTCA HE KOHerTHLIﬁ HYKJICOTU]], & NO3ULUA cai-
Ta, cofepxKalas TOJIbKO HEKOHCEHCYCHbIE HYKJICOTUbI.
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ATCGGGTCTGGCCAGTG
GTCGGGTCCGCCCAGT
KOHCEPBOTMBHHM KOHCepBaATUBHASA
HeKOHCGHCYCHbIMC C G G G T C C G C C C A G TA nosuuusa c
HYKACOTHA AT CGGG T CGGGCCAGT A HeKOHCEHCYCHbIMU
HYKA€OTHA QMU
ATCGGGTCCGTCCAGT

Puc. 1. 'unorernyeckye npuMepsl KOHCEPBATUBHOCTH HEKOHCEHCYCHOCTH. CBepXy MOKa3aHa
MO3MIIMOHHO-BECOBask MaTpulla TpaHCKpumiuoHHoro ¢aktopa FadR, a mon Heit npumep BbI-
paBHHBaHMS CalTOB MEpe OJHUM U3 IeHoB, peryaupyembix FadR. [To3unmonno-BecoBast Mat-
pHIIa IIOCTPOCHA calTaM Iepes BCeMH reHaMy, perynupyeMsiMu FadR. 3enensie OykBbI coOT-
BETCTBYIOT KOHCEHCYCHBIM HYKJICOTHAM, KpacHbIE — HEKOHCEHCYCHBIM, Cepble — HYKJIEOTHaM
B mo3unsax 0e3 koHceHcyca. CieBa MOKa3aHa KOHCEPBATHBHOCTh KOHKPETHOIO HEKOHCEHCYC-
HOTO HYKJICOTH]a, CIIPaBa — KOHCEPBATHBHOCTH MO3HIUH C HEKOHCEHCYCHBIMH HYKJICOTHIAMU.

TToreHuManbHO BO3MOXKHBIX OOBSICHEHHI JIJ1sl IPUMEpA CJieBa Ha pUCYHKe 1 JiBa: BO-
NePBbIX, PACCMATPUBAEMbIE CallThbl MOTYT NMEPEKPbIBATHCS C €1le HEU3BECTHBIMU Call-
TaMM TPAHCKPUILMOHHBIX (DAaKTOPOB, U HaOJIOaeMble KOHCEPBATHBHBIC HEKOHCEH-
CYCHbIE HYKJICOTH/IbI MOTYT ObITb KOHCEHCYCHBIMU [IJIi HEM3BECTHOro caiita. Bo-
BTOPBbIX, HEKOHCEHCYCHbIC HYKJICOTH/IbI MOI'YT NOJJICP>KUBATH KOHKpCTHblﬁl HEMaKCH-
MaJIbHbI YPOBEHb CBSI3bIBaHUSI (pakTopa C caiToM (TO ecTh, BeCc caiiTa), M, TaKuM
00pa30oM, SIBJIATHCS IONOJHUTENBHBIM 3BEHOM B PEryJISIMM TPAHCKPUMLUMMU Y OGakTe-
puit. [Toyiep>kaHre KOHKPETHO! 9HEPrUM CBSI3bIBaHUSI TPAHCKPUIIMOHHOTO (hakTopa C
CaliTOM TaKXe MOXET OOBSICHITb KOHCEPBATUBHOCTH MO3ULMM, COAEpIKAILEell HEKOH-
CEHCYCHbII HYKJICOTHUL.
C MomeHTa BbIxofia paboThl [1] cTano n3BecTHO ropaso 6obiile 6aKTepraTbHBIX
reHoMOB. Takum 06pa3oM, LieNb JAHHON paboThl COCTOUT B TOM, YTOOBI HAUTH XOPOIIO
BbIPAXKEHHbIE HEKOHCEHCYCHblE HYKJIEOTH/Ibl B OPTOJIOTMYHbIX CaiTaxX CBSI3bIBAHMS
(pakTOPOB TPAHCKPUILMKA U CPABHUTh UX KOHCEPBATUBHOCTb C TAKOBOH HENTPAJIbHO
3BOJIIOLIMOHUPYIOIINX 3JIEMEHTOB.
3ayjaun paboThI:
BrusiBuTh nmaTTepHbl 0TO0pA, IEHCTBYIONINE HA HEKOHCEHCYCHBIE HYKIEOTHIbI;
CpaBHUTbH KOHCEPBATUBHOCTh HEKOHCEHCYCHBIX HYKJICOTHJIOB B CaliTaX TpaH-
CKPHITIMOHHBIX ()AKTOPOB M KOHCEPBATHBHOCThH HYKJICOTHIOB B CHHOHUMUYE-
CKHUX IO3ULHAX PETYJIMPYEMBIX I'€HOB;

3. H3yunTs BIusSHHE HEKOHCEHCYCHBIX HYKJICOTH/IOB Ha BEC CAUTOB.

N —
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2 Pe3yabTaTsl

2.1 BbifiBJeHHME NATTEPHOB 0TOOPA, JEHCTBYIOIIET0 HA HEKOHCEHCYCHbIE
HYKJICOTHBI

YT06b! OLIEHUTH KOHCEPBATMBHOCTH HEKOTOPOT'O 3JIEMEHTA FEHOMa, B IEPBYIO OYepefb
MOXKHO TONPOGOBATH BBIUMCIUTE KOAPPUIUEHT 0TOOPA, IEHCTBYIOIErO Ha 3TOT 3J1e-
MeHT. [171 BbIsIBJIEHHs] NATTEPHOB 0TOOPA, AEHCTBYIOIIEro Ha KOHCEHCYCHbIE U HEKOH-
CEHCYCHbIE HYKJIEOTH/Ibl B UCCIIEAYEMbIX CKIATAaX, MbI TOJIb30BAIUCH TAKAM XK€ MOfXO0-
IOM, KaK aBTOpbl paboTsl [2]. Mbl paccMaTpuBaimm reHombl 47 BupioB Shewanellaceae
aast 6 TpaHCKPHMIIMOHHBIX (pakTOpoB n3 cemeiictBa GntR. dunorenus BujoB Oblia
BoccTanoBneHa ¢ nmomotipio cepuca PATRIC [3]. 1y Bcex hakTOpOB MBI IOy YU
BbIPABHUBAHMSI OPTOJIOTMYHBIX CAMTOB MX CBA3bIBAHMS B UMEIOIMXCS Y HAC TEHOMAX, &
TaK>Ke BbIPABHUBAHUS PETYJMPYEMbIX (TO €CTh, KaK MPAaBUJIO, CIEAYIOIMX 32 caliTaMu
no uernu [JHK) renos. [lasiee Mbl BOCCTaHOBUIIM (DUIIOTEHUIO BCEX BUJIOB C MOMOLIBIO
PAML [4] u nony4nim BO3MOXHOCTb MOJICYMTHIBATH KOJMYECTBO TEX MIIM MHBIX 3a-
MEH, TIPOMCXOMBIIMX B 3BOJIIOLMMU CaiTOB U reHoB. M3BecTHO [2], yTo KoadduupeHT
0TGOpa § MOXKET ObITb BLIYMCIIEH C TOMOLLLIO (hOpMYIT:

__ rateof substitutiongzo _ 0bs _ 4Ngs

rate of substitutiong—q  exp  1—e—4Nes

4N,s = In (%)

(1)
rie obs — 3TO CKOPOCTh BOSHHUKHOBEHHS 3aMEH B IO3MIMH, I KOTOPOH MBI BBIUHC-
JsIeM S, exp — CKOpPOCTh BO3HUKHOBEHHS 3aMEH B ITO3UIMAX, KOTOPBIE MBI CUHTaeM
HEWTpaJbHBIMH, B HAIIEM CIyYae 3TO CHHOHHMUYECKHE MO3UIUH B PEryIHPYEMOM
rere, Ne — 90 GEeKTHBHBIA pa3Mep NOMysud. Mbl BEIYUCIHIN Kodhdunuent oroopa,
JICHCTBYIOIIMI HA 3aMeHbI IBYX TUIOB: Nc = Cn u Cn — Nc. Habmonaemas yactora
3ameH N¢ = Cn (obs) B HEKOTOPO#l MO3UIUK CaiiTa BHIYUCISIIACH IO OpMYIIE:
q(NC N Cn) — Lzene, XeCn(#Z_’X)’

Yzene, yv(#Z-Y)

2
r7ie B YUCIUTEIE KOJMYESCTBO 3aMEH HEKOHCCHCYCHBIX HYKJICOTHIOB Ha KOHCEHCYC-
HBIC B JJAHHOM TO3MIUHM CaiiTa, a B 3HAMEHATENE YHCIIO 3aMEH HEKOHCCHCYCHBIX HYK-
JICOTHIOB Ha JI000i M3 YeThIpeX HyKIeoTHnoB. OxkuaaeMasl 4actoTa (exp) 3aMeH
Nc¢ — Cn BpHuCHIANAch TOXE MO GOpMyIie 2, HO BMECTO HEKOHCEHCYCHBIX M KOHCEH-
CYCHBIX HYKJICOTH/IOB PACCMATPUBAINCH TAKHE K€ HYKICOTUIbl B CHHOHUMHYCCKHX
MO3UIIUAX PETYTUPYEMbIX TeHOB. HarmpuMep, eciii B MepBOi MO3UIUK caifTa KOHCEH-
CYCHBIM SIBJISICTCS HYKICOTHI A, U BCTPETUICS HEKOHCEHCYCHbIH Hykiaeotun C, TO
YTOOBI BBIYUCIUTH 0bs, MbI oaeuM 4ucio 3aMmeH C — A Ha umciio 3ameH C — A,
C-T,C- G, C— C (ycnoBHas «3ameHa»). s TOro, 4ToObl BHIYUCIHUTD €Xp, Mbl
PaccMOTPUM peryirMpyeMblii TeH U moaeauM uucio 3ameH C — A Ha yucino 3amed C
- A, C->T, C- G, C— C, koTOpBIE BCTPEUYAIOTCS B CHHOHUMHUYECKUX MO3UIHUSIX
9TOro reHa. AHAJIOTMYHO paccuuThiBaeTcs koddduumeHt otdopa, AeiicTByrOMETr0 HA
3aMeHbl Cn — Nc, no ¢popmyie:
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ZZeCn, XENC(#Z - X)
ZZeCn, yw(#Z =)

q(Cn - Nc¢) =
3)

TonyueHHbIe MATTEPHBI 0TOOpa s caidToB (akropa FadR mpencrapieHsl Ha pUCYH-
ke 2.

0- corn
Cn->Nc
Nc->Cn

12345678 91011121314151617
position

Puc. 2. Kosdumuent or6opa 4Nes, paccunTanHslil no Gpopmynam (1) mms 3ameH suna Nc —
Cn uCn — Nc nna tpaHckpunuuonHoro ¢akropa FadR. Jlnd xaxaod HMO3MIMHU ITOKa3aHO
CpejiHee 3Ha4eHHe MO0 BCeM reHaM. 3Ha4eHHs, 0Ty YaBIInecs: PaBHBIMH MHHYC GOECKOHEUHOCTH
(ecnu obs/exp = 0), He OKa3aHbI.

Msl BUIMM, YTO Ha KOHCEHCYCHBIE HYKIECOTHUIBI NEHCTBYET OTPULATENBHBIA OT-
60p, 4ero clIe0Balo0 OXKHUJATh, IOTOMY UTO KOHCEHCYCHBIE HYKJICOTUbI BaXKHbI JULL
CBSI3bIBAHUS (PaKTOpa C CAlTOM U JOJKHBI COXPaHATbCA B XoJe 3Boarouuu. Ho Mbl
TaKkKe BUJIUM, YTO HA HEKOHCEHCYCHbIE HYKJICOTHUBI TOXKE ACUCTBYET OTPHLIATEIb-
HBII 0TOOP, CPABHUMBII IO CHJIE C TAKOBBIM JJI1 KOHCEHCYCHBIX HYKIEOTHJIOB. 3Ha-
YUT, 10 KpallHEH Mepe HEKOTOPbIE HEKOHCEHCYCHBIE HYKJIEOTH/bI 110 KaKOH-TO MpH-
YHHE, JEHCTBUTENILHO, KOHCEPBATHBHBIL.

2.2 CpaBHel-me KOHCEePBATUBHOCTU HEKOHCEHCYCHBIX HYKJICOTHUAOB B caiiTax
TPAaHCKPUIIIMOHHBIX (l)aKTOpOB U KOHCEPBATUBHOCTH HYKJI€OTUAOB B
CHUHOHUMHUYCCKHUX MO3UIUAX PEryjiupyeMbIX reHOB

Crnemyronmii MoaXoA, KOTOPBI MBI HCIIOJIB30BaNIM, TAK)KE paHee HCIOJIB30BaJICS aB-
Topamu [2]. MbI BBeJIM Mepy KOHCEPBATUBHOCTH HYKIICOTH]IA B BhIpaBHUBaHUM L (Ha
pHUCyHKe 3 IOKa3aHo, KaK OHa CUMTAETCS, Ha HCKYyCCTBEHHOM npuMmepe). L — ato du-
JIOTEHETHYECKOe PACCTOSHHE MEXAY peQepeHCHBIM BHIOM I M CaMbIM JAJICKHM OT
HETO BHJOM X TaKUM, YTO JAHHBIA HYKJICOTH HAOIIONAaeTCs BO BCEX BHIAX 1 TAKHX,
yro L(r, 1) < L(r, x).
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BbIDCBHMBOHME CAMTOB
TCTGGC..

TCAGGC..
TCAGGC..
TCAGGC..

TCAGGC..
TCAGGC..

X O o o N Q@

Puc. 3. Pacuer Mepsl KOHCEpBAaTUBHOCTU L i HEKOHCEHCYCHOro HykieoTuaa. I'umorernde-
CKOMY J€pEBY COOTBETCTBYET THIIOTETHYECKOE BEIPaBHUBAHHUE, B KOTOPOM 3€JICHBIMU OyKBaMU
MOKa3aHbl KOHCEHCYCHBIE HYKJIEOTU/IBI, & KPACHBIMH — HEKOHCEHCYCHBIE.

Janee MbI Berarcanii L a5 ka)a0ro HEKOHCEHCYCHOTO HYKJIEOTH/ 1A B UCCIIEye-
MBIX cai/iTax, TP 3TOM MBI TaKKE BBIYUCJISIIA L JJIs1 BCEX CHHOHMMUYCCKHUX HYKJICO-
THJIOB B PETYIUPYEMOM I€He, HACHTUYHBIX JaHHOMY HEKOHceHcycHoMy. Takum o00-
pas3oM, Uil KKIOr0 TPAHCKPHUIIIMOHHOTO (hakTopa MBI MMOTyYajd JBa pacipenese-
Hus (pucyHok 4): Observed Ui HEKOHCEHCYCHBIX HYKJIeoTHnoB U Expected s Hyk-
JICOTUA0B B CHHOHMMHUYECKUX TTO3HULIHSIX.

Expected
4 Observed
2
@
@ 3
el
2
82
Ko}
=
ey
0
0.0 0.5 1.0 1.5 2.0 25

value of L

Puc. 4. Pacnpezenenust Mepbl KOHCEPBATMBHOCTH L 11 HEKOHCEHCYCHBIX HYKJICOTHIOB B
caiirax (Observed) U COOTBETCTBYIOIIMX HYKJICOTHIOB B CHHOHMMHYECKHUX MO3HUIMAX T'€HOB
(Expected) s Bcex reHoB daxropa FadR, MuHNManbsHOE 9KCIO BUAOB B BRIPaBHUBAaHUU = 15.

Msb!I BUAUM, YTO PAacHpEelesIeHUE Mepbl KOHCEPBATHBHOCTH L HEKOHCEHCYCHBIX
HYKJIEOTHJIOB COBUHYTO BIPABO OTHOCHTEIBHO HEHTPAIbHOIO KOHTPONISA. DTO — elIe
OJJHO CBHUJETEJILCTBO B IIOJIB3Y TOTO, YTO HEKOHCEHCYCHBIE HYKJIEOTHJBI B caiTax
CBSI3BIBAHUS IO KpaiHed Mepe HEKOTOPHIX TPAaHCKPUILUOHHBIX (DaKTOPOB MOTYT
OBbITh KOHCEPBATUBHBL

2.3 HN3yuyenne BJAMSIHUS HEKOHCEHCYCHBIX HYKJIEOTHI0B HA BeC CaiiTOB

[peapiaymye nBa moaxona OB HAIIPABICHBI HA IOUCK KOHKPETHBIX KOHCEPBATUB-
HBIX HEKOHCEHCYCHBIX HYKJIEOTH]IOB, KaK B JICBOM Cilyyae Ha pucyHke 1. B To Bpems
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KaK JaHHBIA IMOXO0/1 HYKEH Ul TOTr0, YTOOBI OLIEHUTh, KaK CB3aHbl HEKOHCEHCYCHBIE
HYKJICOTH]IBI C COXpaHEHHEM Beca CalTOB TPAaHCKPUILMOHHBIX (AKTOPOB B XoOje
HBOJIIOLMH. Bec caiita XapakTepu3yeT SHEPIHIO CBS3BIBAHUS C HUM TPaHCKPUIIMOH-
HOTO (haKTOpa U BBIYHUCIIIETCS Il KOHKPETHOTO caiTa CIeIyoIuM 00pa3oMm:

BeC = Y1 2,.,10g2p(Ny),

“4)
rae / — 9To JuMHA caiiTa, p — 3TO 4acTOTa BCTPEYAEMOCTU HAOII0JaeMOro B JAHHOM
caiiTe B MO3ULIMY i HykJIeoTuaa N cpelu BCeX CaliTOB JaHHOrO (akTopa B ITOH IO3H-
UM, p 331aeTCS MO3UIIMOHHO-BecoBOM MaTpuiiel (PWM).

Jls TOro, 4TOOBI OLIEHUTH, HACKOJIBKO BEC CaliTOB KOHCEPBATHBEH M KAKOB BKJIAJL
HCKOHCCHCYCHBIX HYKJIICOTUIOB B 3Ty KOHCCPBATHUBHOCTH, HYKCH HCKOTOpBIﬁ KOH-
TPOJIb, OAHAKO MOJOOPATh €T0 TPYAHO, IOCKOJIBKY HE CYLIECTBYET HEUTPAJIBHO HBO-
JIIOLMOHUPYIOIIEH ITOCIeA0BATENEHOCTH, AT KOTOPOH MOXHO OBLIO OBI TIOACUMTATH
Bec. [loaTOMy MBI HCITONIB30BaNM TOAXOM C OMpPENEeIEHHON MPOIeTypoid paHI0MHU3a-
LIMH, KOTOPBIA MPOMLIIOCTPHPOBAH HA PUCYHKE 5.

AlT|IC|T|G|G|T|C|T|G|A|C|C|A|G|T|G| Bec AlT|IC|T|A|G|T|C|T|G|A|C|C|A|G|G|G| BecC
GIT|C|T|G|G|T|C|C|G|A|C|C|A|G|T|G| Bec GIT|C|T|T|G|T|C|C|G|A|C|C|A|G|C|G| sec
C|T|C|T|G|G|T|C|C|G|A|C|C|A|G|T|A| Bec C|T|C|T|C|G|T|C|C|G|A|C|C|A|G|C|A| Bec
AlT|IC|T|G|G|T|C|G|G|A|C|C|A|G|C|A| Bec AlT|IC|T|T|G|T|C|G|G|A|C|C|A|G|G|A| Bec
A|T|C|T|A|G|T|C|C|G|A|C|C|A|G|T|T BeC A|T|C|T|A|G|T|C|C|G|A|C|C|A|G|A|T BEC

peaabHoe SD peaasHoe SD
G|T|C|T|G|G|T|C|C|G|A|C|C|A|G|C|T| Bec G|T|C|T|A|G|T|C|C|G|A|C|C|A|G|A|T| Bec
AIT|IC|T|A|G|T|C|C|G|A|C|C|A|G|T|A| BecC AlTIC|T|A|G|T|C|C|G|A|C|C|A|G|C|A| BecC
A|T|C|T|G|G|T|C|G|G|A|C|C|A|G|T|G| Bec AlT|IC|T|T|G|T|C|G|G|A|C|C|A|G|G|G| BecC
C|T|C|T|G|G|T|C|C|G|A|C|C|A|G|T|A| Bec C|T|C|T|C|G|T|C|C|G|A|C|C|A|G|C|A| Bec
A|T|C|T|G|G|T|C|T|G|A|C|C|A|G|T|G| Bec AlT|IC|T|T|G|T|C|T|G|A|C|C|A|G|G|G| Bec
| nepemeLaHHbii SD | P 111 SD

p SD ~ nep W SD p SD < nep W SD

Puc. 5. TIpouenypa paHIoMHU3aLiK, OKa3aHHAs HAa MCKYCCTBEHHOM MpPUMepe. 3elieHbIe OYKBbI
COOTBETCTBYIOT KOHCEHCYCHBIM HYKJICOTH/IAMH, Cepble — HyKJICOTHAAM B TIO3HLHAX, HE COMIep-
JKaIlX KOHCEHCYCa, a KpacHble — HEKOHCEHCYCHBIM HyKJIeOoTHIaM. JleBas WacTp — mpumep
paHZIOMH3ALMK BBHIPABHUBAHUS CAlTOB, B KOTOPbIX HEKOHCEHCYCHbIE HYKJICOTHIbI HE BHOCST
CYIIECTBEHHOTO BKJIaJa B KOHCEPBAaTUBHOCTH Beca CaliTOB, NpaBasi 4acTh — MPUMEP TOr0, KakK
HEKOHCEHCYCHbBIE HYKJICOTH/IbI MOTJIH ObI BJIMSTH HA KOHCEPBAaTUBHOCTD BECa.

J1d KaXI0ro BBIPABHUBAHUS CATOB Mbl BBIYMCIISIM PACHPEEICHUE BECOB BCEX
CaliTOB B TOM BbIPaBHUBAaHUM U CTAHJAPTHOE OTKIOHEHHE 3TOrO PACIpEAENICHUS.
3areM MBI IPOBOIIN HPOLEAYPY PAHIOMM3ALMU CIEAYIOMNM 00pa3oM: HYKIEOTH-
Il TIEPEeMEIINBAINUCH CIIy4alHbIM 00pa3oM BHYTPU KOJIOHOK BBIPAaBHUBAaHUS. Takum
00pa3oM MBI MOIy4Yald PaHIOMHM3UPOBAHHOE BBHIPABHHUBAHHE M OISTH CUUTAIU BEC
JUIS KQ)XKIIOTO caiiTa B TOM BBIPABHUBAHMH, YTOOBI OIYYHTh CTAHIAPTHOE OTKJIOHE-
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HHE paclpeJielieHUsl BECOB CaiTOB. 3aTeM Mbl CPaBHUBAIM CTAHAAPTHOE OTKIOHEHUE
JI0 paHIoMu3aluu U nocie. Ha pucyHke 5 mpencraBieHbl JBa MMIOTETUYECKUX BbI-
pPaBHUBAHUS CANUTOB, 3€/lEHbIE OYKBBI COOTBETCTBYIOT KOHCEHCYCHBIM HYKJICOTUAAM,
cepble — HyKJICOTUAAaM B MO3ULMAX, UL KOTOPBIX HET KOHCEHCYCa, a KPacHble — He-
KOHCEHCYCHBIM HYKJIEOTHJaM. B mepBoM cilyyae HEKOHCEHCYCHbIE HYKJICOTUABI HE
00pa3yloT KOHCEPBAaTUBHBIX MO3ULUM, U ITOCIIE PAaHIOMH3ALMU JUCTIEPCHsI pacipeie-
JICHUSI BECOB B TAKOM ClIy4ae IOMeHseTcs ci1abo. A BO BTOPOM Cilydae HEKOHCEHCYC-
Hble HYKJICOTHUbI CKOHLIEHTPHUPOBAHbI B ONPEIENEHHBIX KOJTOHKaX. [Ipu panmzomusa-
UM, 4eM Oosiee pazHOOOpasHOM ObLIa KOJNOHKA BBIPABHUBAHMS, T€M CHIIBHEE OHA
MOBJIMSET HA PACIPEAEICHNE BECOB CAlTOB, a UMEHHO, YBEIMUUT €ro Aucnepcuio. B
TaKOM ClIy4yae HyKJIEOTH/IbI B O3UIUAX 0€3 KOHCEHCYca (Cepble OYKBBI) TOXKE BIUSIOT
Ha JUCHEPCUI0 paclpesiesieHus] BecoB. I10CKOIBKY OJHOPOIHBIE KOJIOHKH BBIPABHH-
BaHMH, KaK IIPAaBHUJIO, COCTABICHBI KOHCEHCYCHBIMU HYKJICOTHIAMH, a HEOAHOPOIHEIE
KOJIOHKH (TaKxkKe, KaK 1 MHHOpPHbIE HyKICOTHIBI B OTHOPOIHBIX KOJOHKAX) — HEKOH-
CEHCYCHBIMHM HYKJIEOTHJAMH, IIOJIy4aeTcs, 4YTO BKJIAJ B yBEJIMUYECHHE AUCIEPCHU B
OCHOBHOM BHOCAT HEKOHCEHCYCHbIE HYKJICOTUBL. TO €CTh, €CJIM Mbl IPOJETAEM C
BBIPABHMBAaHHUEM IIPOLENYPY PAHIOMHU3ALUM U YBUIUM, YTO PaclpeleicHUE BECOB
CaiTOB CTaNo MHpe, 3T0 OyAeT yKa3bBaTh HAa TO, YTO HIMEHHO HEKOHCEHCYCHBIE HYK-
J€0oTUAbl B 9TOM caiiTe NOJJEP>KUBAIOT BEC CaiiTa HA ONPEAEICHHOM YPOBHE B XOJ€
9BOJNIOUMHU. 3aMETUM, YTO JAHHBII IOAXOJ PAacCUMTAH HA MOUCK IPHHIMIMAILHO
UHBIX CIy4aeB II0 CPAaBHEHMIO C IOAXOJAMH, ONMCaHHBIMU B 2.1 u 2.2. B npeapiay-
MIKX pa3[esax Mbl HCKaIU Cllydal KOHCEPBAaTUBHOCTH KOHKPETHBIX HEKOHCEHCYCHBIX
HYKJICOTH/IOB, KOTOPEIe (DOPMHPYIOT OXHOPOAHBIC KOJOHKH B BBIpAaBHUBAHUH, a 3Ha-
YWT, HE BIMSAIOT HA U3MEHEHUE pacCIpe]elIeHHs BECOB CAWTOB. 3aMETUM TaKiKe, 4TO
Jlaxke ecld Mbl OOHAapY>KUBaeM Cllydail, Koraa AUCIEpCHs paclpeieIeHUs BECOB cali-
TOB I10CJIE PAaHIOMU3ALMU CTAHOBUTCS 3HAUMMO OOJbLIE, 3TO SBISAETCS TOILKO HEOO-
XOIUMBIM YCJIOBUEM CYIIECTBOBAHUSI KOHCEPBATUBHBIX MO3ULMI C HEKOHCEHCYCHBI-
MU HYKJIEOTHJaMH (Kak [10Ka3aHO Ha pUCyHKe 1 cmpaBa), HO He JocTaTouHbM. He-
KOHCEHCYCHBIE HYKJIEOTH]bI MOTYT IOJNEPKUBATh BEC CAliTOB Ha ONPEEICHHOM
YpOBHE, U HE HAXOAACHh B Ipejesiax OJHOM MO3MIMU, KaK [OKA3aHO Ha PUCYHKE 5
CTIpaBa.

Htak, paccMOTpUM pe3yabTaThl 3TOTO MOAXO0AA ISl TPAHCKPUIILMOHHOTO (hakTopa
FadR, mns xotoporo mMbl u3yuwin 10 BeIpaBHUBAaHUIN CAalTOB TONIIMHOM OT 15 BUOOB.
CHauana Mbl IOMYYWJIM PAclpeleeHHs BECOB PEANbHBIX CAaWTOB U CTaHAAPTHBIC
OTKJIOHEHHS JIJIsl HUX (PUCYHOK 6A, pO30BOE pacIpe/ieiicHUe).

A) B)

0.0075-

ity

densi

\ 0.0025-

W

// ;;\\\
) / \ \ 3 0.0050-

2 3 4 5 0.0000~
standard deviation

type real SD [ ] shuffled SD ranks
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Puc. 6. Pe3ynpratsl noaxona ¢ paHAOMH3aLMCeH U BHIpaBHUBAHUH caliToB (akTopa FadR,
paccmotpensl 10 BeipaBHUBaHMI ToNmMHOM oT 15 BuoB. A) PacnpenerneHus ctaHIapTHBIX
OTKJIOHEHUH pacrpeiesieHnii BecoB pealbHbIX caiitoB (real SD) u caiitoB mocne 100-kpaTHOi
npouenypsl pannomusauuu (shuffled SD) (po3oBoe pacnpenenenue comepxkutr 10 Touek, a
3enenoe — B 100 pa3 Goibine). B) Pacripenenenue paHros, KOTOpbIE 3aHUMAIOT PEasIbHBIC CTaH-
JapTHeIe OTKJIOHeHMs cpeau 100 cTaHmapTHRIX OTKJIOHEHHUH, MOMYy4YEHHBIX MOCIE paHAOMM3a-
LN,

3areM UL KaXKA0TO BbIPAaBHUBAHUS MbI IPOBOAMIIM PAHIOMHU3ALUIO U CUUTAIU CTaH-
JapTHOE OTKJIOHEHHUE pacmpejeneHus BecoB mocie Hee 100 pa3. Ha pucynke 6A
CTaH/JapTHBIM OTKJIOHEHUSIM I10CJE PAHAOMH3ALHUU COOTBEICTBYET 3€JICHOE paclpe-
nenenue. Takum oOpa3oM, JUI KaXKIOTO BHIPABHUBAHMS y HAC MOIy4yasloch OJHO pe-
aJbHOE CTaHJapTHOE OTKIOHeHUe U 100 CTaHAapTHBIX OTKJIOHEHHH IOCIe PaHIOMU-
3anuu. J{ng Toro, 4ToObl dydlle NPOMIUIIOCTPHPOBATh CABUI 3€JICHOIO pacIpeelie-
HUSI OTHOCUTEIBHO PO30BOTO Ha PUCYHKE OA MBI TakXkKe IOCTPOWIN paclpeeleHe
PaHroB, KOTOPbIE 3aHUMAIOT PeajbHbIC CTAHAAPTHBIE OTKIOHEHUS CPEOH CTa PaHmo-
MHU3HUPOBaHHBIX. Pacmpeienenue nomyuyeHHbIX paHTOB MIPEICTABIECHO HA pUCYHKe 6B.

Ha pucynke 6A BHAHO, 4TO 3€JI€HOE paclpeseieHue CIBUHYTO BIPABO OTHOCH-
TEJIFHO PO30BOT0, @ Ha PUCYHKE 6B BHIHO, YTO pacmpeeseHie PaHroB aCCUMETpHY-
HO M CIBHHYTO BJIEBO, YTO TOBOPUT O TOM, UTO AMCIIEPCHS PACIpeleieHHI BECOB
CaliTOB MOCJIe PaHJOMU3AINY B CPEIHEM BhIIIE. DTO MO3BOJISIET HAM YTBEPXKIATh, YTO
HEKOHCEHCYCHBIE HYKJICOTHIbI, ACHCTBUTEILHO, B HEKOTOPOH CTENEHH OOYCIOBIH-
BalOT KOHCEPBATHBHOCTH Beca CaiiTOB B 3BOJIONMH. [10-BUIMIMOMY, HEKOHCEHCYCHBIE
HYKJICOTH/IBI B CAHTe 3aBUCST APYT OT JApYyTa, YTO MBI B TAaHHOH padoTe ompenesseM,
KakK JIHICTaTHYECKOe B3aUMO/ICHCTBHE.

OnHako MBI HE MOXEM CKa3aTb, CBS3aHO JIM HaOJforaeMoe sIBJICHHE C KOHCEepBa-
THBHOCTBIO MTO3UINHN CaiiTa, COIEPIKAINX HEKOHCEHCYCHBIE HYKJICOTHIBI, IOCKOJIBKY
Takoi ke 3((eKT, Kak MoKa3aH Ha PUCYHKE 5 CIipaBa, MOXKET OBITh TONyYeH U MpU
HEKOHCEHCYCHBIX HYKJICOTHJIaX, He CKOHLCHTPHPOBAHHBIX B OJHOH KOJOHKE BHIPaB-
HUBaHHsI, HO TIPH 3TOM BCE PaBHO SMUCTATHYICCKH B3aUMOJCUCTBYIOLIUX JIPYT C JPY-
roM. C Apyroil CTOPOHBI, €CITH BeC CalTa, ASHCTBUTENBHO, MOICPKUBACTCS HEKOH-
CEHCYCHBIMH HYKJIEOTUJAMU Ha OIPEJEIEHHOM YPOBHE, TO HEKOHCEHCYCHOMY HYK-
JI€0TUaYy IS TOro, YTOOBl IOMEHSTh CBOIO MO3ULUIO B CaiiTe, HE MEHs IIPU 3TOM
Beca caifta, TpeOyeTcs Kak MHHUMYM JIB€ MyTallUd, U BEPOATHOCTh TOTO, YTO OHU
IIPOU30HAYT OAHOBPEMEHHO, KpaiiHe Mana. I'unore3a o TOM, YTO KOHCEPBATUBHOCTb
MO3ULIUY CalTa, coleprkallell HEKOHCEHCYCHI, SBJISETCS CIEACTBUEM TOTO, YTO He-
KOHCEHCYCHBIE HYKJICOTUABI IOJJIEPIKUBAIOT BEC CAliTOB Ha ONPENEIEHHOM YpPOBHE,
TpeOyeT NanbHen el IpoBepKu.

3 BroiBoabI

1. Tlo xpaiiHeil Mepe HEKOTOpbIE HEKOHCEHCYCHBIC HYKJICOTHbl COXPaHSIIOTCS
CTaOMITU3UPYIOLIMM OTOOPOM;

2. EcTp ueTko BeIpa)keHHAs TPyIIIa HEKOHCEHCYCHBIX HYKJICOTHIOB, Ooee KOH-
CEpPBATHBHBIX, YEM HEHTpPaJIbHBIA KOHTPOIIb;
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3. HexoHCeHCyCHBIE HYKJICOTH/IbI YYaCTBYIOT B COXPAaHCHHHU Beca CaliTOB H, clie-
JAOBATCJIIBHO, YPOBHSA PCTYJIAIUN TPAHCKPHUIIIUU I'€HA JaHHBIM TPaHCKPUIIIMOHHBIM
(hakTopom.

4 JanbHeilinmue miaHbl

XoTs MBI M HAOMIOZAeM KOHCEPBATHBHOCTH HEKOHCEHCYCHBIX HYKJICOTHIOB, HALIN
PEe3yNBTATHl MTOKA HE MO3BOJISIOT YCTAHOBUTH TOUYHYIO NPUYMHY HabiomaeMoro. Ml
JIOJKHBI IPUHUMATh B pacueT BO3MOXKHOCTb TOT'O, YTO 3TH KOHCEPBAaTUBHBIE HYKJIEO-
TUABI MOTYT SIBJISTHCS KOHCEHCYCHBIMH [UIS €ll€ HEHM3BECTHBIX PEryJIATOPHBIX 3Jle-
MEHTOB. Temnepb HaM HYXHO BBICHUTH, SIBJSIETCS JM HabOiroaeMas KOHCEHBATHB-
HOCTh CIIEJICTBHEM OTOOpa, NEHUCTBYIOLIETO B paMKax IPYroro, HEM3BECTHOTO HaM,
MOTHBA HJIH CIIEICTBHEM TOTO, YTO MPHCIOCOOICHHOCTD CaliTOB C HEMaKCHMaJIbHON
ahGUHHOCTBIO K (PaKTOPY TPAHCKPHIIIMH IEPET ONPEeICICHHBIMA T€éHaMH BBIIIE, YEM
CalTOB ¢ MakCUMAITBHOH ad(GHHHOCTBIO. [IIs1 3TOr0 MBI INIAHUPYEM TIPOBECTH CHMY-
JISIIAW 3BOJIFOLMM CAlTOB, MMUTHUPYIOIIME HAIK JJaHHbIE. [ cuMysanuii Mbl MOKeM
3a[aTh OMpEACIICHHBIE TapaMeTphl JIaHmadTa TPHCIOCOOIEHHOCTH U 3aTeM TIPOBe-
CTH C TIOJIyY€HHBIMHU CalTaMU Te )K€ MPOLEAYPHI, UTO U C JaHHBIMHU, YTOOBI CPABHUTD,
KaK MEHSIOTCS Pe3yJIbTAaThl IIPU TEX MJIM UHBIX ITapaMeTpax MOIECIIH.
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AdcTpakT

Heitpopubpomatos Il Tuna (HD IT) — penkoe HacnencTBeHHOE 3a001€BaHKeE, Xa-
pakTepu3yoIieecs: pa3BUTHEM MHOXKECTBEHHBIX JIOOPOKAYECTBEHHBIX OIyXO-
JIel IeHTpanbHOH 1 iepudeprdeckoid HepBHOH cuctembl. HO I passuBaercs B
pe3yabrare MyTanuu B rene NF2, konupytomiem cunTe3 Geika-oHKocynpeccopa
MepnuHa. [Ipeanonaraercs, 9To TN M JOKaIU3alUs Ka3yalbHONH MyTallUH BIIH-
SIFOT Ha TSDKECTh KITMHUYECKHX MPOSIBIICHUH H BO3PACT KIMHUYECKOro iebroTa. B
HCCIIeIOBAaHKUE OBUTH BKJIIOYEHBI 92 MaleHTa ¢ KIMHUYECKUMH TPOSBICHUSMH
H®II. Bcem nanuenTaM npoBoauiioch cekBeHupoBanue rena NF2 B nepudepu-
YEeCKOW KPOBH, JUIA BBIIBICHHS MPOTSDKEHHBIX ACNEIMH MCIONB30BAICA METOL
MHO)KECTBEHHON aMIUTU(UKALNK JIMTHPOBAHHBIX 30HIOB. Boee mo3anHuii Bo3-
pacT KIMHUYECKOro 1e0l0Ta 1 MEeHbIlas pacpoCTPaHEHHOCTH MpoLecca 0TMe-
yajack y NallMEHTOB C MO3aMYHBIMU MyTalusIMU. Bo Bcex ciydasx y marueHToB
C MO3MYHBIMH BapHaHTaMH HAa MOMEHT aHaJn3a HaOMIONANICS COXPAHHBII CITyX.
B BBIOOpKE MALMEHTOB C FePMUHAIBHBIMUA BapHaHTaMH BBISBIISJIUCH CTATUCTHU-
YECKU 3HAYMMBbIE Pa3IUdMs MEKAY TSKECTIO HEBPOIOTHYECKOTO CTaTyca, BO3-
pacToM KIMHUYECKOro e0i0Ta 1 JToKanu3anueil mytanun. Takum o0pa3oM, 1aH-
HBIE MOJIEKYJISIPHO-T€HETHYECKON JAMArHOCTHKU TO3BOJISIFOT BBEIICIHUTH TPYIITY
MALMEeHTOB HEOIArONPHATHOTO MPOrHO3a, YTO B JAIbHEHIIIEM MOXKET TO3BOJIUTD
W3MEHHTh TAKTHKY HaOJIOACHHUS U TepaIHu.

KioueBble cioBa: nelipodubpomaros Il Tuna, mepiuH, BecTHOYIsIpHAast
HIBAHHOMA
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1 BBeaenue

HeiipodubpomaTossl — Ipynma HacleICTBEHHBIX 3a00NEBaHUM, XapaKTepU3ylo-
HUXCA Pa3BUTUEM MHOXCECTBCHHBIX, IPEUMYILICCTBEHHO [lO6pOKa‘{€CTBCHHbIX, OIyXO-
JIel eHTpaJIbHON U nepudeprdeckoil HepBHOH cucTeMsl. BeinensioT Helipodudbpoma-
103 [ Tna (H® 1) , II Tuna (H® II) u mBannomato3 (LIBHT). 3aboneBanus otiiya-
FOTCS 3HAUNTEJIbHON KITMHUYECKOM TOMOI'€CHHOCTBIO, OMHAKO IMAaTOICHCTUYCCKUE MCXa-
HHU3MBI U MOAXOABI K TEPAIlMU CYIIECTBEHHO OTINYaioTcs. Ocol0yio TpyIaHOCTh Mpea-
craBnsier coOoit muddepeHmanpHas nuarHoctuka HeWpoduoOpomarosa II Tuna u
[IBAaHHOMATO03a, TaK KaK KIMHUYECKH 3a00JIeBaHMS MOTYT OBITH IOJHOCTBIO HJCH-
truHbl. O6nuratHenid npuzHak H® I — OGunarepasibHbie BECTHOYISPHBIC IIBAHHOMBI
(BIII), Ho ommcanbl ciydau 3aboseBanus ¢ yHuinarepaiphoi (BIII), koTopeie MoryT
cootBerctBoBath LIIBHT. Kpome Toro, mpu H®II pa3BuBaroTcs 1o0pokayecTBEHHbIC
OITyXOJTH, TIPH3HAKH 3200JI€BaHNS MOSBIISIOTCS. MEIUIEHHO U, 3a4acTyIo, IUarHo3 ycra-
HaBJIMBAETCS TOJBKO HA JTale pa3BUTUSA HECKOJIBKHX CUMIITOMAaTHYECKUX OILyXOJieH,
YTO BEJIET K TSDKEJIOMY HEBPOJIOTHYECKOMY JE(QHITUTY M YMEHBIIAET KOJHIECTBO BO3-
MOYKHBIX JICUSOHBIX OITLIHH.

Heitpodubdpomaro3s 11 Timna Bo3HUKAET B pe3ynbTaTte MyTanuu B rede NF2, koau-
pyrolieM cuHTe3 Oerka MepiuHa. MepiinH oTHOcuTCs K cemeiictBy ERM-6enkoB. M3-
BecTHO 10 m30popM MepiuHa, OHAKO HanboJee IKCIPECCUPYEMBIMU SIBISIFOTCS H30-
dopmbr 1 (Uniprot: P35240-1, RefSeq: NM_000268) u 2 (Uniprot: P35240-3, RefSeq:
NM_016418, NM 181832, NM_181825). MepauH sABIILETCS KIACCHUECKUM OHKOCY-
IIPECCOPOM, KPOME TOIO OH UTPaeT BasKHEHITYIO poiib B MOJAEP KaHUU LIUTOCKIETA 3a
cueT cBs3bIBaHMA F-akTuHa, TpaHCMEMOPaHHBIX PELEITOPOB U BHYTPUKIETOUHBIX (-
(EKTOPOB U MOIYJISLIMM BAXHEHIINX CUTHAJIBHBIX IyTeH, BIUSIOIUX Ha IIPOLECCH
npoaudepanui.
3onoroii cranpapt quarHoctuku HO II - ompeneneHue naToreHHOH MyTaluy B IeHe
NF2. Onnako, ¢ yueToM BBICOKOH paclpOCTPaHEHHOCTH COMaTHYECKOr0 MO3auLU3Ma
(o pazHeIM JaHHBIM 10 30%), MOJEKYJISPHO-TEHETHYECKas AUAarHoCTHKa 3a0oieBa-
HUS 3aTpyAHEHA. TakuM 00pa3oM, OCHOBHBIM METOJOM JUATHOCTUKU B PYTHHHOMH
IIPAKTUKE OCTAIOTCS KIMHUYECKUE KPUTEPUM, KOTOPbIE NMPUMEHSIOTCS TaKkKe M Ul
onpeseneHus nokazanui k nposeneHuto JJHK-nnarnoctuku. B knuuHnueckoit npak-
THUKE NPUMEHSIOTCA JIBE OCHOBHBIX BEPCHM KJIMHHUYECKUX Kpurepues: Baser 2011ro
roaa u Mmandectepckue 2016ro roga. SPPEKTUBHOCTD KIMHUYECKUX KPUTEPHEB paHee
OIICHMBAJIACh TOJILKO Ha HeOOMNbIIONH BhIOOpKe manmeHToB (Menee 100 uenoBek) B
€MHCTBEHHOM MCCIIEIOBAHUY NIPU BHEIPEHUU JAHHBIX KPUTEPUEB B NMPAKTUKY. bblIo
[I0Ka3aHO, YTO IPUMEHEHNE MAaHYECTEPCKUX KPUTEPUEB TI03BOJISIET TUArHOCTUPOBATH
3a0oyieBaHNE Ha IEPBUYHOM IIpreMe MeHee 4eM y 14% OONbHBIX.

Eme onmHOW BakHOW TPOOJIEMOH, CBSI3aHHOW C IUArHOCTUKOW M HAONIOJICHUEM B
rpymnrme naruenToB ¢ HOIL, sBisiercst 0TCyTCTBHE MPEANKTOPOB, TTO3BOJISIONINX MIPET-
CKa3bIBaTh TEUEHHE 3a00JIEBaHHs U, COOTBETCTBEHHO, ONPEEIISTh TAKTUKY HHAMIYE-
ckoro HaOmoAeHus W Tepanui. OOIIETPUHITHIM MOJXOAOM SIBISIETCSl TIPOBEICHHE
MarHATHOW Pe30HAHCHOI TOMOrpaduu CTPYKTYp HEHTPAIbHON HEPBHOW CHCTEMBI (TO-
JIOBHOT'O MO3Tra U BCEX OTAEJIOB CIIMHHOTO MO3Ta) €XErOJHO C MOJAPOOHOI OIEHKOM
HEpPBHO-MBIILIEYHOro cTaryca. C y4eToM pacinpocTpaHeHHOCTH IpoLiecca, OCHOBaHHEM
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JUJI TPOBCACHUSA TCpaIlluU ABJISICTCA HAJININUEC CHUMIITOMaTHYECKOMN OITYXOJIM UJIK aH-
HBIC 3a POCT OIIYXOJIU € BLICOKMM PHUCKOM Pa3BUTHA HEBPOJIOTHICCKOTO I[e(i)I/IIII/ITa. O,Z[-
HaKoO, B PAAC CIIy4a€B OTMEYACTCA BBICOKAsA CKOPOCTb POCTa onyxoneﬁ, 4qTo Tpe6yeT
0oJiee 4acToro Ha6J'IIOI[eHI/I$I. HpI/I 9TOM HE CYHIECTBYCT KPUTECPHUCB, KOTOPLIC OBI 1MO3-
BOJISUIM BBIACIUTDH I'PYIITY IMAIIUCHTOB C He6ﬂaFOHpI/I${THBIM MIPOTrHO30M JIs1 Ooee ak-
THBHOI'O Ha6J'IIOHeHI/I$I U TCpalrny, Tak 4TO B JaHHOM CJIy4ac TaKTUKa BEACHUSA TaKHUX
TMalUEeHTOB OCHOBBIBACTC, IPEUMYIIIECTBEHHO, Ha OIILITC Bpada.

II ITanueHTHI 1 METOABI

B nepuon ¢ 2020ro no ¢espans 2022ro roaa Obutd 00cae0BaHbl 122 manueHTa
¢ Heipopudpomarozom II Thma. Jlnarno3 ycTaHaBIMBAJICS HA OCHOBAHUHU XOTsI ObI OJ1-
HOTO U3 OOIIETPHUHSATHIX KIMHUYECKHX KpUTepHeB: MaHdecTepckux 2016ro roma u
kputepues Baser 2011ro rona. Beem nanuenTaM npoBoanioch CEKBEHUPOBAHUE IFeHA
NF2. ITaroreHHOCTh BBISIBICHHBIX T€HETHUECKUX BAPHAHTOB ONPEIEIISUIM B COOTBET-
CTBHMHM C PYKOBOJCTBOM IO MHTEPIIPETALUH JaHHBIX nocienosaTenbHoctu JJHK uero-
BEKa, TIOJIyYEHHBIX METOJIJaMHA MAaCCOBOT'0O MapauienbHoro cekBennpoBanus (MPS) (pe-
naknus 2018, Bepcust 2), cormacHo kputepusMm ACMG 2017 roga. [lpu orcyrerBun
[IaTOr€HHOM MyTaIMy MO pe3yJibTaTaM CEKBEHHPOBAHMsA, IPOBOAWICS MOUCK NPOTS-
YKEHHBIX JIeNIelUH ¢ IOMOIIBI0 METOJa MHO)KECTBEHHOH aMIUTH(UKALNH JTUTUPOBaH-
HbIX 30H10B. [Ipn AF<0,35 BapuaHT cunTancss MO3audIHBIM.

III Pe3yabTathbl

IlaToreHHbI WM BEPOSTHO — NMATOTCHHBI I'€HETHUECKUH BapHaHT yIaJIOCh BbI-
SBUTh B 92 ciyyasix. UyBCTBUTENBHOCTh cTaHAApTHRIX MeTon0B JIHK-anarnoctuku
cocraBuia 75.41%. bonpmias gacTh ciydaeB Oblia 00yCIIOBIIEHAa TepMUHAIBHBIMHU Ta-
TOTCHHBIMU BapHaHTaMM, MO3aW4HbIe BapuaHThl BbLBIEHBI B 12 (13,0%) ciyqasx. Y
OJIHO MAIIMEeHTKH ¢ (peHOTUIIOM Heitpoduodpomarosa 11 Tuma u npu3Hakamu 3aboseBa-
HUS C pOX/IeHHs ObUT BBISBIICH IMaTOreHHbIH BapuaHT B reHe LZRTI1, uto coorBeT-
CTBYET IIBAHHOMAaTO3y. Takxe coMaTUuecKuil Mo3auuHblii BapuanT B rene NF2 Obu1
BBISIBJICH Y IALIMEHTa C MHOYKECTBEHHBIMU SKCTpPa M MHTPaKpaHUAIbHBIMHU IIBAHHO-
MaMHM ¥ MeHMHTruoMamu, HaOmopatomerocs B ®I'AY HMMUL] nelipoxupypruu uMm.
H.H. Bypnenko 6onee 20 net. 3a Bce BpeMs HaOIIOJEHUs y MalME€HTa HE OTMEUYEHO
HOSIBJICHUS] HU OJJHON BECTUOYIISIPHON IIBAHHOMBI.

OTaenbHO OLIEHUBAIACh YyBCTBUTEIBHOCTh KIMHUUYECKUX KPUTEPUEB Y Mallu-
€HTOB C BBISIBJICHHBIM TATOT¢HHBIM BapuaHToM B reHe NF2. Onenka ¢peHoTHa no kpu-
TepusM Baser no3Bossiaa NOCTaBUTh JUArHO3 IPAKTUYECKHU Y BCEX IIALIMEHTOB Yepes3 5
JIeT nocie Hayana 3aboneBaHus (98,92% 4yBCTBUTEIBHOCTD), OHAKO JaHHBIE KPHUTE-
pUM He MO3BOJMIM UCKIIIOYUTH Ba CJIydas IIBAaHHOMAaro3a (IIPOTHOCTHYECKas IIeH-
HOCTh TOJIOKHUTENILHOTO pe3yiibTaTa coctaBuia 96.84%). MaHuecTepckue KpuTepun
MO3BOJISUTH TIPEAOoN0kuTh Auarao3 HO2 toneko B 65 cirydasix, MX 9yBCTBUTEIHHOCTH
cocrasuia Becero 70.65% npu 100% nporuocTuyeckoi IIEHHOCTH MOJI0KUTEIBHOTO pe-
3yJbTaTa 4epe3 IATh JIeT MOocie KIMHIYEeCKoro 1e0oTa. JJaHHble 0 pU3HaKax Ha MO-
MEHT KIMHHYECKOro ae0roTa ObUIM NOCTYNHBI y 49 manueHToB. UyBCTBHTEIBHOCTH
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Kak KpuTepueB Baser, Tak 1 MaH4eCTEPCKUX HAa MOMEHT KIIMHUYECKOro /1eboTa cocTa-
Buia , coorBerctBenHo, 100 u 77,7 %. Haubomnee 3HaUMMBIMU KITMHUYECKUMH TIPH-
3HaKOM ObLIH OmlaTepasbHbIe BECTHOYIISIpHBIE IIBAHHOMBI, YHHUJIaTEpalbHas BECTHOY-
JISipHAasi IIBAaHHOMA U COYETaHWE BeCTUOYIISIPHON MIBaHHOMBI/MEHUHTHOMBI U 3T1E€H U~
MoMmbl. ClieryeT OTMETHTh, YTO K MOMeHTy KiuHuueckoro nedrora MPT ITHC Obuio
BBIIIOJIHEHO TOJIBKO Y 32X (65%) MalueHToB, YTO MOIJIO OBITh MPUYUHON yIUIMHEHUS
BpPEMEHH JI0 YCTaHOBKH JMarHo3a.

Brigenstor nea knuanyeckux tina HO 11 : cpennersxensiii tTun ['apanepa u -
xenbli Tun Bumapra. B 2017m roxy Halliday u coaBT. npennonoxunu, 4To KIMHIYe-
CKUI THIT 3aBUCHT OT THIIA U JIOKAIM3AIMK TATOTCHHOW MYTAllMH, IIPH 3TOM HOHCEHC
u GpermMImdT MyTanuu B 5K30HaxX 2-13 accoUMPOBaHbI C HaHOOJIee TSHKEIBIM Teue-
HueM 3abosneBanus. Haubosee Miarkue ¢peHOTHITB HAOMIONANNCH Y MAIIMEHTOB C COMa-
TUYECKUM MO3aUI3MOM.

B Hameit BbIOOpKe ObUIM MpOaHAIM3UPOBAHbBI JaHHBIC 92X MAIMEHTOB C BBISB-
JICHHBIMHU TatoreHHbiME Win VUS-Bapuantamu (7 ciydaeB). B 5 ciyuaeB myTtanuu
OBbLIM BBISIBIICHBI TOJBKO B OJIOKE OMyXOJIH, JTAHHbIE 9TUX NALEHTOB OBLTN HCKITIOYEHBI
u3 uccnenoBanus. OmeHKa HEPBHO-MBIIIEYHOTO cTaTyca y manneHToB ¢ HO Il urpaer
BEIYLIYIO POJIb B ONpPEIeTeHNH TaKTHKU JICUSHHUs, T.K. Oojiee arpecCCUBHON TaKTHKE
TIOZJIeXKAT, TIPEXKIE BCETO, CHMIITOMATHYECKUE OIyXonu. OIHAKO, C YI€TOM HAIMYHs
MHO>KECTBEHHBIX OITyXOJIeil Ha pa3HBIX YPOBHSX C BOBJIEUEHHEM KPaHHAIBHBIX, CIIMH-
HOMO3TOBBIX M TepU(EpUIECKUX HEPBOB-ONPEACICHUE YPOBHS TOPAKEHHUS MOXKET
MIPE/ICTABIIATE TPYAHYIO 331a4y ¥ OTPEOOBATh CHEIHATEHOTO KIHHUKO-HEHPODH3HO-
Joru4eckoro ananusa. Kpome Toro, B IuTepaType OTCYTCTBYIOT JaHHBIE O 3aBUCHMO-
CTH MEXy THUIIOM MYTALlM U CKOPOCTBIO POCTa OIyX0JjeH, 0COOEHHOCTSIMH HEPBHO-
MBIILIEYHOT'O CTAaTyCa, YTO MOTJIO OBl YIIyUIIUTh BEIOOP TAKTUKH JICUSHUS U HaOIrOIe-
HUS B 9TOH rpynie 0onbHBIX. CpeaHuid BO3pacT KIMHUYECKOro 1e0rTa B rpyIie ma-
LIUEHTOB C TePMUHAIILHOM Ka3yalbHON MyTauuei cocraBui 15,5 net; cpequuii Bopact
MoJIy4eHust nepBoro jgedenus — 21 rog. B 16 ciyyasx Ha MOMEHT HCClIeIoBaHuUs ObLIa
HayaTa TapreTHas Tepanus Oesanu3ymMaOoM, B 1M ciiydyae manpeHTKa Mojyvaia Tap-
TETHYIO TEPAIUIO 3BEPOIUMYCOM.

Y nanueHToB ¢ Mo3auyHBIMH (POPMaMHU OTMEeUasIcs OoJiee IMO3IHUI BO3PacT KIIH-
Huueckoro nedrora (p=0,01) 1 MeHee pacrpocTpaHeHHBIN MPOLIECC, y BCEX MAlIEHTOB
Ha MOMEHT NyOJIMKallMu He HaOIoAanoch CHIKEHus cinyxa Hke Il crenenu Tyro-
yXocTH. B BEIOOpKE MAalMeHTOB C TepMUHAJIBHBIMU BapUaHTaMH HE OTMEYaJIOCh CTaTH-
CTHYECKH 3HAUYUMBIX DPA3IHUYMA MEXIY BBIPAXCHHOCTBIO HEBPOINATHHU BECTHUOYIIO-
KOXJIGApPHOTO HepBa (COXPAHHBIM CIYXOM) M TUNOM MyTauuu. OnHako, ObLIM BbISB-
JICHbI CTATUCTHYECKU 3HAYUMbIE PA3IMYHS MEX]Y TSHKECTBIO HEBPOJIOTHMYECKOTO CTa-
Tyca, BO3pacToM KJIMHUYECKOro e0roTa 1 Jokanu3aiue myranuu (p=0,037). ITpu mo-
CJIeyIOIIEM aHalu3e Haubonee 3HAYMMBIM (AKTOPOM, BIUSIONIMM Ha Ppa3BHTHE
HEBPOIATHHU CIIyXOBOTO HEpBa ObIIIO XUPYPrHYECKOe IeUeHHe. DTO CBA3aHO C 0TOOPOM
MALMEHTOB M MPOBEACHUIO XUPYPIUIECKOTO JICYEHHs MPEHMYIIECTBEHHO B CIIydasx
rurantckux (KOOS II1-1V) BIII. TIpumevatensHO, YTO Cpeny MalMEeHTOB, MMOJyYaB-
mMx OeBanm3ymad Oosee 12 mMecsleB, He OTMEYAIOCh HA OJTHOTO CIIy4Yasl yXYIIICHUS
ciryxa, B 12 cirydasx HaOIIOJanoch yiIydlleHHe MOJIE3HOTO CIyXa, MOATBEP)KAAEMOe
aynuomerpueit. [IpeamnonoxurensHo, 3@ dext OeBanu3ymada cBs3aH ¢ YMECHbIICHHEM
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SKCHpecchelt COCYIUCTOro SHAOTeNMHaNbHOTo (hakropa pocta VEGF B ki1eTkax BecTH-
OyJIIpHBIX MBAaHHOM. HepBHO-MBIIIEYHBIH CTaTyC MOAPOOHO oLeHuBaics y 71ro ma-
L[EHTA, BBIPAXKEHHBIE TMIOTPOGHU MBIIII KOHEYHOCTEI! HA MOMEHT OCMOTpPa OTMeua-
nuch B 32x ciyvasnx (45%), pu 5ToM y 18 manueHToB creneHb runoTpoduii He cooT-
BETCTBOBAJIA CTEIIEHU CHUDKEHUS MBIIIEUHOM CHIIbI B ABUTATENbHBIX 1Ipobax. Y 30 ma-
LUEHTOB HAOMIOAaNUCh fe(opMaluy AUCTAIBHBIX OTEI0B HIKHUX KOHEYHOCTEN IO
tuny Opuapeiixa u popmupoBanue GpeHOTUNA HACIEACTBEHHOH CEHCO - MOTOPHOI 10-
JIMHEBPOIIATHH, YTO paHee ObUIO omucaHo B nuTepatype. Bo Bcex 30 ciyuasx 3abone-
BaHME ObUIO OOYCIIOBIICHO T€PMUHAIIBHOI HOHCEHC-MyTauuei B 3k30He 2-13 u otMe-
4aJloch TSDKeNoe TedeHue 3aboneBaHus. BeposTHee Bcero, GpopMHpOBAHHE CTOIIBI
Opunapeiixa ObUIO CBSI3aHO ¢ PAaHHUM PAa3BUTHEM OIyXOJei nepudepudeckux HEpBOB
U MEJICHHBIM HapacTaHUeM aTpoQuid MbIIII] CTOM. Y JBYX NAallMEHTOB OTMEYAJIOCh
TaKOKe NMOpaKEHHE IIIEUEBOro CIUIETEHUs], paHee He OIMCaHHoe B tuTepatype 1t HP
1L

I11.BbiBOABI

HccnemoBanue MOJICKYIISIPHO-TEHETHUECKUX OCOOCHHOCTEH Helpodudpomarosa
II Tima Mo>KeT MO3BOJUTH BBIAEIHTH IPYIIIY HAlEHTOB C 0KHIAEMO HEOIaronpusT-
HBIM TIPOTHO30M: 00Jiee BBEICOKUM PHCKOM HEBPOJIOTHYECKOTO AehHINTa H PaHHHM
KIMHAYECKUM Je0roToM. Heo0xoanmo npoBeeHHe AajdbHEHIINX HCCIICAOBAHUI IS
BBISIBJICHHS 3aBUCHMOCTH MEXIy CKOPOCTBIO POCTa OITyXOJIeH, OTBETOM Ha TapreTHYIO
TEPaINuio W TUTIOM U JIOKAIM3annel kazyanpHol MyTarui. Kpome Toro, uis moBsITIIe-
HUSA ) PEKTHBHOCTH TUATHOCTHKH, CIIEAYET UCIOJIB30BATh BCE NMEIOIINECS KPUTEPHUH,
BO3MOYKHO 00CYKJCHHE MPOBEAECHHS MOJIEKY ISIPHO-TEHETHIECKON AUArHOCTHKH Y a-
IHEHTOB MOJIO/IOT0 BO3PACTa C HAMIUEM XOTs ObI OTHOTO H3 OCHOBHBIX KIIMHHYECKUX
npusHakoB HOII (yHunarepanbHas BecTHOYIsIpHAs IBaHHOMA, OHIaTepajbHBIE Be-
CTHOYIISIpHAST INBAHHOMBI WJTH COYETaHHEe YHIIATepanbHOi BII/MEHUHTHOMBI ¥ STICH-
JIAMOMBEI ).
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B perynsinmu TPaHCKPHIIHHM Yy MJIEKONHTAIOMIMX 33JeCTBOBAHBLI NPOKCHMMAJbHBIE
peryJsiTopHbie 3JeMeHTbl, B YaCTHOCTH, NPOMOTOPbI M JMCTaJIbHbIE PeryJsiTOpHbIe
3J1eMeHThl, HAPHMepP, JHXaHCepbl. DHXAaHCeP CNOCO0EH CBSI3bIBATH TPAHCKPHIIHOHHBIE
(akTOpBl M AKTHBHPOBATHL IKCHPECCHIO ONpedeIeHHOro Ha0opa reHoB, HAXOASICh NPH
3TOM Ha J0BOJIbHO 0OJBIIOM PACCTOSIHUHU OT CTAPTa TPAaHCKPUNIUH. B HacTosmee BpemMs
ocTaeTcsl He 10 KOHIA NMOHSTHBIM, YTO HMEHHO omnpeae/seT AaKTHBALMIO IKCIIPECCHH €
KOHKPETHOT0 NPOMOTOPa KOHKPeTHbIM JHXaHcepoM. Ilpeamosaraercs, 4To OCHOBHYIO
pPoJib B BO3HMKHOBEHMHM IIPOMOTOP-)HXAHCEPHBIX IAp MIPAIOT [IBa HE3aBHCHMBIX
(akTopa: Omoxmmmuyeckasi COBMECTMMOCTbL IPOMOTOpPAa € JHXaHCEPOM, M CTPYKTypa
XpPOMATHHA, ONpPeAeJSomas BO3MOKHOCTh (PU3HYECKOr0 KOHTAKTA MEKAY JTHMH JABYMSI
yyacrkamMu B mnpocrpaHcrse. Hecmorpsi Ha nosiBienue padoT, OLEHMBAIOIIMX POJIb
CTPYKTYPhI XpOMATHHA B ()OPMHPOBAHUHU NApP NMPOMOTOP-IHXaHcep, GobLIaAs YacTh M3
HHUX COCPEIOTOYCHA HA M3YYEeHUH OTAeJbHBIX FTeHOMHBIX JIOKYCOB. IlesibIo Haei paGoThl
cTaja CHCTEeMATH3allMs POJIH  CTPYKTYpPhl XpomaTHHa B (opmupoBanunm mnap
NMPOMOTOP-3HXAHCEP C HCNOIb30BaHHEeM OHOMH(pOpPMaTHYecKoro anaiausa. B atoii padore
MbI NOJYYH/IH TPH Ha00pa map NPOMOTOP-DHXaHCEpP, XapaKTePHBIX /sl ABYX THIIOB
KJIETOK 4YejaoBeka. Mcmoab3yss 3TH JaHHBIE MBI CMOIIM BBISICHUTB, 4YTO 4YacToTa
KOHTAKTOB B IPOCTPAHCTBE MeK1y NPOMOTOPOM M JHXAHCEPOM BEpPOSITHO He SIBJSETCH
onpeneasomuM ¢paxkropom B GOpMHpPOBAHMH Nap NpomMoTop-3HXxancep. Kpome Toro,
0Ka32J10Ch, YTO 3JIEMEHTDbI Pery/IsiTOpHON Naphbl 10BOJILHO PEIKO HAXOASITCH B OCHOBAHMH
XpPOMATHHOBBIX meTejb. Ham anaau3 mokasaja, 4To Te NMPOMOTOPHI TPAHCKPHIIIASA
KOTOPbIX B Hau0oJblleii CTeNeHH 3aBHCHT OT AKTHUBHOCTH JHXAHCEPOB, CKJIOHHBI
HAXOIMTbCA B OJHHX M TeX Ke IeTJIeBbIX J0OMEHAX €0 CBOMMM JHxaHcepamu. B 1o ke
BpeMsi, Iapbl, B KOTOPBIX 9aCTOTA KOHTAKTOB M€Ky 3JIEMEHTAMH BbIIlIe He OTJIHYAI0TCS
OT TeX, B KOTOPBIX YacTOTa HHM:Ke, 10 CTeNeHH 3aBUCMMOCTH AKTHBHOCTH IPOMOTOPa OT
AKTHBHOCTH JHXaHCepa.

KiroueBble ¢JI0Ba: IPOMOTOp, JHXAHCEP, PErY/LUs IKCIPECHH, CTPYKTypa
XpOMaTHHA
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1. BBenenue

1.1. MexaHu3MBbI AKTHBAllMH JKCNPECCUM IHXAaHCepaMu

DHXaHCephI - Y4aCTKH I'€HOMa, CIIOCOOHBIE aKTUBUPOBATH HKCIIPECCHIO, HAXO/SICh HA
3HAYUTCIBbHOM PACCTOSIHUU OT PEryjIMpyEeMbIX I'CHOB, BHC 3aBUCUMOCTH OT B3aUMHOM
opueHtauuu.[1]

EnuHOTO OOIIENTPUHATOTO MEXaHU3Ma, OOBSICHSIONIETO aKTUBAIHIO SKCIIPECCHU
SHXaHCepaMHy, B HacToslIee BpeMs He cyuiecTByeT. OJiHa U3 TUIIOTE3 MpeAIoaraer,
YTO 3HXAHCEP, CBSI3bIBAs OEIKU-MOAUGDHUKATOPLI XPOMATUHA, HALIPUMED
ructoHanerunrpancdepasy p300, mpu GuanueckoM KOHTAKTe ¢ IPOMOTOPOM MOXKET
U3MEHSTh I'MCTOHOBBIN KOJI Ha IPOMOTOPE U aKTHUBUPOBATh JKcIpeccuto. Cuuraercs
TaKXe, YTO SHXaHCEp CIOCOOCH CBA3bIBAThH Oenok Mediator, BOBJICUEHHBII B
MHUIMALINIO TPAHCKPUIIUK. B 3TOM cityyae KOHTaKT IPOMOTOpaA € IHXAHCEPOM
Taroke OyzeT criocoOCTBOBATh aKTUBALIMK TPAHCKPHIIIKY. Taroke ObIIO MOKA3aHO, YTO
9HXaHCEPHhI MOTYT CIIOCOOCTBOBATH BO3ZOOHOBIEHHIO TPAHCKPHIIIIMH ITOCIIE May35l.
[May3upoBaHue TPAHCKPUIILMH BCKOPE ITOCIIEe HHULIHALNH SBISIETCS OIXHUM U3 CBOWCTB
PHK nonumepassr 1. Kopakrop BRD4 yacto tokanamu3yercsi Ha SHXaHCepax U MOXKET
npusiekars knHazy P-TFb, ciocoGCTBYIONTYI0 BO30OHOBICHUIO TPAHCKPUIILUH. [2]
ANBTepHATHBHBIE MEXaHU3MBI PEeAN3alUH YHXAaHCEPHOH aKTUBHOCTH MPEIIONaraloT
BoBIeueHNe eRNA - TPaHCKPHUIITOB, TOMYYAIOIIHXCS B PE3YIbTaTe CHMMETPUYHOM
JIByHAIPABJICHHON TPaHCKPUIILUK Ha dHXaHcepax.[3] [Ipomykuust Takux
TPaHCKPUITOB CYUTAETCS IPU3HAKOM TOTO, YTO SHXAHCED aKTHBEH.[4]

1.2 CTpyKTypa XpoMaTHHA MJIEKOMUTAIOLIUX

BCJ'IC,I[CTBI/IC TOIo, 4TO OOJIBIIHHCTBO TMPUHATBIX MEXaHU3MOB aKTHBAlIUU SKCIIPECCUU
HHXaHCEPaMHU MOAPa3yMeBalOT (GU3NUECKOE B3aUMOJEHCTBUE, B PAMKax 3TOH pabOThI
Ba)XHO OOCYAMTH CTPYKTYPY XpOMAaTHHA MIICKOIUTAIOIINX. [IpoaHaI3upoBaB KapThl
KOHTAKTOB KJICTOK MJICKOIIUTAIOIINX TP ITOMOIITA Hi-C BBIACHWJIOCH, YTO XpOMaTHH
YeJI0BEKA XapaKTepPU3yeTCsl HAIMYMEM JIOMEHOB, HENPEPBIBHBIX YYaCTKOB TEHOMA,
KOTOpBIE IMEIOT OOJIbIIIe KOHTAKTOB BHYTPH JOMEHA, Y€M C PETHOHAMH BOKPYT.[5]
[Momyuus 6onee feTanbHYIO KapTy KOHTAKTOB CTAJIO TIOHATHO, YTO JUTSA CTPYKTYPBI
XpOMAaTHHA MJIEKOIUTAIOMIMX XapaKTepHbl NeTIH. I1eTnn BbIIest0TCs Ha KapTe
KOHTAKTOB KaK sIpKasi TOUKa - OBBIILIEHHAs YaCTOTa KOHTAKTOB MEXIy OCHOBaHUSIMU
nerny. ITeTnu Taxke npeacTaBsoT coOOH BapHaHT JOMEHOB, TAKUM 00pa3oM B
CTPYKTYpe XpOMaTHHA MIICKOIIUTAIOIIUX MOXKHO BBIIEINUTH “OObIYHbIE” TOMEHbI U
“netneBble” JOMEHBL [ paHUIIBI OOIBIIMHCTBA IETEIb CONEPIKAT CalThl CBA3bIBAHUS
6enka-uncynsaropa CTCF B coHanpaBiaeHHON OPUEHTALUHY, @ TAKXKE CBSI3BIBAIOT
cyObenuHuUIIEI Oelka korezuHa.[6] KpoMe Toro, yuacTky reéHoMa acCOLUUPYIOTCS
MexAy co00ii 1 Ha OoJee TAIEKUX PACCTOSHHSX, BIUIOTh JI0 MEKXPOMOCOMHBIX
KOHTAKTOB.
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DopMUPYIOTCS KAK MUHUMYM JIBE TPYIIIbI y4aCTKOB C IPEANOYTUTEIbHBIMU
B3aHMOAEHCTBUAME MeXIy co00ii, Ha3BaHHbIE KOMIIAPTMEHTaMu A u B.
KommapTMeHT A acconuupoBaH ¢ 001ee OTKPHITHIM U TPAaHCKPUOUPYEMbIM
XpOMAaTHHOM, B TO BPeMs KaK KOMIIAPTMEHT B TpaHCKPUIIIMOHHO MEHEE aKTHBEH.[7]

1.3 PoJib cTPYKTYpPBI XpOMAaTHHA B (PYHKIMOHMPOBAHUHU
NMPOMOTOP-3HXAHCEPHBIX Nap

BospimHCTBO MEXaHU3MOB aKTHBALIMH ITPOMOTOPA SHXAHCEPOM IIPEIIONIAraloT
BO3HHMKHOBEHHE (DPU3NUECKOTO KOHTAaKTa MeXy HUMH. CyIecTByeT MHOXECTBO
JIOTIOJTHUTEIIbHBIX CBUAETENBCTB, YKa3bIBAIOIIUX HA TO, YTO aKTHBAIMA IPOMOTOpPA
SHXaHCEPOM JAEHCTBUTENHHO 3aBUCHT OT (pusnueckoro commkenus. Hampumep,
MHLyLIUPOBaHHOE CONMKEHUE IPOMOTOPA € 3HXaHCEPOM MOXKET OBITh JI0CTATOYHBIM
JUIs aKkTUBaluu skcrpeccuu. [8—10] B skcriepumenTax mno tpancaudepeHIupoBke
CTBOJIOBBIX KJIETOK MBIIIHN B KOPTUKAJIbHBIC HeﬁpOHbl OKCIIpECCHs I'€Ha KOPPEIUPYET C
4acTOTOM KOHTAKTOB MEX]Ty IPOMOTOPOM reHa U 3HxaHcepoM. [11] HacTh KOHTaKkTOB
MEXIY NPOMOTOPAaMU U SHXaHCEPaMU Yy MJICKOIIUTAIOIIUX T10 BCeH BUAUMOCTHU
obecrnieunBaeTcs 3a cueT OeNIKOB, KOHTPOIUPYIOMUX yKIaaky xpomaruta - CTCF u
kore3nHa. KOCBEHHO Ha 3TO yKa3bIBaeT TO, 4TO OOJIbINAS YacTh
MIPOMOTOP-IHXAHCEPHBIX B3aUMOJICHCTBUI pacroyiaraloTcs B peesax OxHOro
cTpykTypHOTo nomena [12,13] u, 6Gonee Toro, HEKOTOPBIE U3 Map MPOMOTOP dHXAHCED
[IPY 3TOM HaXOAATCS HA KOHIaX IETIEBBIX JOMEHOB [6]. DKcIIepUMEHTHI Ha
OTZAENbHBIX FEHOMHBIX JIOKYCax IOKa3bIBAOT, YTO IHXAHCEP CIIOCOOEH aKTUBHPOBAThH
TapreTHHII I'eH B ciIydae, eClid OH PacloiaraeTcst BMECTe ¢ HUM B OTHOM JJOMEHE BHE
3aBUCHMOCTH OT JIMHEHHOTO paccTosiHUs Mex 1y HuMU [14]. Kpome Toro, BHenpeHue
CTCF onocpenoBaHHOH IpaHUIIBI MEXKIY IPOMOTOPOM U 3HXAaHCEPOM MPEISTCTBYET
aKkTuBaImu npomotopa. [14-16]

B cBoro ouepenp, yaajaeHHe IpaHnLbl MEXKTy JOMEHAMU MOXKET IPHBOINTH K
AKTHUBALMH JHXaHCEPOM IIPOMOTOPA M3 COCETHET0 JTOMEHA, YTO 3a4acTyIO SBISETCS
npuauHO# nedekroB pa3zsuTus.[16,17] ITH sKCIIepUMEHTH POPMHUPYIOT
MpPENCTaBICHUE O IOMEHAX KaK O CTPYKTypax, 3a/Ial0lIHX HEKOTOPbIE OTPAaHUYCHUS Ha
BO3MOYKHOCTH (DOPMUPOBAHUS IPOMOTOP-IHXAHCEPHBIX KOHTAKTOB, HO IIPH 3TOM HE
OMPEIEISIOIMMHU OIHO3HAYHO IPOMOTOP-3HXAHCEPHBIE Taphl B IIPEeiIax JOMEHa.

B T0 e BpeMs miobanbHOE HapylIeHHe CTPYKTYpPBl XpOMaTHHa, HabmogaemMoe,
HanpuMep, IIPpU yAaleHr! Kore3uHa [ 18] mpuBOIUT K MaJIbIM U3MEHEHHSIM B
IKCIIPECCUH, KPOME TOTO B SIMHUYHBIX KJIETKaX KOHTAKT MEXIy IPOMOTOPOM U
SHXaHCEPOM He Koppenupyer ¢ skcnpeccueil.[19] Onnako mist 3TuX HEeHOMEHOB eCTh
oObsicHenue. [20]

ITo Bceit BUIMMOCTH, B HEKOTOPBIX CIy4Yasx B 00€CIIEUCHNH KOHTAKTa MEXIY
MPOMOTOPAaMH U YHXaHCepaMH 3a1eiicTBoBaHbl Apyrue oenku nomumo CTCF u
Kore3uHa.[21-23]
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Takoke, BEpOSITHO CYLIECTBYIOT CIIOCOOBI aKTUBALIMK [TPOMOTOPA YIHXAHCEPOM, HE
Mperonaraomye npsiMoi KOHTaKT.[24]

CyniecTByIOIIME HAa HACTOSIIMNA MOMEHT JJaHHBIE OCBEIIAIOT POJb CTPYKTYPbI
XpoMaTuHa B OPMHUPOBAHUH T1AP IPOMOTOP-IHXAHCEP TOJBKO U1l HEOOJIBIIOTO
Habopa reHOMHBIX JIOKYyCOB. L{enbio Harieil paboThl OBbIIO MONYYHTh crielU(UYHBIE
JUISL KJIETOK YeJIOBeKa HaOOPbI Iap MPOMOTOP-3HXAHCEP U BBISICHUTD, €CTh JIU POJIb y
CTPYKTYpPBI XpOMaTuHa B )OPMUPOBAHHH T1aP U B ONPECIICHUN CTEIICH!
3aBUCUMOCTHU aKTUBHOCTH IIPOMOTOPA OT AKTUBHOCTH 3HXaHCEpa.

2. Marepuajibl 1 MeTOAbI
2.1. I[IpoMoTop-IHXaHCEPHBIE MAPBI

Tak kak IPOMOTOP-3HXAHCEPHBIE Mapbl CIICIM(UYHBI 1JIsi KOHKPETHOTO THIIA KIIETOK,
nepen HaMu BCTalla 3a/ia4a NMOoJyueHUs TAKUX JaHHbIX. B Haeit pabote Mbl
UCTIONIb30BANIN JIaHHbIe U3 paboTel Gasperini [12] u naHHBIE, TTIOJyYCHHBIC B
pesynsrare padbotel npoekta FANTOM. [4]

IMaps1 Gasperini

B pa6ote Gasperini et al., mpoMOTOp-3HXaHCEPHBIE TAPhI ONIPENEIISUTICE TPU TOMOIIN
dCas9-CRISPRi npobupoBanus Ha kieTkax JUHUU K562. ABTOpam ynanoch BBISIBUTH
664 TPOMOTOP-’HXAHCEPHBIX IMAaphl, XapakTepHBIX s kietok K562. Kaxnoi mape
npu 3toM npucsauBaercs 3Hadenue FC (fold change), o6o3Hauaromee To, BO CKOJIBKO
pa3 U3MEHHUTCS IKCIPeccHs T'eHa IpH nHakTuBauuu sHxaHcepa. FC Bcerna mensiue 1,
MOCKOJIBKY NPU MHAKTHUBAIMU SHXaHCEPa 3KCHPECCHS TAPTETHOTO IeHa YMEHBIIASTCH.
Ilocne omnpeneneHuss CTapTOB TPAHCKPUIIMU JJIi TE€HOB C HCIOJIb30BAaHHEM
aHHOTalu TpaHckpunToB RefSeq [25] u ynanenus OnMU3KUX MPOMOTOP-IHXaHCEPHBIX
nap, pacroiaoxeHHbIx <10000 m.o. apyr OT apyra, Ams aHaiausza octanocsk 404 mapsl.

IHapet FANTOM

B nmaracere FANTOM [4] kaxmoil NTpOMOTOP-SHXAaHCEPHOW IMape COOTBETCTBYET
3HaueHHe R, sBistromeecs KOIQQUIMEHTOM KOPPETSILUH MEXIy OKCIpeccuer
SHXaHcepa M JKCIpeccHei mpoMoropa. Mbl HHTeprnpeTupyeM R kak moxasarenb
3aBUCHMOCTH aKTMBHOCTH IPOMOTOpA OT aKTHBHOCTH 3HXaHcepa. Tak Kak aHanu3
FANTOM Obu1  mpomenaH JOBOJIBHO JaBHO, MBI HCKIIOWHIM M3 aHAIK3a
TPAHCKPUNTHI, KOOPJAMHATHI KOTOpBIX cornacHo RefSeq [25] usmenunucey Gonee, uem
Ha 50 m.o. AmxanormuHo mapam Gasperini, Mbl pPacCMaTpHBaJIM  TOJBKO
MIPOMOTOP-9HXAHCEPHBIE NAPHI, PACIIONOKEHHbIE Ha paccTogHuu > 10 000 m.o.
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IMape1 FANTOM cnenunduunbie piaa K562

YToOBI OCTAaBUTh TOJBKO IMaphl, aKTHBHBIE B JHHUU KIeTOK K562 MBI HCTIONB30BAN
JaHHBIE 10 aKTHBHOCTU (DKCIIPECCHH) JHXAHCEPOB, OMYyOJIMKOBAHHBIC TIPYIITONH
FANTOM [26]. Mbl cuuTanu 3HXAaHCEp AKTUBHBIM, €CIM OH HMEET HEHYJECBYIO
9KCIIPECCHUI0  XOTS Obl B ONHOM W3 4YeThIpeX OHOJOIMYECKHUX PpeIUIHK,
COOTBETCTBYIOIIMX JMHUK KieTok K562: CNhs12334, CNhs12335, CNhs12336,
CNhs11250.

Mpl pemmiy CYHTaTh Mapy MPOMOTOp-3HXaHcep akTUBHOW B K562, eciu akTuBeH
9HXaHcep M3 3Toi mapel. TakuM 00pa3oM, ISl JANbHEHIIEero aHauu3a Mbl OCTaBHIN
6935 map mpoMoTOp-3HXAHCEP MPEINOI0KATEIFHO aKTUBHBIX B IMHUH KIIeTOK K562.

Mapst FANTOM cneuuduunsie niast HFF

Tak kak kapra koHTakToB 111 HFF, xoTopylo Mbl IUIaHMpOBAld MCIOJIB30BaTh B
aHanu3e, eCTb TONBbKO I Bepcuu cOopku hg38, MBI mpenBapUTEIbHO MEPEHECIH
anHotamio map FANTOM na Bepcuto cbopku hg38 c Bepcun cOopxu hgl9 npu
oMoty LiftOver. [27]

MBsI cuuTanu napy IpoMOTOpP-3HXaHCEP aKTHBHOM, €CIIH B 3TOM TUIE KJIETOK aKTHBHO
UJET KCIpPEeccHs ¢ MPOMOTOpa M3 mapbl. B KauecTBe JaHHBIX IO SKCIIPECCHUM MBI
ucnons3oBanu Aanssle u3 skcrepumenTa ENCSR3810TM 6a3st gannsix ENCODE.
Msl  cuuranu, uyro mnpoMorop aktuBeH B kinerkax HFF, eciu skcmpeccus
COOTBeTCTBYIOIIEro reHa B TPM Bblllle MeaAMaHbl MO SKCIPECUU B KaXKIOW U3 Tpex
PEIIIMK 9TOTO 3KCIEPUMEHTA.

Jns nHatopa map FANTOM, cneunduunsix anst HFF Mbl pemmnu npuMeHHUTH
JOIIOJIHUTCIIbHYIO NPOUCAYPY (1)I/IJ1praU,I/II/I, KOTOpas IO3BOJUT MUHHUMU3HUPOBATH
KOJIMYECTBO INPOMOTOP-OHXAHCEPHBIX Tap, OJKCIpPECCHs KOTOPBIX  OKa3ajach
CKOppEIMpOBaHa HE BCIIEACTBUE PETYISITOPHBIX B3aUMOOTHOLICHHH, a B CHITy JPYTUX
BO3MOXXHBIX IIPUYHH. JIJ'IH 9TOTr0 MBI IPUMEHUJIIN OAUH U3 MMOAXOA0B, UCIIOJIB3YECMbIX
coznarensimu GeneHancer [28]: MBI ocTaBmsUM Hapy AJIs JajbHEHUIIETO aHAIIN3a, €CITN
B 0aze manHbix GTEx v8 phs000424.v8.p2 [29] ecth ¢QTL koToOpblii momagaer B
obnacTp dHXaHcepa u 3ToMy €QTL COOTBETCTBYeT TOT ke I'€H, YTO CTOHT B Iape
9HXaHcepoM. [IpuMeHUB 3TH npouenyps! GuiIsTpay Mbl nony4yrwin Habop u3 1350
rap IMpOMOTOP-3HXaHCEp.

CToUT OTMETUTH, YTO MPOMOTOPOM MBI cuMTaeM ydacTok -350 +50 m.o. BOKpyT caiita
Havajla TPaHCKPHUIIIINHU, ITOCKOJBKY HMCHHO 3TOT PETHUOH (1'[0 JaHHBIM HCCJIICOOBAHUS
aBTOHOMHOMW aKTHUBHOCTH MPOMOTOPOB) HanOosiee BaxkeH [yt Tpanckpumiui. [30,31]
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2.2. KapTpl KOHTAaKTOB M AHHOTALMS COCTOSTHHI XPOMAaTHHA

B pabote ncnons30Banuch KapThl KOHTAKTOB AJs KiteTok K562 ¢ pasperiennem 5 k0 u
COOTBETCTBYIOIIAasl €H aHHOTAalMs IeTeNb, MOJyYeHHas IIPH IOMOIIM aJrOpUTMa
HiCCUPS [6]. ns xnerok HFF ucnosp30Banachk kapTa KOHTAKTOB C pa3pelICHUSIMA
1 k0 1 5 kO 1 COOTBETCTBYIOIIasl €if aHHOTAIMs METelb, MOTyYeHHAs IPU OMOLIH
anroputma HiCCUPS.[32]

Jus pabota ¢ kapTaMu KOHTAKTOB HCIIOJNIb30Bajach OuoOianoreka cooler [33]. dns
pacucTa mokKasaTrejid WHCYISAUN, ITONCKAa T'PaHUIl U OLNEHKHW CHJIBI T'PAHHUII 110 KapTe
KOHTAaKTOB MCHONb30Banuch (QyHkiuu calculate insulation score u find_boundaries
6ubmoreku cooltools.[34]

YacroTa KOHTaKTOB “HabmromaeMas/oxugaemas’” (observed/expected) Mexxmy IByMs
TEHOMHBIMH  JIOKycaMH (IPOMOTOPOM W JHXAHCEpPOM, OO0pasyIoIlUMH mnapy)
OLIEHMBAJIACh C UCTIONb30BaHKHeM (pyHKuu pileup Gubnmorexu cooltools [34]

AmnHoTauus cocrosHuii xpomarusa it HFF n K562 Obuia nosnydeHa nmpu nomomu
anroputMa Segway M Tmo3auMcTBoBaHa Hamu [35]. UroObl IpOaHHOTHPOBATH
HHXAHCEPhl COINIACHO pa3MEeTKe Segway, PEruoH, COOTBETCTBYIOUIMH 3HXaHCEpy
MepeceKancst ¢ pa3MEeTKOW ¢ HCIojib30BaHUMeM bioframe [36], npu aHHOTAUUH
IIPOMOTOPOB C pa3METKOH MepeceKacsl caT Hadaia TPAaHCKPUITIIUH.

2.3. Ienepanust JOKHBIX map

JlokHble mapel - 3TO Mapel MPOMOTOP-PHXAHCEp, MONTYyYEHHbIE IO CIEAYIOIIEMY
AITOPUTMY:

()Jns xaxmo mapbl NPOMOTOpP-3HXAaHCEpP BBIOMpAETCS Y4YacTOK TI'eHOMA,
PACIONOKEHHBIM 1O APYTyI0 CTOPOHY OT JHXaHCEpa OTHOCHUTEIBHO IIPOMOTOpA.
JlnuHa 3TOro y4acTKa paBHA PAcCTOSIHHIO OT HPOMOTOpa 10 3HXaHcepa. (2) B
mpezienax 3TOr0 ydacTKa BBIOMpArOTCs TeHbl, TSS TpaHCKPUNTOB KOTOPBIX HUMEIOT
pa3dpoc He Oomee 50 m.o. comracHo RefSeq. Koopmunaroit TSS rena cumraercs
cpennsis w3 TSS TpanckpunroB. (3) W3 BbIOpaHHBIX T'€HOB OTOMpAIOTCS TeE,
JKCIIPECCHsT KOTOPBIX B JAaHHOM THIIE KIETOK Oomblie Menuansl. (4) M3 ocraBmmxcs
TeHOB BBIOHWpaeTcs TOT, TSS koroporo Hambomee ymaneH ot ’uxancepa. (5) JloxHas
rapa MCKIIOYaeTcsl M3 aHallh3a, eCM PAcCTOSHHE OT JHXaHcepa 10 joxHoro TSS
OTIMYAeTCS OT PACCTOSHHUS MEXAy OSHXaHCePOM MW CTOSINMM C HHM B mape
npomoropom Oosiee yem Ha 200 000 m.0. uiu oHo MeHsble, yem 10000 m.o.
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Taxum 00pa3oM, Kax0i mape MPOMOTOP-IHXAHCEP MOXKET ObITh NPHUIIUCAH JIOKHBII
IPOMOTOp, aKTHBHBIM B JJAHHOM THUIIE KJIETOK U HaXOJSIIUICA HA COIOCTaBUMOM CO
CTOSAIIUM B nape IPOMOTOPOM paccTosiHuEM J0 SHXaHCepa.
Takue J0XKHBIE Mapbl OBLIM MONYYEHHI I HAOOpoB MCTUHHBIX Hap Gasperini K562
(92 maper) u FANTOM HFF (249 map).

24. KpnTeplm JIOKAJIM3allul Mmap MNPOMOTOP-OHXAHCEP OTHOCUTEJIBHO
nerejb

VY merenp €CTh HECKOJIIBKO CTPYKTYPHBIX 3JI€MEHTOB. Bo-TepBBIX y KaxIoi meTin
€CTb JIBa BBIJIETICHHBIX y4acTKa PaBHOTO pa3Mepa, KOTOpble COMMKEHBI y OCHOBAHUS -
OuHbpl TpaHunbl. Tak Kak TpaHUIBI TeTeldb ONpPENESIOTCA C  HEKOTOPOi
MOTPEIIHOCTBI0, MBI CUMTAIN T'PaHULIAMU METIH COOCTBEHHO OWHBI TPAaHMIBI U JIBa
okpyxatormx Owna. KpaitHnii 5° koHIIEBOW W 3’ KOHIIEBOH HYKJICOTHABI TPaHHUII
neTenb SIBIISIFOTCS HayaJioM u KOHIIOM TIeTIN COOTBETCTBEHHO.
CornacHo [6] MHOTHE TIapbl IIPOMOTOP 3HXAHCEP JOKAIN3YIOTCS Ha IPaHULAX T1ETelb.
Mbl cuuTany mapy NpOMOTOP-3HXAHCEp JOKAJIM30BaHHOM Ha rpaHHLAX METIH, eCIU
IPOMOTOP IEPECEKAETCs] ¢ OJHOM U3 IpaHull METIH, a 3HXAHCEP IepeceKaeTcs C
JIpyToi rpaHULEH NETIH.

MBbI cunTany napy JIOKalIu30BaHHON BHYTPH NET/IH, €CIH M IPOMOTOP U SHXaHCEp U3
Hapbl EPECEKAIOTCs C PETMOHOM HAa4aJIo IETIH - KOHEll HEeTIH.

ITetmio MOXXHO BOCIPHHHMATh Kak JoMeH. EciM mpoMoTop J0Kaau30BaH BHYTPU
JOMEHa-TIeTAHN A, a SHXaHCep - HET, Mbl Ha3bIBacM NMONOOHYIO CHTYaLUIO M30JIIIUCH
MIPOMOTOpA OT PHXaHCepa memiei A

2.5.  CrarucTuyeckMii aHAIM3 M BU3YyaJIu3anus

JIJIs OLIEHKH CTATHCTHYECKOW 3HAYMMOCTH HCIONB30BAIUCh TecThl Mann-Whitney u
t-tect. JIyis pacdyera TECTOBBIX CTATHCTHK MCIIOJIb30BAIMCH KOMaH 15l mannwhitneyu u
ttest 1samp w3 OumOmmoTeku scipy, a Takke add stat annotation w3 OuONMHOTEKH
statannot. [l BH3yaiM3anuu HCMONB30BAIMCH OnOmuorekn matplotlib, seaborn,
upsetplot, ptitprince. Iy 00pabOTKU JaHHBIX MCIIOJIE30BAIMACH OUOIMOTEKU numpy 1
pandas.

3.  PesyabTarsl

3.1.  AHHOTauus MOJTYy4YEeHHbIX HA0OPOB NMap MO COCTOSIHUSIM XPOMATHHA

Bonpimas gacTh 3HXaHCEPOB U3 BHIOPAHHBIX HAOOPOB Iap TONANAET B KAaTETOPHU
“RegPermissive”, “Promoter”,”Transcribed”. Moandukanuun “RegPermissive” -
H3K4mel w “Promoter” - H3K4me3 CBOWHCTBEHHBI KaK IPOMOTOpaM, TaK H
JHXaHCepaM, MOITOMY MEePECEUCHUE IHXAHCEPOB C TAKHMMH KAaTETOPHSAMH Pa3METKU
Segway wumeer Ouonorudeckoe oObsicHeHue.Moaudpukauus “Transcribed”
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H3K36me3 c¢ Ouomoruueckoil TOUKU 3pEHMs TOXKE MOXET JIOKAIU30BaThCsi Ha
JHXaHCEepaX, HOCKOIbKY SHXAHCEPHI ABIISIOTCS TPAaHCKPUOUPYEMBIMH PETUOHAMH.

3.2. PoJb cTpyKTypsI XpoMaTHHA B (JOPMHPOBAHUY TIAP MPOMOTOP -
IHXaHcep

ITormpoOyem MOHATH KaKue XapaTepUCTUKH CTPYKTYPbI XpPOMaTHHA OTJIMYAIOT
HACTOSIIYE Mapbl OT JIOKHBIX, YTOOBI BBISICHUTE KaKyl0 POJIb CTPYKTYpa XpOMaTHHA
urpaer B HGOpMHpOBAHUH TIap.

Hactosmue napsl KOHTaKTHPYIOT Yarie, 4eM joxHble (Puc.1), n pasnnune B yactote
KOHTAKTOB 3Ha4YMMO€ (OHOCTOPOHHUH TecT MaHHa-YUTHH), HO HE 3HAUUTENBHOE.
BeposATHO 4acTOTa KOHTAKTOB MEXKY JJOKYCOM IIPOMOTOPA M PHXAHCEPA HE SBIISETCS
omnpenensromuM GakTopoM B GOPMHUPOBAHUH TPOMOTOP-IHXaHCEPHBIX T1ap.

B
' di A

Hactoswue TNoxHble
naphbl naphb!

Habniofaemoe/oxuaaemoe HiC 10kb
Habniopaemoe/oxuaaemoe HiC 1kb

I |

HacTosuwwve TNoxHble
naphb! naps!

Gasperini K562 FANTOM HFF
Puc.1 YacToTa KOHTAaKTOB B HACTOAIINX U JIOKHBIX ITapax

CpaBHUM cpeHHI [T0KA3aTeb UHCYSIIUY Ha Y4aCTKE OTACIISIONIEM JIEMEHTHI
HACTOsIILEH Mapbl IPOMOTOP-IHXAHCEP U COOTBETCTBYIONIUI eMy MOKa3aTesb JIOKHON
napsl (Puc.2). Cpeanuii mokasaress HHCYIISIUY 3HAYUMO U 3HAUUTEIBHO OOJIbLIE Y
HACTOSIINX Tap MPOMOTOP-3HXAHCEP 110 CPABHEHUIO ¢ J0XKHBIMU (Puc.3), mpu 3ToM 5Ta
pa3HHUIA BEIpaXKEHa IIOYTH Ha BCEX pa3Mepax OKOH U Ha 00oux Habopax map. 1o
03Ha4YaeT, 9TO HACTOSIINE Iapbl B OONBIIEH CTEIeHN CONMKEHBI B IPOCTPAHCTBE IO
JIAHHBIM (PUKCAIIMH KOH(POPMAIIUH, IeM JIOKHBIE Maphbl.

3.3. AHaju3 poJiM CTPYKTYPHI XpOMATHHA B ONpeeIeHH BJIMSIHHS IHXaHCepa
HAa AaKTHBHOCTH IPOMOTOPA
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Cas3b MexkIy 4acToTOil KOoHTakTOB U R/FC

Ha nByx u3 Tpex HabOpOB map HaM yIaJlochk MOKa3aTh, YTO Maphl, KOTOPHIE Yalle
KOHTaKTUPYIOT MEXIy CO00il B IPOCTPAHCTBE (MMEIOT Obs/eXp>MeIraHbl) TAKXKE
XapaKTepU3yIOTCsl 3HAYMMO Ooiee CHIIbHON (OHOCTOPOHHUI TecT MaHHa- YUTHH)
KOppeJsiHel MeXly akTUBHOCTBIO ITpoMoTopa 1 suxaHcepa (Puc.4). OgHako tn
pa3yInuus He3HAYUTENbHBI, YTO TOBOPUT 00 OTCYTCTBUH HEIOCPEICTBEHHON 3aBUCUMOCTH
MEXY CHIION aKTHBAIIMK IIPOMOTOpPA SHXAHCEPOM U YaCTOTOM KOHTAKTOB MEX/y HUMHU.

—— TloKa3aTens MHCYNALWK, OKHO 20000 bp

.
A
A
A

FpaHuLkl
HacToswwui npomoTop - red TFRC
Noxue npomoTop - red PCYT1A
SHXaHcep

—— WHCYAAUMA Ha y4acTKe 0T IHXaHCepa A0 HAcToALLero NpoMoTopa
m— AHCYMAUWA Ha YHACTKe OT 3HXaHCepa A0 NOMHOro NnpoMoTopa

100 kb

80 kb
60 kb
40 kb

20 kb

-1.0 _.1

" " "
05 1 ]
0o

g -

195.8 Mb 195.85 Mb 195.9 Mb 195.95 Mb 196 Mb

Puc.2 Cxema, HWIUTIOCTPUPYIOLIAs OIHY U3 TPOEK (IIPOMOTOP, COOTBETCTBYIOIINI eMy
JHXaHCEP U JIOKHBIN 3HXaHcep) naracera Gasperini K562 na npumepe resa TFRC u ero

JHXaHCepa
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Gasperini K562
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= 044
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P 065
pvalue=0.0018

‘e 073 P 106
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|

g

&

.
+ 1 ' '

Fantom HFF

5

cpennee=0.06 cpenree=0.072

cpeanee=0.079)
pvalve=0.0002| ¥ pualue=0.0003

, Pvalue=0.0002

pearee=0.107

enree=0.055
pvalue=0.0

p-value=0.0005
L '

+- peanee=0.058
10] pvalue=0.0035

cpenee=0.046
, pvalue=0.0042

-0s51 0

PERo

CpeaHss uHCynauus “HacTosiLeil” napbl - CPEAHSS UHCYNALMA “NOXHON™ naps!

20 kb 25kb 40 kb 50 kb 100 kb

Paamep okHa Ans pacyeTa nokasarens WHCYnaumn

10 kb 15 kb

Puc.3 Pa3Huna Mexay cpeqHrM MoKa3aTeseM HHCYISIMH HACTOSIIUX 1 JIOXKHBIX T1ap,
paspewenue kapt K562 u HFF 56

CBs3b MexIy JoKaau3anueii Ha rpanunax nereiab u R/FC

B pa6ote Rao 2014 [6] 6bu10 1OKa3aHO, YTO OOJBIIIAs OIS [IETEIbh ACCOLIMUPOBaHa C

MIPOMOTOP-IHXaHCEPHBIMH Napamu. Ha Hammx Habopax JaHHBIX 0Ka3aJ0Ch, YTO TOJIBKO

HeOoJIbIIas 0N Map TOKaIM30BaHa Ha TPaHHUIAX MeTelb, KpoMe TOro JOKaIn3alHs
BIIHAET HA 3aBUCHMOCTB IPOMOTOPA OT IHXaHCepa TOIbKO Ha OTHOM U3 TPEX JaTaceToB
(/laHHBIE HE IPUBEICHBI).

CBs13b MexIy Jokaau3anueii BHyTpu netsim u R/FC

[Mape! T0OKaNM30BaHHBIC BHYTPH METEb XapaKTEPU3YIOTCS OOJBILEH 3aBUCMOCTBIO
AKTHBHOCTH IPOMOTOpA OT aKTHBHOCTH YHXaHCEpa Ha Bcex Tpex Aaracerax (Puc.5
ciieBa). Kpome Toro, mapbl B KOTOPBIX XOTS OBl OIMH 3IEMEHT U30JIMPOBaH OT APYTOTO,
Hao00POT, XapaKTepPHU3yIOTCsl MEHbIIIEH 3aBHCUMOCTBIO aKTUBHOCTH IIPOMOTOPA OT
akTuBHOCTHU 2HXaHcepa (Puc.5 cipaga).

89



Gasperini K562

FANTOM K562 FANTOM HFF
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Puc.4 Pacnpenenenue R u FC B 3aBUCUMOCTH OT 4aCTOTbI KOHTAKTOB, Pa3peIICHUE KapT
K562 5 k6, HFF 1 k6

Gasperini K562 FANTOM K562 FANTOM HFF Gasperini K562 FANTOM K562 FANTOM HFF
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Puc.5 Cas3p MexIy JIokanuzauuen nap B npenenax ognoi newm u R/FC (cnesa) u
n3omsiuuei newsimu 1 R/FC (cnpasa)

5. BobiBoabl:

90

CrpyKTypa XpoMaTuHa, 110 BCeil BUIUMOCTH, HE UTPaeT onpenessomeil poau B
(OpMHUPOBAHUY KOHTAKTOB IIPOMOTOP-3HXAHCED.

YacToTa KOHTAKTOB MEX1y IPOMOTOPOM U DHXAHCEPOM HE aCCOIIMHPOBAHA C
3aBHCHMOCTBIO aKTHBHOCTH IIPOMOTOpPA OT dHXaHCEPa.

Konoxanuzanus BHyTpH HETICBOTO JOMEHA U OTCYTCTBHUE U30MIALHU
JIOKaIM3aIyell B pa3HbIX JJOMEHAX aCCOLMUMPOBAHBI C TOBBIIIEHHOM
3aBUCHMOCTBIO aKTUBHOCTH IIPOMOTOPA OT aKTHBHOCTH 3HXAHCEPA.




6. Jlureparypa

Banerji J, Rusconi S, Schaffner W. Expression of a B-globin gene is enhanced by remote SV40 DNA
sequences. Cell. 1981. pp. 299-308. doi:10.1016/0092-8674(81)90413-x

Haberle V, Stark A. Eukaryotic core promoters and the functional basis of transcription initiation.
Nature Reviews Molecular Cell Biology. 2018. pp. 621-637. doi:10.1038/s41580-018-0028-8

Beagrie RA, Pombo A. Gene activation by metazoan enhancers: Diverse mechanisms stimulate
distinct steps of transcription. BioEssays. 2016. pp. 881-893. doi:10.1002/bies.201600032

Andersson R, Gebhard C, Miguel-Escalada I, Hoof I, Bornholdt J, Boyd M, et al. An atlas of active
enhancers across human cell types and tissues. Nature. 2014;507: 455-461.

Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, et al. Topological domains in mammalian genomes
identified by analysis of chromatin interactions. Nature. 2012. pp. 376-380. doi:10.1038/nature11082

Rao SSP, Huntley MH, Durand NC, Stamenova EK, Bochkov ID, Robinson JT, et al. A 3D map of the
human genome at kilobase resolution reveals principles of chromatin looping. Cell. 2014;159:
1665-1680.

Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, Ragoczy T, Telling A, et al.
Comprehensive mapping of long-range interactions reveals folding principles of the human genome.
Science. 2009;326: 289-293.

Deng W, Lee J, Wang H, Miller J, Reik A, Gregory PD, et al. Controlling Long-Range Genomic
Interactions at a Native Locus by Targeted Tethering of a Looping Factor. Cell. 2012. pp. 1233-1244.
doi:10.1016/j.cell.2012.03.051

Morgan SL, Mariano NC, Bermudez A, Arruda NL, Wu F, Luo Y, et al. Manipulation of nuclear
architecture through CRISPR-mediated chromosomal looping. Nat Commun. 2017;8: 15993.

. Kim JH, Rege M, Valeri J, Dunagin MC, Metzger A, Titus KR, et al. LADL: light-activated dynamic

looping for endogenous gene expression control. Nat Methods. 2019;16: 633-639.

. Bonev B, Mendelson Cohen N, Szabo Q, Fritsch L, Papadopoulos GL, Lubling Y, et al. Multiscale 3D

Genome Rewiring during Mouse Neural Development. Cell. 2017;171: 557-572.¢24.

. Gasperini M, Hill AJ, McFaline-Figueroa JL, Martin B, Kim S, Zhang MD, et al. A Genome-wide

Framework for Mapping Gene Regulation via Cellular Genetic Screens. Cell. 2019;176: 1516.

. Choi J, Lysakovskaia K, Stik G, Demel C, Soding J, Tian TV, et al. Evidence for additive and

synergistic action of mammalian enhancers during cell fate determination. Elife. 2021;10.
doi:10.7554/eLife.65381

. Symmons O, Pan L, Remeseiro S, Aktas T, Klein F, Huber W, et al. The Shh Topological Domain

Facilitates the Action of Remote Enhancers by Reducing the Effects of Genomic Distances. Dev Cell.
2016;39: 529-543.

. GuoY, Xu Q, Canzio D, Shou J, Li J, Gorkin DU, et al. CRISPR Inversion of CTCF Sites Alters

Genome Topology and Enhancer/Promoter Function. Cell. 2015;162. doi:10.1016/j.cell.2015.07.038

. Despang A, Schopflin R, Franke M, Ali S, Jerkovié¢ I, Paliou C, et al. Functional dissection of the

Sox9-Kcenj2 locus identifies nonessential and instructive roles of TAD architecture. Nature Genetics.
2019. pp. 1263-1271. doi:10.1038/s41588-019-0466-z

. Website. doi:10.1016/j.cell.2015.04.004

. Rao SSP, Huang S-C, Glenn St Hilaire B, Engreitz JM, Perez EM, Kieffer-Kwon K-R, et al. Cohesin

Loss Eliminates All Loop Domains. Cell. 2017;171: 305-320.e24.

91



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Alexander JM, Guan J, Li B, Maliskova L, Song M, Shen Y, et al. Live-cell imaging reveals

enhancer-dependent Sox2 transcription in the absence of enhancer proximity. eLife. 2019.
doi:10.7554/elife.41769

Xiao JY, Hafner A, Boettiger AN. How subtle changes in 3D structure can create large changes in
transcription. Elife. 2021;10. doi:10.7554/eLife.64320

Rubin AJ, Barajas BC, Furlan-Magaril M, Lopez-Pajares V, Mumbach MR, Howard I, et al.
Lineage-specific dynamic and pre-established enhancer-promoter contacts cooperate in terminal
differentiation. Nat Genet. 2017;49: 1522—-1528.

Krivega I, Dean A. LDB1-mediated enhancer looping can be established independent of mediator and
cohesin. Nucleic Acids Res. 2017;45. doi:10.1093/nar/gkx433

Olga Kyrchanova PG. Mechanisms of Enhancer-Promoter Interactions in Higher Eukaryotes. Int J Mol
Sci. 2021;22. doi:10.3390/ijms22020671

Benabdallah NS, Williamson I, Illingworth RS, Kane L, Boyle S, Sengupta D, et al. Decreased
Enhancer-Promoter Proximity Accompanying Enhancer Activation. Mol Cell. 2019;76: 473.

[No title]. [cited 9 May 2022]. Available:
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/bigZips/genes/hg19.ncbiRefSeq.gtf.gz

FANTOMS Human Enhancer Tracks. [cited 9 May 2022]. Available:
https://slidebase.binf.ku.dk/human_enhancers/presets

Lift Genome Annotations. [cited 9 May 2022]. Available: https://genome.ucsc.edu/cgi-bin/hgLiftOver

Fishilevich S, Nudel R, Rappaport N, Hadar R, Plaschkes I, Stein TI, et al. GeneHancer: genome-wide
integration of enhancers and target genes in GeneCards. Database . 2017;2017.
doi:10.1093/database/bax028

The GTEx Consortium. The GTEx Consortium atlas of genetic regulatory effects across human
tissues. Science. 2020;369: 1318.

van Arensbergen J, FitzPatrick VD, de Haas M, Pagie L, Sluimer J, Bussemaker HJ, et al.
Genome-wide mapping of autonomous promoter activity in human cells. Nat Biotechnol. 2017;35:
145.

Martinez-Ara M, Comoglio F, van Arensbergen J, van Steensel B. Systematic analysis of intrinsic
enhancer-promoter compatibility in the mouse genome. doi:10.1101/2021.10.21.465269

Krietenstein N, Abraham S, Venev SV, Abdennur N, Gibcus J, Hsieh T-HS, et al. Ultrastructural
Details of Mammalian Chromosome Architecture. Mol Cell. 2020;78: 554-565.¢7.

Abdennur N, Mirny LA. Cooler: scalable storage for Hi-C data and other genomically labeled arrays.
Bioinformatics. 2020;36: 311-316.

Venev S, Abdennur N, Goloborodko A, Flyamer I, Fudenberg G, Nuebler J, et al. open2c/cooltools:
v0.5.1. Zenodo; 2022. doi:10.5281/ZENODO.6324229

Libbrecht MW, Rodriguez OL, Weng Z, Bilmes JA, Hoffman MM, Noble WS. A unified encyclopedia
of human functional DNA elements through fully automated annotation of 164 human cell types.
Genome Biol. 2019;20. doi:10.1186/s13059-019-1784-2

Open2C, Abdennur N, Fudenberg G, Flyamer I, Galitsyna AA, Goloborodko A, et al. Bioframe:

Operations on Genomic Intervals in Pandas Dataframes. bioRxiv. 2022. p. 2022.02.16.480748.
doi:10.1101/2022.02.16.480748

92



DOI:10.53921/itas2022 93

I'eneTyecKkHe HapyLIEHUs Y TALMEHTOB € JIETOYHOM
aTepUaAJIbHON THIIepTeH3uen

Oxpumenko ['anunal, Manbko Jmutpuiit, Ocunosa Hatanes?, ®enopos Anexcausp?,
Bapsiues ITasen?, lankosuesa Enena?, 3areiimuxos Jmutpuii?, Bpokuna Ombral,
[onuosa Mapust?

1 Bhiciast mKkosa 5KOHOMUKH, MockBa, Poccus
%IlenTpanbHas rocy1apCTBEHHAs MEUIMHCKAS akajeMus Y IpaBienus aenamu [pesuienta
Poccuiickoit @eneparun, Mocksa, Poccust
galina-oxp@mail.ru

Annortanus Jlerounas runeprensus (JII'), kak npaBmiio, pa3BHBacTCs MEUICHHO
U 4acTo OecCMMITOMHO, Kpome Toro, maumeHtel ¢ JII' Mmoryr wumersb
COMYTCTBYIOIINE 3a00JI€BaHMs, YTO JEIAeT ONPE/CICHUE ITHOIIOTHH OOJIE3HU U
mog0op HeoOXoaMMOW Tepamuu Oosee 3aTpyAHHTENBHBIM. Mcmoip3oBaHue
KJIMHUKO-TEHETHYECKOT0 TECTUPOBAHHUS ToMoraeT BbIsBUTH JII' Ha (oHe npyrux
CEepIIeYHO-COCY JUCTBIX HO30JIOTUH. B aHHOM MCCIIe0BaHUM Mbl OINMCHIBAEM
pe3ynbTaThl aHanu3a MyTauuid 432 TapreTHeIX reHa, cBszanHeix ¢ JII, y
MALHEHTOB C IIEPBUYHBIM JIMAaTHO30M - JIEFOUHAsl apTepHallbHasi TUIIEPTEH3Hs
(JIAT). Beero 0bu10 HaiiieHo 37 BapHaHTOB C KIMHUYECKON 3HAYUMOCTBIO ¥ 19
nanueHToB. Y 11 mauneHToB ObL10 OOHAPYKEHO 10 2 U 6oJiee HYKICOTHAHBIX
BapraHToB. HanGonee yacTbIMi BapuaHTaMu ObUIM HYKJICOTHIHBIE BapHAHTHI B
reie TTN (Bcero 4 BapuaHTra), a Takxke BapuaHTel B rene BMPR2 (Bcero 2
BapWaHTa), MPU O5TOM BapvaHThl B reHe TTN HMeIH HeONpeaeIeHHYI0
KIMHHYECKYI0 3HAYUMOCTS, a 00a BapuaHTsl reHa BMPR2 6bUn naToreHHbIMU.
Bcero Obuio oOHapyxeHO 7 BapMaHTOB, OTHOCSAIIMXCS K IATOr€HHBIM H
BEpPOSATHO IAaTOTEHHBIM, YTO ITO3BOJHT NEPECMOTPETh AUATHOCTUKY M JICUSHHE
HaIUEHTOB-HOCUTEICH.

KuroueBbie ciioBa: Jlerounas TUNCPTECH3USA, TAPICTHBIC I'CHBI, FTCHETUYCCKAs
JUarHoCTUKa

1 BBenenue

Jlerounas rumeprensust (JII) mpeacraBiaser co0oif MOpok cepaua, MpU KOTOPOM
[0Ka3aTellb apTepUaIbHOIO JaBJICHHs, M3MEPEHHBIM INpH KaTeTepu3aluH IPaBbIX
OTJIENIOB CEP/IIIa B TIOKOE, UMeeT 3HaueHus > 25 mm pr.ct [1]. [To manubM BeemupHoit
opranusanuu 3apasooxpanenus JII' BKIIFOYaeT ATk STHOJOTMYECKUX TPYTII: JIETOYHAs
aprepuanbHas runeprenzus (JIAD), JII' BcnencTBue mopakeHHS JIEBBIX OTAEIIOB
cepama, JII' BemencTBue 3a00NeBaHWM JIETKMX WIM THIOKCHH, XPOHHYECKAs
tpombosmbonnueckass JII' (XTJII) u JII' ¢ HescHBIMH MHOrO()aKTOPHBIMHU
MexaHu3Mamu. OCHOBHBIM marojormdeckuMm mnporeccom JII' sBigercs croiikoe
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JIaBJICHUE Ha JIETOYHYIO COCYAUCTYIO CETb, YTO B KOHEYHOM HTOTe MNPUBOAMUT K
YCHIICHHIO KPOBOTOKA M PE3UCTEHTHOCTH COCY/I0B K remoauHamuke [2]. Kak npasmuiio,
JII' pa3BuBaeTcs MENIEHHO M 4YacTO OECCUMITOMHO. A IIpH BO3HUKHOBEHHHU
MATOJIOTHYECKUX IPOLECCOB UX MOTYT NPHHATH 33 JPYTYIO CEPAECYHO-COCYIHUCTYIO
Hoszonoruro. Kpome Toro, Tounas kmaccupukanus BHyTpH Tpymm JII' MoxkeT OBITH
3aTpYJHEHA M3-32 HESCHOM OSTHOJOTMM W OCHOBHBIX MEXAHH3MOB 3a00JI€BaHMI,
MOCKOJIBKY NanueHTsl ¢ JII' MOTyT UMeTh psJi COIMyTCTBYIOLIMX 3a00J1eBaHUM, TaKUX
KaK apUTMHU, CEPAEUHAs HEJOCTaTOYHOCTb, I0YEUHAsl HEJOCTATOUHOCTh, TUCOYHKIHUS
HedeHH M caxapHbiii auaber [3]. BblineykasaHHble 0OCTOSTENBCTBA CBSI3aHBI C
HOBBIILIEHHBIM YPOBHEM CMEPTHOCTH TaKUX NAIUEHTOB.

B sTOM Cilyyae KIMHUKO-T€HETUYECKOE TECTUPOBAHUE MOXKET IOMOYb ONPEACIUTD
STUOJIOTHIO 3a00/1€BaHUs U CTPaTH(GULIUPOBATh NALUEHTOB I Tepanun. Kpome Toro,
FEHETUYECKUH IMOAXO0A B JUArHOCTUKE BPOXKAEHHBIX IIOPOKOB CEpALA IMO3BOJSIET
BBISIBUTh OECCUMITOMHBIX KPOBHBIX POJCTBEHHUKOB MNAallUEHTa M IOA00paTh
OINITUMAJIBHBIC MEpHI MPOGHIAKTUKH [4].

Ha naHHBIE MOMEHT M3BECTHO OOJIBIIOE KOIMYECTBO I'€HOB, CBsi3aHHBIX ¢ JIT.
ITosToMy MHOrOIENEBOH CKPUHMHI TATOTCHHBIX BApHAHTOB HYKJICOTHAOB Y
MAallMEeHTOB sBISAETCS Hawlydllell cTpaTeruell KIMHUYECKOrO TI'e€HETHYECKOIro
TectupoBanus. CexBeHupoBanue HoBoro nokonenus (NGS) no3BonseT 0JTHOBPEMEHHO
AQHANIM3UPOBATh HECKOJNBKO TeHOB. JIIg TeKyIero IpoeKTa Mbl pa3paboTanu
CHENUaJbHYI0 TaHedb, BKIIOYAONyl0 432 TreHa, CBSI3aHHBIX C JIETOYHOU
THIIEPTEH3MEH, ISl TECTUPOBaHUs 38 MallMeHTOB C JUarHo30oM uauonarudeckas JIAT .

ITockonbKy KIMHUYECKHE JAaHHBIE HECTICHU(PUIHBI, JIETOUHYIO THIICPTEH3HIO 4acTo
HE pAaclo3HAlOT, 0ojJee TOro, KIMHUYECKas KapTHHA CepAeYHO-COCYAUCTBIX
HapyIICHUH MOXeT ObITh UICHTHYHA APYT Apyry. TakuM o6pa3oM, OCHOBHOI LIENbI0
JITAHHOTO MCCJIEZIOBAHUS SBJIAETCS ONpENe/ICeHUe TEeHETUYECKOH OCHOBBI IS KaxKIOM
HOArPYNIIEl KAPAUOIATONOTHHA.

2 MeToabl

2.1 KaunHuyeckasi XapaKTepUCTHKA 00pa3loB

B nmaHHOM mpoekTe MBI NMPUMEHWIH TapreTHYIO NaHelb, BKIOYaromyio 432 reHa,
cBs3aHHbIX ¢ JIT', U TeHOTUINPOBaHKs 38 MAMEHTOB: 32 JKEHIUUHEI U 6 My)XYHH B
Bo3pacte ot 20 1o 79 ner ¢ MexuaHoi B Bo3pacte 30 ner. [[narHocTHka ManueHToB
OCHOBBIBAJIACh HA M3MEPEHHM CPEJHEro JaBJICHHSA B JIETOYHOW apTepuH, KOTOpoe
JIOJDKHO OBITH O0Jiee 25 MM PT.CT. B [TOKOE NPU KaTeTepU3allMH MPABBIX KaMep cepAaua
U MaHOMETPHH Y MALUEHTOB C JAHHBIM THUIIOM HO30JIOTHH.

2.2  CexBenupoBaHue u OuomHpopmMaTHiecKkas 00padoTKa JTaHHBIX

B kagectBe 00pasmoB A HcClIeIOBaHUS OblTa B3sTa IeJbHas BHO3HAs KPOBL Y
nanueHToB. [loaroToBka OHONMOTEK W CEKBEHHPOBAaHHME OCYIIECTBISUIOCH B
KoMMepoueckoii tadoparopun o NGS cekBeHupoBaHHio TpoOHIIKOro HaHOMAPKa.
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bruonndopmaTryeckas 00paboTKa JaHHBIX BKIIIOYANa IEPBUYHYIO0 00paboTKy (aiiaoB
FastQ mpoBogwiu B mporpammuoM moxyie Sarek[5], Bkiouast aHann3 Kadectsa C
nomonipo FastQC, ynanenue anantepoB, (QHUIBTPAIMIO HEKAYECTBEHHBIX PHIOB,
KapTUPOBaHHUE pPHUIOB Ha pedepeHCHBIC MOCIEAOBATEILHOCTH T€HOMa 4YeJoBeKa
GRCh38, nemymiukanuio W BbIpaBHUBAHHE IOCIENOBATEIBHOCTEN MpOrpaMMaMu
BWA-MEM, samtools u sambamba. [Tonck reHOMHBIX BAPHAHTOB TAK)KE ITPOBOIUIICS
B Sarek ¢ momousto makera nmporpamm GATK. AHHOTALMIO TEHOMHBIX OCYLIECTBIISLTH
¢ momoreio Annovar. ITpy MHTepIpeTayuy MOTyYeHHBIX HYKJICOTHIHBIX BApHAHTOB
3HAYMMBIMH CYMTAIMCh YaCTOTHI MUHOPHBIX allbTepHaTHBHEIX aynteneit (MAF) <0,1%
B gnOmMAD (6a3a maHHBIX arperanyy T€HOMOB). YUHTBHIBAJHCh TOJBKO BapHUaHTHI B
001IacTH 9K30HOB U +/- 2 HYKIICOTHIHBIX IIOJIOKEHHsSI CAMTOB CIUIAfiCHHTa BOJIHM3H
9K30HOB. BapHaHThl ¢ CHHOHUMHYHBIMU MO3HUIMSAMH OBUTH HCKIIOYCHBI U3 aHalH3a.
Crenyst peKOMEHIALMSAM 10 WHTepHperanny qaHHbx NGS, maroreHHOCTh BApUAHTOB
COOTBETCTBOBANA CIEAYIOMUM KpUuTepusiM: (i) CYIIECTBYIOIIHE MyOIHKAILIMN 10 3TOMY
BapuaHTy, (ii) xapakrep BapuanTa (6eCCMBICIHIIA, CIIBUT PAMKH C JeIeHeil/BCTaBKO,
crutaiicuHr cait), (iii) yacToTa B MOMyJSIIMOHHOW 0a3e JaHHBIX, (iV) mpenckasaHue
naroreHHoCTH in Silico ¢ momorpo nporpamm, Bxoasimux B naker Annovar (SIFT,
PholyPhen2 wau MutationTaster). Ha sTtane uHTepmpeTanun TakKe HUCIOIb30BaIUCH
nmauneie  ClinVar (ncbi.nih.gov) u HGMD Professional (Qiagen) mnst ananmsa
(EHOTUIIYECKOTO MPOSIBICHUST BADHAHTOB.

2.3  CraTHCTHYeCKWii aHAJIN3

Cratructudeckass o0paboTKa MOJMYYCHHBIX PE3yJIbTATOB MPOBOAWIACH C MOMOIIBIO
nporpamMmmuoro obecrieuenust RStudio -2022.07.1-554.

CpaBHHUTENBHBI aHanmM3 ObUI CHOENAH C I[IOMOIIBI0 METOJa XH-KBaApaT C
MOCTEAYIOMIMM POSt-OC  aHaM30M MaHHBIX Ui KOPPEKLHWH MHOXKECTBEHHOTO
CpaBHEHHS! U BBISBIICHHS TPYIIIT C HANOOJIBIINM OTIHYHEM.

3 Pe3yabTaThl U 00Cy:K1eHNE

Bcero 6bu10 BBIIBIEHO 37 BApUAHTOB C KIMHUYECKOH 3HAUMMOCTBIO Y 19 manueHTos.
V  nanuenrta ObUI0 OOHapyxXeHO IO 2 U Oojiee HYKICOTUIHBIX BapuaHTOB. Y 11
HAlUEHTOB ObUIO OOHApYKEeHO MO 2 U Oosee HYKIECOTHIHBIX BapuaHToB. Haubonee
YJacTBIMH BapHaHTaMU ObLIM HYKJIEeOTHIHble BapuaHThl B reHe TTN (Bcero 4
BapuaHTa), a TaKXke BapuaHThl B reHe BMPR2 (Bcero 2 BapuanTa), pu 5TOM BapHUaHThI
BreHe TTN umenu HeonpeaeIeHHYI0 KIMHIYECKYI0 3HAYMMOCTh, a 00a BApUAHTHI TeHA
BMPR2 Obutn  matorenubiMu. 17 (46%) BapuaHTOB TpenCTaBIsL  COOOM
HecuHOHUMUYHBIE 3amenbl, 11 (30%) BapuanToB GbUTH HOHCEHC MyTarmsaMH, 5 (13%)
BapHaHTOB BIMSUIM Ha COBUT paMku cuuteiBanus W 4 (11%) BapuaHTOB OBLIN
UHJETaMHU.

Bcero 0bimo 0OHapyeHO 7 BapHAHTOB, OTHOCAIIMXCS K TATOTEHHBIM M BEPOSTHO
[ATOr€HHBIM, YTO IIO3BOJIUT IEPECMOTPETh JUATHOCTUKY M JIEYEHHUE IALEHTOB-
HocuTenel (Tabmuma 1).
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Taﬁ.lmua 1. XapaKTepI/ICTI/IKa TIaTOICHHBIX U BEPOATHO NMATOTCHHBIX BAPHAHTOB

Fen (BKaI[[)IIiIIZIlZI)T Bapuanr (6enox) @DyHkuus TTATOrCHHOCTE
MTO1 c.G1550A p.Arg517His missense  Pathogenic
BMPR2 c.C994T p.Arg332* stop gain Pathogenic
F11 .G403T p.Glu135* stop gain Pathogenic
SERPIND1 c.G623A p.Arg208His missense Pathogenic
SCN5A c.G2989A p.Ala997Thr missense Ig;:al;?(lzy Patho-
ANO5 €.2307_2308del p.GIn771Alafs*8 frameshift Pathogenic
BMPR2 €.793_794del p.R266Sfs*31 indel Pathogenic

IIpu anamus3e 3aBUCUMOCTH IEPEMEHHBIX HE OBbLIO OOHApPYXKEHO IOCTOBEPHO
3HAYUMOH CBA3U MEXy HAJIMYUEM MYTALUH C I10JIOM M BO3PAacTOM MallUEHTOB.
Wnuonatuyeckas u HaciencTBeHHass JIAIT (GopMBl OUCHb CXOXHU IPH JUATHOCTHKE.
Opnako ans HacneactBeHHoi JIAIT mmeer kio4eBoe 3Hau€HHE CBOEBPEMEHHOE
TeHEeTUYECKOE TeCTUpOoBaHHE. bojee TOro B ciydae BbIABIEHHS HaTOTCHHBIX
BapUAHTOB HEOOXOJMMO MPOBECTH CKPUHHMHT Yy OECCUMITOMHBIX KPOBHBIX
POJCTBEHHUKOB MAlMEHTa C LEJIbI0 paHHEH JMarHOCTUKM U IPEBEHTUBHOMN
Tepanuu[6].
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Ansoranus Okcrpakius onpesenenabix tunos PHK ocnoxuena ux
bUBUKO-XUMUYIECKIME CBOWCTBAMHM U MHTEHCHUBHBIMY B3aUMOJIEHCTBHSI-
MU ¢ OEJIKOBBIMM KOMILIEKCAME U JIDYTHMU MaKPOMOJIEKYJIAMHU BHYTDHU
kieTok. Jlannas pabora HalpaBjieHA HA OIMCAHUE IIyJIa TaK Ha3bIBae-
MBIX ToJIy-9kcTparupyeMbix PHK, xoTopble ¢ moMormpio cTaHIapTHBIX
nporokosioB skcrpakmuun PHK Beiiensitorcs menee addekTuBHO, deMm
[IPU HCIIOJIb30BAHUKM METOJA C JONOJHUTEJIHHON romorenusarmeii. s
noncka mosy-akcrparupyembix PHK Mbl ajanTupoBasu maitmiraita, uc-
[T0JIb3yeMbIil Jiuisl aHau3a 1uddepeHIaAIbHO IKCIIPECCUPYEMbIX I'CHOB.
Ob6uapyxennbie PHK orsmaanmch mo cBoeMy IPOMCXOXKIEHHIO, CTPYK-
type u GC-cocraBy. 3HaYNMYIO 10110 DPAKIUU [IOTY-IKCTPATUDPYEMBIX
PHK cocraBmim HOBOCHHTE3UPYEMbIE W HEIIPOIIECCUPOBAHHBIEC TPAHCKHUII-
TBI.

KuroueBbie cioBa: PHK-cekBennposanme, anamms auddepeHimaib-
HOI 9KCIIpeCcCHH TeHoB, AjunHHble Hekoaupyomue PHK, apxurekrypnbre

PHK

Crangaprabsie Meroanl 3xcrpakiun PHK He 1mM03BO/ISIOT BBIIEJNTH BCIO KJle-
Tounyio PHK: onpenenennsie dpaxknun PHK ocratorcst B ¢Bsi3aHHOM COCTOSTHUT
U BMeCTe ¢ DeJIKAMU OCazKIal0TCsl U3 pacTBOpa JIMOO 110 JPYTUM IPUYMHAM ILJIO-
XO JIETEKTUPYIOTCs. YCUIEHHDIH JOMOJHATEIbHON MEXaHNIeCKON TOMOTE€HU3aI-
eit meros sxkcrpakimun PHK mno3zBosisier oboraruth BblessseMyio (hDpakImio Tak
Ha3bIBaeMbIMU NTOJTy-9KcTparupyeMmbiMu PHK, koTopbie MOryT ObITH Kak OeJIOK-
KomupytormumMu, Tak u Hekomupytommmu PHK, B ToM umcse apXuTeKTypHBIMEI
PHK (manpumep, NEAT1) [1].

B nannoit pabore Mbl ipoBestn sxkcepuMenT 1o Boienernio PHK crangaprabiv
METOIOM M METOJIOM C JOIOJHHUTEJILHOI MOMOTeHU3AIMell KJIEeTOIHOTO JIN3aTa B
nmpuie (UCIOJIb30BaIach KierouHas Juaust Hela, wHIynupoBaHHbBIE IUIIOPH-
noreHTHbIe cTBOJIOBBIE KileTKu (IPSC) n muddepennuposannsie u3 iPSCs Heii-
pombr). Ilo nBe GroOrHIecKre MOBTOPHOCTH JJIsT KAYKJIOTO U3 UCHOIb30BAHHBIX
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METOJIOB KCTpakIiuu 06110 cekBenuposano. s noncka PHK, npossisomux
CBOMICTBO IOJIy-9KCTPArupPyeMOCTH, ObLT aJallTUPOBAH HANIIaliH JJIs aHAIN3a
muddepennuraabHo dKcIpeccupyeMbix reros. [lomyduennbie puabl ObLIH KapTH-
poBanbl Ha pedepeHcHblit reHoM desoeka GRCh38 ¢ momorpio mporpaMMbl
HISAT2, 1 yHUKAJILHO KAPTUPOBAHHBIE HA TE€HDI/9K30HBI/ MHTPOHBI PUJIBI GBI
[OJICYUTAHBI ¢ TIOMOIIBIO porpamMmbl HTSeq count. Ananus guddepennuaiib-
Hoii skerpakiuun PHK (o amamorun ¢ nuddepenimainbaoit skcupeccneit) 6bL1
pousBeJieH ¢ moMorpio nakera R DESeq2. AHaims sKcIpeccun TpaHCIIO30HOB
OBLII TIPOBEJIEH ¢ ITOMOITbIo rtporpaMmmbl TEtranscripts.

IIposenennsrit anamms nokaszas, uro PHK 1219 renoB nposiBisior CBOHCTBO
noJty-3kcrparupyemoctu (auddepenimainbio sxerparupyemble PHK, /19 PHK;
padj<0.05, FC>1.5). B 1.5 u GoJiee pa3 acddeKTrBHEe IPU YCUTIEHHON IKCTPaK-
nnn Beiaemmnchk PHK 552 6eok-koaupytonux renoB un 584 JIMHHBIX HEKOIU-
pytomux PHK (8 Tom ancie NEAT1). GO u KEGG ananus, omnako, He O3B0~
JINJI BBIJEJINTD KaKUe-TO 32aKOHOMEPHOCTH B (PYHKIIMOHAIBHBIX POJISIX IPOIyKTOB
HaiinerHbrx 6esok-koaupyionmux PHK. BepositHo, ¢cBoOiicTBO 1101y~ 9KCTparupye-
MOCTH CBSI3aHO ¢ KaKUMHU-TO ocobernocTsiMu Mosiekysr PHK, a ne ¢ tem, 1ro stu
MOJIEKYJIBI KOJUPYIOT.

Haitnennoie /19 PHK okazanucek 6omee AT-6orarbl, ueM 3KclpeccupyeMast B
kierkax PHK B cpemnem. Takzke Mbl BBISCHIIIN, 9TO OOHApYKeHHble HaMu J[D
PHK npeumyiecTBeHHO IIPOUCXOIAT ¢ XPOMOCOM, COJIEPXKAIUX HoJIbIne 00Ja-
cTu rerepoxpoMarnHa. IIpm aHasmse sKcCIpeccHyu TPAHCIIO30HOB U JPYTUX IIO-
BTOPSIIOIINXCS TOC/IEIOBATEIBLHOCTEH Oblia BLISBIIEHA IOJIY-IKCTPATHPYEMOCTh
nosTopoB cemeticts LINE u LTR.

Kpome toro mamm 66110 3amedeno, uro 19 PHK komupyrorcst Gostee jyiH-
HbIMU TeHamu. [Ipu 9TOM CymMMapHasi JJIMHA MHTPOHHBIX y4acTKOB y /1D reHos
6osbItie, YeMm y HeJlD, B TO BpeMsi KaK YHCJIO U JJIMHBI 9K30HHBIX YIACTKOB, I10-
BUJIUMOMY, HE BJIUSIOT HA CBOHCTBO MOJy-dKcTparupyemoctu. Ilostomy nasee
MBI TIOIBITAJIICH [IPOAHAIN3UPOBATH, B KAKUX CJIYYasX IOIY-9KCTPArupyeMOCTh
OIIPE/IeISIaCh HHTPOHAMH, B KAKUX dK30HaMHU. JIJjIst 9TOr0 OBLI IPOBEIEH aHAINS
b depeHuaIbHON IKCIPECCHH /9KCTPAKITIN OTIEIBHO 110 PHJIAM, KapTHPYIo-
IIAMCST HA THTPOHBI WX 9K30HBI T€HOB, B PE3yJIbTaTe KOTOPOTro OBLIN IOy IeHbI
coorBercTBytoiue cruucku 1D renos. Okazaioch, 9TO B OOJIBIIUHCTBE CJIyYa-
€B I0JIY-9KCTPArnpyeMOCTh T€HOB CBsI3aHA C IOJIY-9KCTPArUPyeMOCTBIO UMEHHO
UHTPOHOB (365 TeHa OTIMYAINCH 1O MOKPBLITUIO HHTPOHOB, FC>1.5).

Pa6otra Boimosnena npu dunancosoit nomaepxkke Poccnitickoro Hayanoro ®on-
na (rpant 21-74-20134).
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1. Kurosaka S, Chujo T, Takumi T, Hirose T, Nakagawa S, Kawaguchi T, et al. Unusual
semi-extractability as a hallmark of nuclear body-associated architectural noncoding
RNAs. EMBO J. 2017;36: 1447-1462.

99



DOI:10.53921/itas2022_100

Intragenic compensation in deep mutational
scanning data

Nadezhda Azbukina! ridernadya@gmail.com, Anastasia Zharikoval:
azharikova89@gmail.com, and Vasily Ramensky!? ramensky@gmail.com

! Lomonosov Moscow State University, Moscow, Russia,
2 National Medical Research Center for Therapy and Preventive Medicine, Moscow,
Russia

Abstract. Intragenic compensation is a specific case of positive epista-
sis in which a neutral missense mutation alleviates effect of a deleterious
mutation in the same protein. Such compensatory (trailing) or permissive
(preceding) mutations facilitate protein evolution: since most mutations
are deleterious, without compensation all sequences would be extremely
conserved. Understanding intragenic compensation mechanisms is impor-
tant both from practical point of view and to understand the fundamen-
tal basis of protein biophysics and evolution. Deep mutational scanning
enables experimental studies of functional effects of thousands of sin-
gle and double mutations in proteins. We conducted a meta-analysis of
eight DMS datasets with quantified functional effects of single and dou-
ble mutations, described rates and patterns of intragenic compensation
and reviewed existing limitations of current data.

Keywords: epistasis, intragenic compensation, deep mutational scan-
ning

1 Introduction

Epistasis denotes non-additive interactions between different genetic loci, so that
combined effect of two or more mutations deviates from the sum of their individ-
ual effects [1]. It is now generally accepted that epistatic interactions are common
between loci within the same gene and are one of the driving forces of protein
evolution [2]. Intragenic compensation is a particular form of positive epistasis,
in which a combination of a deleterious (compensated) and neutral (compen-
sator) mutation is mutually neutral [3]. In human disease genetics, intragenic
compensatory interactions are quite important since they can lead to variable
penetrance of pathogenic variants related to Mendelian diseases [4] and to fix-
ation of pathogenic human alleles in orthologous proteins from related species
[5,6]. The latter phenomenon may limit the prediction ability of computational
tools that use phylogenetic information to predict the functional impact of mis-
sense variants [7, 8]. Despite the important role of compensatory mutations for
various biological processes, our current knowledge of their prevalence and mech-
anisms is limited.
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Experimental studies of epistatic interaction in proteins are still prohibitively
complex. The development of the experimental technique called deep mutational
scanning (DMS) [9] enables large-scale studies of genotype-phenotype relation-
ships by quantitative analysis of molecular phenotypes for the unprecedented
number of protein amino acid variants. A DMS study yields a set of scores that
describe the functional effect of thousands to tens of thousands of variants of
a protein coding sequence. An ideal DMS output reports functional effects of
all possible amino acid substitutions in a whole protein or a functionally impor-
tant domain in a single experiment; unfortunately, perfect completeness of the
substitution dataset is not yet common, except for the few comprehensive cases.

Table 1. DMS datasets used in this study

Protein UniProt ID Double Compensated Ref.

mutations deleterious,

%

IgG-binding domain of SPG1_STRSG 535,917 13.0 [10]
protein G (GB1)
U-box domain of the murine UBE4B_MOUSE 51,899 15.4  [11]
ubiquitination factor (E4B)
The second RRM domain of PABP_YEAST 36,511 2.3 [12]
S. cerevisiae Pabl protein
WW domain of the human ~ YAP1_HUMAN 19,360 7.8 [13]
YAP1 protein
Green fluorescent protein GFP_AEQVI 11,954 2.5 [14]
from A. victoria (avGFP)
RING domain of the human BRCA1_HUMAN 4,213 18.3  [15]
BRCAT1 protein
RING domain of the human BRCA1_HUMAN 2,152 12.0  [15]
BRCAL1 protein
Human SUMO-conjugating UBC9_HUMAN 1,151 0.6 [16]

enzyme UBC9 (UBE2I)

2 Results

We used the maveDB database [17] and stand-alone publications to conduct
the meta-analysis of eight DMS datasets with quantified functional effects of
single and double mutations to describe intragenic compensation in proteins.
The eight datasets represent seven proteins and differ in size and completeness
of mutation sets by orders of magnitude (Table 1). The most comprehensive
one is the pioneering study of 55 adjacent positions of the IgG-binding domain
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of protein G (GB1) [10]. In this dataset, strong positive and negative epistasis
was observed in 18% and 11% pairs, respectively. In the seven other datasets
included in the analysis, the strong negative epistasis is observed in 4-19% of
pairs, and positive in 3-36% cases.

In GBI, 13% of deleterious mutations are compensated by neutral ones which
is in agreement with the studies in human or model organism genetics [5, 18].
In the 7 other datasets (Table 2), this fraction is in the range 12-18% in three
datasets (E4B, both BRCA1) and 0.6-8% in the other four (Pabl, Yapl, GFP,
UBE2I). In all cases except for GB1, most compensation interactions were one-
to-one, with numbers of compensators in each dataset close to the number of
their deleterious partners, most likely due to the under-sampling of putative com-
pensating interactions. The fraction of local compensation events in the seven
datasets is 42% which is in good agreement with 46% in the GB1 dataset and
significantly exceeds 24%, the fraction of local pairs among all pairs in these
datasets.

Table 2. Intragenic compensation in DMS datasets. Pairs, total number of compensat-
ing interactions; Rate, percent of compensated deleterious; Local, percent of sequential
or close pairs among compensators

Dataset Pairs Rate Local

GB1 121 13%  46%

Other 192 0.8-18% 42%

3 Conclusions

Our meta-analysis of DMS datasets with quantified effects of double and single
mutations suggests that severe deleterious mutations reducing the functional ac-
tivity of a protein by order of magnitude are less likely to be compensated than
those that result in 2-3-fold reduction. The observed fraction of compensated
deleterious mutations is in the range 1%-18% and in most datasets is in agree-
ment with the estimate of approximately 10% from human and model organism
genetics field. The intragenic compensation pairs are enriched with local interac-
tions, with nearly one half occurring within 6 A or between sequential neighbors.
Our analysis emphasizes the importance of high quality measurements and com-
pleteness of fitness effects, especially for double mutants, to enable quantification
of epistatic interactions and compensation events.
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Oco0ennoctu 3BoTIOIHN C-KOHIIEBOTI'0 JOMEHA 0€eJIKOB
HYKJI€O0ILUIa3MUHOBOTI0 ceMelicTBa

Bsbues B.Y, Unbuunkuii K., Xapukosa A2, Muponos A.1?

1 dakynbrer Buoumxenepun u buonnpopmaruxku MI'Y umenu Jlomonocosa, Mocksa
2 MuctutyT npobieM nepenaun undopmanuu umenn A. A. Xapkesuua PAH, Mocksa
vyaltsevvaleriy7@gmail.com

AnHoTtanusi. Hykneoruia3MUHOBBIC O€JNKH BBINOJIHAIOT MHOXECTBO BaXKHBIX
(yHKIUMH, MHOTME M3 KOTOPBIX OOYCIOBIIEHBI HaluuMeM B HUX ocoboro C-
KOHIIEBOTO JoMeHa. CUMTACTCS, YTO JaHHBINA JOMEH BCTPEYACTCS B OCHOBHOM y
MO3BOHOYHBIX, OfHAaKO B Gaze UNIProt on aHHOTHpOBaH emé u y GEeNKoB CTpe-
KaIOIINX, UIVIOKOXKUX M IUIaCTUHYATHIX. UTOOBI MOHATH, KaK MOT 3BOJIFOIIMOHU-
poBaTth C-KOHIIEBOW JIOMEH M y KOTO OH Ha CaMOM JieJIe IPEJICTaBIICH, MbI CO-
Opanu u3 6a3 ganueix UniProt, NCBI NT u TSA 1080 GenkoBbIX IocienoBa-
TEJBHOCTEN 1 aHHOTUpOBaM B HUX C-KOHIEBOH goMeH. 1o npeacraBieHHOCTH
JIOMEHa B Pa3JIMYHbIX TAKCOHOMHYECKHMX I'PYNNAX MbI BBIIBUHYIH IPEJIIOJO-
JKEHHE O IIyTH €ro JBOJIIOLUH y KUBOTHBIX, & TAKXKE MPOBEIM MPOBEPKY JKC-
IIPECCUU COOTBETCTBYIOIINX T€HOB y psijia MOJETIbHBIX OPTaHU3MOB.

KiodeBble ci10Ba: HykieomniasMuH, Hykiaeoposmur, NPM, NPM1-C.

BnepBble OeNOK, BIOCIEICTBHH KIACCH(OUIMPOBAHHBIA KaK HYKJIECOIUIA3MHH, OBLT
obHapy»xeH y Xenopus laevis, u i Hero GbuTa MoKa3aHa (QYHKIKS IIATlepoOHa THCTO-
HOB [1]. TTo3xe noxoxue Oenku OblIM OOHApyKeHbI y yenoBeka. OKa3ajloch, YTO B
yesioBeke sKkcnpeccupyrores Tpu 6enka — NPM1, NPM2 u NPM3, kaxaslii u3 koto-
PBIX BBINOJHET (YHKIHIO [IallepOHA THCTOHOB 3a CYET HAJW4YMUs 00JacTei M3 Kuc-
JIBIX aMHUHOKHUCJIOT B mocienoBaresibHOCcTH [2]. TIOMHMO 3TOr0, y KaKAOro M3 HUX
ecTh cBoM ocobenHoctH, Hanpumep, NPM1, on ke HykiieoO3MHH, B OCHOBHOM JIO-
KaJIM3yeTcsl B SIPBILIKE, OJHAKO MOXKET MEpeMeLIaThCsl MEeXAY SIAPOM M IUTOILIA3-
MOW, JUIsl HEro ObUIM MOKa3aHbl B3aUMOJICHCTBHE C HYKJICHHOBBIMU KHCJIOTaMH, y4a-
ctue B cOopke pubocoM, GOpMHUPOBAHHU SAAPBINIKA, pelapaluy, MUTO3€, PEILIMKa-
UM, TPAHCKPHUIILMHM W afoNTo3e, a MyTallUd B JAaHHOM O€JKe MOTYT BBI3bIBATh
octpyto muenouanyio nerikemuto [3]. NPM1 B kieTke cyiiecTByeT B BuIe MEHTaMe-
pa, 4acTh MOHOMEPOB U3 KoToporo Moxet 3ameHsaThcss Ha NPM3. NPM3 camocTos-
TENBHO POJIb TMCTOHOBOTO mmanepoHa He urpaet [4]. NPM2 B cBoro odepesb BakeH
JUISL PEMOZEIIMPOBAHUS XPOMATHHA CIIEPMATO30HMIOB U B XOZI€ PAHHETO SMOpHOTreHe-
3a, a TAaK)Ke SIBJISIETCSI OCHOBHBIM KOMIIOHEHTOM SIIPBIIIKa oonuTa [2].

I'pymmer 6enkoB NPM1, NPM2 u NPM3 BbiiensitoT B OCHOBHOM [UIsi TO3BOHOY-
HBIX J)KUBOTHBIX. beikw, nmprHaiexamuye 6ecrio3BOHOYHBIM, IPHIHCISIOT K TPYIIe
NPM-like Genxos [2]. B Genkax HyKJI€OIITa3MHUHOBOTO CEMENCTBA BCTpEUYAETCs Ba
noMeHa: N-KOHIIEBOM HYKJICOIUIa3MHUHOBBIH TOMEH, OTBETCTBEHHBIH 3a OJUTOMEpH-
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3aIMI0, TI0 HAIUYUIO KOTOPOTO OIpeNelsieTcs MPUHAICKHOCTh K ceMelcTBy, u C-
KOHIIEBOM JIOMEH, KOTOPBIii, KaK MPUHSATO CYUTATh, BCTpeUYaeTcss B ocHOBHOM B NPM1
MO3BOHOYHBIX M MOXeT B3aumojeiictBoBare ¢ pPHK [2] u ¢ G-kBangpymuiekcamu B
JIHK [5]. Oanaxo, npu noucke B GEJIKOBBIX 0a3ax JAHHBIX HaM YAaI0Ch OOHAPYKUTh
0eJKM HYKJICOTUIa3MUHOBOTO ceMelcTBa 13 OSClO3BOHOYHBIX, KOTOphIe conepkar C-
KOHIICBOW JIOMEH, B YaCTHOCTH, HEKOTOPbIC M3 TaKHUX OCIKOB MPHHAICKAT TPUXO-
UTAKCY, HEKOTOPBIM MPEACTABUTEISIM CTPEKAIOIINX U UIIIOKOKHX [6]. JanHas pabo-
Ta HANpaBJieHa Ha OIMpE/IENICHUE IBONIOIMOHHOTO MyTH C-KOHIIEBOTO JOMEHA U BbI-
SIBJICHHE MIPUYUH eT0 TPUCYTCTBHS B OJHUX TAKCOHOMHYIECKHX IPYINAX U OTCYTCTBHS
B IPYTHX, KAKHE BOIOIMOHHBIC COOBITHS MOTJIH IPHUBECTH K 3TOMY. st 3TOr0 OBI-
JIM WCTOJB30BaHBl METOMABI MOCTPOCHHS (HIOTEHETHIECKUX ePEBhEB HA OCHOBE
MPUYKMCIICHHBIX K HYKJICOIIa3MHHOBOMY CEMEUCTBY IOCIEI0BATEIBHOCTEH, MOIY-
YeHHBIX U3 OenkoBbIx 6a3 manHbx Pfam u UniProt. PykoBoacTBysichk o6mmmu mpe-
CTaBICHUSIMU O CTPYKType OEJKOB HYKJICOIUIa3MHHOBOTO ceMeHCTBa, M3 06a3bl JaH-
ubix UniProt u ¢ momorsio thlastn uz 6a3 NCBI NT u TSA st ananmza Mbl coOpain
1080 OesnkOBBIX MOCIEAOBATENBHOCTEH, MpHHaAnekammx 651 opranmsmy. Cpenn
MOJTyYEeHHBIX MocenoBarensHocTeit C-KoHIeBoi momMen mommmo Placozoa, Cnidaria
u Echinodermata, y KoTopsIX IaHHBIM JOMEH aHHOTHpoBaH Pfam, ObuL1 BBIABICH Y
HYKJICOTUIa3MUHOBBIX 0enKoB CIIEIYIOIIIX TaKCOHOMUYECKUX TPYIIL:
Xenacoelomorpha, Ctenophora, Porifera, Tunicata, Hemichordata, a Taxxe
Choanoflagellata. AnroTamnus qOMEHOB MPOBOAMIACEH C TIOMOIIBIO cepBrca InterPro,
OJIHaKO HE BO BCEX CIydYasx yJaBaJoch aHHOTUPOBaTh C-KOHIIEBOW IOMEH, O3TOMY
€ro HaJW4he B HEKOTOPBIX MOCIEIOBATEIBHOCTSIX OBUIO YCTAHOBJIECHO C IOMOLIBIO
MHO>KECTBEHHOTO BBHIPABHUBAHHS ¢ MMeroIMME C-KOHLEBOH JTOMEH IOCIEI0BATEIb-
HOCTSIMU U cpaBHeHHs npesckasanHoii AlphaFold [7] cTtpykTypsl ¢ H3BeCTHOM CTPYK-
Typoii gfomeHa. ITomumo 3Toro, ¢ momorpto nporpammel 1Q-TREE [8] 6sut0 mocTtpo-
€HO (DPUITOreHETHYECKOE IEPEBO HYKIICOIIA3MUHOBBIX TIOMEHOB, KOTOPOE MOIYIHIOCH
Hepas3peuleHHbIM. TeM He MeHee, YUUThIBas COBPEMEHHBIE MPEACTABICHHS O CHCTE-
maruke Metazoa, mer npeamosnaraeM, 4to C-KOHIIEBOW TOMEH MOT BO3HUKHYThH y 00-
IEro mpeaKa X0aHO(IAre/UIsIT ¥ MHOTOKJIETOYHBIX KUBOTHBIX, U 3aTeM OH ObLI MO-
TepsH obuuM npeakom Spiralia u Ecdysozoa. Nematoda, mo Bceit BUANMOCTH, MOTIIH
MOJTHOCTBIO YTPATHThH HYKJICOIUIAa3MUHOBBIE OEJIKH, TIOCKOJIBbKY Y 9TOM TPYIIIH OHU HE
ObLTH HalieHbl. JOMOIHUTENBHO TS PS/Ia MOJSIBHBIX OPTaHU3MOB ObLIA MPOBEICHA
MPOBEPKa IKCIIPECCHH T€HOB, KOJUPYIOIINX HYKICOTIa3MHHOBBIE GEIIKH.
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AHHOTanus. B s1pe 5yKapHOTHUECKOH KJIETKU NPUCYTCTBYET MHOXECTBO Pa3-
muHbIX Hekonupyroumx PHK, MHOTHE M3 KOTOpBIX 3a1efiCTBOBAHbBI B pPeryJisi-
TOPHBIX IPOIECCax, NPOUCXOIAIMX B XpomaTuHe. OQHON U3 Takux (yHKIUH
SIBJISICTCS TIOJICPKaHNE apXUTEKTYPHBIX JIEMEHTOB, TaKUX Kak metTiw, TAJlpr
u siaepHble Tenbua. [Ipeanonoxurensno, PHK, yuacTByromue B Takux nporec-
cax, JTOJDKHBI aKTUBHO KOHTaKTHPOBATH CO COJMIKCHHBIMM y4acTKaMH XpoMa-
TrHa. B nanHo# pabote npoBoautcs nouck takux PHK Ha ocHOoBaHWM naHHBIX
skcriepumentos Red-C u Hi-C.

KuaroueBbie ciioBa: Xpomaru, Hekoaupytoire PHK, Hi-C, Red-C.
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1 BBeagenune

Bonb1iast yacTh SepHOTO TeHOMa 4enoBeka TPaHCKPHUOUPYETCs, OJTHAKO KOJIMYECTBO
TPAHCKPUNTOB, KOJUPYIOMIUX OENKH HEBENUKO. ECTh MHOXXECTBO THUIIOB HEKOIUPY-
toux PHK, koTopble BBIMOJHSIOT pa3iMyHble (YHKIMH B sape KieTkd. K aTum
(YHKIMSAM OTHOCATCS PETyNAlHs TeHHOH SKCIPEecCHH M MOAAEpKaHWe MPOCTpaH-
CTBEHHOH OpraHU3allMy apXUTEKTYpHBIX >JeMeHTOB. [lnuHHas Hekoaupyromas PHK
Xist ocyIecTBiseT 1030BYI0 KOMITCHCAIIMIO T'€HOB OXHOM U3 X-xpomocom. PHK
MALAT1 wurpaer posib OJHOTO W3 CTPYKTYPHBIX 3JIEMEHTOB SACPHBIX CIICKJIOB,
y4acTBYIOIIUX B peryisuuu crutaiicuara. O BozmoxsoMm yuactuu PHK B opranmza-
UM neTens XpomariHa ropoput Hannuue PHK-cBs3piBatomiero nomena y psaa 6en-
KOB, TIO/ZIEPXKUBAIONINX CTPYKTYpy Terenb, Takux kak CTCF [1]. B manHoit pa6ote
s moucka PHK, koTopble MOTEHIMAIBHO MOTYT BBIIOJIHATH MOJOOHBIE (QyHKIHMH
OBLITH KCIIONB30BaHbI JaHHbIe 9KkcriepumentoB Red-C u Hi-C.

OkcnepuMeHTanbHbI 1poTokon Hi-C 1M03BOISIET MOCTPOHUTH MOJHOTCHOMHYIO
KapTy KOHTakToB JIokycoB JJHK npyr ¢ nqpyrom, mo KoTopoi MOXHO CYAHUTH O IIPO-
CTPaHCTBEHHOM PACIIOJIOKEHUH YyJacTKOB XxpoMocoM. Ha nmepBom stane popmupyrot-
Csl CIIMBKH ¢ Mcnonb3oBaHueM (opmanpaeruaa, 3ateM JHK ¢dparmentupyror pe-
CTPUKTa3aMH, KOHIbI ()ParMEHTOB 3aTYIUISIOT OMOTHHHIMPOBAHHBIMH HYKJIEOTHIA-
mu. IlomyueHnsle GparMeHTH! BBIIEISIOT U CEKBEHUPYIOT C MCIOJIB30BaHUEM BBICO-
KOIPOU3BOAUTEIILHOTO CEKBEHUPOBaHus [2].

Oxkcnepument Red-C no3Bossier nony4uts nHpOpMaLHio o kKoHTaktax Bcex PHK B
spax KIETOK ¢ xpomocomami. Ilo cBoeit cytu mpotokon moxox Ha Hi-C, ¢ npunIm-
[HAIBHBIM OTJIMYHEM B CIOCOOE€ JMIUpPOBaHMS, OHO NPOMCXOAUT Yepe3 ajantep, K
oxHOMY KoHIly koTtoporo npucoeaunserca PHK, a k aqpyromy - THK. Ilonyuennsie
XHUMepHbIe (hparMeHThl, BBIIEISIOT, OYMIAIOT U CEKBEHUPYIOT. Pe3ynbTaToM sBIsieT-
Csl TIOJIHOTEHOMHAsI KapTa KOHTAKTOB BCEX HAOIIONAEMBIX TPAHCKPHUIITOB CO BCEMHU
yaactkamu JTHK [3].

Ecnun PHK yuactByer B mojyiep)aHWU apXUTEKTYpPHBIX JIEMEHTOB XpOMAaTHHA,
BEPOSITHO, OHA CKJIOHHA C HUMHU KOHTAKTUPOBAaTh. TOr/a MOXHO MPEIINOI0XKHUTh, YTO
takue PHK cxionnsl B3aumopeiicrBoBate ¢ jokycamu JIHK, pacnonosxeHHBIMU
6mm3ko B mpoctpancTBe. O mpocTpaHcTBeHHOHM Onusoctu jokycoB JJHK moxHO cy-
JUTh 110 KOJHYECTBY KOHTAKTOB Mexay HUMU B kapre Hi-C. Jlins oumeHku TOro
Hackoybko yacto y PHK HaGmronmaroTcsi cOMMIKEHHBIE B MPOCTPAHCTBE KOHTAKTHI,
HeoOxoauMa (OHOBas MOJIENb Ul CPaBHEHUs, B KaueCTBE KOTOPOIl ObIIIM HCIIOJIB30-
Baubl Hi-C kapThl CO CIBHHYTHIMH Ha 2 MIJUIMOHA HYKJICOTHIOB KOOpIUHATaMu. JIJist
COXpaHEHHsI CTPYKTYPBl XpPOMOCOM, HE C/IBUTAIUCH TEIOMEPHI U LIEHTPOMEPHI, y4acT-
k1 A/B KOMITapTMEHTOB IBUTAJIMCh HE3aBUCHUMO JUTSI COXPAHEHHUS UX CTPYKTYPHI.

2 Pe3yabrarhl
Boumn B3a1e1 nanasie Red-C g muauun kierok K562 u Hi-C nanHble U3 nccienosa-

aus Rao 2014 mnst toit ke nuauu [4]. [l anammsa Oeutr BeiOpansr 1024 PHK,
CKJIOHHBIC KOHTaKTHPOBATh C XPOMAaTHHOM. DTO ONpPEENsIOch OTHOILICHHEM 00IIero
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YHCIIa UX KOHTaKTOB C XPOMAaTHMHOM W HX KOJWYECTBa B KieTke u3 JaHHbIX PHK-
cexBeHupoBanus. [ns xaxnoir PHK u xaxmoit xpomocoms! konTaktel PHK-JIHK
paccMaTpUBaIMCh IOMApHO, MPOU3BOIMICS IHOACYET IIPOCTPAHCTBEHHO OJNM3KUX U
JaIbHUX Tap, 4To ompenensiock Ha ocHoBanuu Hi-C kapTel. Jlanee aHanorudHas
npoueaypa nosropsuiack atst casunytoit Hi-C kaprel. CraTncTnyeckasi 3Ha4MMOCTb
HaOJII0IaeMOr0 pasinuMsd MEXHy pealbHONH U ()OHOBOM MOJENBIO OLIEHUBATIACH C
UCIIOJIb30BaHHEM TOYHOTO TecTa dumepa.

CraTHCTHYECKH 3HAUMMBIC Pe3yabTaThl ObIM momydeHsl m1s 395 PHK, nnst kow-
TaKTOB KaKk MHHUMYM C OJHOH U3 XpoMocoM. Bosbmas yacts HanGonee 3HAYMMBIX
pe3ysIbTaTOB OTHOCHUTCA K pa3iuuHbBIM TUnam Hekopupyromux PHK (cMm. puc. 1),
cpeau KoTopsix: Manble saepHsle PHK, urparomye kimoueByio poib B CIUIAHCHHTE,
mautsie spbiikoBbie PHK, ocymiectristoniue npoueccunr pudocomanbieix PHK, a
TaloKe JUIMHHBIE Hekoaupyromue PHK, 1 KOTOpBIX N3BECTHBI pa3In4Hble QYHKIUH
B OpraHM3allMU PEryISTOPHBIX IPOLECCOB XPOMAaTHHA U (OPMUPOBAHUY €0 CTPYK-
TYp.
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Puc. 1. OrpunarenbsHbli AeCATUYHBIN Jorapupm P-3HaueHUst TOUHOTo Tecta duriepa st
kontakToB 30 PHK co Bcemu xpomocomMamu (OTCOPTUPOBAHBI IO yOBIBAHUIO CPEIHETO 3HAUe-
Hust). Cuaum Beigenens! Hekonupytoue PHK, opamkesim — MPHK.
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Cpenu 200 Haubosnee CTaTUCTHYECKU 3HAUYUMBIX PE3YJIbTaTOB TOYHOrO Tecta Pu-
mepa MPHK B menbmmHCTBE - 34.5%, 4TO corjlacyercsi ¢ Mpe/CTaBICHHEM O TOM,
YTO OT HUX OXKHJIAeTCSl MEHEe aKTUBHOE y4aCTHE B PETYJSTOPHBIX MPOLECcaX Xpoma-
THHA, YEM OT HEKOAUPYIOLHX.
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Abstract. Llentpansroe anHo3 (LJA) — ocraHOBKa AbIXaHUS BO BpeMs CHa,
JUIITENIBHOCTBIO OoJiee TPEX JBIXATENbHBIX LUKJIOB, HPOUCXOSMIAS 110
KOMaHZ¢ U3 ABIXaTEIbHOr0 LEHTPa. OTO SIBJICHHE HEPEIKO CONMPOBOXKIACT
pa3nuuHble 3a00J€BaHHS, HO TAKKE XapaKTEpHO Ui HOPMAIBHOTO JIbIXaHUS
KUBOTHBIX M 4desioBeka. Jlo CHX MOp HET ONMHCaHHs HEHPOHHBIX KOPPEISTOB
LEHTPAJILHOTO aIHOd, a TaKkKe OOBSCHEHHS MeXaHH3Ma BO3HHKHOBEHHS
OCTaHOBOK JBbIXaHHUSI Yy 3[0POBBIX OPraHM3MOB. [Mmmokamm - CTpyKTypa.
y4acTByIOIass B IpOLECCaX, KaK HMHTEIUICKTYaJIbHOH, TaK M BHCLEPAIbHOM
cdepbl, B CBA3M C 4eM MOXKHO IpEAIoyiararh €ro ydactue B (pOpMUPOBAHUM
maTTepHa AbIXaHWS W BO3HUKHOBEHMH LIA. Y NIByX KOIIEK perucTpupoBaId
HUMITYJIbCHYI0 ~ aKTHBHOCTh HEHpPOHOB THMIIIOKamra B LHUKIE COH -
OoxpcTBOBaHME. Y CPEAHEHHYIO aKTHBHOCTh OJIMHOYHBIX HEHPOHOB B IEPUOIBI
arnHod (70 3MU300B) CpaBHUBAIK C HUX HUMITyJIbCAIMEH BO BpeMsi IIIyOOKOTO
CHa C OMOLIBIO KPUTEPUSI CyMMbI PAHI'OB Y MIIKOKCOHA. AKTUBHOCTb 41 u3 244
HEHpPOHOB TUIIIIOKaMIIa BO BpeMsl artHod JocToBepHO (p < 0.05) ommmyanack oT
¢oHOBOI  mmmynbcarMu B riiybokoMm  cHe.  [lomydeHHble — jaHHbIE
CBHUIETENBCTBYIOT B II0Jb3y IPEANONOKEHHS 00 ydyacTMH THUNIOKaMma B
BO3HUKHOBCHUHU LHECHTPAJIBHBIX alTHOD.

Paboma nodoepacana epanmom POOU Nel9-04-00215 A

Keywords: nieHTpaigbHOE artHO?, THITIIOKAMIT, HeHPOHHAsI aKTUBHOCTH,
BHCILIEpabHAs TEOPHS CHA.

112



DOI:10.53921/itas2022 113

Hosblii uaTepdeiic noucka niss HKPS: cucremuoe
onmcaHue M peaausanus’

C. I'magunun, A. Kosepenko

NI nm. A.A. Xapkesuua PAH
Bonsmoit Kapersstii nepeyiok, 1.19 crp. 1, 127051 r. Mocksa, Poccust
gladilin@iitp.ru, akozerenko@ruscorpora.ru

AnHoTamus. B pamkax pa3paboTKu KOPITyCHOM T1aT(opMbl HOBOTO OKOJICHUS
quist HKPS Obun npeuioxker HOBBIH nHTEpdeiic morcka no kopmycy. B padore
AQHAIIM3UPYIOTCS CYIIECTBYIOIINE S3BIKH IIOUCKOBBIX 3allPOCOB, OCOOCHHOCTH
NOMCKOBBIX 3ampocoB Kk HKPS, mnpeamocsulki K IOCTPOCHHIO HOBOTO
unrepdeiica. OOCYKIAIOTCS CIOKHOCTH, BO3HUKAIONIME MPU TOCTPOSCHUU
3aIIpocOB K KOpIYCy, COAEpXKalleMy TEKCTHI C HECHATOH OMOHUMHUEH.
IIpuBoauTCest KpaTkoe (hopMabHOE ONMCaHWE HOBOrO MHTepdeiica moncka U
Ppe3yJbTaThl €ro TECTUPOBAHUSL.

KuaroueBble cjioBa: KOpITyCHast IMHI'BUCTHKA, KOPITyCHBIE TIAT()OPMBI,
JIEKCUKO-TpaMMaTuyeckue norckoBsle cucremsl, HKP S, omonumus,
MOMCKOBBII nHTEpdeiic, BeO-unrepdeiic.

1 BBenenue

HanmonaneHbnii kopiryc pycckoro si3bika (HKPS) — kpymHas KOJUTeKIHs TEKCTOB Ha
PYCCKOM si3bIKe 0OIMM oObeMoM OKkono 1,5 mupn crmoB. B Hacrosmiee Bpems
MIPOUCXOUT pa3paboTKa KOpIycHOU ruiatdopmMbl HoBoro mnokoneHus it HKPS. B
paMKax 3Toil paboThl paHee ObUT CO3/1aH HPOTOTHUII cHCTEMBI [1], paciupsromuii
(G yHKIIMOHAJIBHOCTh CUCTEMBbI HOBBIMH BO3MO)KHOCTSIMHU, CPEIH KOTOPBIX: COPTUPOBKA
I10 TIPaBOMY/JIEBOMY KOHTEKCTY C HE00S3aTeIbHBIM NPOPEXKHUBAHUEM; pacueT N-rpaMM
I10 MOJIB30BATENBCKOMY TIOAKOPITYCY; ITOUIEPKKA IIOCTPOUYHON METPHUYECKOH pa3MeTKU
B HIO3TUYECKOM KOPITyCe; IMOUCK IO YCIOBHUSM, HAaKJIaIbIBAEMbIM 110 OTIEIbHOCTH Ha
CJIOBA B JIBYX SI3bIKaX, B IapaJUIEIbHOM KOPITyce; PEACTaBIEHUE KOpITyca OepecTsIHbIX
rpaMoT KakK IapaJuleNbHOro [2]; akKIEHTyallMOHHAs pa3MeTKa B CHHTaKCHYECKOM
Kopmyce (Ha OCHOBE allrOpUTMa, MPEAJIOKEHHOro B padore [3]) u T.1.

Kopnycnas matdopMa HOBOTO NMOKOJEHHUS CYLIECTBEHHO OTJIMYAETCSI OT CTapoi
1aTpoOpMbl HE TOJBKO MO (PYHKIIMOHAIBHOCTH, HO M TI0 CBOEMY BHYTPEHHEMY

! PaGora BBITIOSHEHA NPH MOJUIEPIKKE TpaHTa MUHKCTEPCTBA HAYKM M BBICHIErO 0Opa3oBaHus
No 075-15-2020-793 «KOMIBIOTEpHO-TMHIBUCTUYECKAS IIaTPOpMa HOBOTO MOKOJICHHS
Uit UQPOBOM JOKYMEHTALMA PYCCKOTO sI3bIKa: HH(PACTPYKTYpa, pPEcypchl, HaydHbBIC
HCCIICIOBAHUS».
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ycrpoiictBy. Ilpu mpoektupoBanun 1miardpopma Obiia pa3Oura Ha  ISTh
NPHHLHUITHATEHO He3aBUCHMBIX YacTeil:

1. nonb3oBaTenbCKuil HHTEPEIiC,

2. mporpamMHBIi uHTEpGeiic nmpuroxenus (application programming inter-

face, API),
3. JIMHIBHUCTHYECKOE AOpo,
4. wnabopa NpOrpaMMHBIX aJaNTepOB — HHTEPQEHcoB HoCTyma K Oa3zam

JaHHBIX U IIOMCKOBBIM CHUCTEMAM,
5. cobcrBeHHO Oa3bl JAaHHBIX W IIOMCKOBBIC CUCTEMBI.

Haunbonee cymecTBEeHHOH Npu HNPOEKTUPOBAHUM C Hallell TOUKH 3PEHMS CTaja
pa3paboTka MEKKOMIIOHEHTHbIX wuHTepdeiicoB (mm. 2, 4 B cmoucke). Bompoc
IPOEKTUPOBaHUS UHTEP(EHCOB 10CTyma K 6a3aM JaHHBIX U IOMCKOBBIM cUCTeMaM ObLI
paHee paccMOTpeH B pabore [4]. B Hacrosmeill pabore paccmaTpuBaeTcs BOIPOC
IPOEKTUPOBAHUS IPOrPaMMHOr0  HHTepdelica IMPUIOKEHHS, CBA3BIBAIOIIETO
MOJIb30BATENILCKUI HHTEPENC U TMHTBUCTUUECKOE PO KOPITYCHON IIaT(hOPMBL.

2 ITocTranoBka 3agauu. AA3bIkM MOCTPOEeHUsI 3a1PpOCcOB K b /[

Jlnsg npoBeneHus WccieAoBaHMM 1Mo 0Oa3e Takoro Maciutaba HEOOXOAUM  SI3BIK
IIOMCKOBBIX 3aIrpocoB, HO3BOJ’IH}OH1PII>1 BBIICIIUTH us3 BCEro MaccuBa
CJIOBOYNOTpPEONIEHUII TONBKO CJIOBOCOYETAHUs ONPEAENIEHHOTO BMIA, MHTEPECHOTO
uccnenosatento. Hambonee n3BECTHBIM S3BIK 3alPOCOB VIS TIOUCKA B S3BIKOBBIX
kopnycax — CQL (anrn. Corpus Query Language), paspabotanusiii yist cucreMmsl IMS
Corpus Workbench [5] u B naneHeiiiem peaan3oBaHHBIH BO MHOTUX APYIHX CHCTEMaX,
B ToM uncie — NoSketchEngine [6]. 3ampocs! B sizbike CQL cTpositest B Bume Habopa
YCIIOBUI Ha JIMHTBUCTUYECKUE XaPAKTEPUCTHKU (aTpHOYTHI) CJIOB, TMPEIJIOKCHHIA,
JOKYMEHTOB W JPYIHX CTPYKTYPHBIX €IMHUI, BBIACISAEMBIX B Kopiyce. Kaxmbrid
aTpuOyT TOW WM UHOM CTPYKTYPHOM €TMHUIIBI (HATIpUMEp — CII0BA) MOXET 00J1a1aTh
OJTHMM WJIA HECKOJIbKUMHU 3HAYCHUSIMU. Y CJIOBHSI Ha aTpuOyThI coenuusitoress B CQL-
3anpoce Npu NOMOoUM Jiorndeckux onepatopos Y, MJIN u HE.

Xors CQL mo3Boisier 04eHb TOYHO 3aJaBaTh CIOXKHBIE (hOpMasbHBIE 3arpocChl,
CTOMT yKa3aThb Ha BBICOKMH BXOAHOW IMOPOr Ui JKEIAIOUIMX BOCIIOJIBb30BAThCS UM
nons3oBateneil. CQL — hopManbHBIiH A3bIK CO CTPOTMM CHHTAKCHCOM, 4TO TpeOyeT
OT NOJIB30BATEN MPEAEIbHON aKKypaTHOCTH B COCTAaBIICHUH 3aIpoca — HaIpHUMep, B
YacTH COOJIOAEHUS MapHOCTH KaBBIYEK U CKOOOK. DTa mpobijeMa B 3HAYUTENbHOMN
CTENIeH! pemaeTcst mpu noMomu uHTepdeiicoB mocrtpoerns CQL-3ampocos (aHri.
CQL-builder).

Bonee cymecTBEHHO, 4TO IMPaBHIBHOE C TOYKM 3PEHUs MOCTPOEHMsS 3arpoca
COEJIMHEHNE YCIOBUM IpH NHOMOIIM Jjorudeckux omneparopoB M u MM moxer
6bITb KOHTPUHTYUTUBHO IJIs MTOJIB30BATEIIA U YaCTO BBI3BIBACT ITyTaHUILLY. Ta](, ‘1TO6I>I
HaWTH cJIoBa U B HUMCEHUTCIIBHOM, ¥ BHUHHUTCIBHOM IIaA€XKax, 3arpoc HCO6XOZ[I/IMO
3a/1aTh C JOTHYecKUM onepatopoMm MJIM B Bune. mM. WIN BuUH.
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3 IHoaxon k mocTpoenuro 3anpocos, npuHATHIH B HKPSL

HarnronanpHbli KOpPITyC PyCCKOro s13blKa M3HAYAIbHO IUIAHUPOBAICS KaK MPOLYKT JJIs
HIMPOKOH TOJIb30BATENILCKON ayAUTOPUH, IIOITOMY Ul HEr0 OBbUIO IPHHATO PEIleHHe
[0 BO3MOMKHOCTH OTKa3aThCA OT HCHOJNb30BaHMS (DOPMabHBIX SI3BIKOB 3aIlPOCOB,
0COOEHHO — OT HEOOXOAMMOCTH 3aJ1aBaTh CBA3YIOILME JIOTHMYecKHe ornepaTopsl 1 u
WJINA. Hannsiii nogxox npumensercs B HKPS yxe Oonee 15 ner u He sBisercs
BKJIaJIOM aBTOPOB HACTOSILIEro JOKJIaja, OIHAKO, HACKOJIBKO HaM U3BECTHO, He
OIMCBIBAJICS B HAYYHOI JIUTEpaType, IOITOMY JalUM 37€Ch €r0 OINCaHHUE.

VenoBus mouckoBoro 3ampoca B HKPSl  aBTomaTtmdecku coeauHSIOTCS
oneparopamu 1 win NJIM aBTOMaTHYeCKH B 3aBUCUMOCTH OT TOT'O, SIBJISIOTCS JIM OHU
He3aBHCHMMBIMHU WM HecoBMecTHbIMU. K npumepy, yciaoBus “natenbHbli nagex” u
“pOMUTENBHBIN MaAeK”’, MPUMEHEHHBIC K OJIHOMY M TOMY € CJIOBOYIOTPEOJICHHIO,
MOXXHO CYMTAaTh HECOBMECTHBIMHU, IIOCKOJIBKY Ka)JO€ CJIOBOYIOTPEOJIEHHE CTOUT
JUIIb B OJHOM M3 mnaaexed. Pazymeercs, CyllecTBYIOT Takue NPUMEpbl U Takue
CHCTEMBl OIHCAaHMS, KOTAAa OJHO M TO JK€ CJIOBOYNOTPEOJEHHE MOXET ObITh
OJJHOBPEMEHHO aTpUOyTHPOBAaHO PAa3HBIMM HaAeXaMH (CM., HampuMmep, Clydau
BO3MO)KHOM JBOMHOM MHTEPIPETALMHU: Ay NOE30 — BUH.IL., Ay noe30a — PO.IL.,
20y omya — MOXHO MHTEPIIPETHPOBATh M KaK BUH.IL., ¥ KaK POJ.IL.), HO B IIEPBOM
NpUONIMKEHUH  KaXKIbI  TOJB30BAaTENIb  PAacCMAaTPUBACT JaHHBIC YCIOBHS Kak
HECOBMECTHbIE M IOTOMY HOZpa3ymMeBaeT Mexay HuMH cBsizky “UJIN”. Tlostomy
HKPSI aBToMaTHUecKu UCTIONB3YeET €€, HEe 3a7aBasi BOIPOCa IOIb30BATEIIO.

JpyriuM npuMepoM SIBIISIFOTCS YCIIOBHS “UMEHHUTENbHBIN Nafex” U “eIMHCTBEHHOE
qucio”. JIaHHbIE YCIIOBUSI MOYKHO CUUTAaTh HE3aBUCHMBIMH, IOCKOJIbKY UMEHUTEIIbHBIH
HaJex MOXKET COUETAThCsS TAKKE U C MHOKECTBEHHBIM YHCIIOM, & €JUHCTBEHHOE YK CIIO0
— TaKxkKe U ¢ JII0OBIM JIpyruM najiexxoM. Mexay TaKuMU YCIOBHUSAMHM IOJIb30BaTellb
nozpaszymeBaet cBs3Kky “U”, uto u peanuzosano B HKPSI.

Te ke mpaBuwiaa JeHcTBYIOT M U1 MeTa-arpubyroB. Tak, ycnoBus
“XyHOXKECTBEHHbIE” U “HEXYIOXKCCTBEHHblE” TEKCTbl B IIEPBOM IIPUONIMKEHUU
HECOBMECTHbl — U MMIUIMIMTHO coeauHstorcs cBsiskoil “MJIM”, B To Bpems Kak
ycIoBUs “coObITHs MporcxoasaT B XIX Beke” u “THI TeKCTa: pOMaH” — HE3aBUCUMBI
Y UMIUTUIUTHO COETUHSIOTCS ornepaTopom “U”.

OnbIT MHOrOJIETHEH SKcIuTyataiuu kopmycHod miardpopmbl HKPSI, B koropoit
peanu30BaH ONMCaHHBIA MOAXOJ, MOKa3all, YTO ONUCAHHOE PEeIIEHHE COOTBETCTBYET
UHTYUTUBHBIM OXHIAHUSAM T0JIb30BaTEICH-IMHIBUCTOB. Il CIOXKHBIX 3alpOCOB
cUcTeMa TakXKe IPeJOCTaBIsIeT BO3SMOXKHOCTD BPYUHYIO 33/]1aTh YCIOBHE Ha CJIOBapHbIE
aTpUOyTHI C TIPOU3BOJIBHBIMHU JIOTHUYECKMMH OIlepaTopamu (HO HE Ha METa-aTpHUOYTHI).
JanbHeiiiee pas3ButHe uHTEpdeEiica CHCTEMBI NPOMCXOTUT B COOTBETCTBHH C
YKa3aHHbIMU IPUHIUIIAMH.
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4 HecHsiTass oOMOHMMUSI IPU NOCTPOEHHMH 3AaMPOCOB K KOPILyCY

Pa3smerka OombiuHcTBa KoprycoB HKPS ocraBiser oMOHMMHIO HecHSTOH. Takum
00pa3oM, KaxJIOMy CJIOBOYIOTPEOJCHHIO IPUIKCHIBACTCS OAMH WIM HECKOJIbKO
rpamMMartuueckux pasoopoB. Ilpu sTomM arpubytsl (pox, 4YHCIIO, MAACK, ...)
MPUIHUCHIBAIOTCS. HE CAMOMY CJIOBOYIIOTPEOJICHHIO, a OTAeIbHOMY pa3dopy. B To xe
BpEMsl, Pe3yJIbTaTOM IIOMCKA SBJISETCSI IMEHHO CIIOBOYIIOTPEOICHUE, @ HE OTJCIbHBIH
pa3dop. Takum  o00pa3oM, BO3HHKAaeT BOmpoc: Tpebyercs M  HaWTH
CIIOBOYNOTpPEOICHHE, Bce pa300pbl KOTOPOrO YAOBIETBOPSAIOT 33JaHHOMY YCIIOBHIO,
WIN T€, B KOTOPBIX CYIIECTBYET XOTh OJMH COOTBETCTBYIOIIMH ycioBuio pazbop? B
MEpBOM CIydyae MAaTeMaTW4eCKH MO)XKHO TOBOPHTh O MPUMEHEHHH KBaHTOpa
BCEOOIHOCTH, @ BO BTOPOM — KBAHTOpA CYIECTBOBAHMS.

Kaxk u B cirydae ¢ Bbi6opoM Mexay csazkamu “U” n “NJIN”, sKCINTMIUTHBIA BBIOOP
MEX/1y KBAHTOPaMU BCEOOLIHOCTH U CYILECTBOBAHHUS IPEJICTaBIIAET IS II0JIb30BATENs
3HAYHUTEJIbHYI0O TPYAHOCTh M IPOBOLMPYET OIIMOKH IPU MOCTPOSHHH CIIOKHBIX
3anpocoB. B s3pike CQL oskcrmiurTHas mojaiepkka KBAaHTOPOB OTCYTCTIBYET,
IIOCKOJIBKY OH HE PAaCCUMTaH Ha MOJJEP)KKY HECHATON OMOHUMHUH, COOTBETCTBEHHO,
pa3HbIX pa3dOpOB HE CYLIECTBYET M aTpUOYTHI MPUIUCHIBAIOTCS HENOCPEICTBEHHO
cioBoymnorpednenuto. B s3bike 3ampocoB cucrembl PML-TQ [7] nomaepxka
KBaHTOPOB IPHUCYTCTBYET B (hOpME YCIIOBUM, HajlaraeéMbIX Ha IOI3AIPOCH, OJHAKO
NPENCTaBISAETCS, YTO JAHHBIA MOAXOJ CIMIIKOM CJIOXEH VISl OCBOEGHHS IIMPOKOH
MOJIb30BATEIBCKON ayJUTOpUEH.

IMosTomy kBaHTOpel B ToMckoBoM wuHTep(eiice HKPS Ttakke 3amarorcs
uMILTHIUTHO. B nporecce axcmiyarain HKPSI Obiin paccMOTpeHbI 1BE pa3invHbIe
THIOTE3bl O TOM, Kakas pAacCTAHOBKA KBAaHTOPOB  JIydIlleé COOTBETCTBYET
MOJIb30BATEIBCKOW MHTYWIIUH. B COOTBETCTBMH C MEpPBOM CIEAYET BO BCEX CIydasx
HUMIUTMIMTHO TOApa3yMeBaTh KBAHTOp CYLIECTBOBaHUA. [IeHCTBUTENBHO, XapakTep
OMOHMMHYHBIX  Pa300pOB  TaKkOB, 4YTO MOMHMO TPaBWIBHOTO  paszbopa
CIIOBOYIIOTPEOJICHUIO MOXKET OBITh NMPUITUCAH HENPABHIIbHBIN, CKOJIb YTOJHO OT HEro
OTIIMYAIOUIMICS ~ (HApEUWI0  yowce  TIPUIHMCHIBAETCS  OMOHMMHUYHBIA  pa3zdop
“CyLIECTBUTENBHOE Yo B IPEIJIOKHOM — Iajexe”,  CyIIECTBUTEIbHOMY
MHOKECTBEHHOI0 YHcia cmanu (JIeMMa cmajib) — OMOHMMHYHBIA pa3bop “riaroin
cmamp B TIpolieanieM BpeMeHu” U T.J. IToaToMy BocTpeOGOBaHHBIM SIBISETCS TOUCK
CJI0BOYNOTpeOIeH , XOTsa Obl OAUH U3 pa300pOB KOTOPHIX COOTBETCTBYET 3aJaHHBIM
YCIIOBUSIM.

Jpyrasi ruIoresa npearnonaraer, 4To HoJI0KUTENbHbIE YCI0BHS (HanpuMep, “Tiaiex
UMEHUTENbHBIN) JO/DKHBI UMIUIMLUTHO CHAOXXAaThCS KBAHTOPOM CYIECTBOBAHUS
(“cymectByer pa3bop, y KOTOPOro NaJie)X HMMEHUTENBHBIA’), a OTpHULATEIbHbIC
(“nazexx He MIMEHHUTEIIbHBIN ") — KBaHTOPOM BCeOOHIHOCTH (“y BCeX pa300poB maliex
HE MMEHHTENbHBIN ). Bomee cTporo, ycimoBus 3ampoca JAODKHBI OBITh pa3lielieHbl Ha
IPYNITY TOMOXKUTENbHBIX M TPYIITYy OTPULATENBHBIX, MOCIE YEro K IMOJ0KUTEIbHBIM
MPUMEHEH OOIIMI KBAaHTOP CYIIECTBOBAHUS, a K OTPHUIATEIBHBIM — OOIIMH KBaHTOP
BCEOOIIHOCTH.

Hcxonst M3 TEOPETHUYECKUX pacCyKJeHHH o00€ THUMOTe3bl BBIMIAACIN Kak
OTpaXalolie WHTYWIMU IOJb30BaTeleil, HO B pa3HBIX chydasx. Tak, eciu
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[IOJIB30BATENIM  NIPEUMYLIECTBEHHO HCIONb3YIOT OTPULATENbHBIE YCIOBHSA I
ONUCAHUS HMCKOMBIX CJIOBOCOYETaHMH (Hampumep, BMecTo “l-e¢ mnmm 2-e¢ nuio”
YKa3bIBAIOT YCIOBUE “He 3-¢ JIMIO”), TO BepHa nepBas runore3a. OaHako oOpaTHas
cBs3b OT nonb3oBateneld HKPS, monydeHHas B mporecce pa3paboTKu M MOJIEPKKH
CHCTEMBI, TI0Ka3aja, 4TO Jallle BCEr0 OHW NPHMEHSIOT ITOJIOKHUTENbHBIE 3alIPOChI IS
3aJjaHus YCIOBHI Ha COOCTBEHHO MCKOMOE CIIOBOYIIOTPEOIeHHE H OTpULIATENbHbIe —
JUISL OTCEMBAHMS JIOKHBIX CpadaThIBaHUH, BOSHUKAIOMINX W3-32 HECHATOH OMOHUMUM.
Taxoe orcenBaHne TpeOyeT HAIOKEHHS YCIOBHI HE Ha ICKOMBIH, 2 OTHOBPEMEHHO Ha
BCe MHBIE (OMOHMMHUYHEIE €My) pa30opbl. DTO MOATBEP)KAAET BTOPYIO TUIOTe3y. B
HacTosIIIiee BPEeMsl pacCTaHOBKa KBAHTOPOB NIPH cocTaBiieHMH 3ampocoB k HKPS
OCYIIECTBIISIETCSI B COOTBETCTBHU C HEHl.

5 Hogbiii naTepdeiic 3anpocos k HKPA

5.1 IIpeamocbuiku K nmepepadorke nHTepdeiica 3anpocoB k HKPS

HanoHanpHbli KOPITYC PYCCKOIO 3bIKa COCTOUT U3 17 KOpIyCOB, IpEeHA3HAUEHHbIX
JUISL MCCIEIOBAHUM Pa3HBIX TUIOB, KaXKAbIH M3 KOTOPBIX OTJIMYAETCS HEKOTOPBIMU
0COOCHHOCTSIMU TIPU TIOMCKE M 3alaHuM HOJKOopIyca. B mporecce pa3BuTus 3TH
KopIryca MOAUGHULIUPYIOTCS U IPHOOPETAIOT BCE HOBbIE BO3MOXKHOCTH MOUCKA.

O)J,HOBpeMCHHO C OTUM MPOUCXOUT COBEPIHICHCTBOBAHUEC IOJIB30BATCIIbCKUX BeO-
uHTep(deiicoB. 3a mMoYTH JAECATWIETHE, NpOUIEINIee CO BPEMEHH pa3pabOTKU
unHTrepdetica koprnycHoi miardpopmsl HKPS npenpinymero nokosneHus, TeXHOIOTUH
CYIIECTBEHHO INATrHYJH BIEPEA M BO3MOXHOCTH IIOCTpOECHHUsS BeO-uHTepdencon
BBILLIM HA HOBBII ypoBeHb. [IoaTOMy B paMKax pa3pabOTKH KOPIYCHOH MIaTOpMBI
HOBOT'O IIOKOJIEHMsI CTABMJIACh TAKXKE 3aJada CO3/aHUS HOBOI'O IIOJIL30BATENILCKOIO
uHTepdeiica.

Kak mpaBumo, pa3spaboTka IIONB30BATENbCKOTO HHTepdeiica COCTOMT W3
IOCIEOBATENbHBIX ~ JTAllOB, B paMKaXx KOTOPBIX CHauyajla  ONpPEAEIAIOTCS
(GyHKIMOHAIBHBIC TPEOOBaHMS, 3aTeM pa3padaThiBAcTCsl KOHLENTYaIbHOE PEIICHHUE,
3ateM rpaduuecKuii qu3aiH u T.J1. Pa3zymeercs, MpUMEHEHHE TaKOH CXEMBI K KOKIOMY
n3 xopnycoB HKPS Ha kaxgoMm »sTame pasBUTHA CHCTEMBI IPEICTaBIETCS
9pe3MepHBIM, ITOCKONIBKY BCE 3JIEMEHTHI ITOMCKOBOTO MHTep(deica yKIamsIBaroTCsS B
OOLIYIO CXeMY: OHH IPEJCTABIIOT cOOOI MOJI BBOJA IOMCKOBBIX YCIIOBUI, KOTOPBIE,
KaKk ObUIO ONHMCAHO BBIIIE, UMIIHMLIUTHO COEAUHSIOTCS NPU MOMOLIM JIOTUYECKHX
orepaTopoB 1 kBaHTOpoB. [loaTomy B HKPSI npumensiercs eAnHOX bl pa3paboTaHHbIH
rpaduueckuii uHTEpdeiic, MoqUbUIUPYEMbIH I KaKAOro Kopiyca J00aBlIeHUEM
TeX WM UHBIX noneil BBoga. OJHaKO BBINOIHEHHE TaKUX MOIU(DUKALUNA MO KaXKIbIi
KOpIlyc TpeOOBaJ0 KCIPABIEHUS IPOrPaMMHOIO KOJa, YTO C POCTOM KOJIUYECTBA
KOPIYCOB ¥ pa3HOOOpa3usi JOMYCTUMBIX TIOMCKOBBIX YCIIOBHH TPHBENO K
CYIIECTBEHHOMY 3aMEUICHUIO pealu3aliid HOBOM (DYHKLHOHAIBHOCTH KOPILYCOB
HKP.

Taxum obpaszoM, nepen paspadorunkamu kopmycHoil miatdopmsl HKPSI HoBoro
MOKOJICHHUsI BCTaJla 3aj7ada CHCTEMAaTH4eCKOro ONHMCaHWsA NoJiel BBOJAA YCIOBHH,
TpeOyeMBIX B KaXKIOM OTAEIBHOM KOpITyce, KOTOPOE IO3BOIMIO OB aBTOMATHIECKU
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(dbopMHpoBaTh HEOOXOIUMBIE 3JIEMEHTHI Ipaduueckoro unrepdeiica. Ilpeumymectso
TaKOro IOAXOJa TaKkKe B Pa3[elIeHUH 30H OTBETCTBEHHOCTH: COAEPKATEIbHOE
OIICaHNue HEOOXOAUMOM (YHKIIMOHAILHOCTH UHTep(elica OKa3bIBACTCS OTJENEHO OT
KOHKPETHOH peanu3aluil KaKIOrO OTAENBHOTO 3JIEMEHTa. JTO, B CBOIO OYEpesb,
MO3BOJIAIET MEpeHTH K Oosiee COBEPIICHHBIM (M IMOTOMY CJIOXKHBIM) 3JIE€MEHTaM
uHTepdelica, HaNpUMep, UHTEPAKTUBHOMY KaJeHIapio A BBOAA AAT WIIM OHIAHH-
KapTe IS yKa3aHHs reorpaguaeckoro permoHa.

B pamkax paHee BoinomHeHHOro Ha Matepuane CunTarPyca (kopmyca HKPA ¢, mo-
BUAMMOMY, HauOoiiee OOraTtod pasMmeTkoi) ucciiefoBaHus [8] ObUIO TPEIIOKEHO
ornucaHue nHTepdeiica moucka B Buje Habopa mnoeit 1Byx kinaccos. K mepBomy kiaccy
OTHECEHBI YCIIOBHSA, KOTOPBIC XapaKTePU3YIOT OTICIbHBIC CIOBOYHNOTPEONCHUS B
HCKOMOM CIIOBOCOYETAHMH: TPaMMAaTHYECKHE YCIOBHS, CEMAHTHUCCKHE YCIIOBH,
YCIIOBHS Ha JIeMMY, YCIOBHA Ha CIOBO(OpMY, YCIOBHS Ha BKIIOYEHHOCTh
CIIOBOYTIOTPEOICHHS] B MUKPOCHHTAKCHIECKYIO KOHCTPYKITHIO U YCIOBHS HA JITHTICHC
n Tt.0. Ko BropoMy Kiaccy OTHOCSATCS YyCJIOBUSL HAa OTHOLIGHHMS MEXIY
CJIOBOYIOTPEOIEHUAMH B UCKOMOM CIOBOCOUETAHUU: YCIOBHS Ha PACCTOSHUSI MEXIY
ClloOBAMM M YCIOBUS Ha CHHTAaKCH4eckue, aHadopuueckue U  JIEKCUKO-
(YHKIMOHAIBHEIC CBS3N.

5.2  Pa3paGoraHHBbIil MeT0/ onucaHusl HOBOro HHTepdeiica 3anpocos k HKP

B paMkax HacTosILIEro UcCiIeI0BaHUS pa3padoTaH Noaxo K popManbHOMY OIHCAHUIO
uHTepdeiicoB oucka u 0Tdéopa noaKopIyca paznuuHbx kopnycoB HKPA. B kauectse
6a30BOro IPEACTABICHUS IAHHOrO omnucaHus BblOpaH TekcToBbli JSON. Cxema
JTAaHHBIX OMKMCaHa NP MOMOILH S3bIKa MPOTOTUIOB (.Proto-¢aiino) cranaapra proto-
buf.

JU71st TOCTPOEHHS CXEMBI JAHHBIX MBI IPOAaHATH3UPOBAIH 0COOCHHOCTH TI0NIell BBOIA
Bo Bcex kopmycax HKPS u BbIsiBHIIN crieyromiye THITHI TTOJEH:

1. TekcroBble MOJS TPUMEHSIOTCS U 3aJaHHUSA YCIOBHiI Ha croBodopmy,
JeMMy, Ha3BaHHE mpomsBefeHnms u T.0. Jna ymoOcTBa momb3oBaTeneit
TEKCTOBBIC IIONS CHAOXAIOTCS BHPTYAIbHON KIIABHATYPOH, MO3BOISIONIEH
BBOJIUTH PYCCKUE OYKBBI MPH OTCYTCTBHH PYCCKOH PAacKIaJKH KIABHATYPEI, &
TaKke yCTApeBINEe CHMBOJIBI B MCTOpHueckux koprycax (b, CJ, Oy, ...) u
CHMBOJIBI HHOCTPAHHBIX aI(aBUTOB B MapasenbHbx koprycax (A, O, B, 4, &,
fi, (}, Ty, Q, ...).

Kpome TOro, TekcToBble MOJS CHA0XKAIOTCS MHTEPAKTHBHOI IMOJCKA3KOM,
MO3BOJIAIONIEH MO NepBbIM OyKBaM MOJYYUTh U OAHOI KHOIKON BBECTU B IOJE
1enoe cjaoBo (Jiemmy, ciioBodopmy).

2. Tloas pis BbIOOpPa BAPMAHTOB M3 CIMCKA MOTYT COAEPXKATh KAK CIIOXKHBIC
HepapXudecKue CIMCKH, B T.4. Pa3feeHHble Ha HECKOIBKO CTpaHUIl (3aJaHue
TUMAa TEKCTa, CEMAHTHYECKUX KaTeropud W T.JA.), TaK M MpPOCTEHIINe
IBYX3JIEMEHTHBIE  Iepexiroyatenn  (CHATas/HeCcHATas OMOHUMHS). B
3aBUCHUMOCTH OT CJIOXKHOCTH MEpapXuH BHEIIHEE IIPEJCTaBIECHUE 3THUX
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JJIEMEHTOB HHTepdeiica MOXKET 3HAUUTENBHO pPazaM4aThes. Tak, CIOXKHBIH
uepapxudeckuii Beioop B HKPS peanusyercss B OTAENBHOM BCIUIBIBAIOIIEM
OKHE, B TO BPEMsl KaK IIPOCTON U3 JIByX-TPEX BAPUAHTOB — HEIOCPEICTBEHHO B
uHTep(elice Moucka/3alaHus MOIKOPITyca.

BeIsiBII€HO, UTO OTHOTUIIHBIE IIOJIS B PA3/IMYHBIX KOPITYCaX U Ja’Ke BApUAHTAX
TIONCKA 110 OTHOMY M TOMY k€ KOpIycCy (HamprMep, BBIOOp THIIa TEKCTa IS
XYZI0KECTBEHHBIX U HEXYHO0KECTBEHHBIX TEKCTOB B OCHOBHOM KOPILYCE) MOTYT
CYILIECTBEHHO Da3IM4aThCsi IO CIOKHOCTH HepapXud. Takum oOpaszoM,
UepapxuyecKkas CIOKHOCTb HE SBJIAETCS CIEICTBHEM COIEPKATEIbHOU
O0COOCHHOCTH TOTO WIIM HWHOrO MO [lo3ToMy MpPHHATO pemIeHHe o
eIMHO00pa3HOM (hOpPMATEHOM ONHCAHUH BCEX MOoJeil BRIOOpa BHE 3aBHCHMOCTH
OT UX MEpapXUUYECKOU CIOKHOCTH. BpIOOp KOHKpeTHOro Haubonee ymoOHOro
JUIL TONb30BaTeNlsl BHEIIHETO BUAa I@OJIS @PH 3TOM BO3Jaraercss Ha
IporpaMMHoe obecrieueHue, peanusyolee rpadpuueckuii HHTepdeiic.

@DopManbHOE OMHCAHUE MO BHIOOpA BKIIIOYAET TAKXKE XAPAKTEPUCTUKY
CIIEYIOIMX 0COOEHHOCTEN 0TOOpakaeMOl HepapXum:

—  SBJIETCS JIU POAUTENbCKAsl KATErOpUsl CyMMOM BCEX JOYEPHUX;

— TpeOyercst JIu s NOUCKA OMEThI I0YEePHEH KaTeropuy UMILIUIUTHOE

3aJJaHUE KOHBIOHKIIMY C IOMETOH POAUTENbCKON KaTErOpUH.
3agaHue 3THX XapaKTEPUCTUK 3aBHCHUT OT cHocoba pa3MeTKu KopIyca.
ITpoBeneHHbIH aHAIN3 MOKA3aJ, YTO JAHHBIX ABYX XapaKTEPUCTHK JOCTaTOUHO
JUISL OIMCAHMSI BCEX BHUJOB MEPapXUUECKOH Pa3METKH, MPHCYTCTBYIOIIUX B
HKPSIL.

IMons nis 3a7aHusA MHTEPBAJIOB JIET MO3BOJIAIOT 3aaBaTh YCIOBHUS Ha roj
CO3IaHMS TEKCTa, TOJ MepeBoja U T.A. BusyanbHO JaHHOE TOJe MOXKET OBITh
othopmMIiieHo B HHTep(eiice B BUAE HHTEPAKTUBHOTO KaJeHIapsl TOTO WK HHOTO
BUJIA.

ITockompky HKPS mo3Bomsier B pa3mMeTke TEKCTOB TAaKK€ yKa3bIBaTh HE
TOYHBIM TOJl, @ MUHTEPBAJ, TO MOUCK TEKCTOB, COOTBETCTBYIOMIMX 3aJaHHOMY
YCIIOBUIO-UHTEPBAIy MOXKET TPAKTOBATHCA ABOSIKO: TIPH OJHOM ITOJXOJI€ TTOUCK
JIOJDKEH HaXOJUTh BCE TEKCTHI, MHTEPBAJ JIET KOTOPBIX IOJDKEH IEITHKOM
YKJIQJBIBATHCS B 3a/IaHHBIA OMCKOBBIN MHTEPBAJI, IPH JIPYrOM — BCE TEKCTHI,
MHTEPBAJ JIET KOTOPBIX XOTs OBl IepeceKaeTcs ¢ 3a7jaHHbIM (HO He 0053aTeIbHO
LENUKOM YKJIaJbIBaeTCsi B Hero). BpiOOp, Kakoil W3 3TUX BHUIOB IIOMCKa
TpeOyeTcsi, JOIKEH OCYIIECTBIATHCS MPH IMOMOIIM OCOOOro MepeKrodaTess
“TOYHOE BXOXKIEHHUE’, KOTOPBII HE TpeOyercsl BKIIOYATh B pa3pabOTaHHYIO
cxemy (OpMaJIbHOTO OMHUCAHUS, HO KOTOPBI MMIUTUIIMUTHO MOAPa3yMEBAETCS
JUISL KaXKJIOTO TIOJIS 3a/JaHUsI UHTEPBAJIOB JIET.

IMoan AJI 3alaHUsl HHTEPBAJIOB AAaT aHAJIOTMYHBI IIOJISAM JUIsL 3alaHUSA

MHTEPBAJIOB JIET, HO BKJIIOYAIOT eme Mecsan U 4ucio. OHM BOCTpeOOBaHH,
HanpHMep, B ra3eTHbIX KOPITycax.
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5. TloJsi Ajis 3a1aHUsI MHTEPBAJIa YUCE] IPUMCHSIOTCS IS 33/1aHUs YCIIOBHI Ha
JUIHY TEKCTa, YMCIIO MOITHYECKUX CTPOK H T.JA. BU3yaJbHO TaKkoe MOJIe MOXKET
OBITh NPE/ICTABIICHO B HHTep(eiice B BUAE rpadHUeCKOM MIKAIIBI.

6. Iloas aisi 3aAaHusA yCJI0BHil HAa EPCOHY — Ha aBTOPA TEKCTa, NIEPEBOIUHKA,
aKTepa ¥ T.[. SBISIFOTCS KOMITO3UTHBIMY MOJISIMH M BKITIOYAIOT B ceOsl:
—  TEKCTOBOE MOJIe VIS 3aJaHus (haMUIINY, UMEHH, OTYECTBA
—  Tone Ui 331aHus HHTEpBasa TOJI0B POXKACHHS
—  moie 1y BEIOOpa mosna

7. ChneudajbHble THIBI MOJEi TPUMEHAIOTCS B OTAENBHBIX KOpITycax Uit
3aJ[aHus YCIIOBMI Ha YHUKAJIBHBIE ISl 9THX KOPIIYCOB XapaKTePUCTHKH:
—  cioBooOpa3oBaHue (B OCHOBHOM KOpITyCe);
— opdosmmueckrne W BOKAJIMYECKHe yclIoBUS (B YCTHBIX H
MYJIBTUMEUIAHBIX KOPITycax);
— ycinoBus Ha (GOpMYITy M CXEMy IOITHYECKOH CTPOKH CTPOKH (B
MIOATHYECKOM KOPITYCe)
U T.J.

5.3 Tecrnponaﬂne NpPpeaa0KEeHHOr0 moaxoaa

B pamkax BBINOTHEHHOH pPaOOTHI JJIsI OMMCAHHOM CXEMBI JIAaHHBIX pa3padoTaH
IPOTOKON B3aUMOZEIHCTBHSA JBYX KOMIIOHEHT KOPIYCHOH IIaT(opMbl HOBOTO
MIOKOJIEHHSI — TOJIb30BaTEIbCKOr0 HHTepdelica U IMHIBUCTHYECKOrO Siipa KopIyca.
ITpoTokon onpenenser cleaAyoIyo IoCIeJ0BaTeIbHOCTD ONePaLiiii:

1. nans BBIOpAaHHOTO TOJIL30BATENIEM KOpPIyca IMOACHUCTEMa TpauyecKoro
uHTepdeiica 3anpammBaeT y JMHIBUCTHIECKOTO sApa (HOpMaIbHOE OMMCAHNE
uHTepeiicoB morcka 1 0TOOpa MOIKOPIyCa;

2. TIOACHCTEMa JIMHIBUCTHYECKOrO siapa (OpMHUPYET U BO3BpAILAET 3aIPOIIEHHOE
OIMCaHUE;

3. moxacucrema rpaduueckoro uHTepdeiica oTodpaxkaer (GopMy IMTOUCKOBOTO
3ampoca B COOTBETCTBUH C MOITYYEHHBIM (hOPMaIbHBIM OITHCAHUEM;

4. TO IONONHUTENBHBIM 3alpocaM JIMHIBUCTHYECKOE SIPO BO3BPAILAET TaKXKe
HepapXui0 3HAYCHHH Ka)KIAOTO IONIS BBHIOOpa M MHTEPAKTHUBHYIO IOACKA3KY
JOITYCTUMBIX ISl TEKCTOBOTO IIOJISL CJIOB (JIEMM, CIOBO(OPM) IS 3aJaHHOM
KOMOUHAIUU NIEPBBIX OYKB;

5. moxcucrema rpaduyeckoro uHTEpdeiica OTIpaBIsIeT INHTBUCTHUCCKOMY SAPY
HabOop MONUCKOBBIX YCIIOBHIA, 3a/IJaHHBIX TI0JIE30BaTEIIEM;

6. JIMHIBUCTHYECKOE SIPO MOCTPAaHUYHO BO3BPAILAET PE3YAbTAThl HOUCKA.

Pa3paboTaHHBIN NPOTOKOJ PEaau30BaH CO CTOPOHBI JIMHTBHCTHYECKOTO sipa Ha
s3b1ke Python, co cropons! uHTEpdeiica — Ha s3bIKax python u javascript.

BBINOIHEHO TeCTHPOBaHUE pa3pabOTaHHOM MPOrPaMMHOM CHCTEMBI Ha 3aKPBITHIX
(He IOCTYIHBIX CTOPOHHEMY IMOJB30BATENI0) cTeHAaxX. [0 pe3ynbTaTaM TeCTHPOBAHHS
YCTaHOBIIEHO, YTO:
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1. TIlpeanoxeHHbI MOAXOJ IO3BOJIET pPEANU30BaTh BCe (YHKIHOHAJbHbIE
BO3MOXKHOCTHU IOMCKOBOT0 UHTepdeiica KopycHoH m1aTGopMbl NIPEAbIIYIIETO
MOKOJIEHMS 1 ocHOBHOTO Kopiyca HKPA.

2. TlpennokeHHBI  MOAXOX  MHO3BOJSIET — PEANN30BaTh  JOMONHHTENBHEIC
(yHKIIMOHATBHBIE BO3MOXHOCTH, TAaKUE KaK 3HAUUTENIbHOE pacCLIMpeHue
KOJIMYECTBA TONIEH BBOJA M BKIIOYEHHE B 3ampoc Goiee OJHOro YCIOBHS Ha
CBS3U MEX]Ty CJIOBOYTOTPEOIEHHAMH B HICKOMOM CIIOBOCOYETAHHUH.

3. IlpennosxeHHBIH MOIXO0/ HE HAKIAAbIBAET OTPAaHUYEHUI Ha CKOPOCTh PabOTHI U
MacTabupyeMOCTh CUCTEMBI.

Ha ocenb 2022 r. 3ar1aHupoBaH Nepexo/1 Ha HOBbIH HHTep(delic MOMCKa B OCHOBHOM
koprryce HKPA.
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AnHoTanus. B npemiaraemoii paboTe M3710KE€HbI OCHOBHBIE TPUHIIMIIBI TTOCTPO-
€HUS KOPITyCa CeMAaHTHYECKH Pa3MEUYEHHBIX CTPYKTYP PYCCKHX TEKCTOB. DTH
NPUHIMIBI BKIIIOYAIOT B ce0s 1) yCTAHOBIICHHE COOTBETCTBHS MEXKY CIOBAMU
TEKCTAa M Y3J1aMU CTPYKTYphI, 2) COXpaHEHHE B CEMaHTHUECKOW CTPYKType
HAalpaBJICHUs] CHHTAaKCUYECKUX CBsI3€H, 3) 3alloJIHEHUE BaJIEHTHOCTEH MpeauKa-
TOB, KaK SIBHO, TaK ¥ UMIUIMIMTHO 3alIOJIHCHHBIX B NpeiokeHnu. Kpome toro,
onucaHa paboTa 10 aBTOMATH3aLUK ITOCTPOEHHS 3TOr0 KOpIIyca, IepedncIIeHbI
OCHOBHBIE TPYIIbl HPABHJI, YYACTBYIOIIMX B MOCTPOCHHH CEMAaHTHYECKOW
CTPYKTYypbl. PaboTa Ha/l ceMaHTHYECKO# pa3MeTKOW BeAeTcs KoJuleKTiHBoM Jla-
6opartopuu KomnbrorepHoii JIunrsuctuku UIITIN PAH. TlepBas ouepens kop-
myca COCTaBJIsIeT cKazka «MaleHbKHi TIPUHID B pycckoM mepeBozge. O0bem
9TOr0 TEKCTa OKOJIO TIOJyTOpa THICSY HpeuiokeHnil. Beibop nmepeBoqHOro Tek-
cTa OOBSCHSIETCS HAJINYUEM CEMAHTUUECKUX KOPITYCOB JUISl QHAJIIOTHYHOTO TEeK-
cTa B aHrmiickoM nepesoje npoekrax UNL u AMR, 4To 1o3BoJIuT JIErKo como-
CTaBUTh U B3aUMHO OOOTaTHTh PA3METKY, BBINOJIHAEMYIO Pa3HbIMH KOJUIEKTH-
Bamu. [TocTpoeHne CeMaHTHUECKUX CTPYKTYp OIMHMpPAETCs Ha pe3ysbTaT CUHTAK-
CHYECKOH pa3MeTKH, Beylueics: B 1adopaTopuu yxe Oosiee IBaAlaTH JIET, pe-
3yJIbTaThl KOTOPOl TOCTYITHBI Ha CaliTe pycCKOT0 HallMOHAIBHOTO Kopiryca. Ta-
KuM 00pa3oM, 3ajada MOCTPOEHHSI CEMaHTHYECKOro KOpIyca ¢ TeXHHYECKOH
TOYKH 3PEHUs CBOJUTCS K MOCTPOSHMIO MPABUJI PE0OPa30BaHUsI CHHTAKCHYe-
CKOW CTPYKTYpBI B CEMaHTHYECKYIO.

KuioueBbie ciioBas: KoprycHas IMHIBUCTHKA, CEMAaHTHKA, MOJIETb «CMBICI
& Tekcry.

PaboTa BbINOJIHEHA NP TIOJUIEPIKKE IpaHTa MUHUCTEPCTBA HAYKU M BBICLIETO 00pa30BaHUs
Ne 075-15-2020-793 «KoMITbIOTEpHO-IHHIBHCTHYECKAS TUIAT(HOPMa HOBOTO TTOKOJICHHS IS
(pOBOI JOKYMEHTALIMU PYCCKOTO si3bIKa: HH(PACTPYKTYpa, Pecypcehl, HaAy4YHbIC HCCIEI0-
BaHHSD.
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1 BBoaHbIe 3aMeyaHus

B na6oparopun xomneiotepHoit muarsuctuku UITIIW PAH Benercst pabora Hax co-
3laHHEeM KOpITyca CEMaHTHYECKH pa3ME4YeHHBIX TeKCTOB. [lepBas ouepens kopiyca
npejcTaBieHa TekcToM nepeBoaa Hopsl [anp Ha pycckuit s3pik ckasku A. ge CeHT-
Ox3ronepu «MalleHbKHI MPUHID»; 3TOT TEKCT 00BEMOM OKOJIO TOJIyTOpa THICSAY MPEe/-
JIOKEHUH ObUT BEIOpaH IMIOTOMY, YTO €ro aHIIMHCKHIA MepeBo cTall 0a30i Ui ceMaH-
TUYECKOH pa3sMeTKH B JIBYX IPYTHX TPOEKTax: pa3MeTka B pamkax mpoekra UNL
(http://www.unlweb.net/wiki/LPP) " MPOEKTa AMR
(https://amr.isi.edu/download.html). mess B pacnops»KeHHH OIUH U TOT K€ TEKCT,
MO>KHO OYZIeT JIErKO CpaBHHUTB MOJXO/IbI U B JJAJIbHEHIIIEM, €CIIH IIOHAZJ00UTCS, TOCTPO-
UTh IpaBUJIa IepecyeTa pa3MEeTKU OJHOTO KOopIlyca B APYroil /Ui B3auMHOro obora-
LIEHNUs] KOPITyCOB C CEMaHTH4YeCKoi pa3MeTkoil. TekcT cka3ku paHee ObUI pa3MedeH
CHUHTaKCHYECKH M BKJIIOUEeH B cocTaB kopnyca CunTarPyec.

INocTpoeHne ceMaHTUUECKH Pa3MEUEHHOr0 KOPIIyca CTajlo OYEpeHOM YacThio ce-
MaHTHYECKOT'O IPOEKTa, KOTOPBIA UAET B J1aOOpaToOpuu YK€ HECKOJIBKO JIET. DTallbl
Pa3BUTHUS 3TOTO CEMaHTHYECKOTO MpOeKTa OTpaxkeHsl B paborax [1-5]. Ha rexymieii
cTaguu paboTa BEIETCS B JIByX OCHOBHBIX HANpaBJICHUSAX: BO-NEPBBIX, BhIpaOOTKa
MIPUHIIMIIOB YCTPOHCTBA CEMAHTHYECKUX CTPYKTYP, BO-BTOPBIX, 0O€CIIeueHHEe BO3ZMOXK-
HOCTU NOCTPOEHMS 3THX CTPYKTYp B NOJIyaBTOMaTrudeckoM pexkume. Pasgenst 1 u 2
HHMKE COOTBECTCTBYIOT 3TUM HaIllPABJICHUAM pa6OTI>I.

2 Kak ycTpoeHsl ceMaHTHYeCKHE CTPYKTYPbI

Kak u u1g Apyrux npoexToB j1abopaTopuu, TEOPETUIECKUM UCTOUHUKOM JUISL TOCTPO-
€HMs CEMaHTHYECKOro NpejcTaBieHus spisercs Teopust «Cmbicn < Texct» Meib-
yyka [6] ¥ Teopus MHTErpaJbHOro ommcaHus sizbika AnpecsHa [7]. CemaHTHUecKast
CTPYKTYypa CTPOMTCS AJIsl KXKAOTO MPEUIOKEHUS OTAEIBHO, CBA3U MEXIy IIPeIIoxKe-
HUSIMU B TEKyLIel BepCHM KOpIlyca He OoTpaxarorcs. B mocienyronux Bepcusx pas-
METKH Ipearosaraercs J00aBjIeHue 3TOro THIa HHHOPMAIHH.

B namem npoexre peann3oBaHO /1Ba YPOBHS NPEACTABICHUS CEMAHTHKU: 0a30BbIN
U pacipeHHbId. ba3oBblil ypoBeHb IpeNCTaBIsET CMBICI Npeuioxkenus. Ha paciiu-
PCHHOM YPOBHE B CTPYKTYPY A00ABIISIOTCS CEMaHTHYECKUE PA3JIOKEHUS KOHLIENITOB U
BbIBOJBL. [ToapoOHee o pasmuuusix Mexxay 0a30BOil U pacIIMPEHHOH CTPYKTYpOi cM.,
HanpuMmep [8]. CeMaHTHYECKH pa3MEYCHHBII KOPITYC COCTOUT U3 0a30BBIX CEMaHTHYE-
CKUX CTPYKTYP.

CemaHTHUECKOE MpPEACTaBICHHE 000MX YPOBHEH MpencTaBisieT co0oi rpad, B y3-
J1aX KOTOPOTO CTOSIT CeMaHTHUECKUE DJIEMEHTHI, Y3JIbl CBS3aHBl CEMAHTHYECKUMH OT-
HOUICHUSIMU. B OTIHMYHE OT CHHTAKCHYECKUX CTPYKTYP K CEMaHTHYECKHM rpadam He
HPEeNbSABIACTCS TPeOOBAaHNHE JPEBOBHIHOCTH.

CeMaHTHUYECKHE DIIEMEHTBI IIPEJICTABISIFOT COOOH JINTEpasbl (LIEMOYKH CHMBOJIOB U
YHCIIa) WM MHAMBUIBL. VIHOUBHAB! OBIBAIOT ABYX THIIOB: HEKOTOPHIE M3 HUX 9TO HMe-
HOBaHHbIE MHJMBU/IBI, COOTHOCSIIUECS C YHUKAJIbHBIMUA OOBEKTaMH B pealbHOM MHpE.
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TakoB, HanpUMep, UHAUBUI France, OH COOTHOCHTCS C €AMHCTBCHHBIM OOBEKTOM —
Opaniyeit. J[pyrue MHIUBUB, AHOHUMHbIE, HE IPEICTABICHBI B OHTOJIOTHH, HO COOT-
HOCSITCSI ¢ KOHIenTaMu. KOHIIENTBI — 3TO KJIACCHI CYIIHOCTEH: MPEIMETOB, CBONCTB
wii cobpiTuii. Hanpumep, konient ROSe ucmonb3yeTcs [Uisl OMHUCAHUs Kiacca po3.
Eciu B IpeyioxKEeHNH BCTPEUASTCSI CJIOBO «PO3ay, TO Y3JI0M, COOTBETCTBYIOIINM 3TOMY
CJIOBY B CEMaHTHYECKOW CTPYKType, OyaeT MHAMBHI Kiacca ROSe (Takoil MHAMBUI
0003Ha4YaeTcsi B CTPYKTYpE HA3BAHHEM KIAacca C YHCIOBBIM HHAEKCOM, HalpHMep,
Rose_1 unu Rose_18). Konnert Seeing ucrosib3yeTcst st OMMCaHuUsI Kitacca COOBITHIA
BugcHus. Eci B PEIIOKEHUH BCTPEYACTCs TIIArosl «BHACTHY, TO y3JIOM, COOTBET-
CTBYIOILMM 3TOMY IJIarojly B CEMaHTHYECKOM CTPYKType, OyAeT aHOHUMHBIA HHIUBUL
Kiacca Seeing, He MpeICTaBJICHHBIN B OHTOJIOTHH, & CO3JaHHBIA «HA JIETY» IIPU aHa-
nm3e npeasioxkeHns (0603HauaeTcst Ha3BaHUEM KIlacca ¢ HHIEeKCoM, Seeing_2 i See-
ing_15). KonmenTs! 1 IMEHOBAaHHBIC HHANBH/IBI OPraHU30BaHbI B OHTOJIOTHIO TIPH IO~
MOIIM OTHOIICHHUSI «KJIACC-TIOAKIACCY U «Kilacc-HHANUBUIY. Tak, koHuenT ROSe sBiwsi-
eTCsI TI0JIKJIACCOM KOHIIenTa Gojiee Beicokoro ypoBHas FloweringPlant u Haciexyer Bce
CBOICTBA, KOTOPBIC MOT'YT OBITh IIPUIMCAHBI HaaKIaccy. MuauBuy France npexacras-
JIeH B OHTOJIOTHH KaK MMCHOBAaHHBIN MHAWBHA Kiacca EuropeanNation u maciemyer
cBoiicTBa 3100 Kiacca. Konuernr Seeing siBisieTcs MoJKIacCOM KOHIenTa 0oJiee Bbl-
cokoro ypoBHs Perception u Hacnenyer Bce ero cBoiictBa. OCHOBHBIC CBOHCTBA KOH-
[erTa 3alMCHIBAIOTCA B OHTOJIOTHH B BHJE CIMCKA OTHOLICHU, XapaKTEPHBIX IS
Hero. Tak, koHuenty Event, Hagkmaccy BceX COOBITHMHBIX KOHLEIITOB, MPHITMCAHO
CBOIMCTBO MMETh BPeMsi, KOTOPOE 3alMChIBAETCS IIPU MOMOIIM OTHOIIeHus hasTime.
DTO CBOMCTBO — MMETh BpeMsi — HACIIEyeTCsl BCeMH IOJIKIaccaMu Kiacca Event. Ba-
JIEHTHOCTH KOHIIENTa TaKXke 3a1aubl oTHomeHusmu. Konnenry Perception, coorser-
CTBYIOIIEMY KJIACCY COOBITHIA BOCIIPHSTHS, B OHTOJIOT UM IIPUITUCAHBI CBOUCTBA UMETh
HOCHUTeJIs M CTUMYJT Boctpusitust — hasExperiencer u hasStimulus, stu cBoiictsa Hacue-
JIYIOTCSI BCEMH €r0 MOJAKIACCaMH, B TOM Yuciie oakiaccoM Seeing. Cucok ceMaHTH-
YECKHX OTHOmCHHﬁ, BaJICHTHBIX U HCBAJICHTHBIX, 3a/1aH B COOTBETCTBYIOILIEM pa3iciie
OHTOJIOTHH.

CyHIeCTBeHHO, 9TO IMNPOTUBOIIOCTABJIICHUEC KOHLECIITOB U OTHOILLIIEHUH HE COOTBET-
CTBYET IIPOTUBONIOCTABJICHUIO UMEH U T'JIar0JIOB B SA3BIKE. Knaccer CO6I)ITI/II>’I, CBOJNCTB U
ﬂBHeHHﬁ, TakK K€ KakK U KJIaCChbl MPECAMETOB COOTHOCATCA C KOHLENITAMUA OHTOJIOTUH, a
OHTOJIOTHYECKUE OTHOIICHHS OIMCHIBAIOT OTHOIICHHUS MEX/Iy KOHILICTITAMH.

IMoapo6Hee 06 ycTpoiicTBe OHTOIOTHH cM. [1].

B mpumepe (1) 3amucana 0a3oBas CeMaHTHYECKash CTPYKTypa CIOBOCOUYCTAHUS
«UIUIT PO3BI»:
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1) Llun poswr
@) P Thom #1
Thorn_1
isPartOf Rose_2
Roge#2

3amuce Thorn_1 B 9TO# CTpyKType O3HAYaeT, YTO B CTPYKTYPE MMEETCS HMHIANBHI
knacca Thorn. MHaekc 0603HAYaET, 9TO y3JIOM B CTPYKTYpPE SBISIETCS HHIUBHJL, COOT-
BETCTBYIOLIMIA CIIOBY C COOTBETCTBYIOLIUM HOMEPOM B MPEIOKeHHH. 3anucy Rose_2
gyuTaeTcs aHamorndno. 3amuck iSPartOf osmauaer, yro Mexmy ysmamu Thorn 1 u
Rose 2 mpoBeneHo ceMaHTHYECKOE OTHOLIEHHE C TAKMM MMEHEM. B ceMaHTHYeCKON
CTpyKType (KaKk W B OHTOJIOTHHM) MPHHSATA 3alUCh HA3BAHWI KIIACCOB C 3arjaBHOl
OyKBbI, CEMAHTHYECKUE OTHOIIEHHS 3AMUCHIBAIOTCS CO CTPOYHOIL.

MbI npuiepKUBaEMCs CIIEAYIONIUX PUHIMIIOB TOCTPOEHHsT 0a30BON ceMaHTHye-
CKOM CTPYKTYpHI: 1) MO BO3MOKHOCTH COXPaHSATh COOTBETCTBHE MEXJY CIOBAMH B
[PEVIOKCHUU U y3JaMH CEMaHTHYECKOM CTPYKTYPBI; 2) MO BO3MOKHOCTH COXPAHSTh
HAIPAaBJICHUE CEMAHTHYCCKUX CBSI3€H, COOTBETCTBYIOLINX CHHTAKCHYCCKUM OTHOLIE-
HUSM; 3) 3aMOJIHSTh BAJICHTHOCTU BCEX KOHICNTOB, MPECTABICHHBIX B CTPYKTYPE,
€CJIM 3TH BAJICHTHOCTH 3aII0JHEHBI B NPEJIOKEHUH. PACCMOTPUM 3TH TPUHLIUIIBI T10-
npoOHee.

2.1  CoorBercTBHE MEKAY CA0BAMH M Y3JIaMU

Yaie Bcero KakaoMy 3HaUUMOMY CJIOBY B IPEIIOKEHUM COOTBETCTBYET OJUH y3€ll.
Ho cymecTByeT HECKOJIBKO OCHOBHBIX HCTOUHMKOB HECOOTBETCTBHS MEXKAY CIOBAMHU
1 y351aMu 6a30BOil CEMaHTHYECKOH CTPYKTYPBI.

Bo-nepBbIX, Ul HEKOTOPBIX CIOB CEMAaHTHYECKUE PA3JIOKEHHs JENAIOTCS yXKe Ha
9TaIe NOCTPOCHUsI 0a30BON CTPYKTYPBI, OCOOEHHO €CIIU AT Pa3JIOKEHHs PErYIISAPHbI U
TpuBHanbHbL. Tak, B mpuMepe (2) HIKE CIIOBO npuHy NPEICTAaBICHO B CTPYKTYpE MOJ-
rpadom u3 Tpex y3noB: Human_2, Male u PrinceRole_3, coenquHeHHBIX OTHOIICHUSIMU
hasGender u hasRole, koTopslii cieayeT YMTaTh KaK «4eIOBEK MY)KCKOTO I0JIa, HMe-
IOLIMI COUUATIBbHYIO POJIb IPHHLAY. M3 3TUX TpeX y3/10B TOJIBKO BEPIIMHHBIN y3€i1 NOA-
rpada, Human_2, cooTHeceH B pa3MeTKe CO BTOPBIM CIOBOM B CIOBOCOYETAHMHU.
OcranbHBIM y371aM HPUCBAMBAIOTCS HOMEpa, CIACAYIONINE 332 HOMEPOM IOCIIEIHEro
ciioBa BO (hpase, 1 OHU HE COOTHECEHBI B pPa3METKe HHU C KaKuM clioBoM. ¥Y3en Male ue
HUMeeT MHJEKCA B CTPYKTYpe, MOCKOJIBKY TPAKTYEeTCs] KaK HMEHOBAHHBIA MHAWBH] U3
OTHOJIOTHH.
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(2) Posa npunya

Rose_1
hasOwner Human_2
hasRole PrinceRole_3
hasGender Male

Human 2

| Male

| PrinceRole 3 |

B npumepe (3) HKe KaKaoe U3 TpexX CIOB B CIIOBOCOYETAHHU MIPEACTABICHO Oolee,
geM OIHUM y370M. CII0BO npuny NPeICTaBICHO TeM XKe NoArpadoM, 4To U B IpUMepe
(2), cmoBo ManeHbKHI mpexacTaBieno moarpadom HavingSize_2 hasDegree
LowDegree 9 (‘umers Masioe 3HaYCHUE TTApaMeETpa «pa3mMep»’). CIIOBO bapauiex npe/-
craBieHo moarpadom w3 derbipex y3moB: Sheep_1, Male, HavingSize 4 u
LowDegree_5. MoxXHO 3aMeTUTb, YTO NPUIATATENbHOE MANeHbKUL U YMEHBIIUTEIb-
HBI KOMITIOHEHT 3HAa4Y€HUs CJIoBa Oapauiexk B 0a30BOH CEMaHTHYECKOH CTPYKType
IPEICTaBJICHBI OANHAKOBO.

(3) bapawex manenvrozo npunya

Sheep =1

has( >\\1ID
Human #3

T

Sheep_1

hasGender Male

isObjectOf HavingSize_4
hasDegree LowDegree_5

hasOwner Human_3 it
hasRole PrinceRole_6
hasGender Male
isObjectOf HavingSize_2

s VIue(hD

HavmgSize #4

<I|a\uu|(|el

I\('n\q:‘@

hasDegree

PrinceRole =0 I

HavingSize #2 ‘

LowDegree #5 ‘

hasDegree LowDegree_7

LowDegree #7

[Toxoxee pa3iIokeHHE MOXKHO BHIETh B IpUMepe (4), TONBKO B 9TOM CIIydae Cpeau
JI0OABIICHHBIX y3JIOB €CTh HE TOJIBKO WHAWBHUJIBI OHTOJIOTUYECKUX KJIACCOB, HO U JIMTE-
paibl. JIutepanbl He COOTHOCSTCS CO CIOBAMH NPEIJIOKEHHUS, TO €CTh HE UMEIOT HO-
Mepa.
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(4) Jleon Bepm Huouan #1

Human_1
hasGender Male
hasGivenName “Jleon”
hasFamilyName “Bept”

Kpome Toro, oTIenbHbIMHY y3J1aMH B CTPYKTYpe 0003HaYEeHbI 3HAYCHUS BPEMEHH, B TOM
quciie rpaMMaTuueckue. B npumepe (5) mpoureamiee BpeMs Iiarona g00un COOTBET-
CTBYyeT B cTpykType moarpady Timelnterval_4 startsBefore SpeechTimePosition, 3a-
BUCSLIEMY OT Y374, MPEJCTaBIIAIOIEr0 JEKCHYeCKOe 3HAYEHUE IJ1aroja, o OTHOLIE-
Huto hasTime. DTy 4acTh CTPYKTYPBI MOXKHO NMPOYECTh KaK «MMEET MECTO Ha TaKOM
OTpe3Ke BPEMEHHOI OCH, KOTOPBIH Hayajics A0 MOMEHTa pedm». Ysenm SpeechT-
imePosition He nMeeT MHAEKCA, TaK KaK TPAKTyeTCs Kak MMEHOBAHHBIM WHIAWBHUI U3
OHTOJIOTUH. BhIpaboTKa CTaHAapTa NPEICTABICHUS BPEMEHHBIX U BUIOBBIX 3HAUCHHUN
HAaXOAUTCS B CTAJUH aKTHBHOH pa3paboTku. HekoTopble acleKThl ATOH TeMBI 00CyXK-
nmatorest B [9].

(5) Hpuny nobun posy

Love 2
hasExperiencer Human_1
hasRole PrinceRole_5
hasGender Male it

hasTime Timelnterval_4
startsBefore SpeechTimePosition
hasStimulus Rose_3

| Male

Human #1

Rose#3

PrinceRole #5

SpeechTimePosition

B npumepax (2) — (5) Obutn pacCMOTpPEHBI CIIy4ad HECOOTBETCTBHSI KOJIMUYECTBA Y3JI0B
U CIIOB B MPEJIOKEHHUH, TIPOUCXOJIIINE U3-3a MOSIBJICHHS JONOJHUTEIbHBIX Y3JIOB B
cTpyKType. EcTh Takke ciaydaH, KOTia HCTOYHUKOM HECOOTBETCTBHUSI CTAHOBUTCS TO,
4TO CJIOBA MNPEUIOKEHUS HE COOTBETCTBYIOT HUKAKOMY Y3]1y B CEMAaHTHYECKOI CTpyK-
Type. Tak IPOHCXOTUT C HEKOTOPBIMH CIIY)KEOHBIMH CJIOBaMHM, HalIpUMEpP, BO MHOTUX
CllyJasiX MPEAIOTH He MOIy4aloT COOTBETCTBYIOLIETO UM y3J1a, MOJKHO CKa3aTb, YTO X
CMBICIT TIepenaeTcs yepe3 otHoueHue. Tak, B nmpumMepe (6) npeasior K He umeer coot-
BETCTBUSA B CTpyKType. Jpyroi ciaydaii, Koraa cjioBa B IIPeATI0KEHUH HE OTPAXKAIOTCS
B CTPYKTYpPE 3TO JIEKCUKO-(PYHKIIMOHATBHBIE COUCTAHUS CO 3HAYCHUSIMH JICKCUUECKUX
¢bynxuuit kmacca OPER-FUNC-LABOR. B npumepe (6) ucnvimosigams 1106066 IBIS-
eTcst coueTanueM ciosa aprymenta JIOBOBD co 3HaueHneM sekcuueckoi GyHKIMU
OPERL1 ot aroro aprymenta — ICIIBITBIBATD. Takoe nekcuko-(yHKIIMOHAIBHOE CO-
YeTaHue NPEACTAaBICHO B CTPYKTYpE OJHUM y3J7I0M LOVe, CoOTHECEeHHBIM 110 HOMEpY ¢
CHUHTaKcH4ecKoil BepimHoW coderanus, riarojom VCIIBITBIBATD. IMoapoGHee o
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JeKcuuecKuX QyHKIMAX U paboTe C annapaToM JIEKCUUECKUX (yHKIUN B IPOEKTaX JIa-
6oparopuu cM [10]. Takum obGpas3oM, ceMaHTHYeCKasi CTPYKTypa mpeuioxkeHus (6)
TIpuny ucnvimeiean 110606b K po3e COBNAACT CO CTPYKTYpOil npeioxenus (5) Ipuny
n106UN po3y BO BCeM, KpoMe HOMepOoB y310B. [TopsakoBbie HoMepa c10B 3 U 4 He IpH-
[MCaHbl HUKAKUM Y3/1aM.

(6) Ipuny ucnvimuiean 110608b K
pose.

Love #2

Love_2
hasExperiencer Human_1
hasRole PrinceRole_7

hasGender Male
hasTime Timelnterval_6
startsBefore SpeechTimePosition

hasStimulus Rose_5 Ml

Timelnterval -(v

H\lm'm “1 Rose #5

PrinceRole #7 SpeechTimePosition

2.2  CoxpaHeHHWe HanpaBJIeHHUsI CBsI3eil

CeMaHTHYECKUE OTHOIIEHHST MEXKILY Y3JIaMH B CTPYKTYPE UMEIOT TO )K€ HAIPABIICHHE,
9TO Y CHHTAKCHYECKOI'O OTHOIICHHS MEXIY COOTBETCTBYIOLIMMH cioBaMu. Jimst co-
OJIIOACHNUS 3TOTO NMPHUHIMIA yI0OHO II0JIb30BaThCS MHBEPCHBIMU OTHOMICHUIMH. OT-
HOIIICHUS] B CTPYKTYPE MOTYT 3alUCHIBATHCS ABYMs CLOCOOAMH, MPSMBIM U HHBEPC-
HbIM, Tak Juist hasObject nHBepcHOE oTHOIIEHHE 3amuchIBaeTes Kak iSObjectOf. 3ammcu
A hasObject B u B isObjectOf A skBuBasieHTHBL.

CpaBauM cBs3u Mexny y3mamu Drawing u UtteranceSpeaker B ctpykrypax (7) u
(8). B mpumepe (7) crpenka hasAgent umer ot y3ma Drawing, cooTBeTcTBYyIOIIEr0
CIOBY pucosan, k y3iy UtteranceSpeaker, cooTBeTCTByOLIEMY CIOBY 5, HAal[paBIICHIE
CTPEJIKH TaKO€ K€, KaK y NPECAUKATUBHOI'O CUHTAKCUYCCKOI'0O OTHOILICHUS, CBA3bIBAIO-
LIETO Y3JIbl PUCO6AL U 51 B CAHTAKCHYECKO# cTpykType. B mpumepe (8) cnoso pucyro-
we20, COOTBETCTBYMOIICE Y3y Drawing, 3aBucut ot ciioBa MeHsi, COOTBETCTBYIOIIETO
y3ny UtteranceSpeaker, mo omnpenenureabHOMY CHHTaKCHYECKOMY OTHomeHuo. Ce-
MaHTHYECKOE )K€ OTHOIICHHE MEXIY ABYMsI y3JIaMH COXPAHSCTCS, TOBOPSIIUIA OCTa-
ercst CyOBEKTOM PHCOBAHHS, II0OITOMY B CTPYKType (8) HCHONIB3yeTCs HHBEPCHOE OT-
HomeHue iISAgentOf, takum 06pa3oM HarpaieHHe CBSI3U B 6a30BOi CTPYKTYpE COOT-
BETCTBYCT HANPABJICHUIO CHHTAKCHYECKOH CBS3H.
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(7) A pucosan posy

Drawing_2
hasTime Timelnterval_4
startsBefore SpeechTimePosition
hasAgent UtteranceSpeaker
hasObject Rose_3

UtteranceSpeaker ‘ | Rose#3 ‘

TimeInterval #4 ‘

SpeechTimeP ogition

(8) Ipuny suden mens, pucyrowezo
po3y.

Seeing #2

Seeing_2
hasTime Timelnterval_6

beforeSpeechTimePosition
hasExperiencer Human_1
hasRole PrinceRole_7

hasGender Male
hasStimulus UtteranceSpeaker

isAgentOf Drawing_4

hasObject Rose_5

Human #1 Uﬂel anceSpeaker

Timelterval #6 ‘

PrinceRole #7 Drawing #4 SpeecthuePoﬂhou

2.3 3amosiHeHHe BaJIeHTHOCTeii MpPeINKATOB, HMeIOIUXCS B
npeasioKeHu!

Eciau B cTpyKType BeTpeuaeTcs HHAMBU]L KJlacca, KOTOPOMY B OHTOJIOTMU IIPUIHCAHBI
KaK{e-TO BAJICHTHOCTH, U IIPH 3TOM U3 NPEIJI0KEHUS ACHO, YEM TU BalEHTHOCTH UM-
IUIMLUTHO 3aII0JHEHBI, TO HX 3al0JHEHUE JOJKHO OBITh OTPaXkeHO B CTPYKTYype. Pac-
cMoTpuM npumep (9). B mpennoxeHnn BCTpeIaeTCst CIOBO 2ysamb, B CIPYKTYpe TOMY
CIIOBY cooTBeTcTBYeT nHAMBHI Kinacca Walking. B onTonoruu s aToro kiacca yka-
3aHO, YTO y HETO €CTh BaJICHTHOCTb, IPUCOCANHsAEMAs TP IIOMOIIH OTHOIIEeHHs hasA-
gent, cooTBETCTBYIOIIAsi TOMY, KTO TyjseT. M3 npeanoxeHus sicCHO, 4YTO pedb UIET O
IpOryJIKax NMpUHLA. 3HAYHUT, B 6a30BOIl CEMaHTHYECKOH CTPYKTYpe JOJIKHA IPHUCYT-
cTBoBaTh cTpenka hasAgent mexay y3mom Walking u y3mom Human 1 1, cooTset-
CTBYIOILUM CJIOBY pUHY, HECMOTPSI HA TO, YTO CUHTAKCHUYECKOH CBSI3M MEXy CII0BaMU
2YsiMb U NpUHY HE YCTAHABIMBACTCS.
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(9) Ipuny nobun cyname

Liking_2
hasTime Timelnterval_4
beforeSpeechTimePosition

hasExperiencer Human_1 @

hasRole PrinceRole_6
hasGender Male CEDICIPRCETD
hasStimulus Walking_3

Walking #3 |

TimeInterval #4 ‘

hasTime Timelnterval_5

Human #1 Timelnterval #3

‘ SpeechTimeP osition

hasAgent Human_1

PrinceRole #6

3 TexHHKA BBINOJTHEHUS PasMETKHU

3.1  OO6mue cBeleHUsI 0 TEXHUKE Pa3METKH

OpHolt U3 nenei Tekymiei cTaguu MPoeKTa SBISIEeTCS JOCTHKEHHE TOTO YPOBHS aB-
TOMAaTH3alUU pa3MEeTKH, KOTOphIid ceifyac umeercs mis CunTarPyca: cHagama ocy-
LIECTBIISICTCS IIEPBUYHAST ABTOMATHYECKAsl pa3MeTKa, 3aTeM IPOBEPKa U IPU HE0O-
XOZIMMOCTH KOPPEKTHPOBKA BPYYHYI0 MOCTPOEHHON CTPYKTYPBI JUHIBUCTOM-aH-
HOTaTOPOM.

Ha Bxoj 610Ka mpaBUJl IOCTPOSHUSI CEMAHTHUECKON CTPYKTYPhI NOJAETCS MPEAJIoAKe-
HHE BMECTE C Pe3yJbTaTOM CHHTAKCUYECKOW pa3METKU B TOM K€ BHUJE, B KAKOM 3Ta
pa3merka npucyrctByeT B CunTarPyc’e, To ecTb B BUzi€ JiepeBa 3aBUCUMOCTEH, B y3J1ax
KOTOPOr'0 CTOAT CJIOBA, a BETBU IIOMEUYEHbl MMEHAMU CHHTAKCHYECKMX OTHOIICHHH.
IMoxpobHee o cuHTakcmdyeckoro pasmerke cm [10]. BaxHo, YTO CHHTaKCHYECKas
CTPYKTYypa, KOTOpast CIIy’)KUT OTHPABHON TOYKOW /ISl CEMaHTHYECKOI0 aHAJIU3a B CUILY
oJpoOHOCTH M pa3pabOTaHHOCTH COJEP)KUT HEMAJIO CEMaHTHUUECKOH MH(pOpMaLuH.
Tax B cJIOBOCOYETAHUAX B0NPOC NPUHYA U BONPOC HACIEOCMBA MEXAY TIEPBBIM U BTO-
PBIM CJIOBOM NIPOBEJCHBI pa3Hble CHHTAKCUUECKUE OTHOILEHUS, B IEPBOM ClIydae KBa-
3MareHTUBHOE, BO BTOPOM Clly4yae HepBoe KoMIieTHBHOe. CHHTaKCHYECKUE TpaBuila
YCTaHaBJIMUBAIOT B OTHUX ClIy4asX Pa3sHbIC CHHTAKCUICCKUE OTHOLICHUA, COOTBETCTBYIO-
K€ pa3HbIM CEMaHTUUECKUM POJISIM IIPU CJIOBE 60npocC, OIUPAsICh HA CEMAaHTHYECKYIO
uHpopmanuio B kombuHatopHoM ciosape ITAlla. B kakoM-TO CMBICIIE MOXKHO CKa-
3aTh, YTO CEMAHTUYECKAs! Pa3METKA HE TOJBKO ONMHPAETCS HA CHHTAKCHUECKYIO, HO U
HAYMHACTCS €IIe Ha JTale MOCTPOCHUS CHHTAKCHYECKOH CTPYKTYphl (KOTOpBIA B
HacTosiiel paboTe He paccmarpuBaetcs). Kpome cHHTaKCHYECKOi pa3MeTKH, Ha BXOZIE
CEeMaHTHYECKOro OJIOKa JIOCTYNEH Pe3yibTaT JIEKCHKO-(YHKIMOHAIBHON pa3MeTka —
BO (hpazax BBIIEIEHBI U CBSI3aHBI PA3INYHBIMU JIEKCUKO-()YHKIMOHATIBHBIMU CBSI3SIMU
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JIEKCUKO-(DyHKI[HOHATBHBIE CJIOBOCOYCTAHUS — M PE3YNIHTAT BOCCTAHOBJICHHUS JJUIAM-
cuca; mosipodHee 00 ITHX JBYX TUMAaX pasMeTku Takxe cM. [10].

3.2  ABTOMaTHYecKasi pa3MeTKa

[Tpu 06paboTKe CHHTAKCHYECKOH CTPYKTYPBI IPEX/IE BCEr0 BOCCTAHABIMBAIOTCS aHA-
(dopuyeckue u KopeepeHTHBIE CBA3U, MIPUYEM HE TOJIBKO CBSA3M MEXIY BEpPIIMHAMU
BBIPaKCHUH, OTCHUIAIOIINX K OJJHOMY U TOMY K€ OOBEKTY, HO M CBS3H, BEAYILUE K KOH-
TpOJIEpaM HYJIEBBIX aKTAHTOB, HE BHIPAXKEHHBIX B IIPEJIOKEHUH. TaK, BOCCTAHOBJICHHE
TaKo# CBsI3U B nipejioxkenuu (9) [puny nobun 2yisims TPOUCXOIUT CPa3y MOCIE CUH-
TAKCHMYECKOT'0 aHallu3a, elle B TEPMUHAX CJIOB M CHHTAKCHYECKHX OTHOLICHUM, a HE
CEMaHTHYECKUX Y3JI0B M CEMaHTHUECKHIX OTHOIIEHHH. B paccMaTpuBaeMoM ciryyae 31o
3HAYUT, YTO MTPOBOIAMUTCS «KBa3UCHHTAKCHYECKOEY MPEAUKATHBHOE OTHOILICHUE MEKIY
CIIOBAMU 2Y/isimb W NpUHY, U JUIIb Ha 00Jiee MO3JHUX dTanax npeodpa3oBaHus Mo mpa-
BUJIaM TIEPEBO/IA MIPEAMKATUBHOE OTHOIICHHUE B IAHHOM JICKCHYECKOM KOHTEKCTE Ipe-
Bpammaercs B hasAgent, a ciioBa npuny v 2yisms 3aMEHSIIOTCSI COOTBETCTBYIOIIHMH Ce-
MaHTHYECKUMHU y3JaMu. OmnucaHue MPaBuUil TAKOIO BOCCTAHOBIICHHS HYJICBOIO CyOb-
exra npuBoauTes B [11]. O6 aBroMaTH4ecKOM pa3peliCHIN APYTHX THIIOB aHa(opsl B
DTAIlle mompobuee cm. [12]; 06 anadopuyeckoii pasmerke cM. Takxke [10].

B Hauane ocHOBHOTO 3Tana 00paboTKH pabOTAIOT MpaBKiIa OPOKICHHUS Y3JIOB, CO-
OTBETCTBYIOLINX BpeMeHHbIM rpaMmMaTniecKkuM 3HaYE€HHSIM U TIPUBA3KA ITHX Y3JI0B K
MOMEHTY pedd. B 310 e BpeMst Mpou3BOJUTCS IIepBUYHAsT 00padOTKa JIEKCUKO-(PYHK-
LHOHAJIBHBIX COYETAaHUH W HEKOTOpPbIE NEPEeCTPOUKH CTPYKTYpHI, HalpuMmep, B KOH-
CTPYKIUAX C NPUTKATEIBHBIMHI NPUIIAraTeJIbHBIMU, TaK CIIOBOCOYETAHHUE C OIpe/e-
JIUTENBHBIM CHHTAKCHYECKUM OTHOLIEHUEM Bacuna nobeda mpeBpaiiaercs B coyera-
HHUe nobeoa Bacu, rie oT nobeda K Bacu IpOBEAEHO KBa3UareHTUBHOE CHHTaKCHYe-
CKO€ OTHOIIICHHE.

3areMm ciieyeT OCHOBHOM 3Tal IepeBo/ia cI0B U OTHOIEHHH. [lepeBox clloB MOXKET
3aKJIFOYaThCS B 3aMEHE CJIOB HA OJIMH y3€J WJIM Ha HECKOJIBKO Y3JIOB, CBA3aHHBIX Ce-
MaHTHYECKHUMHU OTHOLIeHUsIMH. Tak, cioBo PO3A 3aMeHsieTcst Ha OAMH y3e] — UHH-
BuJ Kiacca Rose, a cioso [TPUHI] 3amensiercst Ha koMOuHanuio u3 y3noB Human,
PrinceRole u Male, cBsi3aHHBIX COOTBETCTBYIOLIMMH OTHOIICHUSIMH, TMOIPOOHEES CM
KOMMeEHTapuii Beilie nepes npumepoM (3). [lepeBoa BaeHTHBIX OTHOIIEHUH 3aBUCHUT
OT CJIOBA U COOTBETCTBYIOIIETO €My CEMaHTUYECKOIO y3Ja, IO3TOMY HE CYILIECTBYET
YHUBEPCAIBHOTO NpaBujia EPEeBO/ia BAICHTHBIX OTHOIEHUH. Tak, HanpuMep, 11 ri1a-
rona BUJIETD cooTBeTcTByIOLIEE MPABUIO IEPEBOJUT OTHOLIEHHUE C NPSIMBIM JOMOJI-
HenreM kak hasStimulus, a mst rmaroa PYBUTD cBsI3b ¢ MpsAMBIM TOTIOJHEHUEM TTe-
peBoautcs kak hasObject.

Ha 3akirounTenbHOM 3Tare OCyIEeCTBIIeTCs AeXKypPHBII IepeBO HellepeBeICHHBIX
Y3JI0B M OTHOUIEHUH TaM, TJe 9TO He0OXOIUMO, a 3aTeM CTHUPaHHE CJIOB MCXOIHOTO
MIPEAJIOKEHUs], OCTaBIIMXCs O3 MepeBojia, W CBSI3aHHBIX C HUMH OTHOLIeHui. B
MIEPBYIO OYepeab peub UIET O BBOIHEIX CIIOBAX, KOTOPHIE HE CHAOXKEHBI IEPEBOIOM Ha
TEKyIIeM dTare npoekTa. Tak, Bo dpase Hmaxk, s ucnpasisiio nocésuenue cioso UTAK
ocraercs 6e3 nepeBo/ja U Ha 3aKIIFOUNTEIBHOM 3Tale IOCTPOeHHs: 6a30BOM CTPYKTYpBI
CTHpAeTCst BMECTE C ULYLIUM K TOMY CJIOBY BBO/IHBIM CHHTAKCHYECKHM OTHOILLICHUEM.
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CemaHTHUECKast CTPYKTYpa 3Toi (pa3sl OyJeT COBNaAATh CO CTPYKTYpOit dpassl A uc-
npasnso noceaujeHue.

3.3  ®opmar xpaHeHHs] CEMAHTHYECKOii pa3MeTKH

CemMaHTHUYECKast pa3MeTKa COXPAHSETCS BMECTE C CHHTAaKCHYECKOH B CIICI[HAIBHOM
XML-dopmare, nzsectaoM kak Tagged Text [13]. UroObl 310 OBLIO BO3MOKHO, (Hop-
Mar ObLI JIONOJIHEH HOBBIMHU T3TaMU.

Buytpu mara S (mpemioxenue) nodasmwics Tor SEM. CaMm 3ToT Tar He conepxur
COOCTBEHHBIX aTPUOYTOB U CIIYXKUT JIMIIb JUIS TPYNIUPOBKH CEMAHTUYECKOH CTPYK-
TYphI B OZIHOM MECTE U OTTPaHUYEHUs €€ OT OIHCaHUS CHHTaKCUCA.

Tar SEM BHyTpu ce6s conepskut teru N, Kaxblil COOTBETCTBYET OJJHOMY CEMaH-
THueckoMy y3iy. Tar N umeer cienyrommue aTpuOyThL:

1. ID — nomep y3na. [yt y370B, COOTBETCTBYIOIIUX CIIOBaM, COBIAIAET C HOMEPOM
cioBa (B Tare W). JI7st OCTabHBIX — HOMEP I10 MOPSIKY, HAUHHAS C HOMepa MOoCIIe/I-
Hero ciioBa + 1.

2. TYPE — tun y3ma. Moxer copepkaTh 3HaYSHUS:

a. named — y3ein npecTaBisieT cOO0M UMEHOBAHHBIN HHIMBH/I, MIPEACTABICHHBINA B
OHTOJIOTUU

b. anonymous — y3en npencrasisier coboii HHAMBU/ Kiacca (KOHIIENTa), peacTaB-
JICHHOTO B OHTOJIOTMU. DTO CaMblil 4acThIi ciaydaidl. BoIbIIMHCTBO y37I0B B ce-
MaHTHYECKOH CTPYKType 0003HATAIOT AHOHUMHBIX HHIAUBHIOB.

c. literal — y3en npeacrasisier co00i YNCIOBOE HIIH CUMBOJIBHOE 3HAYCHHUE.

3. VALUE - 3uauenwue y3ma. Jyist y37108 Tuma named yka3slBacTCsl UMsI HHIUBHIA U3
oHToJoTMH. JINs y3710B THHA anONymous — UM Kjiacca M3 OHTOJIOTHH, KOTOPOMY
MPUHAUISKAT MHANBH. Y376l Trma literal MoryT GbITh IBYX BUIOB — YuCiO (11€710€
WITH BENECTBEHHOE) MIIM CTPOKA CHMBOJIOB B JIBOWHBIX KaBBIUKaX.

Tar N BHyTpH ce0s1 MOXKET colepkaTh TeTd R, COOTBETCTBYIOIINE OTHOLIICHHSAM, UITY-
UM OT JAQHHOTO y3J1a K JPYTHM y3JIaM CeMaHTH4YeCKOH cTpyKTyphl. Tar R umeer aBa
aTpubyTa:

a. LINK — ums oTHOmIEHYS U3 OHTOJIOTHU
b. TO — HoMep y31a, B KOTOPBIH HAlIPaBICHO OTHOLICHUE

3.4  PemakTupoBaHHe CTPYKTYP

JIiist pelak TUpOBaHHSI TOCTPOEHHBIX aBTOMATHYECKH CEMaHTHIECKHX CTPYKTYP pas3pa-
Gotamna HOBast Bepcust pernakropa Structure Editor [13] ¢ momnepsxkoit cemanTHIECKOM
pasmerku. OHa MO3BOJISIET JOOABNATH Y3JIbl B CEMAHTHIECKYIO CTPYKTYPY, CTHPATh UX
U3 CTPYKTYPBIL, IPOBEPSTH COOTBETCTBUE I0OABIEHHBIX Y3II0B MX OMHUCAHHIO B OHTOJIO-
UM, & TAKKe TPOBOAUTH CEMAHTHYECKHE OTHOLICHHUS MEKAY Y3JIaMH CTPYKTYpPHI U
YCTAHABJIMBAThH MJIA MEHSTH COOTBETCTBUS MEXIY CIIOBAMHU TPEUIOKEHUS U DIIEMEH-
TAMH CEMaHTHYECKOM CTPYKTYPBI.
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Hinke mpe/icTaBIieH MONB30BATENbCKUI HHTEP(EIiC peaaKTHPOBAHNS IPEUI0KEHUSI
Ha TpUMepe TPEIOKEHHS U3 TeKcTa «MalleHKOTO MPUHIEY M o ouenb nyscoaemcs
6 ymeuienuu. B 0JIHOM ¥ TOM K€ OKHE MOYKHO MEPEKIIF0YaThCSl MEXy CHHTAKCHCOM U
CEMaHTHKOH MPU MOMOIIM KHOTIOK-TIepeKIovaTesel ciea BBepxy. CaMo OKHO CeMaH-
THYECKOH CTPYKTYPBI 0TOOpaXkaeT TabNuIly y37I0B, B KOTOPO# MPECTAaBICHO a) 3Haue-
HHe y311a, 0) CIIOBO, KOTOPOMY y3ell COOTBETCTBYET, U B) HeKoe Ooiee moapoOHoe ce-
MaHTHYECKOE OMUCAHKE. Y3JIbI MOXKHO PACKPBIBATH, YTOOBI YBHICTh, C KAKUMH JPY-
THMH y37IaMH CBSI3aH JaHHBIA y3en. [IpuuéM oToOpa)caroTcsi Kak UCXOMAAIINS, TaKk U
BXOOAIIUEC OTHOLLICHMUA. V31161 HOMeYarTCs Pa3sHbIMHU 3HaYKaMH B 3aBUCUMOCTH OT UX
THMna (a OTHOIICHHS — B 3aBUCHMOCTH OT HampasjieHus). ECu cI0BY He COOTBETCTBYET
HHUKaKOU y3el, TO B MePBO KOJOHKE BMECTO 3Ha4YeHHs 0ToOpaxkaercst (NO) u Gebit
KBaJpaT B Ka4€CTBC 3HAYKA. CeMaHTHYECKOE OIMMCAHUE B TpeTBeﬁ KOJIOHKEC IpeACTaB-
nsieT co60ii BeIpaskeHue Ha si3bike Dtanor [14], Brimoyaroriee B cebst caM y3el U HCXO-
JSIIIHE OTHOLICHMS 10 €ro OJFKAMIINX Y3JI0B, TO €CTh 0 TE€X y3JIOB, HaJ KOTOPBIMH
JAHHBIH Y3l «TOMHHHPYETY.

Sentence Properties [1] -
Copy GoTo
sentence ID [1 Status: Full Structure butl am uncertain about itt ¥
V1 OH 0YeHb HYKAAETCA B YTEL BHUMN. ~ OK
Cancel
Syntax | | Semantics Draw graph ‘ Edit Tree. ‘
Meaning Word [ Semantic Description [ @ Parsing
R W « Translation
2. Human human_2 oH (Human) Run ETAP
3, HighDegree highDegree 3 ouers (HighDegree) —
@@ 4. Needs needs 4 HyxaaeTca (Needs hasDegree highDegree_3 hasExperiencer human_2 hasObject console_6 hasTime timelnterval_7)
+]5.mo) 8 Split & Run,
@ 6. Console console 6 yrewern (Console hasRecipient human_2)
§ Check
4m isObjectOf needs_4 H New node Eeds hasDegree highDegree_3 hasExperiencer human_2 hasObject console_6 hasTime timelnterval_7) I~ Showlog
s ; :\Me\:;ema\;\mf\n!ewa\j New relation E:Ttemapnmt\uda; SpeechTimePosition) [ Show bace
. SpeechTimePosition techTimePosition
P Edit Words:
Setword o
Delete
Follow —
Edit Source
Create picture
View sem. str.
~ [CoumENT +
Add
= e & Wwarnings
Sentence messages Word messages Yiow;

|

Camo peJakTHpOBaHUE OCYIICCTBIISETCS P TTOMOIIN BBI30Ba KOHTEKCTHOTO MEHIO,
3JIEMEHTBI KOTOPOTO MO3BOJISIOT CO34aBaTh HOBBIE Y3JIbl U OTHOLIECHYS, PEAAKTHPOBATD
Y YIOAJSTh CYIIECTBYIOIINE, a TAKXKE MEHATh MPUBSI3KY CEMAaHTHYECKOTO Y3JI1a K CIIOBY.
Mocnenuuit myHkT “FOllow” m03BONISIET «IIEpENTH TIO CTPENKE» — OH BBIOUpPAET B Tab-
JIMLE Y3, Ha KOTOPBIH YKa3bIBaeT OTHOIICHHUE.

Hwxke npencraBieHsl OHANOTH CO3MaHHE/PENAKTUPOBAHUS Y3JIOB M OTHOIICHHH.
ITpu BBOZE MpOBEpsIETCS HAIMYME KJIACCOB, HHIMBHAOB M OTHOIICHUH B OHTOJIOTHH,
TaKOKEe UX MOXKHO BBIOMPATh M3 CIUCKA. THII y3/1a ONIpeAesieTcs] aBTOMAaTHIECKH.
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Semantic

Node type: & Class € Individusl ¢ Lieral

Node name: [ Needs|

Wiord: | HyKazeTCH

Semantic relation

From node: |console console_6 =]

Relation name: [ hasRecipient =]

To node: [Human human_2 =]
o

A clie Iy rOIIHi IUAIIOT [O3BOJISIET MEHSATH TIPUBA3KY CEMAHTHYECKOTO Y3J1a K CIIOBY.
TyT MOXHO BBIOPATH APYro€ CIOBO, K KOTOPOMY IOKa HE MPHUBA3aH HUKAKOW CEMaHTH-
YeCcKHi y3ell, 0o ykasarh (N0), 4ToOBI OTBA3ATH y3€J OT CJIOBA.

Set word

Sem node: INEEds needs_4

word: =l

Knomnka “Draw graph” B mpaBoM BepXHEM yIiIy MO3BOJISIET OTOOPA3UTh CEMaHTHYC-
CKYIO CTPYKTYpY B Bujie rpaca. B qacTHOCTH, JaHHAs CTPYKTypa OyAeT BBITTIANETh TakK:

HighDegree #3 Console #6 | | TimelInterval #7 |

hagR.ecipient
SpeechTunePosition

Knonka “Run ETAP” B pexxume Parsing mepeco3maét CHHTAKCHYECKYIO pa3MeTKy
ABTOMATHYCCKH, HE TPOras ceMaHTHKy. A B pexxume Translation, HaoGopot, mepeco-
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30aéT CEMaHTHUECKYIO pa3MeTKy, He Tporasi CHHTakcuc. TakuM o0pa3oM, BTOpOH pe-
YKUM MO>KHO UCIIOJIb30BAaTh JUIS TOOABICHUS] CEMAaHTHYECKUX CTPYKTYP B YKE TOTOBBIH
CHUHTaKCHYECKH pa3MEUCHHBII KOPITYC C UCTIPABICHHBIMHU BPYYHYIO CHHTAaKCHUECKHUMU

CTPYKTypaMHu.

4 3ak/oueHue

B paGoTe paccMOTpeHbI OCHOBHBIE IPHHIMIIBI ¥ CIIOCOOBI IIOCTPOSHUS CEMaHTHYE-
CKOT'0 KOpITyca B paMKax MpOeKTa JIabopaTopuu KOMIbITepHO# auHrBucTrku UITTTN
PAH. B nepcriekTuBe KOPILyC MOKET ObITh UCIIONB30BaH UL MAlIMHHOTO 00y4eHHs,
aBTOMAaTHYECKOTO aHalu3a coaepikaHus TeKcToB. OH sBISETCS BaKHBIM IIaroM B
HAalpaBJICHNUU NTOCTPOCHUSI MOJEIN IOHUMAHUS U1l UCKYCCTBEHHOT'O MHTEIUIEKTA.
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Abstract. In most psycholinguistic studies investigating the storage of polysemous
words in the mental lexicon, metaphor is approached as a discrete, homogenous cate-
gory. At the same time, theoretical linguistics view polysemy as a continuum with a
large number of intermediate cases and subtypes. If we translate the metaphor as a
continuum approach into psycholinguistic terms, it could be hypothesized that signifi-
cant storage and processing discrepancies should exist between different sub-types of
metaphorical senses depending on their semantic proximity to the literal sense. This
research focuses on two different types of metaphor: proximal and distal, defined as
such based on their semantic proximity to the literal sense. We conducted two psy-
cholinguistic experiments targeting these two types of metaphor with the purpose of
discerning their discrepancies in processing and storage. Our results suggest that met-
aphor does not form a discrete homogenous category and various sub-types of meta-
phor are retrieved from the mental lexicon in different ways.

Keywords: metaphor, storage patterns, polysemy.
1 Introduction

1.1  Theoretical Background

Understanding mechanisms behind the storage pattern of a particular linguistic item
or category is crucial for developing comprehensive theories about all the other psy-
cholinguistic aspects of the given item or category. One linguistic category that is
rather understudied in this regard is polysemy.

Polysemous words bear several semantically distinct senses. Polysemy is not to be
confused with homonymy: homonyms are characterized by meanings that are unrelat-
ed on a synchronic level and are a result of linguistic coincidence (cf. zyx1 meaning
‘onions’ and zyx, meaning ‘bow’), whilst polysemous senses are related to the literal

! This work was partially carried out within the framework of the grant from the Ministry of
Science and Higher Education of the Russian Federation within Agreement No. 075-15-
2020-793: “Next-generation computational linguistics platform for the Russian language
digital recording: infrastructure, resources, research”.
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sense or to each other via semantic shifts (cf. zonosa ‘head’ signifying either a body
part or a leader). One of the most widely spread types of semantic shifts is metaphor.

Metaphorical shift is based on similarity. In [1] metaphor is defined via a change of
semantic domains: one domain is structured through another with the establishment of
correspondences between the elements of the two domains. Examples of a metaphor
include My computer died in the sense of ‘My computer ran out of power” (a device is
envisioned as a living creature) or, conversely, | have run out of charge in the sense
of I am tired’ (a person is envisioned as a device).

The question of how such senses are stored in our brain is central in modern psy-
cholinguistics. When we model the storage of words, we use a psycholinguistic con-
struct called “mental lexicon.” It is often said that particular words or meanings occu-
py slots in the mental lexicon (ML). Nevertheless, it is universally agreed that when
processing speech, not all meanings are directly obtained from the mental lexicon -
some meanings are calculated ‘on the fly’ with the help of other meanings stored in
ML. Thus, when we analyze processing and storage patterns of a particular linguistic
item, we should discern whether this meaning is directly accessible via ML, or it
should be derived from another meaning in ML with the help of some rules.

If several meanings of an ambiguous word each have their own slots in the mental
lexicon, we call this separate storage. Conversely, when several meanings of a word
lack distinct slots in the mental lexicon and are accessed from the same slot via some
rules, we talk about them being stored together (conjoint storage).

As of now, there exists no universally accepted theory on the storage of metaphor
in the mental lexicon. Some researchers claim that metaphors are stored together with
literal senses [2-4], while others argue that metaphorical senses are stored separately
[5-7]. All the works cited above share in common the fact that they approach meta-
phorical senses as a discrete and homogeneous category, presuming that all meta-
phors should be found to have the same storage pattern in the mental lexicon.

Nevertheless, such assumption does not find support in the current theoretical liter-
ature on the topic. In fact, most modern semanticists who study lexical ambiguity
describe it not as a collection of discrete homogeneous categories such as metaphor or
metonymy, but as a gradual continuum with a large number of sub-divisions and in-
termediate cases [8]. Followers of this approach suggest that, given the gradual, con-
tinuous nature of polysemy, different types of figurative usages may exhibit different
properties, depending on their semantic proximity to the literal sense (i.e. the semantic
overlap between the two senses) [8], [9].

Graduality of polysemy was partially corroborated in [9]. This paper primarily fo-
cused on a different type of semantic shift — metonymy, which, unlike metaphor, is
based on contiguity. [9] featured a semantic clustering task experiment where partici-
pants were asked to classify a number of sentences containing the same word in dif-
ferent senses into virtual baskets so that sentences with the same perceived sense were
put in the same basket. The sentences contained the following types of senses: literal,
metaphorical, so-called proximal metonymic and distal metonymic. The authors ar-
gued that proximal metonymies presented in the experiment by a very common
whole-part shift (sad person - sad eyes) were semantically closer to the literal sense

138



than distal metonymies built upon several less regular and less predictable shifts such
as temporal, causal or resultative (e.g., sad person - sad times; sad person - sad news).

Because proximal metonymies were grouped together with the literal sense and
with each other more often than with distal metonymies and metaphors, the results of
the experiment corroborated the idea that metonymic usages do not form a discrete
homogeneous category and that different types of metonymy are represented differ-
ently in the mental lexicon, depending on their cognitive proximity to the literal sense.

The view of polysemy as a vague and gradual continuum was also indirectly cor-
roborated in [10-12].

These findings are of great interest to us as they provide further ground for specu-
lation that metaphors might not form a homogenous category, in the same way as
metonymy. As of now, we are unaware of any psycholinguistic works on metaphors
that tried to prove the heterogeneity of this category by comparing and contrasting
metaphorical stimuli at different levels of semantic proximity to the literal sense.

1.2 Current study

Hypothesis. We hypothesize that metaphor does not form a homogeneous category
and that different subtypes of metaphor are stored and processed differently in the
mental lexicon, depending on their cognitive proximity to the literal sense.

In order to try this hypothesis, we must first determine some formal criteria to
measure cognitive proximity between metaphorical and literal senses. Then we must
utilize these criteria to identify and describe (at least) two types of Russian verbal
metaphor different in their semantic proximity to the literal sense. Subsequently, we
should conduct a series of psycholinguistic experiments targeting different aspects of
storage and processing of these two types of metaphor with the purpose of discerning
and describing significant discrepancies between the two.

Object of the study. To corroborate our hypothesis we had to identify and describe
two types of metaphor with different degrees of semantic proximity to the literal
sense.

Current literature on the topic [11], [9], [13] suggests the following factors for
measuring semantic proximity between word senses: semantic overlap (number of
common sems between the senses), shift regularity (number of words that undergo
this shift), shift systematicity (number of other words from the same semantic cluster
(synonyms, antonyms, etc.) that demonstrate a similar change of meaning), structural
comparability (whether the same argument structure and morphosyntactic restrictions
as in the literal sense are retained), the so-called linguistic ambiguity test, or possibil-
ity of conjoining with literal usages (whether a given sense can be conjoined to the
literal sense with the use of conjunction and).

Following terminology from [9], we call these two types of metaphor proximal and
distal metaphor.

Proximal metaphor is defined as classical conceptual metaphor [14]. Such meta-
phors are expected to be closer to the literal sense, since they share a fair amount of
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common semantic elements with the literal sense as a result of conceptual mapping.
Proximal metaphor can be illustrated by the use of the verb uomu ‘to walk’ as in 1o
neby wiu obaaxa ‘Clouds were moving across the sky (lit. walking across the sky)’.

Conversely, distal metaphor is typified by bleached metaphorical senses, which
lose most of their semantic components in the process of grammaticalization [15].
These metaphors are expected to have a greater distance from the literal sense. Distal
metaphor can be illustrated by the use of a verb uomu ‘to walk’ in ¥Ypox uoém ‘The
lesson is ongoing (lit. the lesson walks)’.

We expect these two types of metaphor to be stored and processed differently be-
cause of significant differences in their semantic proximity.

2 Experiments

In order to identify significant differences in processing and storage between the two
relevant metaphorical types, we conduct a series of psycholinguistic experiments
targeting two different aspects: storage and processing. These experiments are sensi-
cality judgment task, eye-tracker while reading, and they are described below.

To eliminate part-of-speech-related effects demonstrated in [11], in this study we
focus solely on metaphor in verbs.

2.1  Sensicality judgment task

Overview. Sensicality judgment task is a type of experiment where participants are
presented with stimuli, which they need to evaluate as either meaningful or meaning-
less. This format of experiment normally examines the perception of stimuli outside
of a broad natural context. It is primarily geared at understanding the objective stor-
age patterns behind the presented stimuli.

Procedure. In our experiment, we present participants with isolated pairs of
phrases consisting of an infinitive of a verb and a noun-argument. In total there were
32 phrases, comprising 16 pairs. Each pair featured the same verb, but two different
nouns with one noun triggering literal interpretation, and the other noun — metaphori-
cal interpretation (e.g., 3a6upams noceuiky VS. 3abupams snepeuio ‘pick up a parcel
vs. consume energy (lit. pick up energy)’, ocmasume 6acasc VS. ocmasums pybey
‘leave luggage vs. leave a scar’). In one half of these pairs interpretation was proximal
metaphorical (cf. examples with sa6upams) and in the other half — distal metaphorical
(cf. examples with ocmasums). All the stimuli were divided in two experimental lists
so that each verb was featured only once in each experimental list. In addition to 32
stimuli, experimental lists contained 9 meaningful fillers and 38 meaningless ones.
Factors such as frequency and word length were controlled. In this experiment both
reaction times and accuracy rates from different types of stimuli were recorded.

The experiment was conducted online, on the pcIBEX platform [16] on 120 partic-
ipants, who all were adult native speakers of the Russian language without serious
mental conditions.
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Analysis. Four regression models were built: two for proximal metaphoric-literal
pairs, and two for distal metaphoric-literal pairs. In two models, the dependent varia-
ble was the correctness of the answer about the meaningfulness of stimulus phrases,
and in the other two - the logarithmically transformed response time to stimulus
phrases. The models were evaluated using the Ime4 R package. All models included
independent variable of shift type and random effects for participants and stimuli.

Metaphors were shown to be processed slower than literal senses in both literal-
proximal metaphoric and in literal-distal metaphoric pairs, but the difference in the
former pair was much more prominent than in the second pair. See [17] for detailed
statistics.

2.2 Eye-tracker while reading

Overview. Eye-tracking while reading is a type of experiment where participants
are to read pieces of text and occasionally answer questions monitoring for their fo-
cus. While doing so, their eye-movement is tracked with an an eye-tracker, a special
non-intrusive device with a camera which uses center of the pupil and infrared/near-
infrared non-collimated light to create corneal reflections (CR). See more in [18].

Such experiments study processing of lexical items in their natural context.

Procedure. In our experiment, participants were presented with sentences contain-
ing the phrases from the previous study. In total there were 32 sentences, comprising
16 pairs, where one sentence contained a verb utilized in the literal sense, whilst other
contained the same verb in a metaphoric (either proximal or distal) sense. The first
part of each sentence was intentionally ambiguous, allowing for either interpretation
of a verb, with a disambiguator coming right after the verb in the form of a noun-
argument. As in the previous experiment, half of the sentences contained literal and
proximal metaphorical usages, and half — literal and distal metaphorical. One example
of such pair is Mos sicena nakoney-mo sviuina uz pecmopana, 8 KOMOpPoOM OHA NPoOGe-
na osa waca ‘My wife finally came out of the restaurant, in which she had spent two
hours’ vs. Mos swcena naxoney-mo eviuiia uz denpeccuu, 8 KOMOpou OHA NPoowLIA
osa mecaya ‘My wife finally came out of depression, in which she had spent two
months.” There was also three times more fillers than stimuli in the experiment.

The experiment was carried out with the help of HSE’s Center for Language and
Brain. The number of subjects tested for the experiment was 64, but only 61 turned
out to be valid subjects. All valid participants were adult native speakers of the Rus-
sian language without serious mental conditions.

Analysis. We analyzed three regions in stimuli sentences: target verb, the follow-
ing disambiguating noun, and a similar word after an unambiguous noun shared for
both sentences in the pair.

We examined three reading time measures as well as one reading quality measure
at the critical regions described above: first fixation duration (the duration of the first
fixation that is within an interest area during first pass reading), gaze duration (the
summation of the time spent fixating an interest region from the first entrance into the
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region until leaving it in either direction during first pass reading), total reading time
(the summation of the duration across all fixations on an interest region), and regres-
sions in (the proportion and number of trials on which there was a regression made to
the area after successfully leaving that area in a forward direction during first pass
reading). No significant differences between sentences with different senses were
found.

3 Interpretation

In order to discern significant differences in processing and storage between various
subtypes of metaphor, we conducted two experiments, involving three types of sens-
es: literal, proximal metaphorical and distal metaphorical. Since we used phrases from
the first experiment in the second experiment, the results of the two experiments are
directly comparable.

The eye-tracker while reading results showed no significant difference in real-time
processing of the senses, thus suggesting that neither proximal nor distal metaphors
have their own separate slots in the mental lexicon, but are rather stored together with
the literal sense, similarly to (proximal) metonymy.

Yet, the data from sensicality judgment task demonstrates that, unlike proximal
metonymy from [9], metaphorical senses are not perceived as indistinguishable from
the literal sense, implying they are not accessed directly from the slot, yet derived
according to some rules. Furthermore, a marked difference between proximal and
distal metaphors in terms of their relation to the literal meaning was observed, as both
quantitative and qualitative effects were shown to be more prominent in proximal
metaphor than in distal metaphor.

Sensicality judgment task experiments are different from experiments involving
eye-tracker in the following way: the former show words outside of their natural con-
text, which may hinder several psycholinguistic processes, including calculation of
one sense via the other [19], [14]. Therefore, the increased reaction times in sensicali-
ty judgment task for the metaphorical usages are indicative of the fact that metaphors
do undergo some re-structuring or re-calculations, unlike proximal metonymies from
[9]. Notably, the time difference is wider for proximal metaphor-literal pairs than for
distal metaphor-literal pairs. This observation is, in turn, indicative of the difference
in derivation procedure for proximal and distal metaphors.

The increased number of “no” responses on the metaphorical usages, compared to
the literal sense, further demonstrate that the metaphors are perceived as less conven-
tional and readily interpretable than literal senses. In other words, this observation
means that metaphors are not stored as ready-to-use senses and accessing them in the
mental lexicon can be troublesome at least for some speakers. Since there were signif-
icantly more negative answers on the proximal metaphor, compared to distal meta-
phor, one may conclude that the former is less conventional and harder-to-analyze
than the latter.

We believe that the above-described differences between proximal and distal met-
aphor could be attributed to the relation of these two senses to the literal one. The
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relation between distal metaphor and literal sense can be defined as inclusion, while
the relation between proximal metaphor and literal sense — as interception.

To expand on this, the interpretation of distal metaphor is characterized by two as-
pects: (1) it is narrower (simpler) than the literal sense, i.e., it includes fewer semantic
components than the literal sense; (2) the few components it consists of are all also
present in the literal sense [15]. Hence, the transition from the source representation to
the distal metaphor requires the speaker to perform several deletion operations, re-
sulting in an interpretation that effectively constitutes part of the previous interpreta-
tion. Consider the sense of the verb uomu ‘walk’ in uoém ypox ‘the lesson is in pro-
gress (lit. the lesson walks)’, which retains the components of dynamicity and pro-
gress, also present in the literal sense, but is devoid of the physical component refer-
ring to the movement of one’s feet, one’s location in space and various other physical
parameters.

Conversely, the relation between proximal and distal metaphor is rather more com-
plicated. W. Croft [1] suggests that conceptual (proximal, in our terms) metaphor
retains some semantic components of the literal sense, while also gaining some new
semantic components pertaining to a different semantic domain. This procedure could
be termed as re-arrangement. The result is an interpretation that both overlaps with
the original one and differs from the original one significantly. Consider the verb
uomu in cmpana uoém k kamacmpoge ‘the country walks towards the catastrophe’.
This interpretation is intuitively seen as more cognitively close to the literal sense due
to a larger number of shared semantic components (in absolute numbers); however,
derivation of a figurative sense requires some unconventional re-arrangement, such as
re-rendering physical space into abstract state of affairs, and physical actors, moving
between specific landmarks, into abstract entities, moving between abstract reference
points.

It can be argued that deletion is a more conventionalized or predictable operation,
as compared to re-arrangement. This statement finds support in [20], [1], [14]. Thus,
we have to conclude that what we termed proximal metaphor can actually prove to be
more remote from the literal sense than the so-called distal metaphor, meaning that
some change in terminology might be necessary. We plan to explore these issues in
our further research.

4 Conclusion

Our results suggest that our main hypothesis is borne out -- metaphor does not form a
discrete, homogenous category from the psycholinguistic point of view, with different
metaphorical senses demonstrating different storage patterns.

Corroborating the heterogeneity of metaphor has serious implications for experi-
mental linguistics, as now it can be argued that previously published works on the
storage patterns of metaphors do not contradict, but instead complement each other.
To elaborate on this, given our conclusions, we believe that opposing results from
preceding experiments can be explained by the use of different types of metaphors as
the stimuli in those experiments, entailing that these experiments just report on differ-
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ent parts of the continuum. As we demonstrated, some parts of the continuum also
perform differently in different experimental tasks, with some experiments suggesting
separate storage, and others favoring conjoint storage. Thus, our work can serve as an
integration point for previous studies on the topic, as we attempt to establish a com-
mon ground for building a new, more comprehensive theory that can account for dif-
ferent types of metaphor.

Our study also has a serious methodological implication. Our results suggest that
all the experiments involving metaphor should control not only for standard factors
such as frequency or part of speech, but also for the type of the shift, viewing meta-
phor not as a homogenous category, but as a set of smaller categories that can be
stored, and/or processed differently, depending on the subtype of the shift.
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Annorauus. OT aHHOTHPOBAHHBIX KOPITYCOB TEKCTa TpeOyeTcs IpocToTa
ucnonb3oBaHus. OHA 3aBUCUT OT MHOXKECTBA (paKTOPOB, OJUH U3 KOTO-
PBIX — IPOCTOTA CXEMBI Pa3MeTKHU. B craTbe cpaBHHBaeTCS CaMblii MOIY-
napHbiid popmar pasmerkun TimeMLu mpennaraemsiii aBropamu tgt-
temp. O6a oHu mpeacTaBiIAOT coboit paciuupeHue popmara Xml. I'mas-
HOE pasinyme Mex/ 1y HIMH COCTOUT B TOM, 4to TimeML — sto camocto-
ATENBHBIN (opMaT pa3meTky, a tgt-temp — 910 popmar, TONOIHAFOIIHIH
MOP(OJIOTHYECKYI0 pa3MeTKy Tekcra. TimeML Hems3st Ha3BaTh mpo-
CTBIM M3-3a OOJIBILIOrO YMCIIa 3IeMEeHTOB. tgt-temp npexanonaraer cye-
CTBEHHO MEHbIIIee KOJIMYECTBO IEMEHTOB. B cTaThe mpuBOAUTCA MpH-
Mep pa3METKH U J0Ka3bIBAaeTCs, YTO COKPAILIECHHE 3JIEMEHTOB Pa3METKU
o cpaBHeHuio ¢ TimeML He Biieder 3a co60ii OTEPH BBIPA3UTEILHOCTH
U pa3IHIUTENBHON CIIOCOOHOCTH (hopMaTa..

KiiroueBble c/10Ba: ceMaHTHYECKas pa3MeTKa, BpeMEHHas pa3MeTKa, TEMIIO-
pansHas pasmerka, CuaTarPyc, TimeML, nekcukannsoBaHHbIe 0003HAYCHHS
BPEMEHHU.

1 Beryniienne

Te3uc o TOM, 4TO Belllb, KOTOPOH MOJB3yeTCsl OOJIBIOE KOJIMYECTBO JIFOACH, TOJDKHA
OBITh NPOCTOM, KAXKETCs OYEBUIHBIM, 8 KPUTEPUU MPOCTOTHI - UHTYMTHBHO IOHST-
HBIMHU. JIMHIBUCTHYECKHH KOPIYC TEKCTOB, IpeJHA3HAYECHHBIH Ul LIMPOKOTO Kpyra
nosbp30BaTeNeil (JIMHrBUCTOB-UCCIIEIOBATENEH, MpenoaaBareiei, peaqakTopoB, yda-
LIMXCs), TO0JDKEH ObITh IpocThIM. B pamkax npoekra “Kopmyc 2.0” 6ombiioe BHUMaHHE
YIeJISIIOCh MPOCTOTE MOUCKOBOro MHTEpdelica u mpoctore (GOpMbI BbIAAYH PE3YIlb-
TaTa.

Pa6ora monneprxkana rpantom Ne 075-15-2020-793 «KoMImbrOTepHO-THHTBUCTHYECKAS TIAT-
(opma HOBOTO HOKOJICHHUSI TS LIU(POBOI TOKYMEHTALIIH PYCCKOTO s3bIKa: HHPPACTPYKTypa,
pecypcebl, Hay4HbIe HCCIECA0BAHUS.
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OnHaKo eCTh ellle OUH He OUEBHIHBIN aCIEKT, TAKXKe TPEOYIOIHH TPOCTOTHI - 3TO
cXeMa Pa3MeTKH - Ha0op HCMOJB3YIOMIUXCS MOMET U croco ux 3amucu. Cxemy pas-
METKH 4acTo Ha3bIBaroT hopmaToM. Ha nmpumepe BpeMeHHOH pa3MeTKH MbI IIPOIEMOH-
CTPHUPYEM CIIOKHBIH GopMaT U MpeIokuM Gopmat GoJiee IPOCTOH.

BpeMmeHHas1, WK TeMIiopajbHasi, pa3MeTKa - 9TO BBIIEICHUE B TEKCTE CPEACTB BEI-
paxeHus MHQOpMaUU O BpeMeHH. BpemeHHas MHPOpMALUs MOXKET BBIPAXKAThCS
rpaMMaTHYeCKH WITH JIEKCHIecKH. [IpuMep rpaMMaTHIeCKOTO BRIPAXKEHUS - BUIO-Bpe-
MeHHbIe ()OPMBI TJIAr0JIOB B PYCCKOM si3bIKE. [IpHMeEpBI JISKCHUECKOTO BBHIPKCHUS -
28 cenmsbps, 3aempa, yepes 5 Munym, 6 WKOIbHble 200bl, 80 BPEMsl COBEPULEHUSL Npe-
Ccmynjerus, nomom, cpasy, ¢ 06yx Hacoe, yemvlpe yaca, HeCKOJIbKo Jjent, mpedeeeHblﬁ,
00120CPOYHbILL, KAHCObLIL OeHb, NO BMOPHUKAM.

CaMbIM pacipoCTpaHEHHBIM U MOMYJSAPHBIM (OPMATOM pa3MeTKH BPEMEHHO HH-
dopmanuu seasercs TimeML (Time Markup Language). OnHako ero He pa3 KpUTH-
KOBAJIH 32 CJIOXKHOCTb. MBI KOPOTKO €ro OIHMILIEM, OHPEICIHM, YTO JIETaeT ero CI0X-
HBIM 1 NPEJIOKHUM aJIbTCPHATUBHOC PEUICHUC.

2 TimeML

Konmermust TimeML Brepsrie 6si1a mpemiokena B 2002 roxy [Pustejovsky et al.
2002]. TlocrmenHsis Ha CETONHSIIHUKN J€Hh BEPCHsl CIIEIU(HUKAINHA MOATOTOBICHA B
2006 roxy [Sauri et al. 2006]. Hartre omicanne popmara 0OCHOBaHO Ha Heit. PazpaboTka
TimeML Gbl1a MOTHBHPOBaHA HE CTOJIBKO JIMHIBUCTHYECKUMH 3a/1a9aMH, CKOJIBKO 3a-
MpocamMy KOMIIBIOTEPHOU HayKu U 00paboTku ectectBeHHOTO si3bika (NLP). B dokyce
BHUMAaHUs ObLIM CIIEAYIOIIUE BONPOCHL: I'7le BO BPEMEHH PACIHOI0KEHO JaHHOE COObI-
THe, yrioMuHaeMoe B Tekcte? Eciin coObITHIT HECKOJIBKO, TO KAKOBO UX B3aMMHOE pac-
nojoxxeHue Bo BpeMeHu? [1o3TomMy aBTOpHI (hopMaTa NPUHSIN PELICHUE OIPAaHUYUTh
cthepy ero npuMeHeHus “SCHbIMH™ citydasmu. [1oj SCHBIMU CITydasiMU TIOHUMAIOTCSI
TaKUe TEKCTOBBIC BBIPAXKECHUS, KOTOPBIC TO3BOJISIIOT TOYHO ONPEIEIIUTD ITOJI0KEHUE CO-
OBITUH ¥ BPEMEHHBIX OTPE3KOB Ha BPEMEHHOI OCH. DTaJIOHOM 3/1€Ch BBICTYNAIOT 000-
3HA4YEHHs BPEMEHH 110 TPUTOPUAHCKOMY KaJCHAAPIO.

Ecmu xe paccmarpuBate TimeML moa JIMHIBHCTHYECKHM yIJIOM 3pEHHS, TO OH
MPEACTABISET COO0H NMpUMEp CHELUATU3UPOBAHHON CEMaHTUYECKOW pa3METKH, TaK
KaK B Pa3METKY SKCIUIMIIUTHO BKIIFOYAIOTCS COOBITHUS, CTOSIIUE 32 CIIOBAMH, U BPEMEH-
HBIE CBS3H MEXy COOBITHAME. DTO ()pAarMEHT CMBICIIA TEKCTA.

Texunueckn TimeML mpencrasisier co0o#l CrerMaTU3MPOBAHHOE PACHIMPEHHE
XML: pa3meTka BBIMOJHSIETCS C MOMOIIBIO TErOB, aTpUOYTOB U MX CBOICTB. HekoTo-
pBIE TETH 3aKIIOYAIOT B ce0s omnpeneneHHble GParMeHThl TEKCTa. JTO KIACCHYECKHH
cilyyail pa3MeTKH: CJI0BaM M BBIPAKECHUSIM IPHUIIUCHIBAIOTCS ONpPEC/ICHHbIE XapaKTe-
puctuky. [ ux 3amucu ciyxat aTpuOyThl TeroB. OHAKO HE BCE TET'M COOTHOCSTCS ©
(bparMeHTaMH TEKCTa - HEKOTOPBIE CYIIECTBYIOT caMy 1o cede. O HUX MOYKHO IyMaTh
KaK O CEeMaHTHYECKUX 00BEKTax.
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2.1 Ha6op Teros

Teru, Beigensromye ¢parMeHTsl Tekcra, TakoBel: EVENT (‘cobbitus’), TIMEX3
(‘Bpemennbie Boipaxenus’), SIGNAL (‘curHansr’).

B ter SIGNAL 3akitodaroTcss BCIOMOTaTelIbHBIE CJI0Ba BPEMEHHBIX BBIPAKCHHH,
[JIaBHBIM 00pa3oM, IPeJIorH.

Bce ynmoMuHaHus cuTyauuii, KOTOPbIE CIIy4alOTCs WM IPOUCXOAT, 3aKIII0YAFOTCS
B Ter EVENT.

Bce peneBantHbie 0003HaueHUs1 BpeMeHH BbiaelsitoTest teroM T IMEX3 (mudpa 3
03Ha4yaeT MpeeMCTBeHHOCTh (hopmara oTHocuTeabHo TIDES u MUCO). B otiunyue ot
tera EVENT, TIMEX3 MoXeT U He COOTHOCUTBCS C (pparMeHTOM Tekcra. B takom
Cllyyae 9TO CEMAaHTHYECKHUH JIeMEHT - Bpems, 0e3 yKa3aHUs Ha KOTOPOE HEBO3MOXKHO
OTBETHTh Ha BOIIPOC O BPEMEHHOW JIOKAJIM3aLMH TOTO, YTO YHNOMSHYTO B TEKCTE.
Hanpumep, ecinu B TeKCTE MMEETCS CJIOBO 3aBTPa, €T0 KOHKPETHOE, KaJleHIapHOe 3Ha-
YEHHUE OIPE/EISeTCs] OTHOCUTEIbHO MOMEHTA Peyu.

Emte onqun ter, MAKEINSTANCE, nukorga He 3akiaro4yaeT B cede Tekcta. OH uc-
nosb3yetcst 1yt kBaHTU(UKamu cobbrTuit. Hanpumep, B npemoxenun John taught
on Monday and Tuesday ‘/»coH naBai ypoKH B IOHEJCIBHHUK W BO BTOPHHUK €IWH-
CTBeHHBIH riaroun taught o6o3nauaer aBa akrta npenogasanust. Ter EVENT otHocuTes
K riarony taught, Ho moposkmaercs Takxke aBa «dk3emmsipa»y (MAKEINSTANCE)
COOBITHS, MPOU3BOIHBIX OT taught 1 CBA3aHHBIX KaXIbIif CO CBOUM JHEM HEJICIH.

@®opmar TimeML mnpemycmarpuBaeT Takke CBA3H MEXKIYy OJJIEMEHTaMH THIA
MAKEINSTANCE, TIMEX3 u EVENT. Bbiienstorcs CBS3U TpeX TUIOB: acleKTy-
aJIbHas CBSI3b, TOJUMHHUTENILHAS CBS3b M BpeMeHHas cBs3b. {1 XxpaHeHus nudopma-
LM O CBS3AX HMCIIOJIL3YIOTCS TETH, KOTOPHIE 3aIlCBIBAIOTCS TI0Cie TeKcTa. Kaxaomy
THITY CBSA3U COOTBETCTBYeET oTAenbHbIH Ter. ALINK — 310 a66peBnarypa ot Aspectual
Link ‘acrrextyaspHas cBs3b’. OHa HCIIOIB3YETCsI, KOT/Ia B TEKCTE IPUCYTCTBYET yKa3a-
Hue Ha a3y coObITHs, HanpuMep, started to read ‘mavan yurtats’. SLINK — 310 a6-
OpeBuarypa ot Subordination Link ‘moguvHuTENIBHAS CBSI3B’, OHA MCIOJIB3YETCS IS
pa3MeTKu OoJiee MM MEHee I'PaMMaTHYECKHX 3HAYCHWH, KOTOpble B aHIJIHICKOM
SI3bIKE BBIPAKAIOTCSI OT/IEIbHBIM TJIAr0JIOM: MOJajIbHbIe 3HadeHus (wanted to buy ‘xo-
TeNl KYIHTH ), 3BUAeHIHaIbHbIe 3HaueHus (John said he bought ‘/I:xon ckasan, 4ro
kynui’), pakrryeckue 3HaueHus (managed to leave, ‘ymanocs yittn’) u T. 1. Hakonerr,
TLINK (Temporal Link ‘BpemenHast cBs3b’), OTpa)kaeT BPEMEHHYIO CBA3b.

2.2  Tlpumenenue TimeML k pa3merke KopmycoB

HccnenoBaTenbckuii KOJUICKTHB, pa3paborasiuunii popmar TimeML, Taxke moaroro-
BHUJI KOPITyC Ha aHTHicKoM si3bike [Pustejovsky et al. 2003] u aBTomatudeckoe cTaTu-
CTHUYECKOE CPE/ICTBO Pa3METKH, OCHOBAHHOE Ha JaHHBIX Kopityca. [lo3aHee B cOOTBET-
CTBHUH C 9TUM (hOPMATOM pa3MedaInucCh KOpIIyca Ha IPYruX sI3bIKaxX U pa3padaThIBATINCD
IpyrHe aBTOMaTHdeckue cpeacTa pasmerku — Annotador [Navas-Loro, Rodriguez-
Doncel 2020], HeidelTime [Strotgen, Gertz 2015]. Oco6slit HHTEpec MPEACTaBISCT
HeidelTime, Tak kak 3TOT Terrep MOXeT pa3MedaTh TEKCThI Ha PYCCKOM si3bIke. B oc-
HOBE aJIFOPUTMa - IOArOTOBJICHHBIC BPYYHYIO IIa0IOHBI U MpaBiiIa. B pacnopspkeHnn
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MporpaMMBbl UMEIOTCs Habopbl madmoHoB 1 Oonee yem 200 s3pkoB. [loaroroBka
11abJIOHOB JUI PYCCKOTO si3blka Obuta BhIoONHeHa EneHoii Jleonunosnoit Kisuko B
nporecce paboThl HaJl MarucTEPCKON JuccepTanueil « ABTOMaTHYECKOe M3BIICUCHHE
BPEMEHHBIX OTHOIICHUH B TEKCTaX Ha PYCCKOM si3bIkey (3amuimeHa B 2014 r.) C momo-
meto Terrepa E. JI. Kisiuko co3fnana pyccKOA3bIYHBIN KOPIYC ¢ BpEMEHHON pa3MEeTKOM
B ¢opmare TimeML. OH nmocTymeH IJisi O3HAKOMIICHHS M CKAYMBAHHMS IO CCBUIKE
http://web-corpora.net/wsgi/gisly.wsgi/

2.3  Ipumep

Paccmotpum popmat TimeML Ha mpumepe u3 3TOro Kopiyca.

Tonnvlii 06vem 0anublx, noryyentsix ¢ «Kazyuy, anonyst obewarom ooHapodosams He
no30Hee HOAOPA.

Ilonnwii 06vem oannvix, noayuennvix ¢ «Kazyu», anonyi

<EVENT aspect="PROGRESSIVE" tense="NONE" class="REPORTING"
eid="ell">

ooewaiom

</EVENT>

<EVENT aspect="PERFECTIVE" tense="NONE" class="OCCURRENCE"
eid="el0">

obénapooosams

</EVENT>

He

<SIGNAL sid="s8">

nosonee

</SIGNAL>

<TIMEX3 functionInDocument="NONE" mod="BEFORE" type="DATE"
value="2009-11" tid="tb56">

HoAOpA

</TIMEX3>

<MAKEINSTANCE eventID="ell" eiid="ell"></MAKEINSTANCE>
<MAKEINSTANCE eventID="elO" eiid="el0"></MAKEINSTANCE>
<TLINK eventInstanceID="elQ" signalID="s8" relatedTo-
Time="t56" relType="IS INCLUDED"/>

B sTom npennoxxennu asa coobitus - EVENT *a, o6ewarom u oonapooosams. Kax-
JIOMY M3 HHX COOTBeTCTBYeT otaenbHas nHeranms - MAKEINSTANCE. Bpemennoe
BBIp2KEHHE OJHO, HOAOps. BerioMoraTenbHyro (yHKIHUIO IIPU HEM BBIIIOIHSET CIOBO
nosouee.

VY KaXIOro M3 3JEMEHTOB MMEeTCS CBOM HICHTH(GUKALMOHHBIA HOMep. [ToMumo
storo, snmementsl THa EVENT umeror tpu atpubyTa, aspect, tense u class. Ilepsoie
JIBa CITY’KaT IJIsl XPaHEHUS] PaMMaTHYECKIX XapaKTEePHCTHK, a TPETHH COOTBETCTBYET
cemaHnTHYeckomy Kiaccy. DnemenT tuna SIGNAL Hukakux arpu0yToB, KpOME HJICH-
TUdUKaTOpa, HE UMEET.
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Onement tuna TIMEX3 umeer 4 atpubyra (3a BeiueToM HaeHTH(HKaTOpa): func-
tionlnDocument, mod, type, value.

ATpubyt functioninDocument mokassiBaer, SIBJISIETCS JIM JAHHOE BPEMS TEKCTOBOM
MertanHpopMmanueii.  MHOXECTBO  ero  JOMYCTUMBIX  3HAUCHHH  TaKOBO:
'CREATION_TIME' | 'EXPIRATION_TIME' | 'MODIFICATION_TIME' |
'PUBLICATION_TIME' |'RELEASE_TIME'| 'RECEPTION_TIME' | 'NONE'.

ATpubyr mod umeercst y 0003HaUCHHI BPEMEHH, KOTOPBIE CUUTAIOTCS «MOIUGBU-
LUPOBAaHHBIMU»: HAIPUMEp, UX 3HAYEHHE BKJIIOYAET B ce0s AEHCTBHE KaKOro-aubo
omeparopa (Oosblie, MEHbBIIE) WIN pe3yNbTaT WICHeHUs (Hayallo, KoHel). B naHHOM
ciydae, 3HaueHue arpubyra ‘BEFORE’ nepenaer taxoii cMbica: ‘Bpems, o003Hauae-
MO€ BBIpaXKEHHEM, MPEAIIeCTBYeT HOs0pIo’. CTpOro roBopsi, 3TOT CMBICI HE BIIOJHE
COOTBETCTBYET 3HAUCHUIO PYCCKOT'O BBIPAKEHUS He No30Hee HOA0Ps, OJHAKO BbIpa3H-
TENBHBIX BO3MOKHOCTeH TimeML wHe xBartaeT, 4TOOBI MPOBECTH PA3IUUHE MEXIY He
no3oHee HOA0Ps N 00 HOAOPs, O KOTOPOM CM. HIXKE.

ATpuOyT type ykassiBaeT THI BpeMeHHOro BeipaxkeHus. K tumy DATE ortHocsaTcs
0003HaYeHNsT KaJCHAAPHOTO BPEMEHH U COJCPIKAlLIMe ONpPEIETICHHBIC JIEKCHUECKUE
€IMHUIIBI ¢ CEMAHTHKOM BPEMEHHOTO MPOMEXYTKa, 6oJbIiero, 4em dac (Friday ‘msr-
muma’, October 1, 1999 ‘1 oxrs6ps 1999 r.”, next week, ‘cienyromas nemens’).

Atpubyt value xpanuT popMa30BaHHOE 3HAUCHHIE TEMIIOPAIHFHOTO BBIPAKECHHS B
3aBHCHUMOCTH OT €T0 THIA - B JAHHOM CJIy4ae 3TO 3aIHCh I10 MEKIyHapOAHOMY CTaH-
nmapty 1SO8601, o3nauaromast ‘Hosiopb 2009 roxa’.

C nomomnpo amementa TLINK mexay coObiTHeM 00HApOJOBaHHS U BPEMEHHBIM
BBIpOKCHHUEM yCTaHaBiMBaeTcs BpeMmeHHas cBsi3b Tumna IS_INCLUDED, T. e. ‘BKIiHO-
4eHo’. YacTh 3HAYEHHH, KOTOPbIE MOXKET IIPUHAMATh aTpubyT relType, B yacTHOCTH,
IS_INCLUDED, 3ammctBoBana (opmarom TimeML w3 momenu BpeMeHH AJUieHa
[Allen, Ferguson 1994]. Dta Moaenp omepupyeT MHTEpBalaMy Ha BPEMEHHOW OCH,
OIMHUCBIBACT MX KOH(MHUTYpalMy M 3a1aeT HabOp MpaBHJI BBIBOJA AJIS PACCYKISHHUI O
BpeMeHH. OTHOILIIEHNE BKIIOYEHHUSI COOTBETCTBYET CIIydaro, KOTla OJJMH HHTEpBaJ OJI-
HOCTBIO “BJIOKEH” B APYTOM, T. €. U HaUaJIbHAsl, U KOHEYHAsl TOUKH [IEPBOr0 HAXOAATCA
BHYTpPHU BTOPOTO.

Cwmymaer 3HaueHue ‘NONE’ y atpubyta tense npu riaroine obewarom. Mbl npen-
rojiaraem, 4ro Terrep JOmyCTHJI OIHOKY, KOTOpas He Oblia HCIpaBIICHA.

Crenndukanus TimeML taxoke npesnonaraer, 4to Mexny obewjaiom u npedocma-
6umb UMCCTCS MOAUMHHUTEIbHAs CBs3b, SLINK.

24  Ouenka ciaoxuocru TimeML

Temneps, KOrJa YUTATENb IPEACTABISAET ce0e CTPYKTYPY Pa3METKH, IPUBEAEM KOJIHIe-
CTBEHHBIC XapaKTEePUCTHKH (opmarta. Kak MBI y)ke TOBOPHIIH, HCHONB3YeTCsl 7 TETOB.
B npuBeneHHOM HpHMepe BCTpedaroTcs He Bce. ATpHOYTOB TOXE ropaszno Oodblie,
4yeM ObIIIO PACCMOTPEHO.

Ter EVENT, cornacHo crnienuduKkaiim, iMeeT ABa aTpudyTa - HICHTH(PHUKATOP U
arpudbyT Class, koTopslii XxpaHUT HHOPMALHMIO O CEMaHTHIECKOM KIIACCE MPEeIUKaTa U
MIPUHHAMAET OJHO U3 7 3HAYCHHH.
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Jns rera MAKEINSTANCE omnpezenenst 9 arpuOyToB: uaeHTU(GHKATOP, CCBUIKA
Ha cootBercTBytoIuil EVENT, cchuika Ha peneBanTHbiii SIGNAL, atpubyT mj1s yka-
3aHMS HA KOJIMYECTBO M 5 aTpHOYTOB [UIS XpaHEHUS rpaMMaTHUECKOH MH(pOpMaLUH
(tense, aspect u T. 1. Umeetcs mpoTuBopeure Mexay crerupukanueir TimeML u pas-
METKOM KOpITyca B IPUMeEpE BBIIIE, TAe 3TH aTpUOyTHI oTHOCATCS K Tery EVENT). Jlmst
4 arpudyToB M3 9 ONpeseIeHbl MHOXECTBA MPUEMIIEMBIX 3HaYeHUH: 4 st aTpubyra
tense, 4 s atpubyTa aspect, 6 aust arpuoyTa np_morph, 2 s atpubyTa polarity.

Ter SIGNAL umeet TOJIBKO OJUH aTpHOYT - HACHTUPHUKATOP.

Jns tera TIMEX3 omnpenenenst 11 arpuOyToB: MOMHMO YK€ YHOMHHABIIUXCS
unentudukaropa, functioninDocument, type, mod u value, umerorcs cienyroiue aT-
pubyThl: beginPoint u endPoint ciyxat anst yka3aHus Ha Ha4albHYIO ¥ KOHEYHYIO
To4kH, quant u freq B COBOKYIHOCTH IepeaatoT HHHOPMAIIUIO O MEPHOTUIHOCTH T10-
BTOpOB, temporalFunction coobiiaer, 3aBUCUT M 3HAYCHUE BBHIPAKCHUSI OT APYTHX
BpPEMEHHBIX BhIpakeHuii (true wnu false, false o3nauaer, 4o BeIpaXkeHHe ceMaHTHYE-
CKH caMO0CTaTo4HO), anchorTimelD XpaHUT CCBUIKY Ha peJIeBaHTHOE BPeMs B CIIy-
Jae, eCJIU BRIPaXKECHHE CEMAaHTHYECKH HE CaMOI0CTaTOYHO 1 aTpudyT temporalFunction
IpUHUMaeT 3HayeHue true. CIucok AOMyCTUMBIX 3Ha4eHMH Juist aTpubyTa type BKIIro-
qaeT 4 myHKTa, 1714 atpudyra mod - 12.

Kaxnprit u3 teros ceszeit (ALINK, SLINK, TLINK) umeer no 6 atpubyroB. O600-
11asi, MOXKHO CKa3aTh, YTO 3TO YHHMKaJbHBIH HUACHTU(DHUKATOP, CChUIKA HA HCXOTHYIO
TOUKY (CBSI3b MOYKHO MBICJIUTh KaK CTPEJIKY), CChIJIKA HAa KOHEYHYIO TOUKY, THIT CBS3H,
cchuika Ha curHai (eM. B mpumepe cBsizb TLINK, coenunstonnyro coObiTie 00Hapoa0-
BaTh U BpeMs t56 U IUTHPYIOLIYIO B KAa4eCTBE peieBaHTHOTrO curHana S8 (bomnee). Ile-
CTOM aTpuOyT NUMEEeT TeXHHYECKUH XapakTep. XOTsd aTpUOyThl KaKIOH CBS3U HUMEIOT
CXOJHBIE (DYHKLHUH, IMEHA aTpHOYTOB y KaXI0i cBsA3U cBoH. CaMylo CYIECTBEHHYIO
TS CBSI3M HHQOpMAIHIo XpaHuT aTpuOyT ¢ Turnom cBsaszu. s ALINK 3adukcuposan
Habop u3 5 tunos, st SLINK - u3 6, qus TLINK - u3 14.

Ecnu nmpocyMMHpOBaTh Bce 3JI€MEHTHI Pa3METKH, TO TIOJyqaeTcsi 7 Teros, 39 arpu-
OyToB, 12 HaOOpOB 3HAUEHUH, BKIIOYAIONINX B ce0s B 00IIeH CIoKHOCTH 73 31eMeHTa
U ellle 3HAUYUTENbHbBIH Ha0Op KOHBEHILHUH, ONPEIEIISIONINX 3aMUCh 3HAYECHHS TeX aTpH-
OyTOB, IJIsl KOTOPBIX HET 3aKPBITOro cnucka. OYeBUIHO, YTO ONEPUPOBATH TAKUM KO-
JIMYECTBOM DJIEMEHTOB, BBIIIOJHSS Pa3METKy BPYUHYIO, HEBO3MOXKHO. Tpebyercs cre-
LMATBHbIH HHTEpQENC ¢ MpeI3aJaHHBIMK MOJISIMH M BO3MOYKHOCTBIO BEIOOpA U3 CITHCKA
anemeHToB. Ho u B ciiyuae Hanuums Takoro uHrepdeiica 3agaya nepes pasMeT4uKoM
CTOUT HETPUBUAJIbHASA, TAK KaK BHIOUPATH ITOYTH BCE BPEMS IPUXOAUTCS U3 OOJIBIIOTO
YHCl1a BO3MOKHOCTEH.

3 tgt-temp

JIMHTBUCTHI OLIYIIAIOT TOTPEOHOCTD B Oostee yIoOHOM Juist paboThl popmaTe BpeMeH-
HoM pa3meTtku. [TosTomy B maboparopun kommbtotepHoi suarsuctiku U PAH B
2019 romy 6b11 pazpaboran ¢popmat ¢ pabounmM HazBaHHeM tgt-temp.
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Ero rnaBHoe otiinune ot TimeML - oH He sBIsieTCsl He3aBUCUMBIM (hOPMATOM pas3-
METKH, TO €CTh He MpeJHa3HaueH ISl “‘CBIPOro” TEeKCTa, He MPOXOAMBIIETO Mperoopa-
OGOTKY M HE UMEIOIIEro HUKAKO Ipyroi pasmerku. 1o Hamemy 3ambICily, BpeMEHHAs
pa3MeTKa JIOJDKHA BBINOJHATHCA “TIOBEPX” KaK MHHUMYM MOPQOJIOTHYECKOH pas-
METKH, B Hieale - NOBEepX MOP(OIOTHYECKONH M CHHTaKcH4YecKoil. IlockoapKy Hamm
HCCIIeI0BATENLCKIE HHTEPECH COCPEAOTOUEHBI HA COBPEMEHHOM PYCCKOM SI3bIKE, MbI
OpUEHTHPOBAIUCH Ha (GopMaT MOPPOCHHTAKCHYECKOH pa3METKH, NMPUMEHSEMbI B
kopmyce CunTarPyc [MumakoBa u ap. 2019]. Texuudecku 3TOT popMar npecTaBiseT
coboii pacmmpenue XML, nostomy npeiaraemsiii GpopMaT BpeMEHHOH pa3sMETKU
Taxke sBisiercs pacmuperneM XML. Dto ynpormaer ero ¢ cpaBHenue ¢ TimeML.

3.1  O6mas xapaKTepucTHKA

[IpeameToM pa3sMeTKH SBIISIOTCS JIEKCHUYECKHE CPECTBA BBIPAKCHUSI BPEMEHHOM MH-
(dbopmanuy - cI0Ba U CIOBOCOUETAHUS: 28 cenmabps, 3aempa, uepe3 5 Mumym, 6 WKoib-
Hble 20001, 80 8PEMS COBEPUIEHUS NPECMYNIEHUS, NOMOM, CPA3Y, ¢ 08YX 4ACO8, Yembvlpe
4aca, HecKOIbKO Jem, mpexoHegHblll, 00A20CPOUHbIN, KaAXHCObLL 0eHb, HO GMOPHUKAM.
VX npenHa3zHaueHHe - NepeaaBaTh BPEMEHHYIO XapaKTePUCTUKY COOBITHH W BEIIEH,
MIOATOMY pa3MeTKa HEIPEMEHHO JODKHA OTPaXKaTb CEMaHTHYECKHE CBS3M BPEMEHHBIX
BBIp@KEHHIL. DTOT B3I ONpeNelsieT CTPYKTYpY IpeuiaraeMoii pa3MeTKH - B HeH 1Ba
tera, TEMP u TEMP_RELATION. Ter TEMP xpaHuT XapakTepHCTHKH CaAMOTO BbI-
paxenusi, Ter TEMP_RELATION - uH(bOpMAIHIO O CBS3U BBIPAXKECHUS ¢ KAKUM-JTHO0
CJIOBOM.

3.2  Anaau3 npumepa

[pexne 4eM nepexoauTh K MOAPOOHOCTSIM, TPUBEAEM Pa3METKY YK€ UCIIOJIb30BaBIIe-
rocsi WITIOCTPATUBHOTO IPEII0KEHHS.

Tonnvlii 06vem 0anubIX, noxyuenHsix ¢ «Kazyuy, Anonysi obewarom ooHapooosams He
no3onee HOSAOPSL.

Kax y»e roBopuioch, BpeMeHHasi pa3MeTKa BBIIOIHAETCS Ha OCHOBE MOP(OCHHTAK-
cuyeckoit pasmerku B popmare CunTarPyca, Tak 4TO TEKCT yxe “yHnakoBaH B TETU.
IMpennoxeHue NEIUKOM 3aKIIOUCHO B TET S, a Ka)J10€ CIOBO BHYTpH Hero - B Ter W.
IIpuBenem pa3meTKy NepBOro CIOBA:
<S DATE="30 08 2022 17:37:50"™ ID="15" STATUS="doubt">
<W DOM="2" EXTRAFEAT="CAP" FEAT="A EI MYX BUMH HEOL"
HYPOT="ompen.(01" ID="1" KSNAME="IIOJIHEM" LEMMA="TIOJIHHI"
LINK="onpexn">Iloauvtit</W>

</S>

U y npeanoxenus, u y ciosa ecth atpuOyT ID. D10 yHHKANBHBIH HIECHTHDHKATOP
B Ipesenax Tekcra. B maHHOM ciyuae MBI IM€EM JI€JI0 C ISITHAALUATHIM IO MOPSAAKY
MIPEAJI0KEHUEM H TIEPBBIM CJIOBOM B HEM.

B sTOM npeasnioxkeHnu BblIeNAeTCS BpEMEHHOE BBIPAXKEHUE He no3onee Hosbps. Pas-
MeTKa tgt-temp BBITTIAIUT TaK:

152



<TEMP HEAD="11" WORDS="10,11,12" IS08601="XXXX-09-XX">
<TEMP_RELATION REL=" localization" TARGET="15:9"/>
<TEMP_RELATION REL="interval before" TARGET="15:end"/>
<TEMP_RELATION REL="end" TARGET="15:12" />

</TEMP>

Ter TEMP Bioken B ter npemnoxenus S. Atpudyr WORDS coaepxur unpopma-
LMIO O TPAHHUIAX BPEMEHHOT'O BBIPOKEHUS - B BUJIE CIIUCKAa HOMEPOB-UICHTU()HKATO-
POB. DTa 3amKch 03HAYAET, YTO BPEMEHHOE BHIPOKEHUE COCTOUT U3 IECATOT0, OIMHHA-
JIIATOTO U ABeHazaunaroro cioB. ATpudyt HEAD urpaer BcnoMoraTenbHyI0 poiib - OH
XpaHUT HHOOPMAIIHIO O CHHTAKCHUECKOW BEPIINHE BPEMEHHOTO BBIpaKEHUS. ATPHOYT
1SO8601="XXXX-09-XX", mogo0Ho atpudyTy value popmara TimeML, xpauut 3Ha-
YEHUE BBIPAXKEHUS B COOTBETCTBUM co crannaptoMm ISO8601 - B Tex cimywasx, korna
3HAYEHHUE 3TO MO3BOJIIET, T. €. MPHU 0003HAYEHUU BCEMHUPHOIO KOOPIUHHUPOBAHHOTO
BPEMEHH U JIaT 110 TPUTOPUAHCKOMY KaJICHAAPIO.

BeipaxkeHue ne nozonee HoA0ps 3aBUCUT CUHTAKCUYECKU U OTHOCHTCS T10 CMBICITY K
rJIaroiy ooxapooosams. OHO TO3BOJISET JIOKAJIM30BaTh COObITHE 0OHAPOJOBAHHS BO
BPEMEHH - OTBETUTH Ha BOIPOC “KOTAA 3TO Mpou3oiaeT?”. DTa cBA3b B pa3MeTKe Mpe/-
cTaBieHa ¢ nomoupio nepsoro tera TEMP_RELATION. Oty 3amucs cienyer 4yutath
TaK: ‘paccMaTpUBAEMOE BPEMEHHOE BBIP)KEHUE CBS3AHO C AEBSITHIM CIOBOM B IISITHA-
JIIaTOM IIPEIIOKEHUH, BBIpaXkas OTHOCHTENIBHO HEro HIEI0 JIOKAIW3aluk BO Bpe-
MEHH .

CraHaapTHBIH cOCO0 BBIPAXKCHUS JIOKAJIH3ALUK C OMOPO Ha UMs MecsIla - 3TO
IpeUIOKHAS TPYIINA, HAIIPUMED, @ Hoabpe. PaccMaTpuBaeMoe BBIpaKEHUE He no30Hee
HOA6ps BEIpaXkaeT OoJee CIOXKHBII CMBICI - ‘B HHTEpBaJle BpEMEHU, KOHIIOM KOTOPOTO
SIBJIETCS] HOSIOPB’. DTO CYIIECTBEHHOE CEMaHTUIECKOE IPUPAIEHNE, KPOME TOTO, OHO
3HAYMMO C TOYKH 3PEHUS PEIleHHs IpaKTHIecKuX 3anad. Hanpumep, n1aHo Tpu Tekcta
1 TpeOYeTCs BBICHUTD, MIMEIOTCS MKy HOIMU IPOTHBOPEYHS WM HET. B mepBoM Tek-
CTe YTBEP)KIASTCs, YTO JaHHbIE OyIyT OOHApOJOBAHBI B aBI'yCTe, BO BTOPOM - UTO JIaH-
Hble OyayT 0OHApOJOBaHBI B HOSIOpE, a B TPEThEM - UTO HE MO3aHee HOsOps. [lepBoiit
U BTOPOH TEKCThI NPOTHBOPEYAT APYT APYTY, HO HU OJHMH M3 HHUX HE MPOTUBOPEUUT
TpeTbeMy. I[103TOMY CIOKHBIH CMBICT BBIPQXEHUS He no30Hee HOsAOPs XOTEeI0Ch Obl
C/IeNaTh SKCIUTMIHUTHBIM M JOCTYIHBIM IS TOCJIEIYIOIIET0 aHaIH3a.

[MpuMeHuM Kk paccMaTpUBaEMOMY BPEMEHHOMY BBIPAXKECHHIO (0OHApOoO08ams) He
no3oHee HOAOPs NEKCUKOrpadUUECKHi T01X01 (Mbl pYKOBOJCTBYEMCS METOJI0JIOTHEH,
n3noxeHHoi B [Anpecsau 1995]). B kauecTBe 00beKTa TOIKOBAHHUS BO3bMEM TaK Ha3bl-
BaeMyIO CCHTCHIIMOHHYIO (hOpMy, BKJIIOUAIOLIYIO B CE0sI SIIPO TOIKYEMOTO BHIPAsKCHUS
1 HeoOXO0MMBbIe TepeMeHHbIe (akTaHThl): P ne nosonee X. ChopMynnpoBaHHBII BbIIIE
CMBICI - 9TO ()parMeHT TOJIKOBAHHUS It 3TOH (opMmbl. ITosIHOE TOIKOBaHUE MOKET BBI-
TISIIETh TaK:

P ne nozonee X-a = ‘cutyanust P nmeeT MecTo B MHTEpBaje BPeMEHH, KOHIIOM KO-
TOporo sBsercs Bpems X’

Ha nepBblil B3r1s] OHO Ka)KeTCs NMPaBUIIBHBIM, HO HA CaMOM JieJle OHO He JI0CTa-
TOYHO nosiHOe. OHO HE MOKAa3bIBAET, B YeM OTIIMUHE BEIPAXKEHHS He no30Hee OT Ipel-
JI0ra 00 BO BpeMeHHOM 3HaueHuH. Cp. 00Hapodoeanv 00 HOSOPAL.
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P 0o X-a = ‘curyarms P uMeer MecTo B HHTepBalie BpEMEHH, KOHIIOM KOTOPOTO SIB-
nsietcst Bpemst X’

Pazuuna mexny P ne nosonee X-a u P 0o X-a coctout B nosnoxxenuu X-a. B nepsom
ciryyae X BKIIIOYEH B OITMCHIBAEMBIN HHTEPBAJ, @ BO BTOPOM O €r0 MOJ0KEHHH HUYEro
HE U3BECTHO. JTa CEMAaHTUYECKasi HEOIPEIEIIEHHOCTh O0BSICHIET, IOYEMY KOHCTPYK-
st P 0o X-a yacto MoauGUIUpPYeTCsl HAPEUUEM GKIIOUUMENbHO - OHO HEOOXOMMO,
4TO0OBI N30€KaTh JIBYCMBICICHHOCTH.

TaxuM 00pa3oMm, TOJKOBaHHE ‘CUTYalMs P IMeeT MecTo B MHTEpBaJle BpEMEHHU, KOH-
LIOM KOTOPOTO SIBISIETCs BpeMsi X’ COOTBETCTBYET CEHTEHIHANLHOH opme P do X-a,
a TonikoBaHue P we nozonee X-a NOMKHO OBITh yTOUHEHO:

P ne nosonee X-a = ‘cutyanus P umeeT MeCTO B MHTEpBAJIC BPEMEHH, KOHIIOM KOTO-
poro siBysieTcst KoHen BpeMeHu X’

ITo 5TOMy TOJIKOBaHHUIO BUIHO, YTO OTMEYAasi BO BPEMEHHON Pa3METKe CBSI3b MEXIY
BPEMEHHBIM BBIPAXKEHHEM H TJIArojoM 00HapoOdosams W yKa3pIBas €€ THUII, MBI, IO
CyTH, TIIOM€YaeM CEMaHTHYeCKMil  akTaHT. J[pyruMH cioBaMH, 3aIHCh
<TEMP_RELATION REL="localization" TARGET /> coorBercTByeT (parmenTy
tonkoBanust ‘TARGET umeer Mecto B’. OHAKO B PacCMaTpPUBACMBIX TOJKOBAHHUIX
€CTh ¥ elle OJUH aKkTaHT, X. ClenoBaTenbHO, CEMAaHTHIECKH KOPPEKTHAS BPEeMEHHAsI
pa3MeTKa JOJDKHA OTMedath W ero. Kpome Toro, oHa IOJDKHA OTpaXKaTh pa3iinyHe
MEXIy He no3oHee 1 00.

ITo ananoruu ¢ akTaHTOM P, yka3aHue Ha akTaHT X MBI IIpeyiaraeM 3aIichiBaTh ¢
nomonipio Tera TEMP_RELATION wu ero atputdyros REL n TARGET. 3na4enue at-
pubyra REL B nanHOM city4ae - ‘UHTEpBal BpeMEHH, KOHEIl KOTOPOro’. DTO 3HaYeHHE
koaupyercst Hamu Kak interval before. Takum oGpa3om BpeMeHHast pa3MeTKa IIPELio-
weHust [1onnvlil 00vem OaHHbIX ANOHYbL 0bewaiom 0bHapodosams 00 HOsAOps Oyner
BBITJISIZICTh TaK:
<TEMP HEAD="7" WORDS="7,8" ISO8601="XXXX-09-XX">

<TEMP RELATION REL="localization" TARGET="15:6"/>

<TEMP_RELATION REL="interval before" TARGET="15:7"/>
</TEMP>

DKOHOMSI CpPEJICTBA Pa3METKH, MBI IIpeJjIaraeM pasIuuue MeXIy He nozouee U 00
taxxe opopmiats ¢ nomoisko Tera TEMP_RELATION. C ero nmoMouso Mbl KOJH-
pyem cmbica ‘korer X-a’. Atpubyt REL npunnmaet HoBOe 3Ha4eHwue - ‘end’. OaHako
€ro HYXHO NpaBWIBHBIM 00pa3oMm cBs3ark ¢ 3amuchto <TEMP_RELATION
REL="interval before" />, kotopast 03HauaeT ‘WHTEpBaI BPEMEHH, KOHEI[ KOTOPOTO’.
Jiist aToro mel paspemiaeM atpudyty TARGET ccbiiathest He TONBKO Ha clloBa (C 1mo-
MOIIIBI0 KOMOHMHAIMY M3 HOMepa MPEUIOKEHHs 1 HOMepa CII0Ba), HO ¥ Ha IpyTHe dJIe-
menTsl Tunia TEMP_RELATION B nipezenax oJJHOT0 BpEMEHHOTO BhIpaskeHUs1. Takum
00pa3oM MoryqaeM 3aImnch:

Obnapoodosamu He nozoHee HOAOPS

<TEMP HEAD="11" WORDS="10,11,12" IS08601="XXXX-09-XX"> //BBI-
paxeHue

<TEMP_RELATION REL="localization" TARGET="15:9"/> //nokanu-
3yeT coOBITHE 0OHAPOO08aAMb B
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<TEMP_RELATION REL="interval before" TARGET="15:end"/> //muH-

TepBaJie BpeMeHH, KOHEIl KOTOPOTO - 3TO

<TEMP_RELATION REL="end" TARGET="15:12"/> //koHel HOSAOps
</TEMP>

3.3  Tloanslii mepeyennb d1emenToB tgt-temp

[IponemMoHCTpHpOBaB Ha MpUMepe BO3MOXKHOCTH tgt-temp, npuBeneM Teneps ero Ko-
JIMYECTBEHHBIEC XapaKTEePUCTUKH.

V tera TEMP - 7 atpubytoB, u3 kKoTopbix o0s3aTensHbix 2, HEAD 1 WORDS. K
Heo0s3aTeNIbHBIM, TOMUMO yxke ynomunasierocs 1ISO8601, oraocsarcst INDEFINITE,
SUBJECTIVE, COMPOSED u ANCHOR. INDEFINITE ormeuaer HeompeseneH-
HOCTh HEKOTOPOT'O CEMaHTH4YeCKOro KoMroHeHTa. OH MpPUIHCHIBAETCS BHIPAKEHUAM
tuna kozoa-mo. SUBJECTIVE oTMmeuaeT BbIpakeHHs, B 3HAYEHUE KOTOPBIX BXOIMT
CyOBEKTHBHAS JJIUTENBHOCTD - 007120, Hedoazo u nonoousie. COMPOSED - Bcriomo-
raTesibHbIi aTpUOyT: OH OTMEYAEeT CJIOXKHO YCTPOCHHBIE BBIPAKEHUS THIIA S5-7 AHEAps.,
KOTOpBIE B CHJIy CHHTAaKCHYECKUX OCOOCHHOCTEH TPYIHO pa3MeuaTh Kak JBa He3aBH-
cumbix BoipaxkeHHs. ANCHOR oTMeuaeT BbIpaKeHUSs, SKCITMLIUTHO 33/1a0IINE JICHK-
TUYECKUH LIEHTp, HAIpUMep, JaTy HalMCaHus B TekcTe mucbMa. Kaxblil u3 4 arpuly-
TOB [IPUHUMAET OJIHO U3 JABYX 3HAUCHHUH.

Y tera TEMP_RELATION Bcero apa arpubyra, REL u TARGET. O6a 006s3a-
TenbHEL. V3 ananm3a mpumepa O4eBHIHO, YTO CaMBIi CEMAHTHYECKH HArpYKCHHBIH
9JIEMEHT pa3MEeTKH - 3T0 3HaueHue arpudyra REL.

B 2020-2021 MBI OCYIIECTBIIIN MUJIOTHBINA IPOEKT CO3/IaHUS KOPITyca ¢ BpeMEHHON
pa3MeTKoi. BpeMeHHY0 aHHOTAIIMIO TOTYYHIIM HECKOJIBKO JI€CSTKOB TEKCTOB, BXOIS-
mux B cocraB CunTarPyca. IlpoananusupoBaB pe3ysibTaThl MUJIOTHOH CEPHH, MBI
BHECIIU PsI YCOBEPLICHCTBOBAHUI B (popMaT, B YaCTHOCTH, COKPATHIN HAabOp 3Haue-
HUA, KOTOpBIe MOKeT puHUMaTh atpubyT REL Tera TEMP_RELATION, mo 20 sie-
MeHTOB. OIIBIT MUIOTHOH Pa3METKH MOKA3bIBAET, YTO STOT HAOOp MO3BOJIAET OTPA3UTh
Ha SI3bIKE Pa3METKH BCE PEJIEBAHTHBIC IS PYCCKOTO SI3bIKa CEMAHTHYECKUE Pa3Indus
MEXy BPEMEHHBIMU BBIPAKEHUSIMHU.

Taxum o6pa3om, Haul (HopMaT pasMETKH yxKe MO OJHOMY KOJIMYECTBY HCIOJIb3ye-
MBIX 2JIEMEHTOB ropaszo npoie TimeML u kak MUHUMYM He YCTYIaeT eMy B BbIpa3u-
TEJIbHOCTH.

4 3akjrouenue

MpbI cpaBHIIH [Ba (hopMara pasMETKH BpeMeHHOH nHdopmarmu B Tekcte, TimeML u
tgt-temp. TimeML usBecten cBoeit cmoxHOCTBIO. TQt-temp 3axymbIBascs Kak 6osee
npocroii popmat. O6a onu sBistoTCs pacmupenusMa XML, uTo yrpoinaer 3aaqy ux
CpaBHEHHSI.

Ipoctora tgt-temp mocTHraercs 3a cyeT COKpAIIECHUS KOJIMIECTBA DIIEMEHTOB, HC-
NONB3YIoMuUXcs B pasmerke. COKpalleHbl, BO-NIEPBbIX, JIEMEHTHI, IPEIHA3HAYCHHBIS
JUISL 3aIICH TPaMMAaTHYECKUX M CHHTAaKCHYECKHX XapaKTEPUCTHK: NPEAIIONaraeTcs,
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41O pa3merka (gt-temp npuMeHsieTcst K TeKCTY, yKe CHa0)KEHHOMY MOP(OIOTHIeCKOn
WM gaxe MOP(OCHHTAKCHYECKOH aHHOTAIMEH, colepikalieldl BCIO PEeBaHTHYIO
rpaMMaTH4YecKylo HH(popMaruio. Bo-BTOpPBIX, COKpAIEHEl aTpuOyTHl, HE MMEIOLINe
JIMHTBUCTHYECKOTO CMBICHA. B-TpeThrX, akKypaTHO nomoOpaH Habop ceMaHTUYECKUX
3HAYEHHH, UCTIONB3YIOUINXCS I KJIacCU(UKALNH CBSI3€ BPEMEHHOTO BBIPAKEHUS C
JIPYTUMH CIIOBaMHU.

Pa30upaemblii B cTaThe MpUMEp MOKa3bIBaeT, 4To tgt-temp, obsamast MEHBIINM KO-
JIMYECTBOM JJIEMEHTOB, IIO3BOJISICT IIPOBECTH OOJIBIIE CEMAaHTUYECKUX PA3IHUUM, YeM
TimeML. Kpome Toro, Hama SKCriepUMeHTalIbHAs pa3MeTKa MO3BOJISET YTBEPKIATS,
yTO puHsTHIE B tQt-temp npaBuia u kouBennuu 3amucu TEMP_RELATION c umero-
IMMCsi HA0OpOM 3HAYCHMH TMO3BOJISIOT CAEJIATh TaK, YTOOBI pa3MeTKa B CXeMaTHye-
CKOM BHJIE OTpakaJla TOJIKOBaHHWE COOTBETCTBYIOIIMX BPEMEHHBIX BBIpOKECHHH. JTO
JIeNaeT €€ CEMaHTUYECKOM B IIOJTHOM CMBICTIE CJIOBA.

MB&I npeArnoiaraeM Takxe, YTo KOpIyCHble JaHHble B popmare tgt-temp nosBosisitoT
JleNaTh CoAepKaTenbHble 0000IIeHNs, BO-TIEPBbIX, IPH U3YYCHUH CEMaHTHKHU IPEJI0-
TOB U, BO-BTOPBIX, IIPH UCCJIEJOBAHHHU IOBEICHUS BHO-BPEMEHHBIX (JOpPM IIiaroja.
CrnpaBeiIMBOCTh 3TOTO MPEANOIOKEHNS HYKAAETCS B IPOBEPKE.
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OT 6e3yC/I0BHBIX 000POTOB K MHKPOCHHTAKCHCY
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Annoranus. be3ycioBHble 000pOTHI — 3TO TEXHHYECKOE PELICHUE, IIPUHATOE JUIS COKPALCHUs KOJIUYECTBA CAUHHI] B
TEKCTE U YIPOLIEHHs JIMHIBUCTHYECKOT0 aHAJIN3a NPEUI0KEHUH €CTECTBEHHOT O s13bIKa. [I0CKOJIBKY MHOTHE U3 000POTOB
0071a1al0T HEKOHBEHI[MAJIbHOM CEMAHTHKONH M HETPHBHAIIBHOH COYETAeMOCTBIO, OHH IEPepacTaloT B ropasao Oonee
CaMOCTOSITENbHbIE eJMHHIBI, 00pa3yst MUKPOCHHTAKCHYECKUE KOHCTPYKIMH. TakuM 00pa3oM MUKPOCHHTAKCUC SIBJISET
coboii Gosee MPUHUKMITMAIBHBIA YpOBEeHb mpezacTasiaeHuss multiword entities, yem GesycioBHbie 060poThl. B pabote
HPEICTaBIIEHbI OJIOXKUTENILHBIE U OTPUIATEIIbHBIE CTOPOHBI HCIIOIb30BaHUS 0€3yCIOBHBIX 000POTOB, a Takxke 00IacTb
HEepPEeCcevyeHUs] MHOXKECTB 0e3yCIIOBHBIX 000POTOB M MUKPOCHHTAKCHYECKUX eAMHUI. OOCYKIAI0TCsl NPUHIMITHATIBHBIE
0COOEHHOCTH 00€HX KaTeropuii u crocoObl MX (OPMAIBLHOTO HPE/ICTABICHUS. 3a UCKIIIOUCHUEM UMEH COOCTBEHHBIX U
CreluaIbHbIX TEPMUHOB Oe3yc10BHbIE 000p0ThI cucTeMbl DTAII BXOJAT B CTMCOK MUKPOCHHTAKCHYECKUX €IMHULL, XOTs
HOCJIEIHUX ropa3fo GoJblle, U MOJABIsIONee OOMBIIHHCTBO MUKPOSIHHHUIL HE MOTYT OBITh OTHECEHBI K 0€3yCIOBHBIM
obopoTam.

KiwueBble ciioBa. MHKpOCHHTaKCI/IC, 6C3yCJ'IOBHl>IC OGOpOTbl, pa3MeTKa, CEMaHTUYECKUH aHaIn3.

BBoaHbIE 3aMeYaHus

B mpornecce pasutess NLP MHOrHe pa3paOOTYMKH MPHIUIM K HEOOXOJMMOCTH COKpAIIEHHS KOJIUYECTBA CJIOB B
00pabaThlBAGMOM TEKCTE, YTOOBI MOJy4YaTh CHHTAKCHYECKHE, a 3a HHMH W CEMaHTHYECKHE CTPYKTYphl Oosee
ONTUMAJIBHBIM YTEM. DTO, B YaCTHOCTH, OBLIO OJTHUM M3 CIIOCOO0B OOPHOBI ¢ KOMOWHATOPHBIM B3PBIBOM, KOTOPBIM OBUIH
4peBaThl MHOTHE aJrOPUTMBI 0OpabOTKH TEKCTa B YCIOBHUSX OTPAaHMYEHHOCTH KOMIIBIOTEPHBIX PECYPCOB, TaKHX Kak
namMsaTh W OBICTpoAeiicTBHE. BBUTO BBENEHO TOHATHE «HEOJHOCIOBHBIE eaumHMIpB (Mmultiword units), kotopsie
paccMaTpUBaINCh KaK €IMHOE CIIOBO HECMOTPS HA HAJIMYKE B HUX MTPOOEIIOB. DTH €IMHULIBI B PSIJIE CIIy4aeB HMEHOBAJIHMCH
TaKke «0e3ycioBHbIE 000pOTh». OHU JOBOJBHO YCIEIIHO PELIAIH CBOKO 33/1a4y IO COKPAIICHHIO YUCIIa CJIOB B TEKCTE.
COTHM TaKMX €IMHHI] BBOJWINCH B KOMIIBIOTEPHBIE CIIOBAPH PA3JIMYHBIX CHCTEM 00pabOTKU TEKCTa, HAIIPUMED, B CHCTEMY
OTAIIL Takoe pelieHre JaBajo 3HAUUTEIbHYIO SKOHOMUIO IIpU 00paboTKe TEKCTa, HAIPUMEP, BHIPAXKEHHE ‘BO 4TO OBl TO
HH cTaslo’, 00beIMHEHHOE B 0€3YCIIOBHBII 000pOT, COKPAIIAIO YHCIIO CJIOB B NMPE/IJIOKEHHH Ha IEJIbIX MATh SAMHUIL, YTO
3aMETHO COKPAIIaJI0 M YHUCIIO PACCMATPUBAEMBIX aITOPUTMOM THIIOTES.

Be3ycinoBHbIe 000pOTHI

B cucreme OTAII 6e3yciioBHbIMH 060pOTaMH HAa3bIBAIOTCSI HEOAHOCIIOBHBIE JIEBKCUYECKHE €MHUILIBL, cocTosAIME U3 Ooee,
YeM OJJHOTO CJIOBa, UMEIOLIME B CBOEM cocTaBe XOTs Obl 0Ji1H npoden. [Topsaok KOMIOHEHTOB B O€3yCIIOBHBIX 000poTax
¢ukcupoBan. Cpeau Takux 000pOTOB BCTPEUAIOTCS, B IEPBYIO OYEPEIb!

1) cocraBHble peIOTH (6 Kauecmae, 80 21aee);

2) CcIOXKHBIE COIO3BI (6 Cyuae, eciu; no mMepe mo2o, KaK; nOmomy 4mo);

3) HapeuHble BeIpaKeHHUs (Oe3 yemanu, 20e 6bl mo Hu Obil0);

4) yactuisl (6ce gice, ce Jic maxi);

5) 3aMMCTBOBaHHBIC COCTABHBIC TUTYJIBI (6aH den, o dep);

6) cymecTBUTENbHBIC (KMo Obl MO HU ObLIO, NEPCOHA HOH 2pama);

7) TEPMHHOJOTHYECKHE COKpALICHHs BPOje 6/y ‘OBIBIIHIA B YIOTpeOIeHHN , M/c ‘METPOB B CEKyHAY , 4/6 “4€pHO-
Oebrit’.

besycioBHbIE 000POTHI UMEIOT PUMEHEHHE B 3aJlauyaX, CBS3aHHBIX C CHHTAaKCHMYECKOH M CEMaHTHYeCKOW 00paboTKOMN
TeKcTa. B CBSA3M ¢ 5TMM B IPaKTUYECKUX LEISIX HHBEHTaph 0€3yCIOBHBIX 00OPOTOB MOXKET PACIIUPSTHCS B KOHKPETHBIX
npuioxeHusx. Harpumep, BBeieHNe ETbHON €ANHULBI KPACHAS KAPMOYKA VI NOL0JICeHUe GHe uzpbl 0Ka3aloch BEChMa

1 pabora BbINO/IHE}A GPU NOAAEPIKKE rpaHTa MUWHUCTEPCTBA HayKK U Bbicliero obpasosaHua Ne 075-15-
2020-793 «KomnbloTepHO-ANHIBUCTUYECKAA NAAaTPOpPMa HOBOTO NOKOAEHUA ans LMPPOBOM AOKYMEHTALMMU
PYCCKOro fA3blKa: MHPPACTPYKTYypa, PECYPCbl, HayYyHble UCCef0BaHUAY.



yIOOHBIM AJIsl JIMHI'BUCTHYECKOIO aHalIM3a TEeKCToB ¢ (yrOoibHOH Temarukoil. To jke camoe KacaeTrcsi M 4acTo
BCTPEYAIONIMXCS HEOMHOCIOBHBIX UMEH (Kum Up Cen), 6pernoB (Mumepnem Dkcnnopep) win tonoHumoB (Kapnogol
Bapei), a Takke UMEHHBIX H IJIArOJbHBIX BBIPOKEHHI THIIA MO Obl MO HU ObLIO, MOYKA 3peHUsl, bpocamvcs 6 21asd.
B03MOXHOCTb PaCCMOTPEHUS ITUX LENOYEK CJIOB B BHJIE €IUHOIO LIEJIOr0 CYLIECTBEHHO YHPOIIAeT PaboTy C TEKCTOM.
OTMeTHM IIpU 5TOM, YTO EAMHMIIBI, IPEICTaBIseMble Kak Oe3ycioBHbIE OOOPOTHI B PACIIMPUTEIBHOM CMBICIE, HE
0071aJal0T HEKOMITO3ULMOHAIFHOM CEMAaHTHKOM MJIM HECTAaHJAPTHBIM CHHTAKCHYECKUM IOBEICHUEM, CBOWCTBEHHBIM IS
COCTaBHBIX IPEJUIOrOB, IPEUIOKHO-UMEHHBIX COUETAHU, YACTHIL, CIIOXKHBIX COIO30B H T.1.

BesycioBHble 0GOPOTBI — 3TO TEXHHYECKOE PEIICHHE, KOTOPOE MPEANoJaraeT JUisi HEOAHOCIOBHOH CIUHULBI B
CHHTAKCHYECKOH CTPYKType MPEIIOKEHHUsS OJUH y3eld, a B TOJIKOBO-KOMOMHATOPHOM CIIOBAape OT/CNIBHYIO CTAaThIO, B
KOTOPOH YKa3bIBAaeTCS YacTh PEYH CAMHHIBI, a TaKKe Apyrue e€ XapaKTepUCTHKH M MpaBHiIA, [0 KOTOPBIM
JIMHIBUCTHUYECKHI aHaNU3aTop 00pabaThIBacT JaHHOE BBIpAXKEHHE. B 4aCTHOCTH, TakMe GAMHUIBI HE OOSA3aHBI OBITH
HEH3MEHSAEMBIMH, TAK YTO X MOP(OIOTHIECKUE CBOICTBA MPUXOAUTCS CHeHalbHO pukcupoBath. (B cucreme DTAII ato
JienaeTcs JOCTaTOYHO TPOMO3/IKHM CIOCOOOM B MOP(OIOTHYECKOM clIoBape: B 000pOTe umo 6bl mo Hu 6bL10 WIH MOYKd
3peHus N3MEHACTCS MEePBBIil 2eMeHT, B 00opote Kum Mp Cen — TOCIETHUIA IIEMEHT, a B 000POTE KPACHAA KAPMOUKA -
00a »neMeHTa.) ITo HeyIoOCTBO, OHAKO, C JIMXBOM KOMIEHCUPYETCS Ha CHHTAaKCHUECKOM M CEMaHTHYECKOM YPOBHSX
00paboTKH TEKCTa.

Ha puc. 1 npencrapieHa craThsi TOJIKOBO-KOMOMHATOPHOTO CJI0Baps IJIsl 0€3yCIIOBHOTO 000pOTa npu ycaosuu, 4mo. ITo
HOAYMHUTEIBHBIN COI03, PAcIOIaralolMHCs B IPENO3UIMY WIN IOCTIO3HLUH K IJIaroiy-X03IuHy ¥ UMEIOLIMI B CBOEM
COCTaBe 3aIATyIO, YIPABJIAIOIIUHA 3aBUCMBIMH JIEMEHTAMH 110 HOAYUHHUTEIbHO-COI03HOMY OTHOLIEHHIO ¥ 3aBUCSILIHNA OT
rjarojia 1o OOCTOATEIbCTBEHHOW CBSI3H. YIIPaBIIIONME CBOMCTBA (DMKCUPYIOTCS CCHUIKAMH HA COOTBETCTBYIOILME
IIpaBUJIa B CIIOBApHOIL cTaThe.

(H Preview Entry: MTPU$SYCIOBUNEUTO -

ENTRY:IIPU$VCIIOBHUH$YTO "10:21:38 01-08-2021" ~
POR:CONIJ //HII
SYNT-IIOY BHVYTP-3ATLIIPEITIO3 IIOCTIIOS
TRAFIIOTY-COMO3H.10
TRAF:OBCT27
stk o o o oo o o ok
ZONE:EN
TRANS:PROVIDED
TRAF:SYNTHES2.12
TRAFRA-TRADUCT.06 //BBEJEHME OTCYTCTBVYIOILEI O ITOJIJIEXAIIED O ITPHMJATOT
sfe e g o o o o o o o o o o o o o o o o o
ZONE:SEM
REG:SEM-CONV2DO0 // B
TITLE:"TIPHU$YCIIOBHU$YTO -> isImplicationOf"
TAKE:1
N:1
CHECK
1.1 DOM(X,Z ITO/TU-COIO3H)&DEP(X, W.0ECT)
DO
1 DEL-NODE(X)
2 LINK-NODES(W._Z isImplicationOf)

Close

Puc. 1. Crarbst 6€3yciioBHOr0 060poTa B TOJIKOBO-KOMOWHATOPHOM CIIOBape.
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Puc. 2. CuHTaKCHYECKAask CTPYKTYpa MPEATI0KEHHS C 6€3yCIOBHBIM 000POTOM.

Co BpeMeHeM BBIICHHIIOCH, YTO, TIOMUMO YK€ OTMEUSHHBIX IUTIOCOB, IMIMPOKOE HCIIOJIb30BaHHE 0e3yCIOBHBIX 000POTOB
CONEPXKUT M 3HAYUTENbHBIC W3JICPXKKH. Bo-NepBbIX, MHOTHE OOOPOTHI OMOHMMHYHBI IEMOYKaM OTACNBHBIX CIOB: K
npumepy VS. Hem npemeH3uil K npumepy, mo ecmv \S. eciu bonum 3y6, mo ecmv mpyono M T.1. Bo-BTOpBIX, cpemu
000pOTOB MPE0OIaNAIOT TAKKE, KOTOPIE B HEKOTOPBIX CITy4asX MOTYT IIEPEMEKaThCs IPYTHMH CIIOBAMH H BHIPaYKCHHUSMH:
HecMompsl 0adce Ha;, 80 ymo bvl mo, yepm nobepu, Hu cmaio. B paMkax moHUMaHus 0€3yCIIOBHOTO 000pOTa KaK €AMHOTO
W HEAEIMMOTO 1IEJIOT0 TaKHe SBJICHUS T000POTh ObUIO HelNb3s. TakkuM 00pa3oM MMOCTENEHHO BHIKPUCTAIIIM30BANIOCH Oojee
LIMPOKOE TOHMMaHHE HEOTHOCJIOBHBIX €JHHUI] — MUKPOCUHTAKCHYECKHE €INHHIIBL.

EanHuubI MHUKPOCHHTAKCHCA

B Texymem crnmcke Oe3ycnoBHEIX 000poToB, wuaeHTHuIMpoBaHHBIX OTAllom, mpumepHo 62% COCTaBISIOT
MHUKPOCHHTaKCHYECKHe eIUHUIBL. DakTH4ecKkH, Bce 0e3ycIOBHBIE OOOPOTHI, 3a MCKIIOYEHHEM HMEH COOCTBEHHBIX H
YTHINTAPHO BBEICHHBIX CIIOBOCOYETAHHH — 3TO KOHCTPYKIMM MHKPOCHHTaKcuca. Bo MHOrOM OHHM ONM3KH K
¢bpaseomorn3MaM W WMEIOT psAX  OOMMX C HHUMH 9YepT. HEOAHOCIOBHOCTb, IIENBHOCTh, CEMaHTHYECKas
HEKOMITO3UIMOHAIBHOCTD, BBICOKAsI CTENEHb YCTOWYMBOCTH, HEPETYIISIPHOCTD (BBIXOJ 32 PAMKH OOIINX IpaMMAaTHIECKHX
MIPABHIT), PEHHTEPIIPETALHS IPAMMATHYECKUX XapaKTEPUCTUK (KOMITOHEHT BBIP)KEHHUS, I HECKOJIBKO TAKOBBIX, MEHSIOT
CBOIi KaTEropuajbHbIN CTaTyC, KaK HAPUMED, IUlULb Obl — COI03, B TO BPEMSI KaK 110 OTAEIBHOCTH Jiliib U Obl — YACTHULIBL).

He CYHIECTBYET 4ETKOTO pasacii€Huss MEXAY HJUOMaMU pPa3sHbIX TUIIOB U €AMHHUIIAMU MUKPOCHUHTAKCHUCA. MmHorue u3
NEPEYUCICHHBIX BBIIIE KOHCprKIII/Iﬁ B paBHOfI CTEMEHN OTHOCATCSA M K 00JIACTH KJIACCHYECKOU (bpa3eon0rnn, n K
MHUKPOCHHTAKCHCY. I'naBHBIM KpUTECpUEM [JI pasrpaHUYCHUSA SABJIACTCA HECTaAaHAAPTHOE CHUHTAKCHYCCKOC IMNOBCIACHUE
CAUHHUIIBI U MHOXXECTBO HECPETYISIPHBIX crroco6oB BBIpAXCHUSA T'PAMMATUYCCKUX 3HAYCHUN BHYTpHU HEE.

MUKpPOCHHTAKCHUECKHE KOHCTPYKIUH 3aHUMAIOT 3HAYUTEIEHOE MECTO B PYCCKOM SI3bIKE. JTa 00J1aCTh COCTOUT HE MEHEe
YeM M3 HECKOJIBKMX TBICSY PA3HOPOJHBIX €IMHUI], KaKAas U3 KOTOPBIX HMMEET CBOE YHUKAJIbHOE CTPOCHHUE, CBOMU
HEMOBTOPUMBIT 00NMK ¥ HabOp MapamMeTpoB, KOTOpPBIE OTPAXKAIOT pa3HbIE CMBICIBI WIH OOYCIIOBIMBAIOT BEChbMa
HEOXKHIAHHBIe CHHTAKCHYECKHe CBOMCTBa Jiekcuueckoit eaunuibl (Momaun 2017, Yara 2021). Byayun nepubepuiitoii
YacThI0 TPAaMMATUKH, U B NEPBYIO O4Yepelb, CHHTAKCUCA, JAHHOE SI3bIKOBOE SIBICHHE 3aHUMAeT XOThb U MEHBIIYIO, HO
OTHIOJb HE MaJlyl0 4acTb si3bIKka. Ha MaHHBI MOMEHT CIOBHUK BBIJEJIEHHBIX KOHCTPYKIMHA COCTOUT U3 mpuMmepHo 2800
3JIEMEHTOB, HO MOXHO C YBEPEHHOCTHIO CKa3aTh, YTO 3TO JAIEKO HE HCUEPIBIBAIONIUI CIIMCOK TOTO, YTO CYIIECTBYET B
PYCCKOM SI3BIKE.

WnerTuduKanyst ¥ IHHTBUCTHYECKOE ONMCAHHE eIMHHL MUKPOCHHTAKCHCA CBS3AHBI CO 3HAUUTENHHBIMU TPYIHOCTSIMHU.
Ha texymmii mome CYIIECTBYET HaAEKHOTO crioco0a MX aBTOMaTHIecKoi netekiuu. Co3IaHue IMOJTHOTO TIepedHs U
TeM Ooree ornzlcazl;él chx BO3MOXKHBIX MHKPOCHHTAKCHYECKHUX KOHCTPYKIMH HEBO3MOXXHO BBHUIY psijia IPUYMH:
KOHCTPYKIMH B S3bIKE THICSYM, MHOTHE U3 HUX MMEIOT OoJiee WIIM MEHee CBOOOIHOE JICKCHYECKOE HAIIOJIHEHHE, KaKaas



€IMHUIIa MMEET CBOE YHHMKAIbHOE YCTPOHCTBO M CHHTAKCHYECKHM HeNoBTOpHMa. boiee Toro, mMes Habop 3amaHHBIX
HoKa3aTejel, He BCerja JIETKO JaxKe BPYYHYIO ONPEIEIUTh IPAHUIy MEXIY CBOOOIHBIM CIIOBOCOYETAHMEM WM UHOU
peryispHoOil KOHCTpyKLMEH M eQMHULe MUKPOCHHTAKCHCA, IOCKOJIbKY BCTPEUalOTCs Cllydad, KOrJa BBIPAXKEHHs, IO
BHEILITHUM NPH3HAKaM Y/I0BJICTBOPSIOLINE ONMCAHUIO KOHCTPYKLUH, K HUIM HE OTHOCSITCS.

HeoOxonumMo co3gaHue HMHCTPYMEHTOB, MO3BOJISIIOLIMX — OTAEATh  CIydailHOE CONOJIOKEHHME JJIEMEHTOB  OT
JIeHICTBUTENBHBIX CIIy4aeB YMOTPEOJIEHUS dTHX 3JEMEHTOB B KayeCTBE €MHUIIBI MUKpOCHHTaKcuca. CI0XKHOCTH TaKxke
NPE/ICTABISET TO, YTO MHOTHE €IMHUIIBI pa3phIBHBI, M OPOI 0/1HA BXOAUT B COCTAB JPYToi.

Ha naHHbIi MOMEHT MUKPOCHHTAKCHYECKHE €AMHUIBI PA3MEYalOTCs BPYUHYIO MIIM Ha OCHOBAaHUH IPABMUII, 3aIIUCBIBAEMBIX
B popmanmzme cucteMbl DTAIL. ABTOMaTHUECKH COOMPATH CIIMCOK €ANHUL IIOKA He yAAETCs, M 3Ta 3a/1a4a 0XKUIAET CBOETO
peuenus. Kopryc TeKCTOB ¢ MUKPOCHHTaKCHYECKOH pa3sMETKOM, KOTopasi B CKOPOM BPEMEHH CTaHET AOCTYIHA Ha caiTe
HKPSI, npenocraBiseT UEHHbIH MaTepuan Juls pa3paOOTKU M MPOBEPKU PabOThl aITOPUTMOB MAIIMHHOTO OOY4YEHHs C
LeJIbI0 ABTOMATHYECKON JETEKIMH €AUHULI, BXOAAIIUX B 00JIaCTh MUKPOCHHTAKCHCA.

Tor ¢axT, yTo nepeueHp 6e3yCIOBHBIX 000POTOB, BbiAEsAeMbIX cucreMoit DTAII, npaktudecku Ha 100%, UCKiTIOYast UMb
MMEHa COOCTBEHHBIE U TEPMHHBI, BXOJIUT B CJIOBAPh MUKPOCHHTAKCUYECKUX KOHCTPYKIMHA, TOBOPUT O TOM, YTO 3TO IEPBbIH
CEepBE3HBIH AT Ha MYTH K UX aBTOMATHYECKOH WACHTH(UKALIMY U aHAIH3Y.

B 1eioM, MEKpOCHHTaKCHYECKHE €IMHHIBI HE MOTYT OBITh CBE/ICHBI K 0€3yCIIOBHBIM 000pOTaM, XOTsI HEKOTOpast HX 4acTh
HMeeT ¢ 000poTaMU MHOTO 0011iero. OTMETHM, 4TO U T€, U IPYTHE MOTYT MOP(hOIIOrHYEeCKH U3MEHATHCS. U BCE ke OonbIast
4acTh MUKPOCIMHHI] HE MOXXET COOTBETCTBOBATh OJHOMY CJIOBY M JaJIeKO HE BCE W3 HMX MOI'YT 3aHHMATh OJHH y3ell B
CHHTaKCHYECKO# cTpykType. Tak, HEeKOTOpbIe KOHCTPYKIMH MHKPOCHHTAKCHCA UMEIOT YCTPOMCTBO, XapaKTepHOE IS
HOJIHOTO HPEJIOKECHHS:

V + X-b1 1 X-bI = ‘X-bI ObIBAIOT pa3HbIC’, TJI€ X — HA3BAHUE SIBJICHUSI, TIOHATUS UM OOBEKTA:

(1) On mo3HaKOMUIICS C HEll TOXKE CTPAHHO: MMOXKAB PYKY, HEOKHIAHHO 3asABUIL: «Bbleaiom ecmpeuu u ecmpeyu. [A.
C. I'pun. Tuxue 6yauu (1913)]

X X-y po3Hb:

(2) BooOuie-to HenpusmHocmu HenpuUSMHOCMAM PO3Hb. BBIBAIOT HENPHUATHOCTH Pa3HBIX YPOBHEH. [Apkaamii
Crpyrauxuii, Bopuc Crpyranxuii. 3a Muunap/ et 10 koHua cseta (1974)]

X X-oM, a/H0 Y Y-oM = ‘ecTb X, a €CTh Y, U OHH HE 3aBHCSAT APYT OT Apyra’:

(3) W XOTs MBI XHUITH C IeIYIIKO# [0/ OHOM KPBIIIEH, KHIIU OHOU CEMbEH, HO Kpblua — KPblell, CeMbsi — CeMbéll,
a 0eno — denom. [Anaronuii Peidakos. Tsokensiii necok (1975-1977)]

Ha mpumepe paboThl JTMHTBUCTHYECKOTO aHATHM3aTOpa, KOTOPHIH OMpeesseT HEOIHOCIOBHBIC JICKCHYECKHE €IUHUIIBI,
MOXXHO BH/I€Th, KaK MHOTHE W3 HHX, 00Jajas HEKOHBEHIHAJIbHOH CEMAHTHKOW M HETPHBHUAIBHOW COYETAEMOCTHIO,
HepepacTaioT B ropasio 0ojee caMOCTOSTENIbHBIC CAMHHUIBI, 00pa3ysl eAMHUIBI MHUKPOCHHTaKcuca. Takum o0pasoMm,
MHKPOEIMHHIIBI — 3TO GoJiee MPUHIMITHAIBHBIA YPOBEHb IpeacTaBieHus multiword units, dem 6e3yciioBHBIE 000POTHI.

HeoaHoCIOBHBIE JIEKCHYECKUE €UHHULIBI, aBTOMAaTHYECKU BhIiesieMble cuctemoii DTAII, nensTcs Ha aBa THMNa:

1) HewusmeHsieMble 1 Hepa3pbIBHbIC KOHCTPYKIIUH, KOTOPbIE HE JOITyCKAIOT BCTABJICHUS IPYTHX JIEMEHTOB BHYTPb.
Takue eAUHUIBI MOTYT CUMTATHCSI SKBHBAJICHTHBIMU OOBIYHBIM CJIOBAaM M NPEICTAaBISIOTCS B CHHTAKCHYECKOM
CTPYKTYpe Kak oJuH y3es. Hanpumep, pemior no omuoutenuro K, COx3 Koab CKOpo, YaCTULBL pa3ge umo, 4mo Hu
Ha ecmb, Hem-Hem 0a U, HApeUuusi Kak 6bl mo Hu Obl10, CKpens cepoye, U3 pyK 60H NI0X0, Ao Obimb, 8 OOHUMKY .

2) BbIpaxeHHs, KOTOPbIE €CTECTBEHHO CYMTATH COCTOSIIMMHE U3 HECKOJIBKHX CJIOB (HAIIPUMED, B TEX CIIy4Yasx, KOraa
9TH CJIOBAa MOTYT M3MEHATHCS WIH Pa3eNAThCS APYTHMMHU CIOBaMH), HO JJIS KOTOPBIX HE CTPOHUTCS OOBIYHAS
CHHTAaKCHYeCKass CTPYKTypa. B 3ToM ciydae Bce HIM HEKOTOPHIE CJIOBa B BBIPAKEHHU COCAMHSIOTCS
BcriomorarensHbiM CuHTO. B crnepyromux npumepax ycraHaBIMBaeTCs OIHA BCIIOMOraTenbHast cBs3b (0T X K Y):
u taK [Y] nanee [X]; xak [ Y] moxHo [X] ObicTpee u T.1.

HecMoTpst Ha siBHBIE INMPEUMYILECTBA, KACAIOIIUECS JIMHIBUCTUYECKOTO OIMCAHMS, HAaJIM4YHEe 663;(6&BHBIX 000poTOB
MOPOXKAAET psil mpodyieM. YuuthiBasi, 4To B cpenHem oT 30 mo 40% mpemiokeHuil TeKCcTa COAepiKaT XOTs Obl OJHY



MHUKpPOCHHTAKCUUYECKYIO €IMHUILY, @ B HEKOTOPBIX INPEJUIOKEHUAX BCTpEedaeTcs A0 ISATH €QMHUI] MUKPOCHHTAaKCHCa,
BKJIIOUYasi 0€3yclIOBHbIE 00OPOTHI, TO YHUCIIOBbIE XapaKTEPUCTUKU TEKCTA MOTYT CEpbE3HO MCKaXKaThCsl, Mellas pacyéram,
CBSI3aHHBIM, HAIIPUMED, C YACTOTHOCTBIO CJIOB, & TAK)KE MMOUCKY KOHKPETHBIX JIEKCEM, BXOASAILIMX B COCTAB HEOHOCIOBHBIX
eaunHuL. Takum 06pazoM, BCTaET BOIPOC O TOM, KaK COXPAHUTh HHPOPMAIIHMIO O HEOHOCIOBHOCTH JIEKCUUECKOH €TUHUIIBI,
IPY 5TOM HE MeIIasi IIOMCKY U MOACYETY €€ OTAEIbHBIX KOMIIOHEHTOB.

[Toxxon, pa3paboTaHHbIH Hallel TabopaTopueii, MO3BOJSIET OOHAPYKUBATH HE TOJIBKO LETBHBIC H HEPA3PBIBHBIC OTACIBHO
crosire 000pOTHI, HO U T€, KOTOPBIE Pa3eeHbl WM HMEIOT B CBOEM COCTaBE KaKOH-THO0 HEOOA3aTebHBIN JIIEMEHT: 6¢é
pasHo VS. He 8CE i eMy ObLIO0 pasHo, 8 Mo épems, Kak VS. 8 mo camoe épems, KaK. SHaYUTEIbHas 9acTh O€3yCIOBHBIX
000pOTOB 1 MOAABIISFOLIAS YACTh MUKPOESTHHHUIL pa3pbIBHBL Tak, JOBOIBHO AOIT0 HE HACHTH(HUIUPOBAIICEH CITyYan BPOJIe
‘HECMOTpS 1aXe Ha’, ‘TI0 TOMY JIH, 110 ApyromMy noBoay’, ‘B CepéxHHOM ke ciydae’ U T.1.

B Hacrosiiee BpeEMs OBLI TNPUHAT pAJg pCIIICHI/[ﬁ JUIS CO31aHus TIpaBuJl, TIO3BOJIAIOIIUX COXPAHATH I/IH(t)OpMaIlHK) O HAJIMYHUH

CMBICJIOBOTO E€/IMHCTBA TOTO HJIM HHOTO BBIP@XEHUS NpHU O(DOPMIICHHH BHYTPEHHEH CHHTAKCHYECKOW CTPYKTYPBI U
no6asireHnH Mopdoorndeckoil HHPOPMAIMH O KaXKIOM KOMIIOHCHTE.

—————————————————————————— { npegwr ) S EZL CPEQ 1M HEOA
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Abstract. The estimation of textual complexity is an important and relevant task
in the field of natural language processing. For example, in the banking sector,
according to experts, there is a trend towards increasing the complexity of texts
in all areas of financial regulation, which makes them difficult to understand even
by professionals. This can lead to different interpretations, so the text should be
written in simple language and be understandable to the addressees. However, in
order to control the complexity of a text it is necessary to be able to measure it.
This article provides an overview of methods for measuring text complexity. We
describe both classical approaches based on syntactic features of the text and ad-
vanced methods based on the application of universal vector language models.

Keywords: Text complexity, readability index, automatic text processing,
banking regulation.

1 BBegenue

CIIOKHOCTB PETYJINPOBaHHS MOXKET JIeNaTh ero MeHee 3 (GeKTUBHBIM. [IpuMeHsTh
KOMIUIEKCHBIE MIPaBHJIa — KOTHUTUBHO TsDKENTas 3a]a4a, 0COOCHHO B CITyJae UX OIHca-
HUS B BHJIE HECTPYKTYPUPOBAHHOTO TeKCTa. [103TOMY JI0M HAYMHAIOT 3aMEHATh MX
YHOPOUIEHHBIMU 3BPUCTHKAMHU. YBEJIMYEHUE JIMHTBUCTUYECKOW CIOXXKHOCTH 3HAYH-
TEJBHO MOBBIIIAET BEPOATHOCTh HETIPABUIIBHON MJIM CIIMIIKOM IIHPOKOH MHTEpIIpeTa-
UM, TPUUYEM 3]1€Ch BaKEH KOMIIPOMHCC MEX/Y TIOBBIIIEHHEM JI€TaIbHOCTH OIHUCAHUS
1 ymoiganusiMu. Kpome Toro, cjoKHbIi KOPITyC HOPMAaTUBHBIX JOKYMEHTOB YacTo CO-
31a€T PeryJsTOpHBII apOUTPaXX U MOXKET TOPMO3UTH BHEAPEHNE (DPUHAHCOBBIX MHHO-
Bauui. IIpu 3TOM 3KCHEpTHl OTMEUAIOT POCT 00bEMA PETYIUPOBAHUSL B MOCIIEAHUE
TOJIbl, 3a4aCTYIO BMECTE C yKECTOUCHUEM OTACNIBHBIX KpuTepueB. B nenom peryasrop-
Hasl Harpy3ka CTaHOBHUTCSI OJJHUM M3 BaKHEHIIMX (haKTOPOB, OIPENEIIIOLIUX TPYAO-
€MKOCTb pa3JIMUHbIX OAaHKOBCKUX (QYHKIMH U uX (GOopMaIbHOE KauecTBO, UYTO, B CBOIO
ouepelib, ONpeeIeT yCTOHINBOCTh OaHKa.

Pa3ButHe nHTENIEKTYa IHHOIO aHAIN3a JAHHBIX [T03BOJISIET EPEUTH HA HOBBIN ypo-
BCHb B T€X 3aJayax OLEHKU U MPOTHO3MPOBAHMS PETYJIATOPHOM Harpy3ku Ha OaHKH,
KOTOpbIE TpeOyIOT aHaNM3a HOPMAaTHBHO-TIPABOBBIX aKTOB U APYTUX IOPHINIECKHX J0-
KYMEHTOB C MOCJEAYIIEeH 00paboTKOM M3BICYEHHOTO M3 TEKCTOB 3HaHuUs. Ocoboe
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3Ha4eHue npuodperaet OBICTPHII Iporpece B aBTOMaTHYECKOi 00paboTKe TEKCTa, CBsI-
3aHHBIH C MOSIBJICHUEM YHUBEPCAJIbHBIX BEKTOPHBIX MOJIEJICH U CHHTE30M CTaTHCTHYE-
CKOr0 MAaIIMHHOTO 00y4YeHUs, HAUWHAsl ¢ IPOCTEHIINX NPOYKIMOHHBIX IPaBHII U 3a-
KaH4MBasi OHTOJIOTMYECKUM MOJICIIMPOBAHUEM U YIIPABICHUEM 3HAaHHEM.

B nannoii pabore Oyner cienaH 0030p METOJOB OLEHKH CJIOKHOCTH TEKCTOB B
cdepe perynupoBaHusi OaHKOBCKON JESITENbHOCTH. ByayT paccMOTpeHBI Kak KilaccH-
YeCKUe MOJXO0/Ibl HA OCHOBE CHHTAKCUYECKUX XapaKTEPHCTHK TEKCTa, TAK U METO/BI,
OCHOBaHHbIE Ha IPUMEHEHNH YHUBEPCAJIbHBIX BEKTOPHBIX SI3BIKOBBIX MOJEICH.

2 AHAJIN3 CJI0KHOCTH TEKCTA

Ha tpysHOCTB BOCTIpUATHS TEKCTa MOTYT OKa3bIBaTh BIMSHHE CIIEIYIOLINE JIMHIBH-
CTHYECKHE OCOOCHHOCTH:

- JUIMHA CJIOB U IPEIJIOKEHUIH;

- CJIO)KHOCTh CHHTaKCHYECKHX KOHCTPYKIMU (HampuUMmep, Neperpy>KeHHOCTh
MIPUYACTHBIMU U JCENPUYACTHBIMH 000pOTaMH);

- o0uiMe TepMUHOB,

- UCIIOJIb30BaHUE HEOJIOTU3MOB, KAPTOHU3MOB U T.II.

Ha ocHoBe 3THX OCOOCHHOCTEH CTPOSTCA «HUHIEKCHI YA000YMTAaeMOCTHY» — (Op-
MYJIBL UL OICHKH CJIO)KHOCTH YUTACMOCTU U TIOHUMAaHUS TCKCTOB.

OJHUM U3 TaKUX MHACKCOB sBJIAETCS HHEKC yaooountaemoct ®nema [1]. OH oc-
HOBaH Ha JIBYX METPHKAaX: Cpe/IHss JUIMHA TpeiokeHus B cnoBax (ASL) u cpennss
JurHa cioBa B ciorax (ASW). s aHMIMICKOTO S3bIKa WHIEKC YJ000YHTaeMOCTH
®renra BRIMSANT CISIYIOIUM 00pa3oM:

FRE = 206,835 — 1,015 * ASL — 84,6 x ASW (@Y)]

B GonbIIMHCTBE CBOEM HMHIEKCHI YIOOOUHTaEMOCTH OBUTH Pa3padOTaHbI IS TEK-
CTOB Ha aHIJIMICKOM SI3bIKE, ¥ HE BCE M3 HUX aJIallTUPOBAHBI IS PYCCKOTO si3bIKa. [Ipu-
BezieM (opmyiry drenra, CKOPPEKTHPOBAHHYIO ISl PYCCKOTO SI3bIKa:

KOJI-BO CJIOB
HNupnexc Onema = 206,835 — 1,3 * ( ) -

KOJI-BO Hpe)lJ'IO)KeHI/Iﬁ
KOJI-BO CJ'IOI‘OB)

— 60,1 ( )

KOJI-BO CJIOB

Pe3ynbTarel, HOMy4YeHHBIE ¢ MOMOIIBIO JaHHOW (OPMYIIBI, MOKHO MHTEPIIPETHPO-
BaTh CIIEAYIOIINM 00pa3oM:

100: TekcT O4EHD JIETKO YUTAETCS;

— 65: TekcT HalMcaH Ha MPOCTOM SI3bIKE;
— 30: TexcT HEMHOTO TPYAHO YHUTATh;

— 0: TexcT o4eHb TPYIHO YUTATH.
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Wunexc ®nema-Kunkeiina ocHoBaH Ha HHIekce Diema M IMOKA3BIBACT, KaKAM
YPOBHEM 00pa30BaHUs JOIDKEH 00J1afaTh YUTATeb UCCIEYeMOro TOKyMeHTa. JlaH-
HBI HHJEKC Tak)Xe OCHOBBIBAaeTCS Ha MeTprukax ASL u ASW, HO mnHa npeiosKeH s
B3BCIINBACTCS CUIIBHEE, 4eM B MHAekce Drema. B JaHHOM MHAEKCE 3aJI0KeH TEe3HC,
9TO YeM MEHBIIIE CJIOB B IIPEUTOKEHUSIX U YeM KOPOYe CJIOBA, TeM IpoIe TeKkcT. Dop-
MyJla JUI pacdeTa WHIEKCa JUIS TeKCTOB, HAIMCAHHBIX I PYCCKOTO s3bIKa, ObLIA
anantuposasa 11.B. O6opresoii B 2005 rogy [2]:

. KOJI-BO CJIOB
Unnexc dnema-Kunkerna = 0,45 * - —
KOJI-BO TIPEIOKEHHUI

—8,38 % (w) — 1559 3)

KOJI-BO CJIOB
Jlnst uHTepIpeTanuy OLEHKa YPOBHS 00pa30oBaHMs, NOIyYeHHas IO JaHHOH (op-
MyJl€, COIOCTaBIISIETCS CO CIEAYIOIUMU CTaHAapTaMu:

— 0-10: [IIkonbHBINA ypOBEHb;
— 11-15: YpoBeHs BbIcuIero 00pa3oBaHus;
— 15-20: CnoxxHble Hay4YHbIE TEKCTHI.

WuTepnperalys clieyOIX pacCMOTPEHHBIX HHICKCOB OYIET aHAIOTHYHOM.

Emé onHuM MeTo/I0M OIEHKH y1000YMTAeMOCTH TEKCTA SIBJISICTCS UHACKC TyMaH-
HoctH ['anHuHTa (MHIEKC Dora). OH UCTIONB3YETCS B AMEPUKAHCKOI KYPHAITUCTUKE U
MO3BOJISICT OMPENEIUTh MUHUMAJILHBIN BO3PACT YUTATENS, KOTOPOMY OyJeT JOCTyIeH
JaHHBIA TekcT. MHIeKe TyMaHHOCTH ONpeneNseT CI0KHOCTh YTEHUS Ha OCHOBAHUU
cpeZHel ATTMHBI TPEIOKEHUS U IPOLIEHTA CIIOKHBIX CJI0B. JIJIs pyCcCKOro sI3bIKa CII0XK-
HBIE CJI0BA — 3TO CJIOBA, COCTOSIIINE U3 YETHIpeX U Ooinee cioros. Yem Oomblie 3Have-
HHUE MH/IEKCa TYMaHHOCTH, TEM CJIO’KHEE YHUTaTh TeKCT. [ TeKCTOB, HalMCaHHBIX Ha
PYCCKOM s13bIKe, HH/AEKC ['aHHUHTa BRIYUCIIAETCS 10 CleayIomel Gpopmye:

KOJIN4eCTBO CJIOB )

0,78 * ( =
KOJI-BO NPEJUIOKEHHI

= *
I/IH,I[CKC T'annuira 0'4 KOJIMYECTBO CJIOKHBIX CJIOB) (4)

+100*(

KOJI-BO CJIOB

31ech CTOUT OTMETHTb, YTO TIEPEUMCIICHHbIE BBIIIE HHIEKCHI HE BCETIa ITO3BOJISIOT
TIOJTyYUTh KOPPEKTHBIE OLIEHKH CIIOKHOCTH TEKCTOB M CHIIBHO 3aBHCST OT IPEAMETHON
obmactu. Tak Loughran u McDonald [3] BbISIBIIIH TTIaBHBINH HEAOCTATOK OPMYJI, CUH-
TAIOIHX CII0BA U3 HECKOJIBKHUX CJIOTOB «CIOKHBIMI». Hanprumep, B 6aHKOBCKOI cdepe,
HECMOTpsI Ha To 4To cioBa «financialy, «company», «operations», «management,
«employee»  T.I. COCTOAT U3 HECKOJBKUX CIIOTOB, OHM 3HAKOMBI U SIBIISTIOTCS «IIPO-
CTBIMU» 1Sl OONBIIMHCTBA JIFO/IEH, PadOTAIOIINX C COOTBETCTBYIOIINMHU TEKCTaMH, U
HE JTOJDKHBI OTPUIATENHHO BIUSATH HA OLCHKY yI000YHTaeMOCTH.

Jnst mpocToif M MEeXaHWYEeCKOHW OIEHKH CIIOKHOCTH TEKCTOB OBUT pa3paboTaH HH-
nexc Konvan-JInay [4]. B otiwuun ot Tecta ®@mama-KuHkaiina B HEM UCTIONB3YIOTCS
HE CIIOTH, a OyKBBI U ()OpMyJIa pacueTa YUUTHIBACT CpEAHEE YHCIO OyKB Ha CIOBO U
CpelHee YUCIIO CIIOB Ha MpeIOKeHNe. AanTUpOBaHHAs Ul PYCCKOTro si3bika (op-
MyJIa BBITJISIUT CIEAYIOIHM 00pa3oM:
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Wunexc Konman-JInay = 0,055 * L — 0,35 xS — 20,33 5)

rae L — cpennee uucno O6yks Ha 100 cioB, S — cpeanee uucno npeanoxeHuii Ha 100
CJIOB.

B 1969 rony 6bu1a paspadorana popmymna SMOG [5]. nest cocTouT B TOM, YTO Ha
CJI0XKHOCTb TEKCTA OOJIbIIIE BCETO BIMAIOT CIIOXKHBIE CIIOBA, KOTOPbIE BCETA ABIAIOTCS
CJIOBaMM CO MHOXKECTBOM CJIOIOB U UeM OOJIbIIE CIIOIOB, TEM CIOXHEE CII0BO. HToro-
Basi (opMyJia YUUTHIBAET YMCIO MHOTOCIOXKHBIX CIIOB C TpeMs U Oojee cloramu u
qUCIIO NpeyioxkeHnid. PaKTHUECKU 3TO OLEHKA MIPONOPLUM CJIOKHBIX CJIOB K YUCIY
MIPEIOKEHUI:

64,6
SMOG = — % KO-BO MHOT'OCJIOXHEIX ¢10B + 0,05  (6)
KOJI-BO IIPEIIOKEHUMH

®dopmyna Jetina-Uamn Obina paspadorana B 1948 roxy Darapom Jleiom u Ixoan
Yamn [6] Ha ocHOBe crvicka u3 763 cnoB, 80% KOTOPBIX ObUTH 3HAKOMBI OOJIBIINHCTBO
YIEHHKOB YETBEPTOTO Kjlacca, TEM CaMbIM OIPENIENINB CIIOKHBIE ciioBa. B 1995 roxy
MOSIBUIACh OOHOBJICHHAs: (JOpMyJia ATOTO K€ TecTa, KOTopas yuuThiBaia yxe 3000
y3HaBaeMBIX CJIOB. J[Js1 pycCKHX TEKCTOB hOPMyJIa pacCUHTHIBACTCS CIEIYIOIIIM 00-
pazom:

. KOJI-BO MHOT'OCJIO’KHBIX CJIOB

Heitna-Yamr = 0,552 * [100 * ( ) ]
KOJI-BO CJIOB

KOJI-BO CJIOB

+0,273 ( ) — 15,59 7

KOJI-BO TIPETIOKEHAN

ABTOMaTHYeCKHI MHIEKC ynobountaemoctu (ARI) — Mepa onpeneneHus CIoKHO-
CTH BOCTIPHSITHS TEKCTA YUTATEINIEM, allIPOKCUMHPYIOIIAs CII0KHOCTh TEKCTa K HOMEPY
KJIacca B aMEPUKAHCKOHM chucTeMe 00pa3oBaHHs, YIEHHKAM KOTOPOTO NaHHBIH TEKCT
Oyzet moHsTeH [7]. B oTinune oT MHOTHX JpYTHX HHAEKCOB ymobounTaemoctr, ARI
OCHOBAaH Ha KOJIM4ecTBe OyKB, a HE CIIOrOB. XOTs CYIIECTBYIOT Pa3HOIIIACHS 110 TIOBOLY
TOYHOCTH MH/IEKCOB, OCHOBaHHBIX Ha KOJINUeCTBE OYKB B CIIOBAX, IO CPABHEHHIO C MH-
JIeKCaMu, OIpeiesIeMbIMU Ha OCHOBE KOJIMUECTBa cJ10roB, HHAekc ARI ropasno ObicT-
pee ¥ TOYHee pacCUUTHIBATh C MOMOLIBIO KOMITBIOTEPHBIX Mporpamm. dopmysa pac-
YyeTa ¢ KOHCTaHTaMU JUIS PYCCKOTO S13bIKa BRITJISAUT CIIEAYIOIINM 00pa3oMm:

KOJI-BO OyKB
ARl = 6,26 ¥ [ —————
KOJI-BO CJIOB
KOJI-BO CIIOB
+ 0,2805 * ( v) —31,05 (8
KOJI-BO MPEIOKCHHUI
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3 AHAJIN3 CI0KHOCTH 0AHKOBCKOTI0 PeryJTupoOBaHus

BaHKOBCKOE pEerylupOBaHUE SBIACTCS OJHUM M3 OCHOBHBIX MHCTPYMEHTOB KOH-
TpoJIsl 32 OAHKOBCKOM AEATENbHOCTHIO U OPUEHTUPOBAHO HA YIOPSAAOYEHHE OAHKOB-
CKOM CHCTEMBI, a TAKXKE Ha CO3/JAaHUE ONTHMAIIbHBIX YCIOBUH (DYHKIIMOHHUPOBAHHUS Kpe-
JIUTHBIX OpraHu3aluii. MHOTHE HCCIeIOBATEeN OTMEUAIOT, YTO TEKCThI OaHKOBCKOTO
PETYIMPOBaHUs CTAHOBATCA CJIOXKHEEC, 3aTparuBasi HOBbIC ITOHATHA, ITOABJIAIOIIUECS B
0GaHKOBCKOH cdepe, a Takxke BBOJS HOBbIE HOPMBI U NpaBUJIa AESTEILHOCTH OaHKOB-
CKHX CHCTEM.

Ol1IeHKa CIIOHOCTH TEKCTOB SIBIISICTCS BAYKHOM M aKTyalIbHOM 3aj1aueii o6actu 00-
pabOTKH €CTECTBEHHOTO SI3bIKa, OJJHAKO crielidurka ucciaeayemMoi cepbl 0aHKOBCKOTO
PEryIupoBaHUs BBOAUT IOIONHHUTENBHBIE OTPAaHUUYCHUS Ha peliaeMylo 3amady. Bo-
MIEPBBIX, HE CYIIECTBYET YETKOTO ONPEeNIeHHs CI0KHOCTH HOPMAaTHBHBIX aKTOB, BO-
BTOPBIX, NPH OIEHKE CIOKHOCTH TEKCTOB C ITOMOIIBIO JIMHTBUCTHYECKHX MPHEMOB
HEOOXOJMMO aaNTHPOBATh UX IO/ UCCIIEAYEMYHO 00IacTh.

CIOKHOCTB PEryJIHPOBaHUS MOXKHO OIPEIEIUTh I0-PasHOMY: HalpUMep, Kak KO-
JTMYECTBO (HAKTOB, KOTOPBIE MPUHUMAIOTCS BO BHUMaHHE [8], Kak KOJMYECTBO Mapa-
METpPOB, KOTOpbIe HEOOXOANMEIE OLICHUTH OAaHKY 110 TPeOOBaHHIO peryaupoBaHus [9],
WM KaK pe3yJIbTUPYIOIIYIO CIOXKHOCTE Oananca [10].

B pabore 1Mo ucciae10BaHuIO CIIOKHOCTH TEKCTOB B OaHKOBCKUX pedopmax [11] aB-
TOPBI ONPEACISIIOT CIOKHOCTH C TOUKH 3PSHUS TPYAHOCTH 00pabOTKH, BO3HHKAIOIIEH
IIPY MIOHUMAHUY KOHKPETHOM S3BIKOBOW €TMHUIIBI, HAIPHMED, OTHOTO HOPMATHBHOTO
TIOJIOXKECHHS.

ABTOpPBI Pa3EISIOT CIOXKHOCTh HA JIBA TUIA: JIOKAJIBHYIO U MI00aIbHYI0. JIOKab-
Hasl CIIO)KHOCTD TTOKa3bIBaeT HEMOCPEICTBEHHO TEKCTOBYIO CIIOXKHOCTD JJAHHOTO JIOKY-
MEHTa M OIICHHBACTCSI B OCHOBHOM cTaHmapTHeiMu NLP-momxomamu. I'mobGanbHas
CJIOXKHOCTb HEOOXOIMMa Ul ONpeJeleHHs TOro, HACKOIbKO MHOIO HH(OpMAaLUU
HEOOXOIMMO MPOYECTh B IPYTHX UCTOYHUKAX, YTOOBI OHITH CMBICT JTAHHOTO TEKCTA.
JI71s1 oLleHKH [100aIbHOM CII0AKHOCTH HEOOXOAUMO UCIIOb30BaTh CETEBOH aHaNu3.

B pamKax OLIEHKH JIOKaJIbHOH CI0KHOCTH 00pabOTKH MOTOKEHUH K OCHOBHBIM Xa-
PaKTepUCTHKAaM OTHOCSTCS JUIMHA TEKCTa, JIEKCUYECKOe pa3Hoo0pasue, UCI0JIb30Ba-
HHE YCIIOBHBIX MPEIUIOKECHUH U YA000UUTaeMOCTh («IOKaTbHAasD) CIIOKHOCTD).

Mepa JUIMHBI IIBITACTCA OTPA3UTh KOJIMYCCTBO A3BIKOBOT'O MaTepHraa, KOTOpBII\/’I qyu-
TaTCJIb JOJDKCH MOJYYUTh, HHTETPUPOBATh 1 BPEMCHHO XPaHUTh 10 TEX IIOP, IOKa HE
Oyner 3aBepiueHo npeanoxenue. CymecTByeT MHOKECTBO CIIOCOOOB BEIYHCIUTE MEPY
JUTUHBI (OCHOBAHHBIE B TOM YHCIIE U Ha JIMHIBUCTUYECKUX CTPYKTYpaX, TAKUX KaK CHH-
TaKCHYECKHE JIePEBbs). YUUTHIBAs, YTO BCE MEPhI KOPPEIHPOBAHBI, aBTOPHI HCIIOJb-
3YIOT KOJIMYECTBO CIOB KaK OBICTPBIN CIIOCO0 amnmpOKCUMAIIUH 3TOTO TIOHATHSI.

[Tonnmanue oberyaercs, KOraa ciioBa oBTOPstoTcs. Takum 06pa3oM, KOTHUTHBHO
MIPOCTOE MPABUIIO OYAET UMETh MHOTO TIOBTOPEHHH (O/IHO U TO K€ MOHATHE 00CYXIa-
eTcsl CHOBa M CHOBa). KOTHUTHBHO CIIOKHOE NPaBHIIO OyIeT MMETh OTHOCHUTEIBHO
MaJio TIOBTOPEHHH. ABTOPBI PEICTABIISIOT 3Ty KOHIEMIHUIO C TOMOIIBIO MEPHI JIEKCH-
YEeCKOTo pa3Ho00pasmsi, KOTopas U3MEPSET JOJI0 YHUKAIBHBIX THIIOB CJIOB B MOJIOXKE-
HUH.
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YcnoBHOCTh U3MepsIeTCs IIyTeM IOACYETa KOJIUYECTBA YCIOBHBIX BBIPAKCHUH B
Ka)KIOM TIPEUTORKEHUH. ABTOPHI HCIIOIB3YIOT CIEAYIONHe cI0Ba/(passl 1t 0003Ha-
YeHHs TOTO, YTO BBOJUTCS YCIOBHOE BBIPasKEHUE: €CIIH, KOTaa (Koraa-nu6o), rae (ko-
J1a), €CIIM TOJILKO, HECMOTPSI Ha, 33 UCKIIIOYEHHEM, HO, IIPH YCJIOBUH (UTO).

Jnst nomydeHust oOIIero BHEYATIICHUS! O CIOXKHOCTU TEKCTa aBTOPbI UCIOIb3YIOT
uHjexc yrodountaemoctu dnema-Kunkelina.

HexoTopsle TpyIHOCTH 00pabOTKH MOTYT OBbITh PELIEHBI TOJIBKO I10CIE IOIYYEeHUs
nH(opManuu BHE HENOCPEACTBEHHOIO KOHTEKCTAa IOJOXKEHUS — HallpuUMep, Iepe-
KPECTHBIC CCHUIKM HJIM HOPMAaTHBHBIE IPELEICHTHI, HEOOXOAUMBIE Ul TOHUMAaHUS
CMBICJIA TTOJIOKEHUS («TJI00aTTbHASD) CIIOKHOCTB). ABTOPBI UCIIOJNIB3YIOT METO/IbI 00pa-
0OTKU €CTECTBEHHOTO s13bIKA U CETEBOI0 aHAJIN3a JUIsl U3MEPEHHUs II0Ka3aTenel JoKab-
HOH U I100aIBbHOH CIIOXKHOCTH.

IIpu 3TOM B paboTe MPUBOAATCS ABE OLEHKHU II00AIbHON CIOXKHOCTH, HE TPedyro-
e CETEBOTO aHalM3a U OCHOBAHHBIC TOJBKO HA CIIOBAaX, UCIOJb3YEMBIX B TEKCTE.
TaK, XapaKTECPUCTUKA PACIJIBIBYATOCTH OLICHUBACT YaCTOTY BCTPEYACMOCTHU PACILIbIB-
YaThIX TEPMUHOB, MHOXECTBO KOTOPBIX 3a(UKCHPOBaHO 3apaHee. K Takum TepmMuHaM
OTHOCSTCSI, HAaIIPUMEp, «KYMEPEHHBII» U «COOTBETCTBYIOLIHI, KOTOPbIE MOTYT CTaTh
MOHSTHBIMHU TOJIBKO OJIarofapsi IMEIOLIMMCS IPELeIeHTaM Wl OOIIENPHHATON IpaK-
THKE Ha KOHKPETHOM pBIHKe. BTOpast xapakTeprcTHKa OIEHUBAET JOJII0 TOYHBIX IHP
B MOJIOKCHHHM — B YaCTHOCTH, CyMM, CJICAYIOIINX 32 WHAWKATOpaMH BamioTel (£, $,
GBP, USD u 1. 1.) u npouerramu (%).

ABTOpHI TIPOBENN CPAaBHUTENBHBIA aHATN3 CIOKHOCTH TekcToB 3a 2007 m 2017
rozel. JIist 9TOro OBIIM PacCUUTaHBI TOKA3aTeN! JIOKAIBHOMN CIIOXKHOCTH IS KaKIOTO
TOJIOKeHUsL. Jlajiee MoJI0oKeHUs B KaXKIOM IOy YIOPSIOUMIH 0 COOTBETCTBYIOLIEMY
MOKA3aTelo ¥ pa3OuBaiy Ha JecsaTh Aermiei. s kaxmoro aenwis ObLIo MOIy9YeHO
cpenHee 3HaueHHe, Ha OCHOBE KOTOPBIX IIPOBOIHIICS aHAJIH3.

Bbuio 00HapyKEHO, YTO JIMHIBUCTUYECKAs CIIOKHOCTh B OAHKOBCKOM PETYJIUPOBa-
HHUHU COCPENOTOYEHA B OTHOCUTENIBLHO HEOOIIBILIOM KOJIMYECTBE IOJ0XKEHUI.

W3 aHanu3a TEKCTOBBIX MOKa3aTeNell IOKaNbHOH CI0XKHOCTU ObLIO OTMEYEHO, YTO
n3MeHeHust Mexay 2007 u 2017 roraMu CKOHIIEHTPUPOBAHbI B BEPXHUX JEHUIAX, B TO
BpeMs KaK B HIDKHEH, a Takoke B CPEHEH uacTH pacipe/ielieHuil HabIo1at0Tcs He3Ha-
YUTEbHBIE U3MEHEHUSI. ABTOPBI HE OOHAPYKUIIU CABUTa BCETO pacHpeIe/ICHUs HU 10
OJTHOMY M3 IIOKa3aTeneil. DTOT pe3ysbTaT yKa3blBaeT Ha MPEEMCTBEHHOCTb B CTHIIE
HaNUCaHUs NIOJIO0XKEHUH ¢ TedeHHeM BpeMeHH. ABTOPBI CTaThU NPEJIaraloT pa3ouBaTh
JUIMHHBIE WM COJEp:Kalllieé HECKOJIbKO Pa3IMYHBIX KOHIENNUI IOJIOXKEHUsS Ha He-
CKOJIBKO Pa3JIMYHBIX TOJI0XKEHUH.

PaccmoTpuM emie ofHy paboTy 10 U3MEPEHUIO CIOKHOCTH HOPMATHUBHBIX aKTOB U
TEKCTOB 10 (PMHAHCOBOMY peryJIUpoBaHuIo [12], B KOTOPOii pearaercst paccMaTpu-
BaTb TCKCTHI KaK aJITOPUTMBI U OLICHUBATD UX CJIO0KHOCTb B COOTBETCTBHUH C METPUKaMHU
IO OIIEHKE CJIOHOCTH aJTOPUTMOB.

MOXHO OTMETHTB, YTO B pab0oTax B 00J1aCTH OAHKOBCKOTO PEryJIMPOBaHUS MPOCIIe-
JKMBAIOTCSI [IBE€ OCHOBHBIC TEHICHIMH: 3TO JHOO OIEHMBAaHHE HENOCPEACTBEHHOH
CJIOKHOCTH TEKCTa, JTNOO0 BIIEIECHHE CeNU(PUIECKUX TOHATHH, XapaKTEPHBIX TOJIBKO
JUIst GAHKOBCKOM C(ephl U OLICHUBAHUE CIOKHOCTH UCXOAS U3 KOJIMYECTBA M B3aUMO-
CBSI3M 9THX IapaMeTpoB. B paboTe aBTOPHI 3aMeYaloT, YTO aHAIHN3 JIMHIBUCTHUECKON
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CJI0KHOCTH TEKCTOB 3aTParuBaeT TOJBKO OJUH acleKT 00JacTH 6aHKOBCKOIO peryJiu-
POBaHUs, OHU Ha3bIBAIOT €I0 IICUXOJIOINYECKUM. ABTOPBI BBIIETIIOT E1IE [1BA ACIEKTa,
663 IOHMMAaHUs KOTOPBIX HEBO3MOKHO YUECTh BCIO CIIELM(UKY HCCIe yeMOM 001acTH,
U BBOJSIT MOJIEIb aHAIN3a TEKCTOB B 00JIaCTH OaHKOBCKOT'O PETyIMPOBAHHS.

ABTOpBI OTMEYAIOT, YTO MIOHATUE «PETYJSITOPHON CIOAKHOCTHY JI0 CUX HOP HE OIpe-
JIEIEHO OJJHO3HAYHO, JJIMHA TEKCTa, IpUMeHseMasi B OOJbIIMHCTBE cilydaeB [13] He
OTpaXkaeT BceX 0COOEHHOCTEH HOpMAaTUBHBIX aKTOB. B paboTe npesaraercs paccMat-
pHUBaTh HOPMATUBHBIE AKThI KAK aJITOPUTMBIL, U, TAKUM 00pa3oM, OLIEHUBATh CJI0XKHOCTh
PETYJIATOPHBIX JOKYMEHTOB II0 aHAJIIOTHHU C OLIEHKOH alrOpUTMHUUYECKON CI0XKHOCTH. B
JTaHHOM CJIy4ae aJlrOpPUTM, COOTBETCTBYIOLIMH ONpPENEIEHHOMY HOPMaTUBHOMY aKTy,
Ipe/CTaBIIseT 000 KOHEYHOE MHOXKECTBO NPABHJI, KOTOPBIE OIPEEIISIOT peodpa-
30BaHME BXOAHBIX JAHHBIX (Hampumep, OaHKOBCKuUil 6anaHc) B BBIXOJHbIE (HOPMATHB-
HOe peleHue). J[pyruMu cioBaMu, peryInpoBaHHe MOXKHO paccMaTpHBaTh Kak IIpo-
rpaMMy, Ha BXOJ KOTOPOH MoJaioTcs (MHAHCOBBIE IOHATHSA, U KOTOpas BO3BpallaeT
TpeOyeMble PeryIATOpHbIe AHCTBHA HA BEIXOJE. B Takoii mocTaHOBKE 3a1a4u perys-
TOpHAs CJIOKHOCTb aCCOLMUPOBAHA C HEMOCPEICTBEHHOM CIIOAKHOCTBIO ITPABUIT HITH CO
CJI0’KHOCTBIO QJITOPUTMA, COOTBETCTBYIOILIETO UM.

CH0XHOCTb alropuTMa MpeUIaracTcsl OLCHUBAaTh HA OCHOBaHUU METPUK XoJcTena
[14]. JlanHbIe METPUKH OCHOBAHBI Ha COTIOCTABIICHUH YHCIIAa YHUKAIBHBIX OMEPAaTOPOB
IIPOTPaMMBbl, a TaKXKE YUCIA YHUKAJIbHBIX onepaHaoB. C TOUKM 3peHHs NMOHUMAaHUSA
HOPMATHBHBIX aKTOB MBI MOJKEM PACCUHUTAThH KOJIMUYECTBO Pa3HOOOPA3HBIX MPABIII pe-
TYJIUpOBaHUs (OTEPaHIOB), @ TAKXKE OLEHHUTh MX YHHKAIBHOCTH, T.€. PUMEHSIOTCS
OHHU K OZIHOW SKOHOMHUYECKOH CYITHOCTU HJIM PA3HBIM.

Cunraercs, YTO METPUKHU XOJICTEa TO3BOJISIOT ONPENEIUTh KaK CIOXKHOCTh TTOHH-
MaHMS IPOrpaMMBbl, TaK U TPYIOEMKOCTb €€ KOJHPOBAHMSA, a TAKXKE YPOBEHb SI3bIKa
BbIpakeHHs. CII0)KHOCTh HMOHMMAaHHS MPOTrpPaMMbl OTOOpa)kaeT T.H. «IICUXOJIOTHYe-
CKYIO CIIOXHOCTBY. Tarke aBTOpbI YKa3bIBaOT, YTO 3Ta METPUKA JOCTATOYHO IPOCTa
U Jlerko uHTepnperupyema. IIpocrora ee peanuzanuu mo3BosseT MPUMEHATh U Olle-
HUTD CIIOXKHOCTh cpa3y OOJIBIIOr0 KOJIMYECTBA Pa3HOOOpa3HbIX TOKyMeHTOB. [ToMumo
pa3paboTKU NPOrpaMMbl A1 OLEHKU PEryISTOPHON CI0)KHOCTU HOPMAaTUBHBIX aKTOB,
aBTOPBI OIIPE/IEIIAIOT ONTHMAILHOE KOJIMUECTBO PUCKOB U, CIIE0BATENBHO, CIOXKHOCTh
ONTUMAJILHOIO PETYJIUPOBAHUSL.

Takxe, KpoMe HENOCPEACTBEHHON CJIOXKHOCTH TEKCTa («ICUXOJIOTMYECKOIO ac-
HIEKTa)) aBTOPBI 100ABIAIOT elle TpU (aKTopa, KOTOPbIE HEOOXOIUMO OLEHUBATH JULS
TEKCTOB OaHKOBCKOTO peryiupobanus. K 3Tum ¢akTopam OTHOCSATCS: CIOXKHOCTb Ca-
MOW NIpo0JIEMBbI peryIMpOBaHus, HAIPUMEp, MPodeMa HallpaBieHa Ha MHOTO Pa3HbIX
aCIIEKTOB OAHKOBCKUX JEHCTBUI, MpeICKa3bIBaeT OONBIIOE KOIHMYECTBO PETYISATOp-
HBIX AEHCTBUH U Ap., CIIO)KHOCTb PETryJISITOPHBIX PELIEHHH, a Takke TOT (GakT, YTo NpHU-
MEHEHHE PEeryJIsLUU K OIPe/IeNIEHHO IpyIe CYIIHOCTEH 3aTpaTHO 110 BPEMEHHU U pe-
cypcam.

B kauecTBe nccneqyeMbIX JaHHBIX aBTOPBI paccMaTpuBaloT TeKCTHl «bazenms Iy,
IIepBOTO cornamenus bazenbckoro KomMuTeTa N0 6aHKOBCKOMY HaJ{30py B OTHOLICHHU
TpeOOBaHUI K COOCTBEHHOMY KamHMTaly OaHKOB. ABTOPBI 3aKJIFOUAIOT, YTO 3Ta YacTb
MIPaBHJI JIETKO NepeBOAUTCS B (hopMy anroputma. Takxke JaHHBIH MOAXOM OBLT IpUMe-
HEH K aHanm3y TekcToB 3akoHa [lomma ®@panka 2010 roma u 3akoHa O 3amIUTe MPaB
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norpedureneil. ABTOpPbI OTMEYAIOT, YTO HECMOTPS HA TO, YTO TEKCThI UMEIOT IPUMEPHO
OJIMHAKOBYIO JIIMHY, OHU 3HAYNUTEJIbHO OTIIMYAIOTCS 110 JPYTUM IIOKa3aTesIsiM, 4TO J10-
Ka3bIBae€T YHUBEPCAIBHOCTb U IPUMEHUMOCTb pa3paboTaHHOH Moaenu.

Hecwmotpst Ha TO, 4TO TpeIUIOKEHHAsT MOJIEIb JIYIlle YYUTHIBAET CHEUU(UKY TEK-
CTOB GaHKOBCKOI'O PETyIMPOBAaHHS, BOIIPOC T.H. «IICUXOJIOTHYECKON CI0KHOCTHY, UK
CJI0KHOCTH IIOHUMAHUS TEKCTOB, TpeOyeT I'lyOOKOro IMHIBUCTHUECKOro aHanu3a. Ko-
JIMYECTBO CJIOB B JIOKYMEHTE SIBISIETCS JOCTATOUHO YIPOIIEHHON CTaTUCTHYECKON Xa-
paxkTepucTHKOil Tekcta. HOBbI ypOBEeHb MOHMMaHHS TEKCTOB MOXKET MPUBHECTH HC-
[I0/1b30BaHKE MPEROOYUEHHBIX S3bIKOBBIX MOJENEH, KOTOPbIE IIMPOKO NPUMEHSIOT B
obiacti 00pabOTKH €CTECTBEHHBIX S3bIKOB B HACTOSILEE BPEMS.

Tak B padote [15] aBTOpBI HCCIEAYIOT OLEHKY CJIOKHOCTH TEKCTOB C JIByX TOUEK
3peHus, T.H. OHJaiH U oIaiiH-mapaaurMel. B nepBoM ciydae cI0KHOCTH OIpesens-
€TCs B COOTBETCTBUH C KOTHUTHUBHBIMU CUTHAJIaMH, IMOJTYUYCHHBIMH OT IOJI30BATECIIA B
Ipoliecce YTeHHs TEKCTa, 5TO CUIHAIIBI, OIyYEeHHbIE HETIOCPEACTBEHHO C TOJIOBHOTO
MoO3ra, Wik TPaCKTOPpHs ABHKCHUS TJ1a3 MOJIb30BATEIIA, OTCIIC)KHUBAcMas CriCliuaIbHbIM
npubopoM. B odraitH-mapagurme cioHOCTb TEKCTa ONPeesieTcss B COOTBETCTBUH €
KOJIMYECTBOM OIIMOOK, KOTOPBIE YSIOBEK COBEPIAET NPH PEICHUH 3aJaHUi Ha TOHH-
MaHHUE TEKCTa.

ABTOpPHI IIPOBOJIAT aHAIM3 KOPPETALIH MEXKAY CIOKHOCTHIO TEKCTOB, PACCUNTAH-
HBIX HEMOCPEACTBEHHO IO YEIOBEYECCKUM OlleHKaM (OHJIaiH min odiaiiH), a Takxke
Pa3HO000pa3HBIMU JIMHIBUCTHIECKUMH CTPYKTYPHBIMH XapaKTepHUCTHKaMH TeKcTa. [la-
Jiee TIPOBOJUTCSI aHAJIM3 HEHpPOCETEeBBIX MOZAENEH M aHAIU3UPYeTCs MPUMEHHMOCTH
pe100yISHHBIX SMOEINHT OB TEKCTOB JUIS PEIICHNUS 3a1a4H aHaJIN3a CIIOKHOCTH TEK-
cToB. BBIIO MOKa3aHo, YTO UCIOIb30BaHHE KaK PACCUMTAHHBIX JIMHIBHCTUYECKHX Xa-
PaKTEPHUCTHK TEKCTOB, TaK ¥ MOJENEH, OCHOBaHHBIX Ha TITyOMHHOM OOy4YeHHH, TO03BO-
JsIeT JOOUTHCS CPABHUMBIX Pe3yJIbTaToB. B 3aKiItoueHne MPUBOUTCS aHAIN3 OTHOH U3
npenooy4dennbix Mogeneit ALBERT [16] u uccnenyercst, kakyto HHQOPMAIIHIO, XapaK-
TEPU3YIOLLYIO CI0KHOCTh TEKCTOB, OHA CIIOCOOHA KOAUPOBATb.

B kadecTBe TMHIBUCTUYECKUX NPU3HAKOB, XapaKTEPU3YIOIINX TEKCT, IPUMEHSIETCS
cepBuc Profiling-UD [17], kOTOpBIil IPOBOIUT aHHOTALMIO UCCIETYEMBIX TEKCTOB U
BhIIeIsieT 0K0J0 100 pa3IiyHbIX IMHIBUCTHYECKUX XapaKTEPUCTHUK JUIS 3THX TEKCTOB.
OTH NpPU3HAKU 3aTParuBalOT Kak 0a30Bble NPU3HAKH, TaKWE KaK JUIMHA CJIOBA WU
JUIMHA IPEUI0KEHUH, TaK U 00Jee CI0XKHbIE XapaKTEPUCTUKU CTPYKTYPhI IIPEATIONKE-
HUM, Hampumep, IiIyOuHa AepeBa pa3dopa. ABTOpPHl OTMEYAIOT, YTO OOJBLUIMHCTBO
JIMHTBUCTHUUYECKUX MPU3HAKOB, KOTOPBIE IOKA3BIBAIOT BBEICOKYIO KOPPEIIALUIO KaK C OH-
JIaitH, TaK U ¢ odJIaiiH MepaMHU CII0XKHOCTHU TEKCTA, SIBISIIOTCA uieHTHYHbIMU. Hanbonee
3HaUMMBIMH OKa3aJIUCh TaKUE XapaKTEePUCTHKHU, KaK JUIMHA TEKCTa, INIyOMHa JepeBa
pa30opa U IpyrHe noKa3aTelu, aCCOLUUPOBAHHbIE ¢ HUMU.

ABTOpBI IPOBOAAT CPABHUTEIbHBIM aHAIN3 MOJENEH, IOCTPOEHHBIX Ul MpeCcKa-
3aHMs OHJIAHH- U O(hIIaiiH- CII0)KHOCTH TEKCTOB U MOKA3BIBAIOT, YTO PE3YIbTATHI, OTY-
YeHHbIe 00ydYeHHeM CTaHIApTHBIX JHMHEHHBIX Mojenel Ha MH)OPMATUBHBIX JIUHIBH-
CTHYECKHMX IIPU3HAKAX, OKAa3aJHCh CPABHHUMBI C DPE3ylbTaTaMH S3BIKOBOM MOJEIH
ALBERT, nooOy4yeHHol Ha Habope, MOJArOTOBICHHOM JJISI OLICHKU CIIOXKHOCTH TEK-
CTOB.
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ABTOpBI 3aKJIIOYAIOT, YTO MOCIETHUN C10H Npeno0yyeHHON A3bIKOBOM MOJAENH HE
KoaupyeT MHGOPMAIHIO, 3HAYMMYIO JUIS PEICHUS 3aJa4dl OLEHKH CIIOXKHOCTH TeK-
CTOB, OJJHAKO I10CJIE I000yUeHHSI MOJIEIIN Ka4eCTBO PEIICHNUS 33141 3HAUUTEIILHO BO3-
pacraer, py TOM OCHOBHbIE IPU3HAKH, KOTOPBIE MOJIENb CIIOCOOHA KOJIUPOBATH — 3TO
JUIMHA TEKCTa U APYTHe XapaKTepUCTHUKH, aCCOLIMUPOBAHHBIC C HEH.

4 3ak/oueHue

Ha ocHOBe npoBeIeHHOT0 aHaJIH3a CYILECTBYOLIUX OAX0A0B K OILIEHKE CII0KHOCTU
MOYKHO CJIeNIaTh CJIelyoUIne BbIBOJIBL. B ciryuae paGoThl ¢ HOBBIM KOPITyCOM TEKCTOB
Ha PYCCKOM $3bIK€ HanOoJiee onpaBlaHHbIM IPEICTABIISIETCS CLIEHAPUH, IIPU KOTOPOM
CHavaJla OLICHUBAIOTCSl 0a30BbIE MMOKA3ATENN «JIOKAIBHONY CIIOKHOCTH, OCHOBaHHBIE
Ha CYLIECTBYIOUIMX HH/EKCaX. [JoMUMO CTaHIapTHBIX HHJEKCOB TAKXKE MOTYT BBIUHC-
JISIThCSL Pa3lINuHble OM3HEC-METPHKH, UCTIONIB3YIOIIIE, HAlIPUMEp, CII0BapH TEPMHUHOB
IpeMeTHO obiactu u T.14. Ha crnenyromem stane ciiefyeT IpoBOAUTH Oojee «IIpo-
JIBUHYTOE» HCCIICJIOBAHUE, TO3BOJISIONIEE IMOHATh, HACKOJIBKO CIIOKHBIM SIBJISICTCS
TCKCT C TOYKH 3pCHUA UCIIOJIb30BAHHUA €0 B KaUCCTBC aJiIrOpUTMa ﬂeﬁCTBHﬁ WJIKn UC-
TOYHMKA JIJISI aBTOMATHYECKOTO U3BJICYEeHUsI MH(QOopManuK. 31eCh yMECTHO PUMEHE-
HUE COBPEMEHHBIX HEHPOCETEBBIX MOAX00B U npez[06yqel-u-1b1x Mojienel npeacTaBe-
HMSI 3HAaHHUM O g3bIKe. Taxke Ha JaHHOM 3Tall€ BO3MOKHa UHTCTPpalusl HCCKOJIbKUX I1a-
paaurMm OLUEHKHU CIIOKHOCTH: ((HOKaHLHOﬁ)), HpHMCHH}OmGﬁCﬂ JJIA OTACIIBbHBIX TCKCTOB,
U «rJ00anbHONY, MO3BOJISIONICH aHATM3UPOBATH KOPIYC JOKYMEHTOB Kak rpad)oByro
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Annoranusi CTpeMUTE/LHOE PA3BUTUE METOIOB PETHCTPAIUU U aHa-
JIM3a TUIEPCIEeKTPAIbHBIX JAHHBIX JUKTYET BHICOKME TPEOOBAHUS K ITPO-
IYCKHOU CIOCOOHOCTH KAHAJIOB Tepeaadn nHMOPMAIMH U 00beMaM Xpa-
HUJININA JAHHBIX. B KadecTBe OTBeTa HA 9TH TPEOOBAHUS HA TPOTIKEHUN
nocsenaux 20 jgeT pazpaboTaHO MHOXKECTBO METO/IOB CXKATHS TUIEPCIIEK-
TpaJbHBIX n300pakeHuit. B To BpeMsi pabOThI, MOCBSIIEHHBIE METOJIaM
C2KaTHs UIMEHHO THIIEPCIEKTPAJbHBIX BHIeonocaenosarensrocreil (I'B)
CTaJIM MOSABJIATHCS TOJIBKO CEHYAC, YTO CBUIAETEIbCTBYET O BOZHUKHOBE-
HUM HOBOT'O aKTYyaJbHOTO HAYYHOIO HaIlpaBJieHusl. B Hacrosieil pabo-
Te MPUBEICH UCIYEPIBIBAIONINN 0030D U aHAJIN3 CEMU CYIIECTBYIONIINX Ha
IaHHBIA MOMeHT MeromoB cKarmsi I'B. OrmenbHoe BHMMaHmMe B pabore
y,]:[‘eﬂeHO MeTo/[aM d)OpMI/IpOBaHI/IH TAaKNX COBpel\/IeHHbII\/II/I aKyCTOOHTI/I‘-Ie—
CKUMHU CIEKTPOdOTOMETPAMU.

Kamouesvie cA06a: runepcrieKTpabHbIe N300parKeHunsl, THIePCIIEKTPATb-
HbIE BHUJIE0, AJITOPUTM CXKATUS.

1 Bpsenenue

B 3ajatax TeXxHuueckoro 3penuns BaXKHYIO POJIb UIPAIOT 00bEKTUBHLIE, He 3aBU-
cdiye oT HabJIIoATe s U yCJIOBII HAOJIIO/IEHUST XapaKTePUCTUKU 00beKTOB. Oc-
HOBHOI TaKO# XapaKTEPUCTUKON SIBJISIETCS CIIEKTP OTParKaTETbHON CIIOCOOHOCTH
WM, 9TO TO K€ camoe, CrieKTp oKpacku. CIUCOK IPUMEHEHHs] aHAJIN3a OKPACOK
BKJIIOUAET B cebs MHIEKCAIIO 6a3 TaHHBIX [1], moucK 06beKTOB Ha n300paKeHu-
fAX W BHUJEO, CO3J]aHUE BBICOKOTOUHBIX TEXHOJIOIMI IIBETOBOM PENPOIYKIUN s
KamMep 2], upuHTEpoB U Apyrux ycrpoiicts. MaccuB JaHHBIX, BKIIIOYAIONIMN B
cebs BCIO CIIEKTPAJIbHYIO HH(MOPMAIIUIO CIEHBI HA3BIBACTCS TUIIEPKYOOM.
lNumepcuexrpanbible M300pakeHns MOTYT COIEPKATh CIIEKTD OKPACKHU He
TOJIKO B BHJUMOM CBe€T€, HO W B MH(MPAKPACHOM AMana3oHe. B 4uciio Tojb-
KO JIUIIb HEKOTOPBIX IOCJIETHUX ITPUJIOXKEHHIT BXOJAT JUCTAHIIMOHHOE 30HINPO-
Banue (3], uccieoBanne aTMochepHBIX SIBJIEHUIT [0 CIlyTHUKOBBIM JIAHHBIM [4],
IpUMEHEHne B 3a/1a9e oTcJekuBanns [5], ujaenrndukanus mwacrnka (6], anams
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lMukcens ['wnepcnekTpansHoe M306p§(>K9HMe

Puc. 1. Ilpumep 1.H. runepky6a. X, Y - IpocTpaHCTBEHHbIE KOOPDAMHATHI, A\ - JIJINHA
BOJIHBL.

KaJyecTBa NUIINEBBIX IPOJYKTOB [7], nuarHoctuka 3abosesanuii pacrenuii [8], mu-
ArHOCTUKA KOXKHBIX OCJIOKHeHui ipu quabere [9], npumenenns B xupypruu [10].
MoxkHO cKa3aTh, 9TO B JAHHBI MOMEHT IUIEPCIIEKTPAJIbHBIE JAHHbIE U 3aa4H,
CBsI3aHHBIE C UX 00PaOOTKOI, IePeKNBAIOT BCIIECK IOIIYJISIPHOCTH.

ITomumo m306parkenunil, akTUBHO Pa3BUBAETCS 00JIACTDH IIOJIyUeHUsT u obpa-
GOTKU THIIEPCIEKTPAIbHBIX BUJEONOCe0BaTesibHocTeil. OHM PUMEHSAIOTCS B
MeJIUIMHe, B TOM YucJie JJis OOHADPY?KeHUsl OHKOJIOIMIeCKuX 3abosiepanuit [11],
B arpOILPOMBIIIIIEHHOM CeKTope [12], B AUCTAHIIMOHHOM 30HAUPOBAHNH, B JIE€TEK-
TUpoBaHUN 06bLEKTOB [13].

OHaKO B TEPMUHAX CKOPOCTHU U 3(PPEKTUBHOCTH COBPEMEHHBIX AJIOPUTMOB
CTaHOBUTCSI OUEBUIHON HEBO3MOYKHOCTEH XPAHEHUsT 1 00pabOTKM BCEro OOIBITIOrO
obbeMa TMOTyJIaeMbIX THIIEPCIIEKTPAIbHBIX JAHHBIX. JIjIs mpumepa, TUIIMYIHBIN
«BEC» THUIEPCIIEKTPAJIHHOIO N300parkKeHus KoJIeOIeTcs: OT HECKOJIbKUX JIeCATKOB,
JI0 HECKOJILKHX cOTeH Merabaiir. PaccmorpuM jtst mpuMepa FUIepCHeKTPaIbHoe
n300parkeHue ¢ JUHEHHbIME pasmepamu 512x512 B KaxKJIOM MUKCeJIe KOTOPOro
XpaHuTcs 128 quces, KayKJi0e U3 KOTOPBIX KOJIUPYETCs C UCIOJIb3oBanueM 16 bur.
B pesynbrare Mbl nmomydaem o0beM oHOrO n3obpakenust paBHblii 64 Mobaiit, a
JJIsl BHjIeotociefioBareibHocT u3 128 kajpos nosyunm 81'6. nbimu coroBamu
JJIsT TOCTATOYHO MIPOJIOJIZKUTEILHON ChbEMKH, JayKe ¢ HEOOJIBIINM KOJIUIECTBOM
KaJPOB B CEKYHJLY, 9TO TepabaiiThl U JAECATKN TepabaiiT.

ITo sToit mpuunHe B TeYeHUE TOCIETHUX JIET AKTUBHOE DPA3BUTUE IOJIYUM-
JIA METOJIbI, CBSI3aHHBIE CO CXKATHUEM THUIEPCIEKTPAJIbHBIX JIAHHBIX U WX IPEJI-
craBjieHreM B OoJsiee ONTUMAJILHOM, C TOUKH 3PEHUs Pa3MEPHOCTH, HIPOCTPAH-
crBe. Paznuumnbie MeTOBI C2KATUs XapPAKTEPHBI JJI OIPEIeIEHHOTO TUIA 3a1a
u npuioxkenuii. Tak, B pabore [3] aaropuTMbl ¢KaTust ONEHUBAIOTCS HA TIPEIIMET
WX TMPUTOTHOCTA JIJIsT TPUJIOKEHUST JUCTAHIIMOHHOTO CITy THUKOBOTO 30HINPOBAa-~
nusi. B [14] Gbuia paspaborana kiaccuduKaiys MOJOOHBIX METOIOB C yUETOM
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UX NPUHAJJIEXKHOCTH JJIsl 3324 pasHoro tuma. Morusaiueil aBTOPOB HOCITY 2KH-
Jla, TIOJIHOTa 0030pa METOJOB CXKaTHsi MHIIEPCIEeKTPAIbHBIX n30bpazkenuii [14] u
OTCYTCTBHE TAKOBOI'O JIJISI BUJIEO.

2 AJropuTMmbl CXKaTusl THHEPCIEKTPAIbHBIX
BHI€OIIOCJIeJ0BaTEJIbHOCTE

Boobmie roBops, 11 KOMIIJIEKCHOTO aHAIH3a MPo0JIeMbl TpeOyeTcs: IPUHIMATD
BO BHUMAaHUE HE TOJILKO METOJIbI CXKATHUsI, HO U CIIOCOOBI (hOPMUPOBAHUS TUTIED-
CIIeKTPaJIbHBIX BU/JI€0II0OC/IE0BATEILHOCTENL.

Bce m3BecTnble aBTOpaM METOLI CXKATHS TMIIEPCIEKTPAJIBHBIX JTAHHBIX OC-
HOBAHBI Ha IIPEJIIOJIOYKEHNH, YTO paboTa BeJeTCsl C IOJHBIM MUIEPKyOOM — JjIst
KakKJIOT0 IHMKCeJIs TOCTYITHA BCs CHEKTPaIbHasd nH(MOPMAITUS, & TaKXKe BCe JaH-
HbIE BBIPOBHEHBI — T. €., TaKKe JOCTYIHA BCA IPOCTPAHCTBEHHAsT HH(MOPMAIUS.
O/1HaKO B CiIy4ae peasibHbIX JAHHBIX, 8 TAK¥Ke JAHHBIX, IOy Y€HHBIX C TOMOIIbIO
aKyCTOOIITUKH, 9TO He TaK. VI3-3a pa3HOil CKOPOCTHU JBUKEHUS CIIEHBI IIPOCTPAH-
cTBeHHAsA MHMOPMAIH MOXKET OBbITh moTepsiHa(HEeKOTOpasg YaCTh CIEHBI GyJeT
IPOILYIIEHa IPU CheMKe). B ciydae akyCcToOnTuKy, B Cuily crenuduvaHOCTH 1I0-
JIydeHHsI JAHHBIX (B OJAMH MOMEHT BDEMEHU CHHUMAETCS CIEKTPAJbHBIA KaHaJl
BCell CIeHBI), BO3MOXKHA TOTEPsl KAK MPOCTPAHCTBEHHOM, TaK U CIHEKTPAJIbLHOMN
nnadopMaIu JjIs HeKOTOPBIX MMHKCeJeil B CBA3U C JIBHXKEHHMEM CIleHbI. Takke,
W3-32 HECOBEPIIICHCTBA AJITOPUTMOB KOMIICHCAIINN JIBUXKCHUS yXYIIIAETCI KOID-
dunuenT cxkaTUS — U3-3a NU3MEHEHUsI KOPPEJIAINY ITUKCesIeil 10 BceM HalpaBJle-
HUSIM.

B nmammom o630pe, TeM He MeHee, MBI COCPEIOTAINBAECMCS Ha CYIIECTBYIO-
UX AJITOPUTMAX CXKATHUS yXKe HOIATIOTOBJIEHHBIX B (hOPME MOC/IEI0BATEIHHOCTH
TUNEPKYOOB JTAHHBIX.

2.1 IlocraHoBKa 3aga4Yu CXKATUS

AJropuTMBI CKaTHsA TUIIEPKYOOB, BBULY CTPYKTYPbI JJAHHBIX, B OCHOBHOM, OCHO-
BaHbBI HA U3BJIEYEHUN U CXKATHH C TIOMOIILI0 MH(MOPMAIMHN O CLIEKTPAJIbHOIT (3aBU-
CHMOCTH COCEJHUX ITMKCeJIeHl O/IHOr0 U TOrO »Ke N300parKeHUsI 10 CIIeKTPAJIbLHOIMN
KOMIIOHEHTE) U IPOCTPAHCTBEHHOMN (3aBUCHMOCTHU MEXKJLy COCETHUMU IIUKCEISIMU
OJIHOT'O ¥ TOTO Ke M300parkeHus! [0 IIPOCTPAHCTBEHHBIM KOOPJMHATAM ) KOPPEJI-
ssarun. Ilpn paccmorpennu mociie[0BaTeIbHOCTH THIEPCHIEKTPAIbHBIX H300pa-
JKeHUIl BOSHUKAET HOBBIN THII KOPPEJIAIMH — BDEMEHHAs — 3aBUCHMOCTD MEXK/Ty
MIUKCEJISIMI PAa3HBIX TUIIEPCIEKTPAIbHBIX H300pakenuil. KoneuHo, npakTuyecku
BCE AJIFOPUTMBI, HCIIOJIL3YIONINeCs [IJIsl CoKaTusl N300parkenuil, IOAXOAAT U JIJIst
[IOKa/IPOBOIO CKATHs BUJEO, HO M3-3a TOIO, YTO B TAKOM CJIydae HE HCIOJIb-
3yercst nHAMOPMAIWS O BPEMEHHOI KOPPEJUISIIIUI, TAKOW IOIXO0J HE OYeHb -
dexrusen. Shen B [15] mposes TeopeTHIecKnii aHAIN3 TOTEHIMAIBHOTO CKATHS
TUIIEPCIEKTPAIbHBIX JAaHHBIX U [I0Ka3aJ, 9YTO HUCIOJIb30BaHHE BPEMEHHON KOp-
peJISIK yBeJIMdnBaeT b0 He yMeHbInaeT koddduimenT cxkarns. Bce Tumb
MEZKIINKCEIbHON KOPPEJISIIIUY IIPUBEIEHBI Ha PUCYHKE 2.
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Puc. 2. Bce tunsl MexxnukcenpHoOl Koppessnun. X # Y — IPOCTPAHCTBEHHBIE KOOP-
JAMHATHL, Z — cuekrpajibHasi, 1 — BpemenHasi. CHHUE NIMKCeJM — IPOCTPAHCTBEHHASI
KOpPeJIsilysl, 3e/JeHble — BpEeMEHHasI, JKeJITble — CIeKTpasibHast [5].

Yactb paboT, MOCBAIIEHHBIX CXKATHIO MHIIEPCIEKTPAIBLHBIX BUIEO, OCHOBAHBI
HE TOJIbKO Ha IIPOrpaMMHOI 00pabOTKe JAHHBIX, HO U TaKKe IpejsodopaboTke ¢
HOMOIIBI0 MoudUKaIy b0 yCTAaHOBKE NMPUOOPOB B JIONOJIHEHAE K HEIOCPE]I-
CTBEHHO CHHMAIONIEMY yCTPOHCTBY — KOJMPOBAHHBIX Iesedi [16], komupyromnmx
ammeptyp [17] u T. 1. MBI pemmam paccMOTPETh aJITOPUTMBI, UCHOJIB3YIONIUECS
Ui cxkaTus T.H. «multitemporaly nzobpakeHuii — 9T0 CHEKTpajbHbIe JTaHHBIE
OJIHOIT ¥ TOIi K€ CICHBI, [IOJIyICHHBIE B Pa3HbIE IPOMEXKYTKH Bpemenu. Bee mos-
XOJIbI, UCIIOJIb30BAHHBIE JJIsI CKATUSI TAKUX MOCJIE0BATEILHOCTEN, IIPUMEHUMBI
1 K OOBIYHBIM BHUJIEO — HAIIPUMED, C IIOMOIIBIO BHIOOPA OIIOPHOIO KaJIpa MO aHa-
Jioruu ¢ ajaropurMamu ckarust oobraabix RGB Buieo, un manbueiimem cxxkarueM ¢
IIOMOIIBIO AJITOPUTMOB, IpeIHA3HAYEHHBIX I «multitemporal» m3obpazkenwmii.

2.2 CyurecTByOIe METOAbl CXKATUS

Kakumu cBOHCTBaME XapaKTePU3yIOTCsL AJITOPUTMBI CXKATUST IOMUMO MAKCUMAJIb-
Horo koaddunuenra cxkatusa! B Hameit pabore ObLIN HCIOIH30BAHBI CJIELYIO-
Ipe: CKOpoCTh cxkarust (oH/aitn/oduaiin), kadecTBo cxKaTus(c norepsaMu, 6e3)
U CKOPOCTH paciakoBKu (oHsaiis/oduiaiin). Bee ajropurmMel, paccMOTPEHHbIE B
pabote, npusejieHbl B Tabsmie 1.

2.2.1 Merona, ocHoBauHbIil Ha RLS ¢dusbrpe B crarbe [18] aBTops! mpe/i-
JlaraloT IOJXO0J, OCHOBAHHBIM Ha IIPEJCTaBJICHUHN KaXKJIOI'O IIMKCeJsd JIMHEHHONI
KOMOMHAIMEH PEIbIYIIX IUKCeJel B CIIEKTPAJIHLHON U BPEMEHHONH KOMIIOHEH-
TaX U COCEJHUX IHMKCeJell B mpocTpaHcTBeHHON KomnonenTe. RLS-bumwibrp, 3ro
OJIMH M3 METOJ[0B OOHOBJIEHHSI BECOB JIMHEITHON KOMOMHAIIH, O3BOJIAIONIHIT J10-
OMTHCI MUHUMAJILHON PA3HUIBI MEXK/[y UCTHHHBIM 3HAYCHUEM MUKCEJIsl U 3HAde-
HUEM, I[I0JIy9IeHHBIM B pe3y/IbTare Beraucaenuii. Ilocse BuMucaeHns: 3TUX pasHo-
creil, OHU KOAUPYIOTCS C IMTOMOIIBIO SHTPOIUNHOIO KOJIUPOBAHUSI.
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TaGauma 1. AIropuT™Mbl KOMIIPECCHH

A Ckopoctb|Kauecrso Ckopoctb | MakcumasibabIil KoadduuenT
JIPOPUTM
P CXKATHUA | CXKATUS | PACTIAKOBKU CXKATHSA
Compression
oduraitn  |Bes moreps |odaiin 4
on RLS filter |°® po|od
Compression
odutaitn  |Bes moreps |odraiin 3
on LMS filter b prod
MultiTempGan |omaitn  |c moTepsiMu |OHJIANRH HET aHHBIX
Switched
R odutaitn  |6e3 moreps |odIaitn 5
prediction b pr o
Purmonen odutaitn  |¢ morepsamu|odaain HET JTaHHBIX
Mamun odJiaifH  |C OTepsiMU |OHJIANH HET JaHHBIX
Zhu odutaiiH  |c moTEepsIMU |OHTANH 8-9

2.2.2 Meron, ocHoBanHbiii Ha LMS duabrpe Shen [15] npemoxui mos-
XOJI, AHAJIOTUYHBIA TPEIbIAYIIEMY, HO ¢ JAPYTUM METOJAOM OOHOBJIEHUSI BECOB —
dusibrpom LMS.

2.2.3 Meroxg MultiTempGan Asropsl [19] B cBoeii paGore HCHOIB3YIOT
TeHepaTUBHO-COCTA3aTe/IbHYIO CeTh. C)Ka,TI/Ie IIPOUCXOJUT 3a CUYET TOI'O, YTO 11606—
XOJIMMBI TOJIBKO TTapaMeTphbl HeHpOCeTH.

2.2.4 Meron Switched prediction Boszmoxen u jpyroii momxos Ha oOc-
HOBe TIpeJCTaBJEeHNs MUKCcesell JIMHeHHON KoMOWHAImeil MpeaplIyImx 3Hade-
uuit. Shinde [20] paccmarpuBaeT Tpu IpeAuKTOpa: Ha OCHOBE IPOCTPAHCTBEHHOI,
CIEKTPAJIbHOl U BpeMeHHOIl Koppesursanuu. lIpennaraercs criemyromas cxema:
BBIOMpaeTCcss EPBOHAYAJBHBIN MTPEINKTOP, Jdajlee TEKYIINi MUKCeIb MPeICTaB-
JISIETCsT JIMHEWHON KOMOWHAIMEN MPEIbIIYIIX U CUNTACTCHA OMMUOKA: PA3HUIA
MEK/Ty BBIYUCJIEHHBIM 3HAYEHUEM U UCTHHHBIM. Ecyim manHas ormmbKa MeHbIe
Hamepes 3aJaHHO, TO IPEIUKTOP He MeHsieTcsi. Kcm 6oJbIlie, TO pacCInTHIBA-
FOTCSI BCE TPHU JIMHEHHBIX KOMOWHAITNN U CPEIN HIX BBIOMPAETCS JIyUIIasi C TOIKI
3peHUsl HAUMEeHbINel OMMNOKY [P BHIYUTAHUU M3 UCTHHHOIO 3HAYEHMS.

2.2.5 Meron Purmonen Taxxke B [21] 6bIIO IIPEJJIOKEHO IOKAIPOBOE CXKa-
THE — JJIS CIIEKTPAJIbHBIX KOMIIOHEHT KayKJIOTO THIEPKyDa II0C/IeI0BaTEIbHO
npumensiock PCA ¢ mocsieyonmm npeodpa3oBanueM n300parkeHus B «grayscale»
(¢ 8-6UTHBIM KOAUPOBAHUEM KaXKJIOTO IUKCEJIs ), Jlajiee s BpeMeHHoi obiactu
Ha o6paboTaHHbIX n300parkenusx npumensiiicsad JPEG2000. Crout ormerurs, 9o
JII00OH MEeTOJI C2KATUs, M3HAYAJIBHO [IPeIHA3HAYCHHbII JjIs n300parkeHuii, nepe-
HOCHUTCS H& BUJIEO — IPUMEHEHUEM AJTOPUTMa MOKaIPOBO.

2.2.6 Merog Mamun B cpoeii paore Mamun [22] Takke uCHosb3yeT Bpe-
MEHHYIO KOPPEJUIAINI0 MEXKJTY CHEKTPAJbHBIMU [TOJIOCAMHE JIJIsi YBEJINIEeHUsT KO-
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s¢durnmenta Kommpeccuu. CHavasia TUKCEIN MTOCTIEI0BATETbHOCTA N300parke-
Huit 06pabdaTHIBAIOTCH C [IEJIbI0 YMEHBIINTH IPOCTPAHCTBEHHYIO U CIIEKTPAJIBLHYIO
KOPPEJIIAINIO — [IPEJCTABIISIIOTCS JIMHEHHON KOMOMHAIIMEN TPebIIY X THKCe-
Jieit Toro ke n3obpaxkenusi. Jlaee mpeobpa3oBaHHBIE TTUKCEN TTPEICTABIISTIOTCS
JIMHEHON KoMOWHAaIel coce/ieif BO BPEMEHHONW KOMITOHEHTE C ITOCTOSIHHBIM KO-
3 duUIMEeHTOM, 3aBUCAIIIM OT BRIOPAHHOIO KOJIMYUECTBA COCEJIEH 110 POCTPAH-
CTBEHHOU KOMIIOHEHTE.

2.2.7 Merozn Zhu Zhu [23] paccMorpesn Tpu criocoba CKaTus: Ha OCHOBE JIH-
ueituoit perpeccun (LR), ocHOBaHHO! Ha IpeJCKA3aHUH CJIELYIONEro Kajipa 1o
NPEJIBIIYIINAM, [IOJX0, OCHOBAHHBII Ha KOHKATEHAIUH JIBYX TIOCJIEI0BATEIHHBIX
runepKy06oB 1 moceaytomum npumenerneM PCA ¢ BBIeleHIeM KOMIOHEHT CJIe-
aytomero usobpaxkenust (SC moaxon), u upocroe nokagposoe cxarue (IND). B
pesyJibrare recruposanus Ha nanabix CASSI [24] 6bur caenan BeiBog 06 3dhdek-
TusHOCTH SC TOJIXO/IA.

3 3akJirodyeHue

VMenbInieHne pasMepa n300parKeHUN W BUIEO SIBJISETCS OTHON M3 BaKHENITIX
3aJ1a4 B 0bpaborke I'B. CyrecTByeT MHO2KECTBO METOJIOB C2KaTUsI M300parKeHuii,
OJIHAKO KOJIMYECTBO paboT, MOCBAINIEHHBIX Komipeccuu ['B; oyenn maso. Meto-
JO0B, IMOCBAMIEHHBIX CXKATUIO HEIIOJIHBIX JaHHBIX, IIOJJYYCHHBIX C IIOMOINBIO aKy-
CTOOIITUKU HE CYIIECTBYeT. B manHoit pabore ObLIN PACCMOTPEHBI BCE M3BECTHBIE
aBTOpaM Ha, JAHHBI MOMEHT AJITOPUTMBI C2KATHS TUIIEPCIIEKTPAJIbHBIX Bieo. B
6OJIbITIeHl JACTU CJIy9IacB OHM OBLIM ITOCBAIICHBI CKATHIO T.H. «multitemporals
MIOCJIEIOBATEILHOCTEN, T. €. N300PaYKEHUSIM OJIHOM U TOM K€ CIIEHBI CITYCTs HEKO-
TOpBIe TPOMEXKYTKHU BpemeHn. OIHAKO 9THU AJITOPUTMBI MOTYT OBITH 0OOOIIEHBI
n Ha C.quaﬁ ABUZKYIINUXCA CHEH — BPEMEHHad KOPpPEeJIdnud B TaKHUX CJrydasax
BCE PABHO MMEET MECTO, YTO MOXKHO WCIOJIb30BATH jist Gosiee 3¢hdeKTUBHOrO
CXKATHSA, B OTJINTIUE OT IOJXOI0B, UCIOIH3YIONIX TOJIHKO MPOCTPAHCTBEHHYIO 1
CIICKTPAJIbHYIO KOPPEJIAINN.
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ITon6op onTuMasibHOTO PUABTPA A 33TAHHOTO
MAaJIOKaHAJIbHOT'O CEHCOpa B 33a/lade ONTHUYeCKOii
COPTUPOBKU KapTodeas
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AnHoTanust B pabore paccmarpuBaercsi mpobjieMa CO3JaHus aBTOMAa-
THUYECKOIl ONTHUYECKOl CUCTEMbI KOMIBIOTEPHOIO 3PEHUSs JJIsl PEIIeHUsI
3aJ[adi COPTUPOBKU KapTodess Ha aBa Kiacca: «C nedekraMus, «be3
nedekToBy. ITogobHoro posa 3a1a4uu ¢ BHICOKMM Ka4eCTBOM MOTIYT OBITH
PEIIIeHbI C UCIOJIH30BAHUEM TUIEPCIEKTPAIBHBIX CEHCOPOB, OJTHAKO, JJIsT
peanu3aiuyu SKOHOMIYIECKHU 3P (HEKTUBHOIO PEIleHrsI OHUA He MOAX0JAT. B
CBSI3U C 9TUM, UCCJIEAYETCSI BOIPOC BO3MOXKHOCTH AIAITAINN CYIIECTBY-
IOIIMX MAaJIOKaHAJIbHBIX CEHCOPOB [IJIsi PEIIeHUs 3a/1a91 KJIacCupuKamm
C COIOCTABUMBIM YPOBHEM TOYHOCTHU. AJIamTaiiusi CEHCOPa OCYIIECTBIIsA-
eTcs MyTéM HaJIoXKeHus (PUILTPaA 3aJaHHON CIEKTPAJILHON MPOILYCKHOM
CIIOCOGHOCTH Tepe]T 0O BLEKTUBOM KaMephI JIjIs KOPPEKTUPOBKH UTOTOBOIT
CIIEKTPAJIbHOM TyBCTBUTEIBHOCTH. B KadecTBe ONTHMAIBHOTO KPUTEPHUST
15 moadopa huaIbTpa B paboTe paccMOTPEH KpuTtepuit meroga SVM, aro
[I03BOJISIET PACCMATPUBATH 33121y B YCJIOBUIX BBHIOOPOK MAaJIOrO pasMe-
pa. r[()Ka:iaHO7 9TO C UCIIOJIb3OBaHUEM JIBYXKaHAJIbHBIX CEHCOPOB B OTCYyT-
CTBHH IIIyMOB JAHHBIX Ha COOpDaHHOM Habope YIaéTcsi JOCTHYb BBICOKHX
mokaszaTesiell MeTpuk Kiaccudukarmu (accuracy, Fl-score, paccrosaume
OT OIOPHBIX BEKTOPOB JI0 PA3JIEIISIIONIEHl THIEPIUIOCKOCTH) C HCTIOIB30Ba-
HUEM JIByX KaHAJIOB (CpelHe- M JUIMHHOBOJHOBOrO). Accuracy, Fl-score,
abCoOJIIOTHOE M OTHOCHUTEJIbHOE paccrostaue papHo 0.94, 0.96, 1.16 u 1.2
COOTBETCTBEHHO.

KurroyeBble cjioBa: ONTUMAILHLINA (BUILTD, 3aja9a KJacCuUKaIu,
SVM, onruyeckasi COpPTUPOBKA, KJiaccuduKarms KapTodeist

1 Bsegenue

3a nocnenuue Tpu roja 6oL10 Hanucano 6osiee 1000 paboT, MOCBSINEHHBIX TEME
OIITUYIECKON COPTUPOBKU B PA3JIUIHBIX 00JIACTSIX, TAKUX KaK OITHYECKAas] COPTHU-
POBKa OBoIIEil, PPYKTOB, 3epHA, OTXOI0B U Tak jajee. CTout m06aBUTH, 9TO He
TOJILKO HAYYHBIN, HO M WHJIYCTPUAIBHBIN UHTEPEC K CO3/AHUIO ONTUYCCKUX CHU-
CTeM aBTOMATUYECKON COPTUPOBKH CYIIECTBEHHO BO3POC U, COIVIACHO OIIEHKaM,
B JlaJbHeleM OyneT HabII0aThCs TaabHERIN CTaOMIBHBIN POCT [1]

B nmannoit pabore paccMaTpuBaeTCss BOIPOC ONTUYECKONW COPTUPOBKU Kap-
Todessa. OMHOI U3 OCHOBHBIX 3aJa4 B JIAHHONW 00JIACTH SIBJISIETCS CO3JaHHE HE
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TOJIBKO BBICOKOTOYHOM, HO M OIOMKETHON CEHCOPHOI CHUCTEMBI, 9TO CYIIECTBEH-
HO OTrpaHUYMBaCT BO3MOZKHOCTH HMCIIOJIb30BAHUSA BBICOKOTOYHBLIX CIIEKTPAJIbHBIX
CEHCOPOB.

B nmacrosmuit MOMEHT U3BECTHO HECKOJIHBKO CIIOCOOOB PEIeHUs JIAHHON TPO-
Guiembl: 1) paspaboTKa MaJOKAHAJIBHBIX CEHCOPOB C TOYHO 3aJ]aHHON XapakTe-
PHUCTUKOH CHEKTPAJIbHON TyBCTBATEIHLHOCTH; 2) COBMEIIEHUE MAJOKAHAJIBHOIO
CEHCOopa C IYJIbCUPYIOMUMU MyJIbTUCIIEKTpasibibiMu LED-ncrounukamu ocserie-
Husl; 3) paspaboTKa CIENUAIbHOTO ONTHIECKOrO (DUIIbTPA [JIsl Y2Ke CYIIECTBYIO-
nux kamep. B ganmnoit pabore paccMarpuBaeTcsl IMEHHO TPETHH CIIocol.

CTOI/IT OTMETUTh, ITO aHAJIOTUIHBIN TOAXO0/T Y2K€ IPUMEHAJICA B 3a/la9aX KO-
Jsopumerpun. B pabore Qumniieiicona u coaBropos 2] pemiaercs npobiema usmMe-
HEHUsI CIEKTPAIbHBIX XapaKTePUCTUK KaMephl [iiis obecrievderns: 60Jiee TOTHOIO
[Iepexo/ia B IIPOCTPAHCTBO CTaHAapTHOro Habmogarens XYZ [3]. dust mocruxke-
HUsI OCTABJIEHHOM 11€JIU, ABTOPBI CTATbH IIPEJJIOYKUIM U3MEHUTD CIIEKTPAJILHBIE
xapakTepucTukn kamepbl Canon 50D. ABTOpBI cTaThi IPeJIIOIATAIOT, YTO PO~
[IeCC HAXOXKJEHU: (DUIbTPa HEOOXOIUMO JI0JI?KeH OBl CBSI3aH C IIOMCKOM HaWJIyd-
et rBetosoit Koppekiun u3 RGB B XYZ(1):

min [ DQM — xlI, (1)

e Q U X COOTBETCTBEHHO ODO3HAYAIT MATPHILY CIIEKTPAJBHBIX IyBCTBUTE b
Hocreii Kamepbl N X 3 u pesysibrar GhyHKIMH BeTOBOrO conocrasienus RGB B
XYZ. D — nuaronanbHas matpuna N X N, GUIbTP, MO3BOJISIONINN TIPH Y MHO-
JKEeHUH HA Hero KOPPEKTUPOBATH CIIEKTPAJILHBIE TYBCTBUTEILHOCTH KaMep. 3eJIe-
HOI U CHHWUIA CIIEKTPAJIbHBIX 1yBCTBUTEJbHOCTEl, a M — 9T0 MaTpuia 1BeToBoi
KOoppeknuua 3 X 3.

B nacrosmeit pabore craBuTcs 3ajiada MOUCKA ONTHUMAJILHOIO (QUIbTPa JIJIst
MaJIOKaHAJIBHOI'O CEHCOpa B 3aJade Kiaccndukarnuu kaprodens. B oramane or
paboTsl [2], B KauecTBe KpUTEPHUs ONTUMATIBHOCTH PACCMATPUBAETCH MAKCHMU3a-
[MsT PACCTOSIHUS OT OJIVKANINUX K THIIEPIIOCKOCTH O0OBEKTOB KayKJI0ro KJIacca
apyr or apyra (Meroq SVM) npu coxpaHeHHH KadecTBa KJacCUMDUKAIMN 00b-
ekToB. Ha peasibHBIX CIIEKTpax OTparKaTeIbHON COCOOHOCTH 3/I0POBBIX U TOPa-
JKEHHBIX yYIaCTKOB KapTodess B paboTe morydeHa popMa ONTUMATIEHOTO (PUTh-
Tpa JJIsl pa3/ieseHus Ha J1Ba KJIacca.

2 Kpurepuit noucka onTUMaJIbHOTO (pUIbTpa

Ilepes uccirefoBaTesIsIMU CTOUT 3a/a4a MATEMATHIECKOTO MOJIEINPOBAHIS OIITH-
MasibHOro duibrpa. Ilog onrumanbnocThio PUILTPA MOHEMAETCH MAKCUMAAD-
HOE MUHUMANLHOE DACCTNOAHUE 00BEKMOE KAGCCA 00 PA3JesA0UEeT 2uNepniocKo-
€U TIpU COXPaHEHNH TOUHOCTH Kiaccudukanun (accuracy u Fl-score). Oanaako,
OCHOBHas IIpoOJIEMa JAHHOM PAbOTHI 3aK/IIOYAETCS B IIOUCKE HEOMPUUAMEALHO20
Punrvmpa st cencopa. Takum oOpa3oM, HaMU pelraercs 3a/a4a ONTHMU3AINA C
orpanuveHneM Ha 3uadeHust puabrpa. IloMumo sTOro0, aBTOPHI CTATHU 0OpAIIAIOT
BHUMAaHUE YUTaTeId Ha TO, YTO JaHHOE HCCJIEI0OBaHUE PEIIaeT TEOPETUYECKYIO
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3a/lady MaTEeMATHIECKOrO MOJeJNpoBanus (BpUIbTpa s ceHcopa. B crarbe He
PacCMATPUBAETCS HHIKEHEPHAsT BOSMOYKHOCTD CO3JIaHUs MOJ00HOr0 (buiibTpa.

Dynxnus norepb SVM [4] (2) cocrout u3 apyx vacreii. [lepsast yactsb jaH-
HOIT hyHKIMN morepb Ha3biBaeTcs hard-margin um orBevaeT 3a pacCTOSTHIE MEXK-
ny kmnaccamu. QyHKIWMs IOTEPh CO BTOPOil YacThI0 HasbiBaercs soft-margin u
BKJIIOYAET B Ce0sl BO3MOXKHOCTb HEBEPHOI Ki1acCuUKAIUH.

1 . 1
L= g [l + g 3 (max(0.1 = i(uTz: + 6) @

IJie W — BEKTOP HOPMAJIH K PA3/IeJIsIFoIIell THIIEPIJIOCKOCTH, T; — O0bEKT JAHHBIX,
Y; — UICTUHHBII KJ1acc 00bekTa, b — cMmernienue, wlz; - IpeJCKa3aHHbId MOIEIBIO
kitacc obbekra u C' — koadumenT peryssgpusaum.

B nameii 3a/1a4e ONTUMU3AIMN ABTOPBI CTATHU OOPAINAIOT BHUMAHUE TOJIHKO
HA TIePBYI0 9acTh QYHKINH IOTEPH, TAK KaK MPObIeMa HAIIETro NCCIIe[0OBAHUSI CO-
CTOUT B IIOUCKE OIITUMAJIBHOT'O (bHJ'IBTpa JUJI MAKCUMAJIBHOT'O PAa3/Ie/JICHUA KJ1ac-
coB 6e3 MuckJIaccuduKanyu. JTo JOCTUraeTcst 6Jaroapst MUHUMU3AIUH JIJIMHBI
BEKTODPA, MEPIEHUKYJISPHOrO K runepiuiockoctu. Hakiaapiaercst puibrp Ha
CHEKTpPaJIbHbIE€ TYBCTBUTE/IBHOCTHU BbI6paHHOﬁ JJId UCCJICJOBAHUS KaMepPhI. Ha
KazKJI0i nrepanyun 3HaYeHni (huIbTpa MUHUMU3UPYETCs KBaJIPAT JIJINHBI BEKTO-
pa HOpMaJsu, epBoit dactn ¢pyuknun morepb SVM. Ha 3nagenust puabTpa Ha-
KJIaIbIBa€TCsA OrpaHUYCHUE: (i)I/I.Hpr MOKET IIPUHUMATh 3HAYCHUS B JUalla30HE
[0, 1]. dnsa onrumumsanuu 3HaveHuil GUIBTPA ¢ YKA3aHHBIMU OTDAHUYEHHSIMU
ucnosb3oBasicst MeTos [5].

3 danHbBIE

Jljist peltieHust 3aa4u, CTOSINEN TIepeJI UCCIeI0BaTeISIMUI, ObLI COOpaH JIaTaceT
Kaprodesst, cocrosmmit n3 50 0obekToB. laracer comepkut 13 CHUMKOB Kate-
cTBeHHOTO KapTodes u 37 — 6pakoBanHoro. /lannble s MCCI€0BAHUS COOU-
PaJIUCh € HOMOIIBIO TUIIEPCIEKTPAIbHON KaMepsl Specim IQ (puc. 1).

CnekTpaJibHble rpadpukun kapTodens

1.0 — KauecTseHHbiit

s BpaKoBaHHbIA

o
o

CurHan

400 500 600 700 800 900 1000
[AnvHa BOMHbI, HM

Puc. 1: Criexkrpasibable rpadbuku kapTodests 1ByX KiaccoB. [IyHKTUpHOIT TinHme
0003HaYEHBI [IEPBBII U TPEeTUil KBAPTUJIN.
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Jlannbie ObLIM pa3MedeHbl, OOBEKTHI YCPEJIHEHBI 0 pa3Merke. Takmm 00-
pa3oM, ObLI MOJIyYeH JaTaceT Jyis JajbHeileir paborsl. s moucka duibrpa
6bL1a BeIOpaHa TpéxkaHasibHas Kamepa SONY IMX 249 (puc. 2). JanHble crek-
TPAJIbHBIX ‘IyBCTBHTeJ’ILHOCTeﬁ 6BIJ'II/I TIOJIYYI€HBI U3 OTKPBITOI'O UCTOTYHUKA CIICK-
TpasIbHBIX dyBcTBUTEIbHOCTEH Kamep [6]. Tak kak Specim I1Q umeer Menbimmit
mar CIueKTpabHOM dyBcTBUTENbHOCTH, Hexkemn SONY IMX 249, nannbre, mo-
JIydeHHbIe TIpU cOOpe Jaracera, ObLIN JUHEHHO WHTEPIIOIUPOBAHBI. B TaHHBIX
MPUCYTCTBYET JAUCOATIAHC KJIACCOB, JJIs JaJibHEiimteil paboThl ¢ JAHHBIME, DU
pa3burnu Jataceta Ha 00yYAOILYI0 U TECTOBYIO BHIOOPKY, JaHHBIE Pa3/IeIsIiCh
¢ yI6TOM yKa3aHHOII HEPABHOMEDHOCTH.

SONY IMX249

1.0

0.8

0.6

04

0.2

CnekTpanbHas 4yBCTBUTENLHOCTb

00 400 500 600 700 800 900 1000

[OnvHa BONHbBI, HM

Puc. 2: Crnekrpasbaas ayBcTBUTEIbHOCT Kamepsl SONY IMX249.

4 DKcHepuMeHT

Jljist oJTyYeHnsl U3HAYAJIBHOIO PACCTOSIHUSI U TOYHOCTH KJIACCUMUKAIUN ObLI
ucnoJib3oBa kjaccudukarop SVM. Ilepes ucciemoBaressvMu cTouT 3aa4a mo-
HCKa MAKCUMAJIBLHOIO PACCTOSIHUS MEXKJLy KJIACCAMU TIPU COXPAHEHUU TOYHOCTH
kitaccudukarmu. s 3Toro B Mojesn ObLT YBEJINTeH PeryJisipu3upyomuii Ko-
s dunment C. st morcka ONTUMAJIBHBIX IyBCTBUTEILHOCTE, & TaK XKe KaHa-
JIOB il KJtaccudukarmy kaprodesisi, 6putn 0bydensr SVM Momenn jist Kax-
JIOrO BO3MOXKHOTO BaphaHTa JJIsi BBIODAHHOIO TPEXKAHAJIBLHOIO ceHcopa. Bpuin
[OJIyYEeHbBI CJICYIONe MEeTpuKu: accuracy, Fl-score, abcosiiorHOe paccrosiHue
OT OIIOPHOT'O BEKTOPA JI0 PA3JIEISIONIEl THIIEPIIOCKOCTU U PACCTOsIHIE, OTHOCHU-
TEJIbHO MaKCUMaJIbHOT'O Pa3pPbIBa ME2K/1Y O6’beKTa.1VII/I. HOI\II/II\IO 9TOT0, C IOMOIIIBIO
YKa3aHHOI'O paHee METOJ[a ONTUMU3AINK ObLIM IIOJIYyY€Hbl CKOPPEKTUPOBAHHbBIE
BEKTOD BECOB WM CMEIEHNs, OCUUTAHbI METPUKU KadecTBa KJACCH(MUKAINU ¥
IPOBEICHO CpaBHEHUE MEXKJ/1y MOJIEJIAMU, O6y‘la.BH_II/IMI/ICH Ha JaHHBIX C IIpUMeE-
HeHueM (DUIbTPa U UCXOJHBIX JIAHHBIX.

[TostyueHHBIE PE3YIIBTATHI JIEMOHCTPUPYIOT HEU3MEHHOE Ka4eCTBO Kaccuu-
Kaluu 1pu HajoxkeHnu ¢puiasrpa. K coxasenuro, ¢ moMompio JHHeRHOro (huiib-
Tpa, IPUMEHIEMOro K KOHKPETHOI Kamepe, J0OUThCs JIMHEHHONW Pa3/ e IMMOCTI
KJIACCOB HE y/1aJ10Ch. Tak»Ke CTOUT OTMETHUTh, 9TO ¢ TIOMOIIBI0 (DUIBTPA MIPAKTU-
YeCKM HA BCEX BAPUAHTAX KAHAJBLHOCTH CEHCOPA IOJIY YUJIOCH JIOOUTHCS yBeJIIe-
HUSI PACCTOSIHUSI JI0 THIIEPIIOCKOCTH, KaK abCOJFOTHOTO, TAK U OTHOCUTEIHHOTO.
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Vckmouenne cocTaB/IsIOT OJIMZKHEBOTHOBBIN KaHAT U M3HAYAJIbHBIE CIEKTPAIb-
HbIe JIAHHDIE, MoJIyYeHHble ¢ momoIbio Specim 1Q. Ilomumo sToro0, aBTOpHI CTa~
ThU 0OPAIAIOT BHUMAHNE HA TOTHOCTD KJIACCH(DUKAIINN B CJTyIae UCTIOTb30BAHIIS
JBYXKaHAJIBLHOTO cencopa. CorocrasjieHne JajbHEeBOJHOBOIO KAHAJA C CPEJHe-
BOJIHOBBIM ITIO3BOJISIET ITOJIYYUTHh 3HAYUTEIHHYIO TOYHOCTH KJIACCU(DUKAIUHN, HE
YCTYTAOIILYIO TI0 KAYECTBY TPEXKAHATHLHOMY CEHCOPY. DJIMKHEBOJIHOBBINT KaHAT
COJIEP2KUT MAJIO [OJIE3HBIX [IPU3HAKOB JJIst KaccuuKauu 00beKTa Ha YKA3aH-

HbIe JIBa KJiaccCa.

Channels Accuracy F1-score Ab6coutoraoe | OTHOCHTE/IBHOE
paccrosiHue paccrosiHue

Red 0.88 0.92 0.0001 0.008
Green 0.76 0.83 0.0004 0.03
Blue 0.47 0.47 0.0007 0.13
Red + Green 0.94 0.96 0.0001 0.018
Red + Blue 0.94 0.96 0.0012 0.10
Green + Blue 0.88 0.92 0.0002 0.026
RGB 0.94 0.96 0.0001 0.014
Specim 1Q 1 1 0.0001 0.063

Tabmmma 1: PesysnbraTsl KiaccuduKanuu Ha TECTOBOH BHIOOPKE
0e3 HaJIOXKeHUsT (PUIIBTPa

[Tomyensr ckoppekTHpoBaHHbIE TPAMUKA CIIEKTPAIHHOI TyBCTBATEILHOCTH
¢ yuéroMm puibTpa Jjisi TPEXKAHAIBHOTO cencopa (puc. 3b).

CrexTpanswas 4yBcrauTensocTs

0" 460 500

(a) OpwuruHanbHasi CIEKTpajbHAs dyB-
crBUTebHOCTH KaMeprel SONY IMX249.

500

SONY IMX249

760 800
Tumia sonke, v

500

o nexTpasbHas

HOCTb SONY IMX249

CrexTpanuas wyBcTouTenbHOCTE

o

(b)

1000

200 500 EQ

Lrwa some, M

200 500 1000

CKOppeKTHpOBaHHaH CIIeKTpaJibHast

qYBCTBUTEJIbHOCTH HCCHeﬂyel\loﬁ KaMepBhbl.
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OrHomenue OrHoeHne
Channels Accuracy Fl-score abCOMIOTHBIX | OTHOCUTEBHBIX
PacCTOAHUIA paccrosgHue
Red 0.88 0.92 15 13.75
Green 0.76 0.83 1.5 1.6
Blue 0.47 0.47 0.71 0.69
Red + Green 0.94 0.96 10.2 23.3
Red + Blue 0.94 0.96 1.16 1.2
Green + Blue 0.88 0.92 0.65 0.95
RGB 0.94 0.96 10 16.9
Specim 1Q 1 1 1 0.98

Tabuura 2: Pe3ynbrars! Kiaccudukamyum Ha TeCTOBOI BBIOODKe
¢ HaJOXKeHueM GpuabTpa

5 3akJiro4deHue

B pabore npecTaBiien MeTO IOy YeHUST HEOTPHUIATETHHOTO (DUIBTPA JIJIs CIIEK-
TPaJIBHON IyBCTBUTEIBHOCTH MAaJIOKaHAJILHOrO cercopa. C mOMOIIbIO TpUMeEHe-
HUA CI)I/IJ'ILTpa K UCXOJHBIM JIaHHBIM Y/IaJIOCH ;LO6I/ITBC5{ 3HAYUMOT'O YBCJINICHUA
paccrosinus Mexy Kiaccamu. OHAKO, IEpexoi OT TI'MIIEPCIEKTPa K TPEXKa-
HaJILHOMY CEHCOPY He MO3BOJIMI COXPAHUTH KJIACCHI JINHEITHO pa3neIuMbiMu. JIu-
HeHHBI GUILTD TaKXKe He IoKa3asl 3DGEeKTUBHOCTH JIJIsI PeIleHns! I0100H0i 3a-
Jadu B YCJIOBUSX KOHKPETHO B34TOro ceHcopa. [losyuensr Hava/bHbIE TIPEJICTaB-
JIEHUSI O JIOCTATOYHOCTHU JABYX KAHAJIOB JJIsI PA3PEIIeHUs 33,/1a91 KIaCCU(PUKAITNT
B yCJIOBUAX OIPaHUYICHHOI'O JaTaceTa. HOJIy‘IeHbI HOBBI€ 9YBCTBUTE/IbHOCTU Ka-
Mepbl, CKOPPEKTUPOBAHHBIE C MOMOIIBIO TOJIyIEHHOTO (PUIBTPA.

HapHeitee HampabjeHne paboTbl aBTOPOB OyJIeT HAIPABJIEHO HA PACIIH-
peHne jaracera M JNAJIbHEHIIYI0 paboTy II0 HMOUCKY OITHMAJIBHOIO (DUIbTpa U
CeHcopa JIJIsl yJIydIleHUs MeTPUK KJIACCHMDUKAIMK OBOIIIEH.
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Meton onenku paccrogHuss Bacepnrreiina c
MOMOIILIO0 ObICTPOro npeobpa3oBanus Xada

Anmma lyrosal?, Erop Epmos!

! Mncruryr npo6nem mepemaun muadopmamun um. A.A. Xapkesmda, Mocksa, Poccusl,
2 HarmoHaIbHbIH HCCIIeI0BATEILCKIIT yHIBEPCHTEeT «BLICITas KO SKOHOMUKII»,
Mocksa, Poccust
shutova@iitp.ru

Awnnoranusa B pabore mpeiioykeH MeTo ] anIpoKCUMAIMA MeTPUKY Ba-
cepruTeiiHa JIsl CaIydasi JBYMEPHBIX JIUCKPETHBIX PACIPE/E/IEHHN, OCHO-
BaHHBII Ha yCPEIHEHUH METPHUKHI 3€MJIEKOIIa 110 BCEM BO3MOXKHBIM OJ[HO-
MepHBbIM mpoekIusiM. Vcrosb3oBanne ObicTporo npeobpaszopanus Xada
TTO3BOJIACT MOJTYYIHTh ACUMITOTHIECKYIO cioxkrocTh O(n? logn), rae n —
JIMHEHBIN pa3Mep IUCTOrPAMMBbI PACIIPE/IEIEHUS.

Kirouesslie ciioBa: Merpuka Bacepurreiina, Merpuka 3emiexona, 6b1CT-
poe mpeobpaszoBanne Xada.

1 Bsegenue

OJiMH U3 M3BECTHBIX CIIOCOOOB CPABHEHUSI JBYX MHOIOMEDPHBIX DPACIpPe/Ie/IeHIH
OCHOBaH Ha MCHOJIb30BAHUM PacCTosgHus Bacepirreiina. JlocTonHCTBOM JaHHOI
METPUKH MOZKHO CHUTATh UHTYUTUBHO TOHATHBINA CMBICT — MeTpHUKa MeXKIy pac-
npejiesieHusMu v 1 3 u3aMepsier paboTy 10 MePEeHOCY KOHEYHBIX MHOYKECTB «3€M-
JIM» Ha MUHHMAJIbHBIE DACCTOSHUS TaK, UTOOBI paclpejiesienne o TpaHcopMu-
poBaJiach B 3.

B obuiem cityuae p-meTpuka Baceprrreiina 3amucsizaercs ciieayomuM odpa-
3oM: mycthb (M, d) — MeTpuueckoe NpOCTPAHCTBO, JJisi KOTOPOTO KaxK/asi BEpo-
ATHOCTHAs Mepa Ha M saBisercs mepoil Pajona.

1

P

Walp, ) = ( inf / d(z, y)”dv(%y)) (1)
YEL (1Y) J Mx M

rie I'(u,y) obosHauaeT COBOKYIHOCTD Beex Mep o M X M ¢ MapruHaJbHbBIMU

pacIpeIe/IeHUAMA (L U 7.

[IaBHBIM HEJIOCTATKOM PACCTOSHUS BacepinreiiHa sBJIAIOTCS MPOBIEMBI C
BBIYHCIUTEIBHOM CJI0KHOCTBIO, TAK KAK TOIHOE BhrAucIeHne hopMyrsl 1 HeBo3-
MOZKHO /JIJIsT pa3MepHocTeil npocrpancTsa Boie 1. Ilo aroit npuunne cymecrsyer
MHOYKECTBO allPOKCUMAIINI JIAHHOM METPUKH, pa3paboTaHHbIe, IO GOJIbIIel Ya-
CTH, JJTsl BOCCTAHOBJICHHsI KAPTHI ONTUMAJIBHOTO TPAHCIIOPTA.

IMupoko u3BectHsli anropurm CUHXOPHA [2] ¢ IOMOIIBIO pelleHus 3a/1a9u
OIITUMU3AIN IIO3BOJIAET IIOJIYyYIUTH IIpI/I6JII/I)KeHI/Ie pacCTOAHUA BaCepLL[TeI‘/,IHa,.
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BoraucuTe bHAS CA0XKHOCTD JAHHOTO anropuTma cocTasiasger O(n?lognt™2)
JUUIsL OLIPEJIeJIeHNs paccTostHus Bacepinreiina ¢ morpentHocrsio 7 [2].

CymiecTByer u Jpyroii Mmojaxoj K IMOJICYeTy allPOKCUMAIINN paccrosnus Ba-
cepiireiina [1] ¢ ncnonb30BaHNeM AUCKPETHOIO npeobpasoBanust PajoHa, GbICT-
pas cxeMa BBIYUCJIEHHS KOTOPOTO, IO BCEHl BUIUMOCTH, CTPOUTCS Ha OBLICTPOM
npeobpasosanuu Dypbe.

B mannoit pabore mcciemyeTcss BOMPOC JOCTUAKUMON TOYHOCTU BBIYUCICHUST
MeTpuku Bacepirreiina, UCIOIB3ys MUPOKO PACIPOCTPAHEHHBII MeTOJ, aHAJIU-
3a m300parkKeHmit — ObICTpoe TpeobpazoBannsa Xada. B pazmene 3 onmcan aaro-
PUTM IOJICYeTa allpoKcuMannu MeTpukn Bacepimreiiia u moKa3ano, ITo aCuMII-
TOTUYECKAs] BBIYUCIUTENIbHAS CJIOXKHOCTH IIPEJIJIOKEHHOIO METOJIa COCTaBJISIeT
O(n?logn). B pazzene 4 3KCIePEMEHTAIBHO TOTYIEHbI OTIEHKN TOYHOCTH TIPE/I-
JIOYKEHHOTO METOJIA JJIsl PA3JIMIHBIX IPe0OPA30BAHUIT THCTOrPAMM.

2 MeTpuka 3eMJieKoIa

Paccmorpum gacTHblit ciryuait paccrosinus Bacepinreiina, Ha3bIBA€MbIll METPH-
KO 3eMJIEKOITa: IyCTh pacCMaTpPHUBAaeMble PacIpe/le]leHIs OTHOMEPHbIe U p = 1.
MeTpuka 3eMJIEKOIIa MEXKJIY PACIPEICICHUAMA (¢ U (3 JJIs JJAHHOI'O CJIy4asi IPU-
HUMaET CJeAYIOMUi BU;

vmmﬁwaéffum—mux 2)

O6ozHaunM 32 C\, (T) KyMYJISTHBHYIO CyMMY 3JEMEHTOB I'MCTOIPAMMBI PaC-
npeJiesieHns « J10 daeMenTa X. Torma hopMyy 2 MOXKHO HEPEUCaTD CJIE/YIOIIIM
0obpazoM:

m@ma@@w—%wm (3)

OTMeTnM, 9TO B JUCKPETHOM CJIydae Jis THCTOTPAMMBI pa3Mepa N TPYyo-
€MKOCTb BBIYHCJIEHUsS] METPUKY 3eMJyieKolla cocrasisier O(n).

3 AJropuTM moacyeTra IIPUOJINKEHUS PACCTOSTHUS
Bacepmrreiina

Paccmarpusaemoe npubsmkenne paccrostaus Bacepireiina 11 1By MEpHOTO JiHc-
KPETHOI'O PACIPE/IeJIEHIs CTPOUTCH 38 CUET YCPEIHEHUS METPUKH 3EMJIEKOIIA 110
[IPOEKIIUSIM Ha BCe BO3MOXKHBIE HAIIPABJIEHUS. 3J€Ch U Jlajlee CIUTaeM, YTO JIBY-
MEPHOE JUCKPETHOE pacIpe/iesIeHIe 3a/IaH0 B BUJIe N300paKeHUsA pa3Mepa 1 X 1,
OTHOPMUPOBAHHOI'O H& CYMMY BCEX IIHKCEJIei.

IIpu nocsie10BaTEIBHOM IIOJICUETEe PACCTOSTHUS 3eMJIEKOII JJIsl KaxK IO 1Ipo-
eKIIMH BBIMUCIUTEIBHAA CIOKHOCTD AJIropuTMa 6yaer cocrasaars O(nt): xomm-
JeCTBO PA3IUIHLIX TTPOEKINH — N2, MPOeKIHs N306PaskeHNs Ha OTHO HAIpaBJTe-
He BumosTHsAeTCs 33 O(n?), MOACIET METPUKH 3eMJIEKOMa, KaK OTACAHO B TIIaBe
2, Beimosasiercs 3a O(n).
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J1st yCKOpeHus ToIceTa MPoeKInii OyIeM MCIoIb30BaTh OBICTPOe Ipeodpa-

soBanne Xada (BIIX, anropurm onucan B [3]).

AusroputMm niosicyera npubIMKeHUs paccTosgaust Bacepriireiina st m300pa-

JKEeHU o u 5 OITNCBIBACTCA CJICAYIONIUMHU ITaraMu:

1.

st koppekTHOit paboTst BIIX HE0OX0MMMO M300parkeHne MOMOTHUTD HYJIs-
MU CIIpaBa (JIJ1s IPENMYIIECTBEHHO BEPTUKAJBHBIX MPSIMbIX ) WU CHU3Y (117151
[PEMMYIIECTBEHHO NOPU30HTAIBHBIX IIPSIMBIX) JI0 PA3MEPOB 7 X 2n U 2n X N
COOTBETCTBEHHO.

C momorrpio BIIX crpoum 4 Xad-obpasza Jjisi n300parxKeHusi o JJIsi Ipe-
UMYIIECTBEHHO BEPTUKAJIBHBIX MPSIMBIX, HAKJIOHEHHBIX BIPABO W BJIEBO, U
JIJIST TIPEUMYIIIECTBEHHO TOPU30HTAIBHBIX TIPSIMBIX, HAKJIOHEHHBIX BIPABO U
BaeBo. Kaxnprit Xad-o0pa3 mnpejcraBisger coboit MaTpuily n X 2n, rjae n —
JInHeHbIH pa3mep nzobpazkenus. ObbeauHsIeM ropu30HTAIBHO Xah-06pasbl
B OJIHY MaTpwuily S, pasmepoMm 4n X 2n. Iloacuer Xad-obpas3a BbITOIHSIETCST
za O(n?logn) [3].

MozkHO 3aMeTuTh, 9TO KaxKJas CTPOKA B MOJIYYEHHOM Marpuie S, COOTBET-
CTBYeT CyMMe€ BJIOJIb CEMEICTBA MapaJjuIeJbHBIX MPSIMBIX, & 3HAUYUT, IPE/I-
craBiisieT coOOl NPOEKINIO MCXOIHOIO JIBYMEPHOI'O DACIpEeJe/IeHus BJIOJb
IPAMOM, ITapaJljIeJIbHON CeMelCTBY.

. LLJIH IoJ/icyeTa METPUKHU 3eMJIEKOIIa H606XO,H‘I/IMI>I KyMYJIATUBHBIE CYMMBbI, I10-

9TOMY st KasKII0il cTpoku {a;, j } ; MATPUIBL Sq IIOACUUTAEM KyMyJISTUBHYIO
cymmy ee siementon {¢o(i,5)} = Y0i_, ar. Marpuily u3 KyMmyJasTHBHBIX
cyMM Kax0it crpokn obosraunM C, KyMysiaTuBHast cyMMa CTPOKH CIATa-
erca 3a O(n), IOSTOMY KyMyJIATUBHAS CyMMa IO KazKJIOil M3 CTPOK BBITIOJ-
userca 3a O(n?) oneparuit.

. AnaJsiornano CTPOUM MaTpuny KyMYJISITUBHBIX CYyMM C@ JJIA H306pa}KeHHH

8, moBropus mrarm 1 — 3.

. Heobxonnmo BHECTH MONpPaBKY B MATPHUII KyMYJIATHBHBIX CyMM, BBI3BaH-

HYyIO IUKJIMYHOCTBIO HIpsIMBbIX B Xad-obpase. Kak nokazamo na pucymnke 1,
NUKCeIn «1» U «2» SIBJIAIOTCSA COCEIHUMHM Ha THCTOIPAMMeE, OZHAKO B Xad-
obpa3ze CyMMBI TI0 TIPSIMBIM 0O03HAYEHHOTO HA PUCYHKe THIA OYIyT IO WH-
nekcamu 0 u n— 1. B crarse [4] npemraraercs anropurym ayis nogcdera EMD
Ha Kpyre:

W s1 (0, ) = / 1Ca () — Cp(x) — plda, (4)

rae p— Meauana ateMeHToB Cy () —Ca (). Haxoxaenue Menanbl B MACCHBE
MoxxHO czenarb 3a O(nlogn). Ilorpebyercst HafiTn MeguaHy JUIs KazKIoit
MO3JIEMEHTHOfl PA3HOCTH COOTBETCTBYIOMNX CTPOK MATPUIL KyMYJIATHBHBIX
cymm C,, u Cp, cymmaproe |amcsio onepanmit na atot mar — O(n? log n)

CunTaeM cpemHee MOIEMEHTHOTO MOJYJIsl PA3HOCTH MEXKIY COOTBETCTBYIO-
[UMHU CTPOKAMU MATPHUI[ KyMYJISITUBHBIX CYMM U300paxKkenuit o u [ ¢ 1o-
NPaBKOii Ha BBIYHUCJICHHYIO PaHee MeUaHy PA3HOCTH CTPOK KyMYJIATHBHBIX
cymM. Boimosiasiercst 3a O(n), 110 9UCILy CTPOK MATPUIL KYMYJISITTUBHBIX CYMM.

. Ycpenuennsie 4n 3HadMeHnit OyaeM Ha3bIBATDL IPHOJIKEHHEM MeTpHKH Ba-

cepinTeiHa Jijisd JByMEPHBIX pacupejeienuii o u 3.
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Puc. 1: Busyanmsanus HaHeceHus: IPsAMBIX OJIHOI cTpoku Xad-o6pa3a Ha u306-
paxenue. [Tukcenn, obo3HavYeHHDBIE 32 «a» U «b» SIBJISIIOTCS COCEIHUMU JIJIsI MC-
XOAHOro u300pakenusi, HO B Xad-obpaze Oy/LyT yUIHUTHIBATHCH HPH CYMMHUPO-
Baruu npsiMbix ¢ uHeKcoM 0 u n-1. CocesictBo «a» u «by OyHeT JOCTUrATHCS
TOJIBKO IIPH PACCMOTpEHNH cTpoKu Xadd-obpasa Kak KOJIbIa

HTorosast BHIMUCIUTETLHAS CIOKHOCTD MPEJTIOKEHHOTO METO/IA COCTABJISET
O(n?logn) + O(n?) + O(n%logn) + O(n) = O(n?logn) oneparui.

4 CrengupoBaHue npubJIm>KeHus MeTpuku BacepimreitHa

Jljist cTeHIMpOBaHUs TIPEJJIOXKEHHON METPUKH HCIOJIb30BAIaCh YaCTh JIATACETa
Cube +-+ [5], obosnauennas asropamu Kak SimpleCube+-+. Tauublii garacer
comepkuT sSRGB m3obpaxkenust Jisi CIleH BHE ITOMEINEHHsI U BHYTDPH, 10T Pa3-
JINYHBIMU YCJIOBUSIMU OCBEIIECHHUS.

Jist KaxK10ro m300pakeHust ObLIa BBIYHCIEHA €€ MHCTOrpaMMa I[BETHOCTH
CJIEIYIONIM 00pa30M:

1. Kazkaplii muKcesb n306pazkeHust IIEPEBOUM B I'g-IIPOCTPAHCTBO: ' = R+TR+B’
_ _ G

9= R¥G+B
2. ITo nukceasiM B g NPOCTPAHCTBE CTPOUM JIBYMEDHYIO THCTOTPAMMY
3. Hopmupyem rucrorpammy Ha CyMMY BCEX HHUKCeJIeit

Ha pucynke 2 nokasan npumep u3o0pakeHusi U [MOCTPOEHHAs 110 HEMY T'HU-
crorpaMma IBETHOCTH.

Ha ka2x 1011 rcTorpaMmoit IpOn3BOAMIIMCEH CJIELYIOIINE dJIEMEHTaPHBIE TIPe-
0Opa3oBaHus:

— IapaJstesnbHbIil TepeHOC HA 3aJaHHBI BEKTOD T.
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FRUCKTSHFT:
HasT

(a) Ucxonnoe m306pazkeHne garacera

(b) T'ucTorpamMMa 1BETHOCTH

Puc. 2: IIpumep nocTpoeHunst rucTOrpaMMbl IIBETHOCTH

TloBopoT Ha 3aaHHBII yTOT ¢ OTHOCUTEIHLHO BEPXHETO JIEBOTO yIJIa n300pa-
YKEHMUSI.

CxajimpoBanue Ha A1, A2 BJIOJIb TOPU3OHTAILHON U BEPTUKAJIBHON OCH COOT-
BETCTBEHHO C TOCJEIYIOIell HopMaau3alueil Ha cyMMy Beex nukcesteit. [1pu
CKaJTI/IpoBaHI/II/I I/ICHOJ’Ib3yeTC$[ JINHeHasT I/IHTepHOJIHLU/IH.

OceBasi cMMeTpHsi OTHOCUTEILHO MIPSIMOii, apaJsieabHoit ocu Oy u mpoxo-
JSIeit Yepes3 MeHTP n300paKeHus.

OceBast cuMMeTpusi OTHOCUTEJIBHO TIPSIMOiA, mapaJiiesibHoil ocu OX U Ipoxo-
JSIIel 9epes3 MEeHTD U300pazkKeHus.

[Ipumep ucxomHOM rICTOrpaMMBI U TECTOIDAMM IIOCJIE IIPeoOpa30BaHUi 1I0-

Ka3aH Ha PUCYHKEe 3.

[IpoBepsiuch ciemyomue runoTe3bl, KOTOPble BePHBI /st MeTpuku Bacep-

mreina u JOJIZKHBI OCTaBaTbCAd BEPHBI [JIs €€ alllIpDOKCUMaIlun:

1.

st s110001 TTAphI TUCTOTPAMM METPUKA He U3MEHSETCs IPHU IIepeHoce 00emx
IHCTOrPAMM HA OJIMHAKOBBIHA BEKTOD T (BEKTODP JOJI?KeH ObITh HeGOJIbIION
JUTHHBL, B ipeenax 10 mukcesteit, 9T00bI BCsT HEHYJIEBasT 9aCTh THCTOTPAMMBI
OCTAJIACH B IIPEJIeIax U300pasKeHus).

. st 110001t Iapbl rECTOrpaMM METPHUKA He U3MEHSIeTCsI IIPU [TI0BOPOTe 00erX

IHCTOrPaMM Ha OJIMHAKOBBIA yroa ¢ (yrosa josokeH ObiTh B npegenax 20
I'PAJIyCoB, YTOOBI BCsI HEHyJIeBasi 4acTh TUCTOIPAMMBI OCTAJIACh B IIPEJIesIax
n300paKeHus).

. st 11060t mapel rECTOrPaMM METPHKA YBEJIUTIHTCH B A Pa3 IIPU CKAJIUPO-

BaHUM 00EUX MUCTOIPAMM Ha OJIMHAKOBBIN CKAJISAP A BIOJIb MOPU30HTAJIBHOMN
U BEPTHUKAJBHOU OCH.

. ,ZLJIH JIIOOO0I Hapbl TUCTO'PaMM MeTPpHUKa He USMEHAETCA IIPUu 0CEBOI CUMMET-

pun 00enx TMCTOrpaMM OTHOCHTEJILHO IPSIMOM, MPOXOJSIEl Yepe3 HeHTP
nz00paxkeHus u napaJsuesnbuoil ocu Ox jmbo Oy.
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a) Mcxonaas rucrorpamma  (b) Iepenoc va 7 = (5, — ¢) CkanmpoBaHue HA A = 2

d) Iosopot Ha ¢ = 5° Bokpyr(e) 3epkasnbHoe orpakenue 1o(f) 3epkasbHOE OTpazKeHHe TI0
JIEBOI'O BEPXHETO yIJIa BepTHUKAJIU TOPU30HTAJIN

Puc. 3: IIpumep Tpancdopmanuy rucTorpaMmbl

ITonmygenubie pe3yabTaTh:
Jotsr IpoBepKM Kaskjoif THnoTessl u3 garacera 10 pas ciayuaitnpiM o6pa-

30M BBIOMpAJIACH Tapa TUCTOTpaMM. J[j1sT mapbl BBIYUCISICS MOIY/Ib PA3HOCTH
almpoKCUMAaI MeTpukn Baceprmreiina 10 mpeobpa3oBanuii u mocje mpeodbpa-
3oBanuii. B ciyuae mepBoii, BTopoit M YeTBEPTOil TUIIOTE3DI 0 IOJACIUTAHHBIM
MO/TYJISIM Pa3HOCTHU CUUTAJIOCH CPe/IHee 3HAYEHNE U CPETHEKBAIPATHIHOE OTKJIO-
HeHue, B CJIydae TPEThell TUIIOTE3bI CINTAJIOCH CPEJIHEE OTHOIIEHNE METPUKH 110~
cjie mpeoOpa3oBaHusl K METPUKE [0 IPe00pPa30BaHMsL.

1.

IIpu neperoce 06erx TUCTOrpaMM Ha OJIMHAKOBLIN BeKTOp T = (5, —5) cpea-
HUII MOJIY/Ib Pa3HOCTU MeTpuk coctaBui (.1, cpellHeKBaJIpaTUIHOE OTKJIO-
umenne 0.28. Cpeauuil MOJy/Ib OTHOIIEHWST PA3HOCTH METPHK K METPHUKE JI0
npeobpazosanus coctasisger 1%.

IIpn moBopore obemx rucrorpaMMm Ha OJMHAKOBBIR yrosa ¢ = 5° cpeaHuit
MOJIYJIb pa3HocTu MeTpuk coctaBui 0.19, cpe/iHeKBaIpATHYIHOE OTKJIOHEHUE
0.52. Cpennuit MOJY/Ib OTHOIIEHUSI PA3HOCTH METPUK K METPHUKE JI0 Ipeob-
paszoBanusa cocrasiaser 2%.

IIpu ckamupoBanun 06enx rucTOrpaMM Ha, OJUHAKOBLIN CKAJIAD A = 2 BIIOJIb
TOPU30HTAJILHO U BEPTHKAJILHOI OCH CpejHee OTHOIIEHNE METPUKHU II0CJIe
npeobpa3oBaHus K METPHUKE JI0 Tpeobpa3oBanus cocrasiser 1,998.

IIpu oceBoit cummeTpun 06eUX TUCTOIPAMM OTHOCHUTE/IHHO MPAMOIL, IPOXO-
JIAINeit Yepes3 eHTp n306pakeHus u napaJjureabaoit ocu OX cpegHuit Moy
pasHoCTH MeTpuK Menbire 10714,

IIpu oceBoii cummeTpun 06eMX THCTOrPAMM OTHOCHTENHHO MPSMOil, ITPOXO-
Jisitieil aepes MeHTp n300pazkeHust u napaJsiiesbHoit ocu Oy cpejHuit MOILy/Ib
pasHocTu MerTpuk Mmenbire 10714,

o
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17151 0CEBBIX CHMMETPHUIl U JIJIsT CKAJIMPOBAHUS TUIIOTE3bI ObLINA BBITOJIHEHEL.
17151 mapaJiiesIbHOro IIepeHoca U oBOPOTa PE3YIbTaThI COIVIACYIOTCS ¢ THIIOTETH-
YeCKUMHU B Ipejesiax norpemrHoctu. Camasi BBICOKas IOIPENTHOCTD Y IOBOPOTA:
9TO CBA3aHO C HETOYHOCTHIO BBITOJIHEHUS JAHHOTO ITPeoOpa30BaHms Il U300~
pakeHHsT MaJoro pasMepa.

5 3akJiro4deHue

B pabore npeiozkeH HOBBIN MeTOJI AIITPOKCUMAINU MeTpuKn Bacepiretina mjis
JBYMEPHBIX JUCKPETHBIX PACIIPE/IeSIEHNIl, OCHOBAaHHBII HA YCPETHEHNN METPHKHI
3€MJIEKOTIa, TI0 BCEBO3MOYKHBIM TTPOEKITNSIM U HCIOJIB30BAHUN OBICTPOTO MPeod-
pasoBanus Xada /i yCKopeHus mnozcdera mpoekiuii. [lokazano, aro Tpymoem-
KocTh MeToma coctaasger O(n?logn), Te n — CTOPOHA THCTOTPAMMBI PaCTIpe-
nenennst. OmCaH IPOIECC CTEHIMPOBaHs HOBOrO Merosa. Ilokazano, 94ro ecjn
U3MEHUTD JIBE TECTOIPAMMBI OJMHAKOBBLIM 00pa30M C IIOMOIIBIO IOBOPOTA MJIU
apaJjuIeTbHOTO TIEPEHOca TPEJIOKEHHAST METPUKA U3MEHsIeTCs B ipenenax 2%,
MpY CKAJMPOBAHUU HA A OTHOIIEHUE METPHUKHU TOC/e MPeoOpPa30BAHUSA K MET-
puke 110 npeobpasoBanus pasHsercs A ¢ norpemuoctbio B 0.1%, a mpu ocesoii
CHMMETPHUHU PA3HOCTb METPHUKH JO MPeoOpPa30BaHUsT W TOCTE MTPeoOpPa3OBAHIIST
pere6bperKuMo Maja, Menbire 10714,

B npomosmkenue 3Toit paboThl NJIAHUPYETCs TPOBECTU AHAJIOTMYHYTO IIPOIle-
Aypy CTeHaupoBanus g ajaropurMa CHHXOpPHA U CPABHUTHL pe3ysbTaThbl. I1o-
MHUMO 3TOr0, IIAHUPYETCs] TPOBECTU YUCTIEHHBIE SKCIEPUMEHTHI HA OCHOBE CJie-
JIyIOIIero HabJII0IeHNsT: U3BECTHO, KAK M3MeHsieTcsl MeTpuka Baceprureitna mpu
MapaJiIeIbHOM TIepEeHOCe Ha BeKTOp 7. Ecin Ha I ncxoIHo# THCTOrpaMMOil 1 HAT,
TUCTOIPAMMON TIOCJIE TAPAJIIETLHOIO MIEPEHOCa MPOBOJUTH OIUCAHHBIE B CTa-
The JIeMeHTapHbIe TPeoOpPa30BaHusl, NTOr0BOe 3HadeHne MeTpuky Baceprreitaa
Takke OyIeT M3BECTHO.
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HNccnenoBanne KOHHEKTOMOB C IIOMOIIbIO
BBIYUCJIEHIsI KPUBU3HBI IpadoB

A.A. Tlepmuna, E.C. Jleuenko, B.JI. Yepnbimen

HanponaapHbIM HCCIeN0BATENILCKUI yHUBEPCUTET «BhICIas KO8 S9KOHOMUKU»
aapershina_1Qedu.hse.ru

Ansoranuss B gannoii pabore mokazaHbl pPe3yJIbTATBI UCCJIEIOBAHUS
reOMEeTPUIECKUX XapaKTEPUCTUK (DYHKIMOHAIBHBIX KOHHEKTOMOB ITaIly-
eHTOB ¢ bGosiesubio Agbnreiimepa. C nomompio Meroza k-Osrkaiimx
coceJieil Mbl onpejiesns, 9To KpuBusHa OuuBbe-Puaunm orparkaer xa-
pakTepucTuku HyHKIMOHAILHBIX KOHHEKTOMOB U MOYKET CJIY?KUTb OHO-
MapKepoM JIjIsl pelIeHusl 3ajadn Kiaaccudukanun. B pabore npuBoauT-
csl onucanue KjaaccuUKaTopa, KOTOPBIH MpejIcKa3biBaeT HAJIMYUE WU
orcyTcTBue Gosiesnu AubnreiiMepa ¢ TodHocThio 66,9%. Takum obpa-
30M, OBLIO TIOKA3aHO, YTO CYIIECTBYET 3aBUCUMOCTb MEXKJIy CBOHCTBAMMU
KOHHEKTOM& U FeOMETPUIECKUMU XaPAKTEPUCTUKAMHY TIPEJICTABIISIIOIIErO

rpada.

KuroueBble ciioBa: KOHHEKTOM, Teopusi rpadoB, JUCKPETHAs] [€OMeT-
pus, KpuBn3Ha rpada, KIacTepu3alius

1 Bseneuwne

esb uccaenoBanns — MOCTPOEHUE M HCIIOJIB30BAHUE IPOIPAMMHOTO DEIeHUs
JUIsL ACCIIeToBaHns (DYHKIMOHAJIBHBIX KOHHEKTOMOB C ITOMOIIBIO BBIYUCIIEHUS
KPUBU3HBI COOTBETCTBYIOIIETO rpada.

Sa1aun uCCaeOBAHNA:

— #3yvYeHne MEeTOOB BBIUUC/IEHNsI KPUBU3HBI rpada M UX MpOrpaMMHAs pea-
JIM3AIIHST;

— WCCJIeJIOBAHUE 3aBUCUMOCTH MEXKJIy CBONCTBAMU KOHHEKTOMA U BBIYUCJIEH-
HBIMM XapaKTEPUCTUKAMU COOTBETCTBYIOIIETO Ipada.

AKTyasBbHOCTH TE€MBI 00YCIIOBIIEHA TEM, UTO B CTaThe [2] ObLT paccMOTpeH Bo-
IIPOC HAJIMYMSA 3aBUCUMOCTH MEXKJIY YCTONYIMBOCTBIO CTPYKTYPBI CBsI3ell TOJIOB-
HOrO MO3ra U 3a00JIEBAaHUSIMHU Ay TUCTUYIECKOTO CIEKTPa. DBLIO MMOKAa3aHO, 9TO
KOPPEJISINs MeXK/Iy TeOMETPUIECKUMU XapaKTePUCTUKAMU KOHHEKTOMA U 3a00-
JleBaHueM JefICTBUTEIBLHO IIPUCYTCTBYET, & U3MePATh yCTOMIUBOCTD CTPYKTYPBI
CBsI3eil B TOJIOBHOM MO3T€ MOXKHO Uepe3 BhumciaeHne Kpubu3ubl OynBbe-Puatn.

Jpyrum pacrpocTpaHeHHBIM U He JI0 KOHIA N3y YeHHBIM C TOUYKH 3PEHUsT TIPU-
YUH BO3HUKHOBEHUsS 3a00JIeBaHMEM TOJIOBHOTO MO3Ta, sIBJISIETCST 0OJIe3Hb AJIbII-
refimepa. 9To 3ab0JileBaHIE XAaPAKTEPU3YETCsT TOTEPEil HEMPOHOB M CHHAIITHYe-
CKUX CBsA3€il, M BbI3bIBAEMOIl I'MOEIIbI0 KJIEeTOK aTpodueil HOPakKeHHBIX YIaCTKOB
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mosra [7]. Kak ciejcrsue, GbUIO CIesIaHO TPEJIIOIOKEHHE, YTO ITU HIPOIECCH
MTOBJIEKYT 3a COOO¥ M3MEHEHNEe FeOMETPUIECKUX CBOMCTB KOHHEKTOMA, & 3HAUUT,
IIpUIMEHEHNe MaTeMATHIeCKIX METOA0B K COOTBETCTBYIOIINM M€ IUITTHCKAM JIaH-
HBIM MOXKET JaTh OIpE/IeJIEeHHbIE Pe3YIbTaThI.

2 TpaHncrnoprHas 3agadya U BBIUNUCJIEHNE KPUBU3HBI
OuuBbe-Puyun

Paccrosinne (Merpuka) Baccepiireitna — ecTecTBeHHAs METpPHKa HA MPOCTPAH-
CTBE BEPOATHOCTHBIX MEpP B METPUYECKOM IIPOCTPAHCTBE.

Hust paccmarpuBaeMoit 3aaun (HaXOXK/IEHUsI KPUBU3HBI Ipada) Tpebyercst
TOJILKO paccrosinue Wi, KOTOpOe OIpeJesIaeTcs CIeIyIOUM 00pa3oM:

Wino) = ot [ daie). (1)

rie IT(p,v) ecTh MHOMKECTBO BCEX BEPOATHOCTHBIX Mep Ha X X X, CIpoenupo-
BaHHOE Ha [ U V.
Hpyrumu ciioBaMu, € yI0BIETBOPSET YCIOBUIM:

VA, B € X, £(A x X) = u(A), (X x B) = v(B). 2)

MuTynruBHO, ecin KaxKJasi BEPOSITHOCTHAST Mepa M3MEPsIeT PaCIpe/ieIeHre
«IpyHTa» II0 METPHYEeCKOMY IpocTpaHcTBY M, To paccrosinme Baccepmireiina
u3MepsieT MUHUMAJIbHYIO CTOUMOCTD IIPe0OpPa30BaHus OJIHOTO PACIIPE/IeIeHns B
npyroe. TakuMm o0pa3oM, BBIYHC/IEHHE pacCTOsAHUsS Baccepireiina cBOIUTCS K
PEIIeHNIO TaK HA3bIBAEMOIl TPAHCIOPTHON 3a/a4di 00 ONTHMAILHOM (C TOYKH
3peHUs] MUHUMU3AIIHA CTOUMOCTH) IIJIAHE [IEPEBO3OK.

Torna mua cayqas rpada G = (V, E) B Mmerpudeckom npocrpanctse (X, d)
[IOJIy IaeM:

Wi(memy) = inf 37 7 d@,y)e('y), (3)
'~y ~y
rie mg, M, — KOHEYHble MHOXKECTBa, COOTBETCTBYIONIIE BEPOATHOCTHLIM MepaM,
a 3aJlava CBOJIUTCH K HAXOXKJECHUIO MHMUMYMa JIJIs BCEX MATPHIL &, yJIOBIETBO-
PSAIOMUX COOTHOIITEHUSIM:

(4)

Weg!

w ’
DLy =1 Y ey =
2~ Y Y~y z

Sajiaya HAXOXK/IEHUST ONTHMAJIBLHOIO TPAHCIIOPTHOTO IJIaHA MOYXKET OBITh pe-
IIIEHA TIPH TIOMOIIM METOJIOB JINHEHOrO IporpaMMupoBaHnust [1], 1 910 no3Bosisier
nenath 6ubsmoreka SciPy mia a3pika mporpammmposanust Python 3. B mpo-
rPAMMHOM KOJIe 9KCIIEPUMEHTa OBbLI MCIIOJb30BaH MeToJ, scipy.optimize.linprog,
KOTODBII permaeTr 3a/1a9u JIMHEHHOIO IIPOrpaMMUPOBAHNUS METOJIOM BHYTPEHHENR
roukn [11].
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3 Beoruunciaenue kpuBusabl OnnBbe- Puyadn

Iycrs G = (V, E) — cBs3HBII HEOPHEHTUPOBaHHBIH B3BemenHbill rpad. I'pad
(J10KaJIbHO) KOHEYeH, TO €CTh KOHEYHO KOJHMYECTBO Pebep, BBIXOJSIIUX U3 KaxK-
noit BeputuHbl. CTeNeHb BEPITUHEL d,; BBITHCIISICTCS KaK Zy cv Wey (CymMma BecoB
UHIUJICHTHBIX el pebep) Jis Kaxkaoi u3 Bepmmd x € V.

Kpususzna Osmusbe-Puuan [4] onpenensgercs B METPHIECKOM HPOCTPAHCTBE
(X,d) , tne kax0ii Touke © € X COOTBETCTBYET BEPOATHOCTHAS MEPa My, (+).
s (mokasbio) Koewunoro rpada G = (V, E) onpejiennm MeTpUKy d Ha MHOXKe-
crBe BepiuH V cieaytommm obpasom. Jliist cocenHux BepinvH &,y , d(z,y) = 1.
Iljisi pa3auyHBIX BEPIIWH X,Yy, d(x,y) ecTh ajnHa Kpardaiimero mytu B rpade
MezK Ty HUME (KOJmIecTBO pebep). Kaxkmoit BepimHe TPICBONM BEPOSTHOCTHYTO

Mepy

Wy
T, ecmmy ~
0, nnaue

Ha (X, d) mis aByX pasindubix To4eK x,y € X kpusnsua Oumsbe-Puadn 1o
(zy) ompenensercs npu oMoy GhopMyIIbL

3 Wi(mg, my)
d(z,y)

Kpusuzna OsuBbe-Pudadn MOKET ONPENEISTHCS HE TOJBKO JJIsi OTIEJIBHOIO
pebpa, HO W JJIst BEpIIMHBI MK jaze resaoro rpada [5]. Hasosem (ckassipHoif)
KPUBU3HOI BepuinHbl & rpada G cyMMy 3HAYEHUIT KDUBU3HBI 110 BCEM MHITUJIEHT-

HBIM el pebpam rpada:
= S w(ey). (5)

y~x

r(z,y) =1

Amnanornyano, «B3BellleHHAsT» KPUBI3HA BEPITHHBI MOXKET OBITH OIPEIE/ICHA, CIe-
AyIOmuM 00pa3oM:

Ko =D ma(y) - Kl(@,y). (6)

Yy~

Co0TBeTCTBEHHO, CKAJISIPHOIT / B3BeIlleHHOT KpuBI3HOIT rpada G HazoBeM cyM-
My BCeX 3HAYECHUH CKAJSIPHOI/B3BEIICHHO KPUBU3HBI [0 BEPITUHAM 3TOTO IPa-
da. Bee sTr cBoiicTBa ObLIN BBIYUCIEHBI IIPU IMOMOINM si3bika Python 3 u wnc-
[IOJIB30BAJIUCH JIJIsT UCCJIeJIOBaHus I'padoB.

4 Peanusamus 3KcrnepuMeHTa

JIist uccieIoBaHust UCIIOJIb30BaIach BIOOPKa n3 151 MaTpuIlbl CMEXKHOCTH Tpa-
G 0B, u3 KOTOPBIX 69 COOTBETCTBYIOT KOHHEKTOMAM JIFOJIEH ¢ TUAIHOCTHPOBAHHON
6oJie3HbI0 AJtbrreiivMepa (3HAUEHME KJIMHUYECKONW DEHTUHIOBON IMIKAJBI JeMeH-
mun (Clinical Dementia Rating, CDR), B koropoit peiitunr 0.0 cooTseTcTByeT
abCOJTIOTHO 3/I0POBBIM JIHOJIsIM, a 3.0 — HauboJtee cuIbHOMY 3a00JI€BAHIIO, OOJIBIITE
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0.5), a ocrampuble 82 — xKonHekToMaM 310poBbix jogeil (CDR = 0), u3 orkpsl-
toro maracera OASIS-3 [6].

Mosrosast aKTUBHOCTD UCILITYEMBIX OBLIA 3AIICAHA BO BPEMSI COCTOSHUS T10-
kost (resting state) ¢ momorpbio GYHKIHOHAIBHON MAIHUTHO-PE30HAHCHOH TO-
morpadun (GMPT). IIpenobpaboTKa OCYIIECTBIAIACH TOMONIIBI0 HHCTPYMEHTA
fMRIPrep [9]. st mapuesisinyum aHATOMIYECKUX CTPYKTYD UCIOJIb30BAJICS aT-
sac MSDL [8] ¢ 39 anaromuaeckumu obnacrsmu u3 nakera Nilearn [10]. Qymkim-
OHAJIbHBIE KOHHEKTOMBI CO3/IaBAJINCh C TMOMOIIBIO KO HUIMeHTa KOPPEISIIN,
KOTODBIIf M3MEPSIICS MEK/Iy BCEBO3MOXKHBIMH IIapaMH BPEMEHHBIX PsJIOB aHa-
TOMHYECKHX 0DJIacTeil, 3T0 U eCTh UTOroBble Beca pebep rpada us 39 Bepiiu,
[IPEJICTABJISIONIEro KOHHEKTOM. Jlasee, /jisi BLIYUCIEHUsT KPUBU3HBI rpada MaT-
PHUIIBI JINOO OCTABJISINCH 0e3 M3MeHeHUil, Jub0 MPeoOPA30BLIBAJINCH OJHUM W3
JIBYX CHOCOOOB — JInOO OKpyTJIeHHeM J10 1 BceX HEHYJIEBBIX YHCEN, JTHOO OKPYT-
senueM 1o 1 guced, e Menbmmx 0.65, u 10 0 — Bcex ocTaJbHBIX (TO €CTh CBSI3H,
BBIPasKEHHBIC MEHBINNMI KOIDDUITHEHTAMH, He CIUTAINCH JTOCTATOTHO CHIHHBI-
MU, 9TOOBI PACCMATPUBATD HX).

st mccsieioBanusl KOPPEJISINA MeXKJy KpuBH3HON rpada u 3abojieBaHU-
fMHJ TOJIOBHOT'O MO3ra OBLJIO PENIeHO HCIOJIH30BaTh KJIACCHMUKAIIIO METOIOM
k Ommxkafmux cocefieil, Tak KaK OBLIO CJeJIaHO IPENIOJIOXKEHNe, 4TO Ipadbl,
[IPEJICTABJISIIONTIE KOHHEKTOMBI 3/I0OPOBBIX JIHOEH, M rpadbl, TPeICTABIAIONINE
KOHHEKTOMBI JIO/el ¢ 00J1e3HbI0 AJTbIreiiMepa, MOTYT OBITH TOXOXKH MEYKIY CO-
60i1, HO XapaKTePUCTUKY I'PadOB B PA3HBIX KJaccax OyayT orimanMbl. Jljist pe-
AJIM3AINN MeTOJIa, k-OJIMXKAUIITIX COCe/Ieil U TOJyYeHUs OIEHOK 110 Pa3/IMIHBIM
MmerpukaM (accuracy, precision, recall) 6bLIM HCIIOIB30BAHBI CPEJICTBA GUOIHOTE-
ku Scikit-learn. st monGopa onTUMAIbHBIX BCIOMOTaTeIbHbBIX IApaMeTpoB (Be-
coB 1 noporosoro 3uavenus threshold BeposTHOCTH NPHHAIEKHOCTH KJIACCY)
B KJyraccudukaTope ObLI CO3/IaH KJIacc-«00epTKay HaJ| OMOJMOTEYHBIM KJIACCOM
sklearn.neighbors.KNeighborsClassifier.

5 TIlony4denHbie pe3yJabTaThl

MeTo/10M CKOJIB34IIEro KOHTPOJIs leave-one-out ObLIM TPOTECTUPOBAHBI KJIACCH-
dukaTopsl, paboTaroiue Mo aAJropuT™my k-OJMmKafmux coceseil /it HeIeTHBIX
3HadeHuit k oT 3 10 25, M NPUHUMAIONINE HA BXOJ CHUCKU 3HAYCHUI KPUBU3HBI,
BBIYHMCJIEHHBIX PA3HBIMU criocobamu (1o peGpam, 1Mo BEepIIUHAM, TI0 BEPITHHAM C
BeCaMM, a TaK JKe BCe TO YKe CaMoe C IapamMeTpoM OesjeiicTsus) mo obpaboTan-
HBIM Pa3HBIMH CIIOCOOAMY MATPUIIAM CMEXKHOCTH (C JeHCTBUTEIbHBIME BECAMU
pebep, 6e3 BecoB pebep, TOILKO ¢ peGpamu, Bec KOTopbix He Menbine 0.65). Pac-
CTOSIHUSI BBIYUCJISJIUCEH IO JBYM Pa3HBIM MeTpUKaM. Takum oOpa3oM, BBISICHH-
JIOCh, UTO JIYYIIIAE Pe3yIbTAThI OKA3AIN CJIEYIONNe KIACCU(DUKATOPHI:

— NPUHUMAIOININE JJIsi KayKI0T0 Tpada 6e3 BeCOB CIHMCOK 3HAYEHUH KPUBUSHDI

OutuBbe-Puaun 1o pebpaM, CIUTAOIIE PACCTOSTHAST 110 EEBKJINIOBOIT MeTpu-
Ke, 9MCJI0 coceseit k paBHO 3 miu HedeTHoe oT 15 mo 23;

198



— NPUHUMAIONINE JIjId KaXKJI0T0 rpada 6e3 BeCOB CIUCOK 3HAYEHUIl B3BEIIEH-
HOit KpuBu3HbI O/MBbe-PUY9M 110 BEPIIUHAM, CYUTAIONINE PACCTOSHUS IO
EBkanmoBoit MmeTpuke, unciio coceneit k Heaernoe ot 13 mo 19.

st aTx KiraccuukaTopoB ObLIN JOMOJHUTEIHHO TPOBEPEHBI PA3HBIE CIIO-
cOOBI TIOJICIeTa BECOB, 4 TAKIKE MOPOTOBbIE 3HAYEHUs (HAMMHAS ¢ KAKOH BEposiT-
HOCTH TIPUHAJJIEIKHOCTH K KJaccy «1» kmaccudukaTop BbIaeT Takoit orser). B
UTOre HAWJIy4dIlIre pe3y/ibTaThl IOKA3a 1 JIBa KJIaCCU(PUKATOPA:

— MOJIeJIb, WCIOJb3yIomasa KpuBusHy pebep ¢ k = 17 u threshold = 0.52:
accuracy = 0.642, precision = 0.412, recall = 0.58;

— MOJIesIh, UCIOJIb3YIoas KpuBu3ny Bepimn ¢ k = 17 u threshold = 0.473:
accuracy = 0.669, precision = 0.446, recall = 0.652.

6 3akJirouyeHue

B pamkax aHHOI pabOThI OBLIN U3YYEHBI METO[bI BBIYUC/ICHIsT KpUBU3HBI OJTHBHE-
Puaun g pebep, BepuinH u Bcero rpada u co3jlaHa UX IPOrpaMMHAs DeaJir-
3anus Ha s3bike Python 3. 3arem OBLIO IPOBEIEHO UCCIETOBAHNE 3aBUCHMOCTH
MEKJy CBOHCTBAME KOHHEKTOMa WM BBIYMCJIEHHBIMH XapaKTepucTukaMu rpada,
KOTOPBIN ero mnpeacrasisgeT. s 3Toro 0L UCIIpOOOBAHBI PA3IUIHBIE CIIOCO-
661 06PaBOTKM BXOJHBIX JAHHBIX (MATPHUI] CMEKHOCTH rpadOB), METPUKH JIJIs
BbIYUCJ/IEHUA PACCTOAHUA U CIIOCOGI)I BbIYUCJIEHNA KPUBU3HDbI O.J'[I/IBbe—1DI/I‘I‘II/I7 n
HaiijieH KiaaccuuKaTop, KOTOPBI paboTaeT ¢ BEKTOPOM 3HAYEHUI KPUBU3HDI 110
BepIinHaM rpada u Ha 0OCHOBe MeToJ1a k-Ommxkaitmux cocegeit ¢ k = 19 npejcka-
3bIBAET HAJMYUE WM OTCYTCTBUe Gojie3Hu AJbireliMepa ¢ TOUHOCTHIO 66,9%.

3 storo cieyer, 9To omnpeie/ieHHast 3aBUCHMOCTD MEXKJIy CBOMCTBAMU KOH-
HEKTOMA U NeOMETPUIECKUMH XapaKTEePUCTUKAMHU IIPEJICTABJISAIONIETO ero rpada
[IPUCYTCTBYET, U €CTh CMBICJI UCCJIEJ0BATD ee JIAJIbIIIe.
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Awnnsoranms B nanHOit pabore npejiaraercsi MeTo/ IpenobydeHust 6e3
y4auTeIsi HEHPOCETH JIJIsi CErMEHTAI[MN aHaTOMIYecKnx cTpykryp Ha KT-
n3obpaxkenusix. HeiipoceTb o0ydaercst BO3BpalaTh KapTy IPU3HAKOB, B
KOTOpOI1 JIIsI KasKJIOI'0 BOKCEJISI BEKTOD ITPU3HAKOB KOAUPYeT nH(pOpMa-
nuro 06 AaHATOMHYECKOM PAacCIOJIOXKEHUU 3Toro Bokcesst. Ha naracere us
50 KT-u306parkennii moka3aHo, 9TO HEMPOCETD, T00OyI€HHAsI TIOCJIE TIPe-
JI00yIeHUsT TPEJJIOKEHHBIM METO/IOM, 60JIee KAYECTBEHHO PEINAeT 3aady
cerMeHTaluu 13 opraHoB GPIOINIHOM MOJIOCTH, YeM HEHPOceTh 00yIeHHAs
CO C/Iy4YaiiHOW MHUIAJIN3alei.

Kuaro4geBsble cioBa: o6yqe}me 6e3 y4aureJsid, cermMeHTanusd MeJUIMHCKUX
I/I3O6pa,>KeHI/II7I7 CBE€PTOYHbIC HeﬁpOHHbIe ceTu

1 Bsenenue

IIpu mocrpoeHun aJIrOpUTMOB aHAJIN3a N300paKeHUil KOMIBIOTEPHON! TOMOIDAa-
duu (KT) gacro Bo3HUKAET 3aJada CETMEHTAINH OPTaHOB UM AHATOMHUIECKHX
crpykTyp. Hanpumep, nHanbosiee TOYHBIE aJTOPUTMBI /IS BBISIBJIEHUSI AaHEBPU3M
A0PTHI UCIIOJIB3YIOT HelipoceTn jyist cermMeHTanuu aoptsl Ha KT rpynHoit KieTkn
i GpIomHoOit mostocTn [14], a anropuTMbI 1JIS ONEHKH CTENEHU TIXKECTH A=
eata ¢ COVID-19 B KadecTBe BCIIOMOTaTEILHOIO IIAra CEFMEHTUPYIOT JIErKUe Ha,
KT rpynuoit xnerxu [6].

B nacrosmee Bpems, Haubosee rounsle Meronn! cermentanuu KT-nzobparkenuit
OCHOBaHbI Ha Heiipocersix [15,16]. s obydyenus Hefipocern HEOOXOIMMO pa3Me-
TUTH OOYYAIONIYI0 BBIOOPKY, UTO $SIBJIIETCS JOJIIHM U JIOPOIOCTOSIIMM IIPOIEC-
COM, IIOTOMY 4TO 1) pydHasi pasMeTKa CerMEeHTAIMOHHBIX MACOK JJisi TPEXMep-
noro KT-n306pakeHnst 3aHIMaeT MHOTO BPEMEHN, U 2) KAIeCTBEHHYIO PA3METKY
MOTYT IIPOU3BOJUTDH TOJIBKO IKCIIEPTHI, T.€. BPAYU-Pa/UOJIOTN.

OHUM U3 MOJIXOJIOB K TOMY, IYTOOBI YMEHBIIUTH KOJHMYECTBO PA3MEUEHHBIX
JIAHHBIX, TPeOYIOMUXCs JJIsl 00y YeHNUsT KaeCTBEHHON HelPOCeTH, SBJIAETCS IIpe-
Jo0ydeHne BHYTPEHHUX IIPEJICTABJIEHUN HEIIPOCETH Ha HEPA3MEYEHHBIX JAHHBIX,

* PaBHOLICHHBIN BKJIa/I.
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T.e. 6e3 yuurend (self-supervised learning) [12]. 3a nocse/iHue HECKOIBKO JieT ObI-
JIV TIPE/IJIOXKEHBI YCIIEIITHBIEe METO/IbI TPeI00y deH st 0e3 yauTesss HelpoceTeit st
aHAJIN3a eCTECTBEHHBIX m300paxkenwuii [4,7,10,21]. Bo muormx paborax atm me-
TO/BI OBLIN IIPUMEHEHBI JIJIsi IPeI00yYeHust HeiipoceTell Ha MeUIMHCKAX H300-
paxenusix [2, 18]. Heitpocern, npesoGyuennble TUME METOJAMU MOTYT OBbITH
JI000YYeHbI JjIs PellleHns] pa3HbIX 3a/ad aHaJIn3a MEIUIUHCKUX U300paskKeHuii:
KJIACCU(DUKAIINY UJIA CETMEHTAINNA aHATOMUYIECKUX CTPYKTYP WJIA MATOJIOTHUIA.

Bkutag mannoit paboThl 3aK/II0YAETCS B TOM, 9TO MBI IIPEJJIATAEM METOJ, TIpe-
nobyuennst nefipocern Ha Hepa3MmetdeHHbIX KT-u300pakeHusX, KOTOPBI SBHO
VIUTBIBACT, UTO BHYTPEHHUE IMIPEICTABIICHUs PEI0OyIeHHOM HeiipoceTn OymayT
HCIIOJIb30BAHBI JIJIsI PEIIEHUsT 33191 CeIMEHTAIINNA aHATOMIYICCKUX CTPYKTYP Ha
KT-uzobpaxkenunu. Mbl 11oKa3bIBAEM, 9TO HEHPOCETDH, MPEJIOOYUEHHAS IIPEJIO-
2KEHHBIM METOJIOM, TI0CJIe JJOO0YUeHUs MOKa3bIiBaeT H0jiee BHICOKOE KAa4eCTBO pe-
IIEeHU 38/1a9 CECMEHTAI[NN AHATOMUIECKUX CTPYKTYP, Y€M HEHPOCeTh, 00y IeHH-
Has CO CIIydalHON MHUIMAJIU3AIIACH.

2 0O630p JuTepaTypbl

3a mocJieIHIe TOJIbI OBLIO MPEJTIOKEHO HECKOJBKO HOBBIX TOIXO0B K TIPEI00y-
qeHno 6e3 yuuTess JIst 38,189 KOMIILIOTepHOTo 3penust. B [20] aBroper 06y wamm
HepoceTh BO3BPAIATH JJIsi PA3HBIX M300paskeHmii, Kak MOXKHO OoJiee JTajiéKne
BEKTOPHbBIE IPECTABJIEHNsI, HODMUPOBAHHbBIE HA €JIMHUIHYIO MHOTOMEDPHYIO ce-
py (instance-level discrimination). B [4,11] ucnonssyercs 06obienue sroit naen
— KOHTPACTUBHOE 00ydeHne: HeHpoceTh 00ydaeTcs TaK, YTOObI BEKTOPHBIE TP/
CTaBJIEHUs JIJIsl PA3HBIX N300parkeHuii u3 00ydalonieil BHIOOPKY (HeraTUBHBIE Ma-
PBI 1300pazkeHuit) ObUIH JAJIbIIE IPYT OT JPYyTa, YeM BEKTOPHbIE IPe/ICTABICHUS
JIJIS TIOJIOKUTEJIbHBIX MMap m3o0parkenwit. B mosiokuTebHON mape n3obpazke-
HUsI TIOJIyY€HbI U3 OJHOIO M TOTO YK€ M300paskeHusl IIPUMEHEHUEM JIBYX Pa3HBIX
rpancdopmanuii (TOBOpoTOB, 06pe3anuii, mpeobpasosanmii Bera). Ipyrue me-
TozbI Ipeio0ydenHnst 6e3 yauress [10] oTHOCATCS K KIACCY BOCCTAHABINBAIONIINX
ABTOKO/IMPOBIIUKOB, HJiesi KOTOPBIX 3aKJ/II0YAeTCsi B TOM, YTOOBI JIJIsi BXOJHOI'O
n300pazkeHnst, BO3MOXKHO MCKAaXKEHHOI'O HEKOTOPBIM 00pa3oM (3allyMJIEHHOIO,
HEIOJIHOTO WJIH T.JI.), BO3BPAIATh HEKOTOPOe BHY TPEHHEE [PEeJICTABIEHNE, U3 KO-
TOPOrO JIEKOJUPOBIIHUK MOXKET BOCCTAHOBUTH MCXOJIHOE, HEMCKAYKEHHOe M300pa-
kenne. Hakoren, B [5,7] aBTOPBI IpeIATAIOT TIOIXO/, KOTOPBII HACJIEILYeT Hen
U U3 KOHTPACTUBHOIO OOYUYEHMs] U M3 aBTOKOIMPOBIIMKOB: HeiffpoceTh 00ydaeTcst
oTOOparkaTh M300pakeHre BO BHYTPEHHEE IMPEeJICTaBJICHIE, 110 KOTOPOMY MOXK-
HO BOCCTAHOBUTH BHYTPEHHEE IIPEJICTABJICHUE JPYTOro M300parKeHust, KOTOPoe
COCTABJISIET € UCXOJHBIM TIOJOXKUTEbHYIO 1apy (HEKOHTPACTUBHOE O0ydeHue).
Ha menumunckux n306pakeHnsIX aBTOPBI 9aCcTO IPUMEHSIOT METOJIbI IIPEJI0-
OydeHns, KOTOPbIE M3HAYAJIHHO OBLIU MPEJIOKEHBI JJIsT €CTECTBEHHBIX U300pa-
JKEHUH U He YYIUTHIBAIOT crienudrKy MeJMIMHCKIX n300pazkennii. Tak, B [18] aB-
TOPBI TIPEJIJIATAIOT BEPCUU JIBYX METOJIOB Ha OCHOBE KOHTPACTUBHOI'O OOYUIEHUS U
TPEX METO/IOB TI0 TUITY ABTOKO/MPOBIIMKOB JJIs TPEXMEPHBIX M300pakenuii. Me-
TOZIBL, IPEJIOKEHHDIE B [3,24] TakyKe MOYKHO OTHECTH K KJIACCY BOCCTAHABIIMBA~
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IOIIUX ABTOKOIMPOBIIUKOB. B [8,9,17,23] aBTOpHI KOMGHHUPYIOT KOHTPACTHBHOE
o0y4deHne 1 BOCCTAHABJIMBAIOIIIE aBTOKOIMPOBITIKH.

B [2] aBTOpBI IpEITATAIOT METO/T HA OCHOBE KOHTPACTUBHOTO 00y IeHHsT, KOTO-
porit yaureiBaer crennduky KT-uzobpaxenuit. OHE mpe/Iosiarator, 9To B 00y-
JaloIieil BIOOPKE Ha BCEX M300pParKEHUsIX OJIHM U Te K€ AHATOMUYECKUE 30HbI
UMEIOT IPUMEPHO OJHH U Te Ke KoopAuHaThl. [loaTomy, mjist Toro 4robnl 00y-
YUTH Pa3Hble BHYTPEHHUE [IPEJICTABJIECHUS JIJIs PA3HBIX aHATOMHYECKUX 30H, [IPU
KOHTPACTHBHOM OOYY€HHH IATYH C OJMHAKOBBIMHU KOODJIMHATAME U3 H300pazke-
HUl Pa3HBIX IAI[MEHTOB UCIOIb3YIOTCH B Ka4eCTBe HO3UTUBHBIX I1ap, & HaT4IH C
Pa3HBIMH KOOD/INHATAME B Ka4eCTBe HeraTUBHBIX nap. Hejoctarok sToro meroma
3aKJII0YaeTCsd B TOM, YTO IIPEJIIIOJIOKEHIE O TOM, YTO B OJHOM M TOM K€ MecCTe
KT-u306pakennit Bcerjia pacriojioXKeHa OJ[Ha U Ta yKe aHATOMHUYECKasl 30Ha, HE
BBIIOJIHAETCS JIJIS PEAIbHBIX BBIOOPOK.

B [22] MeToz HE3HAYUTEILHO OTIIMYAETCS OT METO/IA, MPEJJIOKEHHOIO B JaH-
HOIT paboTe, HO ABTOPHI He UCIOJB3YIOT €ro B Ka4ecTBe IPe1o0ydeHns I 3a/1a4
CerMeHTaIlnN.

3 Meron

B mpemoskeHHOM MeTOle Mpeno0ydaeTcss CBEPTOUHAs HeHpoceThb fpy, KOTopas
npuHUMaeT Ha Bxoj TpéxmepHoe KT-uzobpakeHue T IMpOM3BOJIBLHOTO pa3Mepa
(H,W, D) n Bosspamaer kapry npusHakos fo(x) pasmepa (C, H,W, D), tne C
— Pa3sMepHOCTb BEKTODPa IIPU3HAKOB B KarKJOM BOKCEJIE.

ITesib MeTOma B TOM, 9TOOBI BEKTOD IIPU3HAKOB B Ka2K/I0M BOKCeJIE KOIIUPOBAJI
nHGOPMAITUIO O TOM, IJle AHATOMUYECKH PACIIOJIOXKEH 3TOT BOKCeJb. Iloaromy or
HeiipoceTu TPeOYIOTCsI CJIEIYIONINE CBOMCTBA:

— JuckpumunamueHocmsy: BEKTOPBI TPU3HAKOB JIJTsT «JTAJEKNX» BOKCEJIEH TOMIK-
HBI OBITH «JTAJIeKW». B maHHOil paboTe MBI CIUTAEM, ITO BOKCEJN <«TAJICKN»,
ecsm paccrosinue Mexy Humu > d (d = 5 Bokceneit).

— 9K6UBAPUAHMHOCTD OTHOCUTEIHLHO A(DUHHBIX Peobpa30BaHmii 1 0Ope3aHuit
BXOZHOrO u300paxkenusi. Jro 3uauut, 4ro fo(1T'(x)) = T(fe(x)), tne T —
KOMITO3UIINS IPOU3BOJIBHBIX adDUHHOrO mpeodpazosanust u obpesanust. [Ipu
9TOM pa3Mmep OOPEe3aHHOTO M300paKeHusl He JOJKEH OBITh MEHBIEe HEKO-
TOPOTO MHUHUMAJILHOTO pa3Mepa, P KOTOPOM eIle BO3MOXKHO PaCIO3HATH
AHATOMHIYIECKOE ITOJIOYKEHIE BOKCEJIEH.

OTH CBONCTBA HEHPOCETH JOCTUTAIOTCS TOCPEJICTBOM MUHUMHU3AINNA KOHTPAa-
CTUBHOM (DYHKINH TTOTEPD:

Z ] exp(cos(hi", h?os)/T)
— (0]
% expleos(h§™, hY™) /7) + 3 explcos(AF™, B5) /)

rae h3"¢ m hY°® — BeKTOpBI IPU3HAKOB, COOTBETCTBYIOMINE OJHOMY M TOMY 7K€
BOKCeTIo 4 ncxozmoro usobpaskenus, s3arvie us T(fo(z)) u fo(T(x)), a hi*® —
BEKTOD TIPU3HAKOB, B3AThI 13 fp(2) 1)1 BOKCEIIs § «IATIEKOr0» 0T BOKCEJIst 4 (CM.
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Puc.1). B gannoit pabore MHIEKCH j COMIUIUPYIOTCS B KosmaectBe N™¢9 = 32
CJIy9aifHO U HE3aBUCUMO JIJI KarKJIOTO ¢ Ha KaXKJION UTeparuu CTOXaCTHIECKOMN
onruMuzanuu PYHKIUA TOTEPh.

Puc. 1: Wiunocrpanust mpejioyKeHHOr0 MeTOo/ia Mpe 100y eHnsl Ha, OCHOBE KOH-
TPACTUBHON (PYHKIMH HOTEPD.

4 DKCIEepUMEHTbI

JL1st IMCIIeHHOl OIEHKM MPEJJIOYKEHHOTO METO/Ia MpeIo0ydeHrs] Mbl CDABHUBA-
eM KadeCcTBO CerMeHTallun I JIByX HelpoceTeil: 1) 00yYI€eHHO €O CJIyJaiiHOiT
UHUIMAIT3a1uel BecoB U 2) j1000y4eHHol nocste npeaobydenus (fine-tuning).

st sxkcnepumenTos ucnosbsyercst garacer FLARE2022 [1], koropsrit co-
croutr m3 2000 mepasmeueHHblx n H0 pasmeuenubx KT-mzobpazkenmit Oprori-
HOIT mosiocT. Pa3smerka BkiowaeT Macku 13 opranos Opiorinoit nosoctu. 2000
HEPa3MEeYEeHHBIX M300ParKeHUI UCIIONIb3YIOTCs i npeodydenus. O0yuenne u
TeCTUPOBaHUe HelpoceTeil JIJIs CErMEHTAIUH IIPOM3BOIUTCS C IIOMOIIBIO H-Hosiy
Kpocc-Baiuaanuu Ha 50 pa3sMeueHHbIX H300paKeHUsIX.

IIpenobpatorka KT-uzobpaxkenuii Bkiodaer: 1) obpe3anue 1Mo orpaHudu-
BaronieMy OOKCy TYJIOBHUINA ITAIlEHTA, MackKa KOTOPOrO IIOJIYYaeTcs U3 n300pa-
JKeHusl 1o 1oporosomy suadennio —500HU; 2) TpuinHelHyI0 MHTEPIOIAIUIO
n3o6pazkenust K pasmepy (128,128,128); 3) npusesienne K PACIIMPEHHOMY Msil-
KOTKaHHOMY pajuosiornieckomy okay [—200, 300]HU [19].

Ucnonb3yemas apxurektypa Heiipocern — U-Net [16] ¢ meGosmbmmmm Mozu-
duxanusavu. [Ipu obyueHnn fj1s 3a/1a491 CErMEHTAIIMN BBIXOHOE YHCI0 KAHAJIOB
K = 13 paBHO YHCJIy CETMEHTUPYEMBIX KJIACCOB, puHAIbHAS DYHKIUS aKTUBA-
U — curMoujia u (PyHKIUST MOTEPh — YCPEIHEHHAsI TI0 BCEM KJIACCAM CyMMa
GunapHoii kpocc-saTpormu u Dice-socca [15] (multilabel segmentation).

204



Juist onTuMu3anuy BecoB Heifpocereil mcnosbyercs aaropur™m Adam [13] ¢
learning rate = 0.0001. OnruMu3aImsi OCTAHABINBAETCS, €CTM 3HAUEHNE (DyHK-
MU TIOTEPh HA BAJIMJIAIMOHHOI BBIOOPKE He yirydmaercs B Tedenne 100 3mox.

IIpu npenobyuennn, qncio kanajaoB Kaprsl npusnakos C' = 16. Ilocse mpe-
J100yYeHns OCJIe/IHAE JIBA CBEPTOYHBIX OJIOKA 3aMEHSIOTCS Ha CJIyYailHO NHUI-
aJM3upoBaHHble cBepTouHble Osioku. Ilpu moobyuennu, mepsole 1500 ureparmit
ONTUMU3HUPYIOTCS TOJIBKO CIyYailHO HHUINAIN3UPOBAHHBIE BECA, a 3aTeM C OJH-
HAKOBBIM learning rate onTuMusupyioTcs Beca Beeil HefpoceTH.

JI71s1 IuCIIEHHOI OIEHKY Ka4eCTBa CEIMEHTAIIH JJIsT KayKJI0T0 OPraHa, TOJICIU-
THIBAETCsl cpeHuii 1o recropomy oy Dice-koaddunument [15] mexay ground
truth mackoit u KapToit BeposiTHOCTEI, IIpe/icKa3aHHoil HefipoceThio. Jlucnepcus
cpeuero Dice-koaddunuenta Boraucsercs 1o 5 (oJiiaM KpoCcc-BaIn AN,

5 PesyabraThl

Ha Puc.2 nokasanbl pe3yibraThl CpaBHEHHsI JBYX Heifpocereil: 1) oOyueHHOl
CO CIIydaifHON MHUIMaIn3anuei u 2) J000yIeHHOM mocie npegodydeHns Ipe/i-
JIOKeHHBIM MeTozioM. KadecTBo cermenrtanun Bcex 13 opraHoB Ipej1o0y4deHHOMN
HepoceTH CTabUILHO BBINIE, YeM y HEHPOCETH CO CJIyYailHOW MHUINAJIN3AIN-
eit, npudeMm 3T0T 3MDEKT YCUTUBAETCS IPU YMEHBIIIEHUN pa3Mepa 00ydarorieit
BBIOOPKH.

Nevens, . Npasas nouka . Cenesenxa Mogxenyaounan xenesa Aopra

Dice-xospduuvent
Dice-xospduuvent

, Dicexox0pmuent
Dice-xosdduunent
Dice-xoxddmunent

* Pasmep obyanuiel subopn * Paswep obyvanouse subopkn " Paswep obyvarouen subopri * Paswep obyarouen sbopri * Paswep obyaruied anboprn

HxHAR nonas seHa Npasbii HaaNoueuHMK Tlesbiit HaANOYEuHUK HKenumbiii ny3ips Nuweson

Dice-xosddmument
Dice-xosbdmuvent

* Pasiep obysarouied awboprn * Paswep obyvaroused onGopkn * Paswep obyaouen au6opk * Paswep obyanoued en6opri * Paswep obysanuied nboprn

XKenynok JlBeHanuaTMNEPCTHAR KNWKa JNlesan novka

* Paswep obyvaoused anbopkn " Paawep obysanouiet swbopK " Pasmep obysaiouwiel w60pKM

Puc. 2: Cpasuenne kauecrBa cermentanuu 13 opranos Ha KT GpromiHoii mosioctu
JUTst IBYX Hedipocereit: 1) o6y4eHHOI co ciyvaiiHol nHunnan3anyedi (KpacHblii)
2) 1000y YeHHOiT 1ocsIe PeIo0yYeHNsT NPEeIJIOKEHHBIM METO/IOM (3€JIEHBII ), Ipu
Pa3HBIX pa3mMepax 00ydJaroneil BHIOOPKU.

6 3akJirodyeHue

OCHOBHBIM PE3yJILTATOM JAHHOI PAbOTHI SIBJISIETCS TOT (PAKT, UTO MPEJJIOKEH-
HBIl MeTo/| IIpe1o0ydYeHns o3BoJIsieT 00ydaTh OoJiee KadeCTBEHHbIE HelipoceTn
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ISl CeTMEHTAIIAN aHATOMUYECKUX CTPYKTYP IO CPABHEHHUIO CO CJIydallHOW WHU-
nuaJJIn3aImneii.

OrpaHuveHreM JIAHHOW pabOTHI SIBJISIETCsI TO, YTO MPEJJIOKEHHBI MeTOJI He

CPABHUBAETCS C JIDYTUME METOJaMU IIPeI00yYeHusI. JKCIEPUMEHTHI C JIPYTUMU
MeTojaMu Ipenobydenust, onmucauubiMu B Ceknuy 2 sBJISIIOTCS IIPEIMeToM Oy-
Jyiieit paboThl.

Cricok auTepaTypbl

1.

2.

10.

11.

12.

13.

14.

Be6-crpanuna copesnosanus FLARE2022: https://flare22.grand-challenge.
org/

Chgauitaunya7 K., Erdil, E., Karani, N., Konukoglu, E.: Contrastive learning of global
and local features for medical image segmentation with limited annotations. arXiv
(Jun 2020)

Chen, L., Bentley, P., Mori, K., Misawa, K., Fujiwara, M., Rueckert, D.: Self-
supervised learning for medical image analysis using image context restoration.
Medical image analysis 58, 101539 (2019)

Chen, T., Kornblith, S., Norouzi, M., Hinton, G.: A Simple Framework for
Contrastive Learning of Visual Representations. arXiv (Feb 2020)

Chen, X., He, K.: Exploring Simple Siamese Representation Learning. arXiv (Nov
2020

CrOIlc)hzaLrov7 M., Pisov, M., Shevtsov, A., Shirokikh, B., Kurmukov, A., Blokhin,
I., Chernina, V., Solovev, A., Gombolevskiy, V., Morozov, S., Belyaev, M.: CT-
Based COVID-19 triage: Deep multitask learning improves joint identification and
severity quantification. Med. Image Anal. 71, 102054 (Jul 2021)

Grill, J.B., Strub, F., Altché, F., Tallec, C., Richemond, P.H., Buchatskaya, E.,
Doersch, C., Pires, B.A., Guo, Z.D., Azar, M.G., Piot, B., Kavukcuoglu, K., Munos,
R., Valko, M.: Bootstrap your own latent: A new approach to self-supervised
Learning. arXiv (Jun 2020)

Haghighi, F., Taher, M.R.H., Gotway, M.B., Liang, J.: Dira: Discriminative,
restorative, and adversarial learning for self-supervised medical image analysis.
In: Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition. pp. 20824-20834 (2022)

Haghighi, F., Taher, M.R.H., Zhou, Z., Gotway, M.B., Liang, J.: Transferable visual
words: Exploiting the semantics of anatomical patterns for self-supervised learning.
IEEE transactions on medical imaging 40(10), 2857-2868 (2021)

He, K., Chen, X., Xie, S., Li, Y., Dolldr, P., Girshick, R.: Masked Autoencoders
Are Scalable Vision Learners. arXiv (Nov 2021)

He, K., Fan, H., Wu, Y., Xie, S., Girshick, R.: Momentum Contrast for
Unsupervised Visual Representation Learning. arXiv (Nov 2019)

Jing, L., Tian, Y.: Self-Supervised Visual Feature Learning With Deep Neural
Networks: A Survey. IEEE Trans. Pattern Anal. Mach. Intell. 43(11), 4037-4058
(May 2020)

Kingma, D.P., Ba, J.: Adam: A method for stochastic optimization. arXiv preprint
arXiv:1412.6980 (2014)

Lu, J.T., Brooks, R., Hahn, S., Chen, J., Buch, V., Kotecha, G., Andriole, K.P.,
Ghoshhajra, B., Pinto, J., Vozila, P., Michalski, M., Tenenholtz, N.A.: DeepAAA:
Clinically Applicable and Generalizable Detection of Abdominal Aortic Aneurysm
Using Deep Learning. In: Medical Image Computing and Computer Assisted
Intervention — MICCAI 2019, pp. 723-731. Springer, Cham, Switzerland (Oct 2019)

206



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Milletari, F., Navab, N., Ahmadi, S.A.: V-Net: Fully Convolutional Neural
Networks for Volumetric Medical Image Segmentation. arXiv (Jun 2016)
Ronneberger, O., Fischer, P., Brox, T.: U-Net: Convolutional Networks for
Biomedical Image Segmentation. arXiv (May 2015)

Taher, M.R.H., Haghighi, F., Gotway, M.B., Liang, J.: Caid: Context-aware
instance discrimination for self-supervised learning in medical imaging. arXiv
preprint arXiv:2204.07344 (2022)

Taleb, A., Loetzsch, W., Danz, N., Severin, J., Gaertner, T., Bergner, B., Lippert,
C.: 3D Self-Supervised Methods for Medical Imaging. arXiv (Jun 2020)

Tidwell, A.S.: Advanced imaging concepts: A pictorial glossary of CT and MRI
technology. Clin. Tech. Small Anim. Pract. 14(2), 65-111 (May 1999)

Wu, Z., Xiong, Y., Yu, S., Lin, D.: Unsupervised Feature Learning via Non-
Parametric Instance-level Discrimination. arXiv (May 2018)

Xie, Z., Lin, Y., Zhang, Z., Cao, Y., Lin, S., Hu, H.: Propagate Yourself:
Exploring Pixel-Level Consistency for Unsupervised Visual Representation
Learning. ResearchGate pp. 16679-16688 (Jun 2021)

Yan, K., Cai, J., Jin, D., Miao, S., Guo, D., Harrison, A.P., Tang, Y., Xiao, J., Lu,
J., Lu, L.: SAM: Self-supervised Learning of Pixel-wise Anatomical Embeddings
in Radiological Images. arXiv (Dec 2020)

Zhou, H.Y., Lu, C., Yang, S., Han, X., Yu, Y.: Preservational learning improves
self-supervised medical image models by reconstructing diverse contexts. In:
Proceedings of the IEEE/CVF International Conference on Computer Vision. pp.
3499-3509 (2021)

Zhou, Z., Sodha, V., Pang, J., Gotway, M.B., Liang, J.: Models genesis. Medical
image analysis 67, 101840 (2021)

207



DOI:10.53921/itas2022_208

Aaropurmbl meta-o0ydenusi Reptile m» MAML B
KJaaccudukaimmm JaHHbIx 99T

Hanmun Bepasimes!?, Borgan Kosprpekmuit®

! MockoBckuit usuko-TexHIIecKuii nHCTHTYT, MOCKOBCKast 0BIACTS, T.
Honroupymustii, HcTUTyTCKMIT TIEpEyIOK, 9
2 MockoBckuii TOCYZapPCTBEHHBIH IICHXOJIOrO-IIearornIecKuil yunsepcuret, MockBa,
yi. Cperenka, 1. 29
berdyshev.da@phystech.edu
3 EURECOM, Biot, France
kozyrski@eurecom.fr

Awnnoranusi Uuarepdeiichl MO3r-KOMITBLIOTEP HAIPSIMYIO 3aBUCIT OT AJi-
ropuTMa KJIaCCH(MUKAINN JAHHBIX, JIEXKAIIErO B UX OCHOBe. B Hacrosiee
BpeMsi B Ka4eCTBE TAKUX AJTOPUTMOB HEPEJKO HCIOJB3YIOTCs HEAPOH-
uole cern. O6ydeHne HeHPOHHBIX ceTeil TpebyeTr GOBIIOro pazmepa o0y-
waroreit BeIOOpku. B cumy crermdurn nHTEpdEiicOB MO3r-KOMIIBIOTED
IoJygenue 60.)'[]31].[01"0 KoJimdecTBa JaHHBIX JJIAd KazKJI0T'O ITOJIb30BaTeJIA
HEBO3MOXKHO. 13-3a Wero AOCTUXKEHWE JOCTATOYHON TOUYHOCTU TAKUMU
aJropuT™MaMu — CJIOXKHas 3ajaada. Jlannas paboTa MOCBAINIEHA ITOWC-
Ky TOAXOJAIIETO JIJIsi PEIIeHUs] MPEICTABJIEHHON MPOOJIEMbI AJITOPUTMA
MeTa-00yYeHusl, ero PeaJu3alui U OlleHKe KadecTBa MPeJICKa3aHuiA.

PesysibraTom 3roit paboTst cras Bei6op aByx asropurMos Reptile u MAML,
UX peajiu3anys 1 IpUMeHeHe jyisi 06paboTku nanHbix 991 B napaurme
nurepdeiica riaz-mMosr-koMmnpiorep. IIpumenenne maHHBIX aIrOpPUTMOB
[IO3BOJIMJIO YBEJIMYUTH CKOPOCTD JI000yYeHUsI HEHPOCETEBOrO AJITOPUTMA
EEGNet, a Takke yIy4ImTh TOYHOCTb KJIACCU(DUKAIINNA JAHHBIX.

Kirouesbie ciioBa: Reptile, MAML, mera-o6y4enne, Heiipoceru, nH-
Tepdeiic MO3r-KOMIILIOTED

1 Bsegenune

OsauM 13 HanboJiee 9acTo IPUMEHSIEMbBIX B HEPOHAYKE METOJIOB SIBJISICTCS JJICK-
rposuuedanorpabusa(DIT) - HEMHBAZUBHBIN METOJL BU3yaJM3aIUI MO3TOBOH aK-
TUBHOCTH, OCYIIECTBJIAIONINI 3alIACh JIEKTPHIECKAX IIOTEHINAJIOB C IIOBEPXHO-
CTH KOKU TOJIOBBI. [lo/TydeHnnbIe ¢ MOMOIIBIO 9TOTO METO/IA JTAHHBIE CJIOXKHBI JIJTsT
MOCJIEJTY IO KIIACCUDUKATIMN.

MeToapl MaImHHOTO 00y U€HUs TO3BOJISIOT 00padATHIBATH JIAHHBIE B Peasib-
HOM BpPEMEHU M JIOCTUTHYTb BBICOKOI TOYHOCTH Kjaaccudurarmn. Ho oxHu nme-
FOT Psijl CJIOYKHOCTEH CBSI3aHHBIX C UX OOyUeHHEM U JIOCTUKEHUEM MTPUeMJIEMOit
TouHOCTH Kiaccupukannn. OCHOBHBIMU HAIIPABJIEHUSIMHI PA3BUTUS aJlOPUTMOB
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MaIlIMHHOI'O O6y‘I€HI/I§I ABJIAIOTCA: yBEJIMYEHUE TOYHOCTHU K.HaCCI/I(i)I/IK&ILI/H/I JaH-
HbIX, CHU>KEHHE BBIYUCJINTEJbHON CTOMMOCTHU U IIOBBIIIIEHUE CKOpPOCTHU O6y‘IeHI/IH
u HpI/ICHOCO6IIeHI/IH K HOBBIM 3a/Jia4daM.

Yro6bl pACCMOTPETH OJHY M3 CYIIECTBYIOIIMX IIPO0JIeM HefpoceTeii, MOXKHO
CPaBHUTH MX C YEJOBEKOM. eJIOBEK MOXKET HUCIIOJIB30BATH CBOM IIPEIbIILY Mt
OIIBIT JIJIsd perieHust HOBbIX 3aja4. OObluHasg HEHPOCETh HA TaKoe He CIOCOOHA.
OmauM U3 crrocoboB Hade eHnsT HEfPOCeTEeBBIX aJrOPUTMOB CIIOCOOHOCTBIO K UC-
II0JIB30BAaHUIO npe,szI;[ymero OIIbITA ABJISAIOTCL a.HFOpI/ITl\ILI l\/IeT&—O6y‘IeHI/IH.

Ilenbio 3T0# pabOTHI SIBISIETCS TIOUCK W OIEHKA OIMTHMAJBHOTO aJrOPUTMA
MeTa-00ydeHnsl B IPUMEHEHNN K nHTepdeiicaM MO3r-KOMITBIOTED.

2 Meroanl

2.1 BriOpaHHBbIE AJITOPUTMBI MeTa-00yY€HUSA

Db BEIOpaHBI [1Ba aJrOPUTMa MeTa-00ydIeHNs, KaK HanboJjlee IepCIeKTHBHBIE.
Tak Kax OHM He YyBCTBHUTEJBHBI K apPXUTEKTYDPE CETH, YTO Ba’KHO IO IPHYUHE
OGypHOro Pa3BUTHs HOBBLIX apXUTeKTyp. IIpearosoKuresbHo, IO3BOJIAIOT ONITU-
MHU3IPOBATh AJITOPUTM Ha JAHHBIX BCEX IOJIb30BaTesell, CHHKasd KOJMIECTBO
HEOOXOJMMBIX JjIdl 00Oy YeHnsT JAaHHBIX I KayKJI0r0 I0JIb30BaTeId. Y BeJTHIn-
BalOT CKOPOCTD J1000ydeHHs ajgropurma. CKOpPOCTb 0OyUeHUsI BayKHA B aHAJIU3E
JaHHbIX DI, TaK KaK KaxK/Iblil HCIBITYEMBbIil CHJIBHO OTJIHYAETCs OT IPYTUX, 9TO
3a4aCTyIO Jies1aeT HeOOXOIUMBIM /1000y YaTh HEHPOCETEBON aJIrOPUTM JIJI KazKJI0-
o ucrbiTyeMoro. BeiGpanubivu ajnropurmMamu sisisiiorcs Reptile[4] w MAML[1],
JaBaiiTe 00Cy/IMM UX CyTb.

AnropurMm Reptile paGoraer ¢ ¢ - BEKTOPOM CTapTOBLIX IAPAMETPOB HEHpPO-
cern(eé CTapTOBBIX BECOB), JIJId HAYAJA CAyYaiiHO MHUIUAIU3UPYEM . B IuKIIe,
obydaemas HeIpoceTh Ha HADOpe M3 PA3IMIHBIX 33J1a9 - t IOJIydaer OmudKy
L(t), mocsie 4ero cumraroTcsi HOBbIe Beca 00ydyaeMoil HefipoceTn Kak:

o=@ (1)

, B TeYeHHN HECKOJIbKUX Iaros onrumusaropa. Ilocse gero npoucxonnt o6HOB-
JIEHUE CTapTOBBLIX BECOB 00ydIaeMoil HeiipoceTu:

¢ p+eld—0) (2)

Ime € - ckopocth oOyuenusi mera aaropurma. Ha 3TOM UK HAIHHAETCS
3aHOBO. DTOT AJTOPUTM ITOCTOSIHHO OOydYaeT MOJe/b Ha Pa3JNYIHbIX 3aJa9axX 1
MpUMeHsIeT OOIMuil JIsi HUX TPAJUEHT, UTO IMO3BOJISIET MCKATH HAMOOJee MO/l
XOJIAINME CTapTOBBIE Beca I BCero Habopa 3ajad. Tak »Ke aJropuT™M MOXKHO
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0o6yvIaTh Ha HEOOJBINMNX BBIOOPKAX M3 N 3ajad, TOrda OOHOBJIEHNE BECOB Oymer
BBIIVIAJETHh TaK:

n

b b+ e > (Fi— o) (3)

i=1

Cne ¢; Beca mosrydennbie mpu 00ydeHNN BHYTPEHHEH MOJe/IN Ha i-TOi 3a1ate.

Tereps pacemorpum anropurm MAML. ITycrs T - Habop 3aa4, «, - ckopo-
cTu 00ydYeHHs] BHYTPEHHEIO M MeTa aJrOPUTMOB COOTBETCTBEHHO, § - CJIydaiiHO
3a/IaHHBI HAOOP CTAPTOBBIX BECOB 0OydaeMoil Mojesu. Toryma UK/ 00ydeHus
asropuTMa Ha Habope 3agad T BeirvisanT Tak: u3 Bcex T BoiOpars K mabopos
JMaHHBIX ¢,y mpuHamTeskamux 3amade T¢)

Lr,(fo)= D Ifela) =4l (4)

zt i~ T

ITocae wero anropurMoM MeTa-O0yUIeHUsI CIUTAIOTCS ATalTHPOBAHHBIE BECA
obywaemoit cetu 6 , HCHONL3Ys OMIHOKU L, ; 1 TOUKH TaHHBIX 1;:

0« 0—p32 > Lr(fo) (5)

T;~p(T)

2.2 MHNcnosb3yeMsblii adropuT™M MaIIMHHOTO O0Y“€HUsI

Bribpanubie ajiroputMbl MeTa-00y IeHNsI HE TyBCTBUTEJILHBI K aDXUTEKTYpe 00y-
qaemoro ajropurma. [losromy B kadecTBe 6a30BOI HEHPOHHOI ceTU OBLIT BHIOPAH
anropurm EEGNet[[2],[3]], kak HauGosee ucnosb3yemblil B Hatell jaboparopuu.
DTa HelpoceTh BBICTYIIIA B KadecTBe pPedePEeHCHO U B KadecTBe 00ydaeMoi
asiropurmoMm Meta-obydenusi. EEGNet mpejcrasiisier coboit cBEpTOYHYIO HEIi-
pornyto cetb (Puc.1), cocTosiny o u3 BpeMeHHBIX 1 IPOCTPAHCTBEHHBIX CBEPTOK,
PpelIaloyIo 3a/1a1y OMHAPHOH KJIaCcCUMDUKAIIN.

PaccMorpum apxuTeKTypy JaHHOi cetn, oHa cocTonT u3: k X ConvlD (cxt)
— OJHOMEPHBIN CBEPTOUHBIN CJIOW C ¢ KaHajgaMmu, t BpEMEHHBIMU TOYKAMHU U K
SITTPAMU.

k x Conv2D (c><t) — JIByMEPHBII CBEPTOYHBIN CJION C ¢ KaHajaMmu, t Bpe-
MEHHBIMH TOYKaMU U K siipaMu.

BatchNorm — nakernasi HopMaJsin3alusi, IpUBE/IEHUE JIAHHBIX K BHJLY C Hy-
JIEBBIM MaTEMATHIECKUM OXKUJIaHUEM W €IMHUIHON Jucrepcuei.

Transpose — TPaHCIIOHUPOBAHUE MATPUIIBI.

Maxpool2D — aBymepHBIil 00beUHSIONNI ¢/I0if max-pooling.

Dropout (p) — cJ10ii ¢ BEpOATHOCTBIO P OGHYJISAIONMIUIT BBIXOBI IIPEJIbLYIIETO.

Softmax — pyHKIIHST aKTUBAINN, TIEPEBOISIIAST OTBETHI HEHPOHOB TIPEIBIITY-
IIETO CJIOSI B BEKTOP BEPOSITHOCTH IIPUHA/IEZKHOCTH 00bEKTA K KazKJIOMY KJIaccy.

YacroTa AUCKpeTH3aIlni MCXOIHBIX JAHHBIX ObLta cHIKeHa 10 250 I'm. B
WTOre Ha BXOJ| CETH IOJIABAJIUCH JAHHBIE Pa3MEpHOCTH C X t, Iyie ¢ - YUCiIo
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Layer Input Operation Output Parameters

dimension dimension number

1 19x75 16 x ConviD 16x1x75 16*19 + 16
16x1x75 (19x1) 16x1x75 32
16x1x75 Batch 1x16x75
Ix16x75 Normalization 1x16x75

Transpose
Dropout (0.2)

2 Ix16x75 4xConv2D(2x  4x16x75 4*2%32+4=260
4x16x75 32) 4x16x75 8
4x16x75 Batch 4x8x75/4
4x8x75/4 Normalization 4x8x75/4

Maxpool2D
(2.4)
Dropout (0.4)

3 4x16x75 4xConv2D (8 x 4x8x75/4 4*4*8*4+4=516
4x16x75 4) 4x8x75/4 8
4x8x75/4 Batch 4x4x75/16
4x8x75/4 Normalization 4x4x75/16

Maxpool2D

2.4)

Dropout (0.6)
4 4x8x75/16 Softmax 2 75%2+2
Total parameters number 1296

Puc. 1. Apxurekrypa neiipocern EEGNet.

kanayoB I = 19, a t - uncI0 BpeMeHHBIX TOYeK = 75 (MHTepBaJ JIMHON B
300 mc., ¢ gacroroit guckperuzanuu 250 I'n.).

2.3 ﬂaHHbIe HNCIIOJIb3OBaHHBbIE JId OII€HKU aJIropuTMOB

Hanubie 93T, ucrosb3yemble B JaHHOI paboTe OBLIM MOJIyYEHBI B IKCIIEPUMEH-
re ¢ urpoit "Eyelines"[5].Bo Bpems sKkcrepuMenTa Besach 3auch JaHabx 99T
ucnpiTyeMbiX. [lorydennbie TakiuM 00pa30M JIAHHBIE, PAa3Pe3aJIUCh Ha IMOXHU, CO-
orBeTcTByIOITHe huKcarusaM B3rsiaa. Eciau dukcamnus B3riisiia npousomnia mpu
AKTHBHOM YIIDABJIEHUU B3IJISZIOM, TO JaHHbIE ObLIN IOMEYEeHbl, KAK COOTBETCTBY-
OIFe HaMepeHHO! (buKcanun B3rsaa. A pukcanun B3IJIsIa, TP HEaK THBHOM
YIPABJIEHUH B3IJISJIOM, IOMEUYAJINCH KAK CIOHTAHHAs (DUKCAIIUS B3IJISIA.

B skcnepumente npunsiim yaacrue 13 ucnbityembix. Hampasiienue B3riisiia
oTciIexXkuBaIOCh pu nomomu aiirpekepa EyeLink 1000 Plus (SR Research, Ka-
HaJ1a). 3allich 930 Beslach 110 19 KaHajaM, IPU IOMOIIHM 3J1eKTposHIedatorpada
actiCHamp (BrainProducts, lepmanust). 3amucs ganabix 991 GbLia cHHXPOHE-
3upoOBaHa 110 BpeMeHHu ¢ paboToil aifTpekepa, BhIOUpaJINCh OTpe3Ku Janubix 200
Mc. - 500 Mc. , oTHOCHTEIBbHO Havasa dukcarun B3rsgga. Orpesku 0 - 200 mvc. He
UCIIOJIb30BAJINCD, JJa0bl HCKJIIOYUTD BJIMsIHUE JIBUYKCHUS IVIa3 HA JIAHHbIE SHIe(da-
sorpacda. Perucrpanus ganubix Besnack ¢ yactoroii 500 . Tanubie 99T ObLin
OTUIBTPOBAHBI TOJIOCOBBIM (BHIIBTPOM ¢ HiKHeil rpanuteil 0.1 I'n. u Bepxueit
rpanurieit 40 I'n. Kiraccudukanust 1anubIx IPOMCXOIUT 10 JIBYM KJIACCAM: HAMe-
peHHasl 1 He HaMepeHHas (ukcanus B3rsaa. Habopsl JaHHBIX cOATaHCHPOBAHBI
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110 3TUM KJIACCAM, OTHOIIEHIE HAMEPEHHBIX K HEHAMEDEHHBIM (DUKCAITISIM B3TJIsI-
ga - 1.6. Obiiee KOJIMIECTBO JAHHBIX 110 BCEM HUCHBITyeMbIM - 6680 map merka

KJ1acc.

3 PesynbraTsl

Boum BeiOpans! gBa nogaxosdmux ajgropurma Meta ooydenust Reptile w MAML.
st 0OydeHnsT M TECTUPOBAHUST AJTOPUTMOB, JaHHBIE OBLIN pa3OUTHI HA Te-
CTOBYIO U 0bOydalonryio Bbbopku paszmepom 20% u 80%, obydenue Ipoucxou-
JI0 ¢ ucnosib3oBanneM Kpocc-paiuganun (k=5). TecToBble jaHHBIE UCIOIB30BA-
JINCH TOJILKO JIJTsI OIIEHKYU KavecTBa MpeJICcKa3anust aJropuT™MoB. st ajropurma
Reptile, peanuzoBan qunamMudeckuii mapamMmeTp CKOPOCTU MeTa-00ydeHust, yobiBa-
fonuit o mepe obydenust. Anaropurm MAML ofyvascst 6e3 Kpocc-asuaanu (B
CHJTy BBICOKOI BEIYUCIUTETHHON CTOMMOCTH ), TIPU TIOMOTIH ontuMmu3aTopa Adam.
B kauecrBe dyHkinu onmmbku BeICTynAA (DYHKIM EPEKPECTHOI SHTpOouu. A
JUIsT OIEHKM KadeCTBa KJIACCU(UKAIMHN HUCIOJIb30BAIACH IUIOMIAIb 10/ KPUBON
omuboK. ObydeHne aJIrOpUTMOB IIPOUCXOJIMAIIO HA JAHHBIX JBEHAIIATH U3 TPUHA-
JIIaTU UCHBITYeMbIX. B Kiaccudukanuu Janubix unrepdeiica MO3r-KOMIbIOTED
JaHHbIE KaXK/IOTO UCIBITYEMOTO MOYKHO PACCMATPUBATEH KaK OTIEJIHHYIO 33/1atdy.
Paccvorpum pesysibraThl OTpazkaiomye CKOpoCTh 1000y YeHUsI C UCTIOIb30BAHU-
em asropurma Reptile (Puc.2). Ijist OeHKH CKOPOCTH 000y I€HUsT UCHIOJIb30Ba-
JINCH JIAHHBIE OTIEJIHHOIO UCIBITYEMOTO, HE HMCIOJb30BABIINECS Ui 00yJIeHuUst
ajroputmoB. /looOydenne mpoucxoauio B Teuenue 40 3mox.

EEGNet c Reptile EEGNet ¢ MAML
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Puc. 2. 'padukn orparkariiye CKOPOCTb 00y YeHHUsI.

U3 s1ux rpacdukos BujHo uTo, Tounocth o ROC AUC meitpoceru ¢ nmpume-
HEHHEM AJIFOPUTMOB MeTa-00y4YeHUs PACTET 3HAYUTENILHO ObICTpee YeM 06a30Boil
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HefpoceTn. DTO MOKA3BIBAECT YBEJIUICHUE CKOPOCTH JI000YIEHUsI TIPU UCIIOJIB30-
BAHUU JIAHHBIX AJI'OPUTMOB MeTa-00yYeHus.

Teneps paccmorpum onenky KadectBa ROC AUC kaccudukanuu mpu uc-
nosib3oBanuu ajropurMoB Reptile 1 MAML, B cpaBHenun ¢ 6a30BbIM aJIFOPUT-
moM. [laHHas oleHKa MPOBOIIIACH HA TECTOBOIl BBIOOPKE 1O 12 HMCHBITYEMBbIM
(Puc.3).

B Bazosbiit EEGNet [l EEGNet Reptile EEGNet MAML
1,00

0,75

0,50

AUC ROC

0,25

0,00
25 26 27 28 29 30 32 33 34 35 36 37

Homep ucnbityemoro

Puc. 3. Inorpamma oneHku KadecTBa KiacCupUKAIAN.

Ha sroit quarpamme Mbl MOYXKEM BHUJETH, YTO TOYHOCTH HEHPOHHOI ceTu 00y-
YeHHO € WCIOb30BaHMeM ajroputva Reptile Bbime TounoCTH pedepeHCHOM
ceru. Tak kak, cpemusisa onenka ROC AUC, st meiipocetu 0Oy4YeHHOi ¢ wC-
nosib3oBanueM asropurma Reptile 0.79 £+ 0.09, qusa pedepencnoit 0.72 £+ 0.08,
p-3Havenne no kpureputo Buakokcorna pasuao 0.009, uyro mensrne 0.05, 3To 3HA-
YUT 49TO BbI60pKI/I CTATUCTUYIECKU PA3JINIHBI. OCHOBbIBa.HCI) Ha BbIIIIECKa3aHHOM,
MBI MOXKEM yTBEP2K/IATh 9TO UCIOJIb30Banue ajropurma Reptile mosbimaer To4-
HOCTb KJtaccudukanuu JaHabix. [Ipu ncnons3osanuu ajropurma MAML mbr mmo-
JiygaeM cpejnee KadectBo Kiaccudukanuu 0.72 + 0.11, u p - kpurepuii paBHbIi
p=0.504, 13 9ero MBI MOXKeM C/eJIaTh BBIBOJI, YTO B JAHHOM CJIydae HCIOJIH30-
Banue asropurmMa MAML He Biusier Ha KadecTBO KJaccuguKaIum.

4 3akJjroyeHue

Bouin Haiiiens! nojgxozsinme agropurMel Mera-o0ydenus (Reptile, MAML) st
3aj1a4 00paborku Janubix DI B ycoBusx unrepdeiica Mo3r-kommbioTep. AJ-
ropurmbl Reptile u MAML 6btn mpoTecTHpOBaHbI Ha PEAbHBIX JaHHBIX DI
U 1I0Ka3aJIM TOBBIIIEHUEe CKOPOCTH 1000y ueHus, aaroputm Reptile mossosu mo-
OUTBHCS TIOBBIIMIEHNs] TOYHOCTU KJIACCHMDUKAINK, B CDABHEHUU CO CTAHIAPTHBIM
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npumenenneM Heiipocetn EEGNet.

HOJIy‘IeHHI)Ie B pa60Te PE3YJIbTAThI IIOKA3bIBAIOT, 9TO HCIIOJIb30BaHUE aJII'O-

purMma Reptile, B ycmousix naTepdeiica MO3r-KOMIBIOTED, MOXKET ITOBBICUTH TOU-
HOCTD KJIACCUMDUKAINN JAHHBIX. [[0BBINIeHnsT CKOPOCTHU 1000y YeHMs, MOYKHO JO-
6uThest uctosib3ysi Kak Reptile, tak 1 MAML. YTo nmoMozKeT COKpATUTh BpeMst
HACTPOMKK CHCTEMBI JJIsi PabOThI ¢ HOBBIM I0JIb30BaTesIeM (UCIIBITYEMBIM).

Baazodaprocmu VccnemoBanne momyepkano rpanToM Poccuiickoro nay<HOro
donma Ne 22-19-00528.
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Annortarus OneHKa HEONPeIeJIEHHOCTH — 9TO BaKHas IIpobiema Jjist
GOJIBIIIOrO KOJIMYECTBA IPUKJIAIHBIX 33184, PEIIaeMbIX B HACTOSIIIEE BPe-
MsI € TIOMOIIBIO METO0B MAIMHHOIO 00yueHust. ViMesi BOSMOXKHOCTB Olie-
HUBATH YBEPEHHOCTH MOJEIHM B IPEJCKA3aHNN, MOXKHO IOCTPOUTH AJIIO-
PUTM OTKa3a OT Pe3yJbTaToB pabOTbl METOJA, JJIsi KOTOPBIX IIOJIydH-
J1ach OOJIbIlIasi HEONPEIeIEHHOCTE. B nanHoOl pabore npeiaraeTcs Kpu-
Tepuil OTKJIOHEHUSI IIPEJCKA3aHUil HellapaMeTPUIECKOH PErPeccuu Ha OC-
HOBE OLEHKM HEOIPEJEIEHHOCTH C y9IETOM OLEHKH IIJIOTHOCTH JIAHHBIX.
3a OoCHOBy B3saTa Hemapamerpuieckas oreHka Hamapas-Barcoma. Dd-
BEKTHBHOCTD MPEJIJIOKEHHOIO METO/Ia IIPOBEPSIETCST Ha HECKOJBKHUX 3a-
Jladax, BKJIOYasl 3aJ1a9y [PeJICKa3aHusl TPAGKTOPUU JBUKEHUS TPAHC-
IIOPTHBIX CPEJACTB. KOJII/I‘IGCTBGHHBIQ U Ka'deCTBEHHBbIE Pe3yJ/IbTaThbl CpaB-
HEHUs C CYIIECTBYIOIUM B JINTEPATYPE MOAXO/IOM K 3ajade Helmapamer-
PUYECKON PErpeccuu ¢ OTKA30M ITOKA3BbIBAIOT, 9TO IIPE/IJIOYKEHHBIH MeTO
MOXKeT 3(PHEKTUBHO CHPABJIATHCS € 3aJadeil ¥ OTKIOHATH HEKAYeCTBEH-
HBIE [IPEJICKA3AHMS.

Kimrouesble ciioBa: Hemapamerpudeckasi perpeccusi, perpeccust ¢ OT-
Ka30M OT IpeICcKa3aHUs, OIleHKa HeOIPeIeIEHHOCTH

1 Bsegenue

B macTosttiiee BpeMst MHOYKECTBO TTPUKJIATHBIX 38129 CBOJISITCS K 3a/1a9€ perpec-
cunu. /115t OT/IeIbHBIX 33189 BA2XKHBIM SIBJISIETCS BBIBOJIUTDH HE TOJHKO YUCJIEHHBIH
OTBET, HO U MePY OIPEIeJIEHHOCTH MOJENIN B IIpe/icka3annu. B Takoil mocTaHoBKe
pu GOJIBIIOM 3HAYEHUN HEYBEPEHHOCTH MOJIEJIN B OTBETE 33J1a9y MOXKHO Oy/er
JIeJIETUPOBATDh KCIIEPTY WJIM IPUMEHUTH JIPYTUe MeTObI /i eé pernenus. [Ipu-
MEpOM 3aJ1ad, JJIsi KOTOPBIX ITPUMEHUM TOOOHBIIN MTOIXO0I, SIBJISTIOTCS 33JIa49M, B
KOTOPBIX TI€HA OIMMUOKN BBICOKA: Kaaccudukarms 3a00IeBaHM 110 MEIUITITHCKITM
n300parKEeHUsIM, yIIpaBJIeHIe OECIIIOTHBIMA TPAHCIOPTHBIMU CPEJICTBAMU.
CyuiecTByeT MHOTO UCCJIEI0OBAHUIN OIIEHKHU HEOIIPEIEJIEHHOCTH J1JIsl [TOCJIEY 10
IEro OTKa3a OT MpecKa3anusi. B ool 13 paHHIX paboT 110 ITON TeMe BBOIUTCS
PHCK It KJacCHUKAIMI ¢ BO3MOXKHOCTBIO OTKa3a [4], perpeccnoHHslii aHaIor
KOTOPOr'0 MCIIOJIb3YeTcsl B JlaHHOll pabore. B pabore [5] BbiBeseH onTuMaIbHbII
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QJITOPATM, MUHUMU3UPYIONNI NPEUIOZKEHHBIA B [4] puck. OgHAKO Hemapamer-
puYecKas perpeccus ¢ BO3MOXKHOCTBIO OTKa3a OT IIPEICKA3aHNd U3ydeHa J0CTa-
TouHO ciaabo. B crarne [2] IpeaJIozKeH METO/I JIjIsl PErPECCU C BO3MOXKHOCTBIO
0TKa3a, 3TOT METOJ B3sT 32 0A30BBIN U C HUM BEJIETCsT CPABHEHME B JAHHOI pa-
0ote. BazoBbIit METOM, yINTHIBAET TOJBLKO aJI€ATOPHYIO HEOMPEIEIEHHOCTh, B TO
BpeMs Kak IPeJJIO’KCHHBIN yIUThIBaeT KaK aJeaTOPHYIO, TaK U SIMCTEMUYIECKYIO
HEOIPEIeJIEHHOCTD.

2 3amada u IIpeajioXKeHHbINT MeTOs

2.1 OO6mag mocTaHOBKA M MOJEJb

PaccmarpuBaercs 3amada perpeccun. VMeercss Habop JTaHHBIX

D = {(X;,Y)}, € R? x R, rae xawaprit smement (X;,Y;) ~ Pirgin, T/€
Pirain — pacupeienenue obyuaonmx gaHubix. Ornpesessercs meseBas (DyHK-
mus perpeccun m(z) = E(Y|X = z), Takke olpene M yCJIOBHYIO JUCIEPCHIO
0%(z) = D(Y|X = x), He paBHYyIO HYJIIO HI B KaKol Todke. ToTma MOKHO 3aITi-
caTh MOJIEJb CJICYIONUM OOPA30M:

Y, = m(XZ) + U(Xi)&‘i.

31ech €; — 310 IIyM, JIst KoToporo BbinosiHeHo E(g;| X;) = 0 u D(g]X;) = 1.
B xauecTse MeToza J1s1 anmpokcuManun GyHKIUKA PErPeccuu Oy1eM NCIOIb-
30BaTh oneHKy Hamapas-Barcona:

_ S0, Vil = X))
Y, Knle = X))

1 t
1 7“1‘\\

rie K —s1o sapo. B nannoii pabore ucnonssyercss RBF-spo: K (t) = \/ﬁe
X

m(z)

Perpeccusi ¢ Bo3Mo>kHOCTBIO OTKa3a. JlobaBiisteTcst BOSMOXKHOCTh OTKa3a OT
perpeccun. e — nocrpounts dynxmuo o : R — {0,1}, koropas npurmmaer
3HavYeHre 1 Jjig TeX apryMeHTOB, Ha KOTOPBIX MOJIE/Ib OTKA3bIBAETCs OT IIPE/I-
ckazanusi, u 0 B nporuBHOM ciydae. Ilycrs ectsb onenka m(x), koropasi obydeHa
na ganubix D = {(X;, V).

JlJ1s1 OlleHKY KavyecTBa allpoKcuManuu OyJIeM UCIOJIb30BATh CPEIHEKBAIPA-
TUYHBIA PUCK:

MSE({(X;,Y)}i2y) =EpEy (Y —m(X))? | X =2).

Ot mocTpoeHHOI Momenn perpeccun TpebyeTcss, 9TOOBI OHA BbIJABAJIA Ma-
Jioe 3HadeHrne (PYHKINU OMMOKM, OTKA3bIBASICh OT MPEICKA3AHUS JJIsT TOYEK C
OOJIBIITION HEOIPEIEJIEHHOCTBIO M OXKHIAEMO C OOJIBIION OMMOKO ITpe/ICKa3aHusI.
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I1st perpeccnn ¢ BO3MOKHOCTBIO OTKa3a MOYKHO BBECTH TOHSITHE JIOJIM OTBEPT-
HyTBIX TO4YeK (Ha anrimiickoM "rejection rate"): r(a) = P{a(X) = 1}. Uckomast
MOJIeJIb PErPECCUU JIOJIZKHA MUHUMHU3UPOBAThH CPEIHEKBAIPATUIHBIN PUCK U OT-
KJIOHSITb TOYKH, JAOIIne OOJBITYI0 OMMUOKY. ITOOBI CKOMIIEHCHPOBATH BKJIAT,
CPeIHEKBAAPATHIHON OIMUOKK M OTKa3a OT IIPEICKA3aHMsI, BBOANUTCH THIIEpIIa-
paMeTp A, CMBICJI KOTOPOro — mrpad MOJEIN 3a 0TKa3 OT IpejcKasanus. Torma
MOKHO OIPEJIEJIUTh MOTOYCUHYIO (DYHKIIUIO TOTEPh CJIEAYIONMM 00pa3oM:

Raa(@) = Ey (¥ — m(X))?H{a(X) = 0} | X =) + A{a(x) = 1).

Venosnas guciepcnst MozkeT GBITh 3anucana Kax 02 (z) = Ey (Y —m(X))? |
X = z). Torna dbyHKIms ay, KOTOPas MEHUMH3UPYET PUCK R o (), BB INT
CJIETYTOTIIIM 0Opa30M:

() 1, ecmm o%(z) = A,
ax(z) =
A 0, unaue.

Popmysia Hapapasi-Barcona aijist olileHKu HeonpeaejaéHHOCTU. 11 oreH-
KI YCOBHOM mHUCHepcHr o2(r) TpejiaraeTcss HCTOMb30BATh €8 HemapaMeTpi-
YEeCKyIO OIIeHKY, KOTOPYIO Io3BoJisieT mnojiyuuThb dopmysna Hamapas-Barcona.
Ucnombsyem pasnoxenne o2(z) = E(Y2X = z) — (E(Y | X = z))°, rorma
6%(z) = v(z) — m2(z), tme #(x) — 310 omenxa ama E(Y2X = x), xotopas
_ I YPKn(e— X))

- Kn(z—Xi) -

BBIPAXKAETCsl CJIEJYIOMUM 06pazoM: U(x)

i=1

Bcnomorarenbaoe yrBepKieHrne 06 aCUMMIITOTUYECKO HOPMAaJIbHOCTH.

[Tycrs mupuna sapa h,, 3aBUCSIILYIO OT 1, YAOBJIECTBOPIET 3aJaHHBIM YCJIOBUSIM:

hy, —— 0, limy, 00 nhi > 0. B paGore [3] nokazaHo, 94T0 npu JAHHBIX YCJIOBH-
n—roo

fX Ha MHUPHUHY f/1pa U YCJIOBUAX Ha KOHEYHOCTb U HEIPEPBIBHOCTH OIIPEIEJIEH-
HBIX MOMeHTOB Y (ceknust 2.2 B pabore) CyIIeCTBYeT CJIEyIONas CXOJUMOCTD
(o pacupeiesieHuIo ) :

I nhd 6—2('7’) _0-2(‘7;) —09n($) ./\/'(07 1)7

oy n—o00

h? 2
rue 60, = %0‘2/%02 + o(h%), a BEJIUYUHBI Oy U 1) OIPEJENIAIOTC CJeLyIo-

UM BbIpazkeHHneM (€ — CTaHJApPTHBIH HOPMAaJbHBIA HiyM, p(-) — MapruHajJbHast

" 2
wiotHocth X ): oy = a%w)v,b(x)ﬁw, Vi) =E[(2-1)? | X =2] =
Eet—1=2
1
B naunoit pabore npemiaraercsa 6pars h,, = %. Torma, uconb3yst Teo-
pemy Ciynkoro, yTBep:K/IeHIe MOYXKHO [IEPEIICATDH B CJEYIONIEM BUJIE:

Jaha @) = @) N(0,1).

oy n—00
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B KauecTBe OLEHKH UCTUHHO} INIOTHOCTH P(Z) UCHIOJIb3YETCsI sI/IePHAsI OIIeHKA,
miornocry p(z) = > Kp(z — X;).

Taxke ciegyer ormeruTsh, uro ecau K (t) — 1o RBF-sapo, To a1 unTerpasna
B OIIPEJIEJIEHNN Oy OYyZET BEpHO CJIe/IyIOIee:

. K2(t)dt = (2m) ¢ { /]R e’tht} ’ = (4m)~ 92,

2.2 Kpwurepunii

3amada popmaim3yeTcss Tak: TpeOyeTCsl MOCTPOUTH CTATUCTUIECKUN TECT JIJIsT
MPOBEPKU HyJIeBOit rumnore3sl Hy : 02(33) > A mpoTuB ajbTepHaTuBbBl Hi
a%(z) < A

Baszosbiit Mmeron. Basosbiii meton B3gar uz crarbu [2]. Ugest B ToMm, 9T0GbI
HCTIONB30BATE ONEHKY §2(x) Jis HeoTpeIe/ieHHOCTH o2 (1), TOMyIeHHYO ¢ To-
wmorpio orieikun Hajapas-Barcona. WtoroBas dpyuknus otkaza jjst 6a30BOro
MeTosia G () 3a1a8TCs BBIpAYKEeHHEM

a(x) = 1, ecou 6%(x) = A, . (1)

0, unaue.

Ipensioxennbiit MeTo1. Bee neobxommvbte orenkn 471st 02 (), p(z), m(z), ov ()
MOTYT GBITH HOJIyUeHBI ¢ TToMOMIbIo MeToia Haapas-Barcona, ¢ moMompio sTux
OIEHOK MOKHO COCTaBUTH KPUTEPHil OTKa3a. BOCIOIb3yeMes [OJLy YeHHbIM BBIIIIe
yTBepKeHneM 00 aCUMIITOTUYECKON HOpMaJjbHOCTU. Torna, obosnayus 1 — -
KBaHTH/Ib HOPMAJILHOIO PACIPEJIEJICHUS KAK 21— 3, MOKEM 3AIIUCATH, [OJIb3YsCh
olpe/IeIeHIeM KBaHTHIIA,

lim P <\/nhdw < —ZH,) < B

n—o0 O'V

HO,ELCTaBI/HVI B IaHHOE BbIPpazKeHue OIIpeiesIeHne oy, TOrJa IOy IUM

lim P [ 62(z) < o2(z) [1— _Cas

3mech J1s MpOCTOTHE 3ammcano C = /2 - (4%)_%. [IycThb BBITTOTHEHA HyJT€BasT
rumoresa u o2(z) > A. Torza, ecii 3aMeHUTE B IPEIBIYIIEM HepaBeHCTEe o (1)
H& MEHbIIIee YHUCJI0 A, TO BEPOATHOCTD TOJIYYUBINETOCS COOBITHS MOYKET TOJIHKO
YMeHbIUThCsI. Torjia BEpHO CJie/IyIolee HEPABEHCTBO:

lim P [ 62(x) < A o Gas
n—00 nhdﬁ(x)
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Taxwmm 06pazoM, TpUHAMAEM TIPEICKA3aHIEe MOJIEIN B TOUKE T TOTIA U TOJHKO
TOTJ1a, KOTJIA

021,[3

~2 __=-b
6°(x) < A |1 )

(2)

U3 (2) caenyer, uro upu [, menbiux 0.5, KOJUIECTBO TOUEK B BHIGOPKE, HA
KOTOPBIX IPEJIOZKEHHBIN METOJ] OTKa3bIBAETCsI, Oymaer 0osbine, 9eM y 6a30BOro
MeTona (T.K. KoabdUImMenT npu A B IpaBoil 4acTH BbIPAsKEHUs OYIET MEHbBIIE
1. Ecom 8 > 0.5, 10, HA060pOT, IPE/IJIOKEHHBII MeTO | OyJIeT OTKA3bIBATHCSA OT
MIpeJICKAa3aHnil peke, deM 0a30BbIil MeTox. Takmm 00pa3oM, ¢ MOMOINLIO IHapa-
Merpa (3 MOXKHO BapbUPOBATH JOJIIO MPUHSITHIX TOYEK.

[IceBmokos aaropurma:

Agaropurm 2.1 Kpurepwuit oTkaza

Bxon: O6yuatomas oibopka (X;,Y;), mupuna sinpa h, napamerpsl A, 3, Touka
1: Tlocuurars p(z), 62(x), m(x)
2: Ecau p(x) > 0 u BBIIOIHSETCS:

F2(z) <A |1—

TO IIPUHSATH Pe3yJbTaT perpeccuu 1 ()
3: IHave OTKJIOHUTDH
4: Konen Ecan

3 SDKcHnepuMeHTbI

J1st IpoBeieH s SKCIEPUMEHTOB HA CUHTETUYIECKUX JIAHHBIX HCIIOJIb30BAJNCH
BBIOOPKH, CreHEPUPOBAHHBIE HA OCHOBE IIPEJIONPEIeIEHHBIX (DYHKITH /st CPei-
HEro U JUCIEPCUN € J0OABIEHUEM CJIyIalHOrO IIyMa U3 CTAHIAPTHOTO HOPMAJIb-
HOI'O paclpejiesIeHus:

Ianupie X; renepuposaanch u3 6era-pacupeenenus 3(4,2).

B kaudecTBe TabJUYHBIX JAHHBIX ObLIO BBIOpAHO TpH HAGOpPa U3 OTKPBITOM
6a3pr UCI Machine Learning Repository [1]: Airfoil Self-Noise, Bias correction
of numerical prediction model temperature forecast, Seoul Bike Sharing Demand.

3.1 Omnwucanue JAHHBIX

Hab6op nammbix Airfoil Self-Noise npeacrasisier co6oii TabJIHILy, COMEPIKAILYTO
503 zamucu o pesysbratax ucnbitanuii NASA ceknuii jionacru aspojuHaMuye-

219



ckoro mpoduis B 6e39x0Boil asporpybe. [yt Karkaoro oObeKTa UMETCs TaH-
uele: yacrora (B I'epunax), yros araku (B rpajycax), JIuHa Xopasl (B MeTpax),
CKOPOCTH HAGeraolInero moToka (B MeTpax B CeKYHJLY ), TOJIIMHA CMEIIEHUs! CTO-
POHBI BcachiBauust (B MeTpax). IlesieBoil mlepeMeHHO sIBJIsieTcsl MacITabupOBaH-
HBIH yPOBEHb 3BYKOBOTO JaBjenus (B geruoesax).

Habop mamubix Bias correction of numerical prediction model temperature
forecast - Tabsmna ¢ 7750 3amucsiMu. DTH JIAHHBIE TPEJIHAZHAYEHB! JIJIsi KOPPEK-
[IUY TIOTPEITHOCTH IIPOTHO38 MAKCUMAJILHON M MUHUMAJILHON TeMIIEPATyPhI BO3-
JIyXa Ha CJIeJIyIole CyTKU MOJEIN TPeJCKa3aHusl TOrojibl, ucrosb3yemoit Ko-
peiickum MeTeoposiorndeckum yrpasienueM Haj Ceyinom, FOxuas Kopest. Dtu
JaHHbIe cocTodaT u3 JeTHuX AaHHbIX ¢ 2013 mo 2017 roxa. Bxoanble janHbIE B
OCHOBHOM COCTOSIT U3 JIAHHBIX IPOTHO3a Ha CJIEJIYIOIHii JIeHb MOJIeJI, MAKCU-
MaJIbHBIX U MUHMMAJbLHBIX TEMIIEPATYDP Ha MECTe B HACTOAIINEEe BPEMs U reorpa-
buueckux BCOMOraTe/IbHBIX [IEPEMEHHBIX. B 9THX JaHHBIX €CTh JBa BbIxoda (T.
€. MaKkCUMaJlbHasl U MUHMMAJIbHAS TeMIepaTypa BO3/yXa Ha CJIEJYIONUl JIeHb).
Ilociie ipe1o6pabOTKM JIaHHBIE COJEPKAT 13 MPU3HAKOB JIJI KAXKJIO0TO 00bEKTA.

Ha6op nanubix Seoul Bike Sharing Demand comepxkut 8760 3aruceit 06 apeH-
ne BestocuniesioB B Ceyiie B KOHKpETHBIH jieHb. Karkiast 3amuch COIepKUT CIey-
fomye aTTpubyThl: KOJIMYECTBO BEJIOCHUIIEJOB, ApEHIOBAHHOE 33 YacC, TeKyIIuil
4ac, BJIAXKHOCTh (B NPOLEHTAX), CKOPOCTh Berpa (B METpax B CEeKyHIy), BU-
JUMOCTh (B MeTpax), CosiHe4Has pajuanus (B Barrax Ha KBajgpaTHBI MeTp),
TeMIlepaTypa TOYKU pochl (B rpagycax Llenabcus), KOJIUIECTBO OCAIKOB B BUJE
0K (B MIJUIMMETPAX ), KOJIMIECTBO OCAJIKOB B BHJe CHera (B MUJUIIMETDAX),
OMHAPHBIN TPU3HAK, 0O03HAYAIONINN, SIB/ISE€TCS JIU JIeHb MPA3IHUKOM, U OMHAD-
HBII IPU3HAK, 0003HAYAIOINNUI, SIBJISETCS JI TEKyIlee Bpems: pabounm. B kaue-
CTBE IeJIeBOIi IEPEMEHHOI BBICTYIIAeT KOJIMYECTBO apEHIOBAHHBIX BEJIOCHUIIEIOB
3a Jac.

3.2 Busyanusanus paboTbl METO/Ia HA CUHTETHYECKUX JaHHBIX

Bruta nposejiena cepusi 9KCIEPUMEHTOB II0 OIEHKE SMINPHIECKOTO PUCKA JIJISt
cunrernyeckux ganubix. Jlannsie (X;, Y;) remepuposasnuchk cormacuo (3), rie
m(z) = exp(3z), o(x) = 1sin(10z). Touku & reHepUPOBAINCH U3 PACIpPe/Ee-
nusi 3(4,2). Bbula BBLABHHYTA TUIIOTE3a, UTO IIPEJJIOKEHHbIH MeTos Oyier pabo-
TaTh 3HAYUTEJHHO JIydllle, YeM 0a30Bblil MeTo B ciaydae «out of distributions,
KOIJIa TeCTOBbIE JAaHHbIE 3HAYUTEIBHO OTJIMYAIOTCd oT obydarormux. Llerecoob-
PA3HOCTH 3TOi I'HIOTE3bI OOBSICHSIETCH TEM, YTO HAII METOJ, sIBHO YIHUTBHIBAET
OIIEHKY IJIOTHOCTH JIAHHBIX B KPHUTEDUH OTKa3a, U B CIydae, KOIJa JJisd TOYKH
W3 TECTOBOI BBIOOPKHU BCE JIEMEHTHI OOydJaromeil BBIOOPKU OYIyT JTOCTATOUHO
yJaJIeHbl OT Heé, OleHKa IVIOTHOCTU Oy/leT MaJia, U KPUTEPHil BBIIACT OTKa3 OT
perpeccun. Bee nmannbie X; siexkar B unrepsase (0, 1). Bour Beibpan unTep-
Baa (0.3, 0.55), u Bce TOYKH, HONABIINE B 5TOT MHTEPBAJ, CIUTAJIUCH TECTO-
BbIMHU. TakzkKe B TeCTOBBIIl MHTEPBAJ JO0ABJISIACH CIIyYailHBIM 06PA30M TOYKH
3 (0, 1)\ (0.3, 0.55). Ilpeackasanusi GbLIN HOACUYATAHLI C HOMOIIBIO ONEHKH
Hanapasi-Barcona, 3aTem ObLIn IPUMEHEHBI [IPEJJIOXKEHHBI KPUTEPHUH 0TKA3a
u Kpurepuii oTkasa jjig 6azosoro merosa. [lapamerp 8 = 0.05 3acdukcuposan,
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mapaMeTp A\ BapbUPOBAJICSI, IKCIEPUMEHTHI ObLIN TpoBeeHb! st 100 pazmmd-
HBIX 3HAYCHUH IIapaMeTpa, PABHOYIAJIEHHBIX MKy coboit Ha orpeske [0.1, 10].

20.01 - m(x) 7
« Accepted
« Rejected

Train data histogram

17.5

15.0

125

10.0

7.5

5.0

2.5

00 0.0 0.2 0.4 0.6 0.8 1.0

20.01 ----- m(x) 7

+  Accepted /

1751, Rejected

15.0 Train data histogram

125
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7.5
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0.0 0.2 0.4 0.6 0.8 1.0

Puc. 1: T'pacduxnu npejckazanuii perpeccun Ha CUHTETHYECKUX JIAHHBIX. ['uiep-
napamerpsl Merona = 0.05, A\ = 2.6. B kpacHbIX TOYKaX COTJIACHO KPUTEPHIO
OTKa3bIBaEMCsl OT PEIPECCHH, B 3€JIEHBIX — IIPUHUMAEM IIpejcka3anus. Ilynkrup-
Hasl JIMHUS — 9T0 TesieBast GyHkust m(x). Ha rpaduk mobasiena rucrorpammva
obyuaroreil BeIOOpKU. Bepxumit rpaduk — pesynbrar paboThl IPEJIOKEHHOTO
KPUTEpUsl, HUKHUI — Pe3yJIbTaT paboThl 6230BOr0 MeTOjIA.

Pesynbrarer manHoro skcmepumenta st A = 2.6 mpescrasiaeHsl Ha Puc. 1.
Kak M0XKHO BUIeTH, IIpH JAHHBIX THIIEpIApAMETPaX MPEJJIOXKEHHbIA MeTo] 60-
Jiee OCTOPOXKEH, OH OTKA3bIBAETCSI OT IIPEICKA3AHIS B TOUKAX, /IJIsT KOTOPBIX MO-
JIeJTh TIJI0XO YJIOBUJIA TIEJIEBYIO 3aBUCHMOCTh. Ba30BbIil METO/ IPUHUMAET TOYTH
BCE TOYKHU.
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3.3 DKcrepuMeHThI Ha TaOJIMYIHBIX JaHHBIX

Ina seibopku Airfoil Self-Noise nckyccrBeHHO ObLI CMOAEINPOBAH CJIydail pas-
JINUUs B PACIPEJIETICHUSIX 00YYAIONUX U TECTOBBIX JAHHLIX. Pasbuenue JaHHbIxX
Ha O0YyYaIoIIlyi0 U TECTOBYIO BBIOOPKY MPOUCXOHJIO IO MEPBOMY IPU3HAKY U3
Habopa JTaHHBIX: T€ OOBEKTHI, JJIsi KOTOPBIX 3HAYEHUE ITOTO MPU3HAKA OOJIBIe
BBIOOPOYHOTO ().7-KBAHTHUJIS, TIOMAIAIOT B TECTOBYIO BHIOOPKY, OCTAIHHBIE 00 BHEK-
TBI HOMAJIAIOT B 00YYAIOINLYIO BBIOOPKY.

st BeIGOpoK Bias correction of numerical prediction model temperature
forecast u Seoul bike sharing demand pazbuenue JaHHBIX Ha OOYYAOIIYIO U Te-
CTOBYIO BBIOODKY ITPOU3BEJIEHO 10 BPEMEHHOMY [pU3HAKY. Bribpana orcevka 1o
BpeMeHn, Takas, 9To 70% maHHbIX, 1aTa HabJIIOJEH I I/ KOTOPBIX IPE/IIIECTBY-
€T JlaTe OTCeYKH, MONaJu B O0yYaloNylo BEIOOPKY, a ocraabhbie 30% maHHBIX
[IOTIaJT B TECTOBYIO BBIOODKY.

Brina cocrasiiena paBHOMepHasi ceTKa IO Mmapamerpy A, comepxkarmast 100
snavenuii Ha orpeske [0,50] mus BeiGopku Airfoil Self-Noise, 100 3navenuii Ha
orpeske [0, 2] gyt BeiGopku Bias correction of numerical prediction model u 100
sHavenmit Ha orpeske [0,10%] nmsa seiGopkm Seoul bike sharing demand. s
KaXKJ0T0 \ Ha TOJIYIUBIIEHCS CEeTKe I KayKI0M TOYKHU TeCTOBOI BHIOOPKU OBLT
3aIyIIeH PeJIOKEHHBI aJITOPUTM OTKa3a oT perpeccun. Kak pesysibrart, Jiist
KayKJI0T0 3HAYEHUS \ €CTh HAOOP NPUHATHIX ¥ OTBEPIHYTHIX TOUYEK. 3aMEPINCh
BBIOOPOYHOE cpejiHee I PUCKa Ry 4, & TAKXKE CPEIHEKBaIDATUYHAA ONIHOKA.
Takke ecTb rpadUKN 3aBUCUMOCTU ITUX BEJIMYUH OT JOJU MPUHSTHIX TOYEK.

PesynbraTsr skciepumenToB npeactabiaensl Ha Puc. 2, Puc. 3 u Puc. 4. Ha
Ka’KJIOM DUCYHKe Bepxumil rpaduk oTobpazKkaeT 3aBUCHMOCTL PHCKa Ry 4 ()
OT THUIepnapaMerpa A i 6a30BOr0 M MPEJJIOZKEeHHOro MeTofoB. Hurkuuit rpa-
buK 0TOOpaKaeT 3aBUCHUMOCTh CPEIHEKBAIPATHIHON OMMUOKNA OT JOJIU TTPUHSI-
TBIX TOYEK BbIOOpKHU. Ha Kark 101t BEIOOPKE IIPEJIOXKEHHBIN METO/T OBLT 3AITYIIECH
C HECKOJIbKMMU 3HadeHusiMu napamerpa (. JIuauu, coorBeTcTByIONNe KaxK oMy
3HavueHno [, n306paykeHbl Ha rpaduKe U HOAIUCAHDI.

Pacemorpum BeiGopky Airfoil Self-Noise. Kak BujHO n3 rpadukos, mnpeio-
JKEHHBII MEeTOJ[ UMeeT 3HAYUTEIbHO MEHbIIUil puck, dyem 6a3oBbiit MeToj. Oco-
OEHHO pa3/n4ne MPOsIBJISIETCS B 00JIACTH ¢ HU3KOI MoJTeit MPUHSTHIX TOYeK. But-
HO, NP HU3KOMN J0JIe MPUHATHIX TOYEK 0A30BBIA METOJ| IPUHUMAET HE CAMbBIE
ONTUMAJIbHBIE TOYKH (T.K. OIMuOKa Ha 9TUX TOUYKAX OOJIbIINE OIUOKU B CPEHEM
110 BBIGOPKE IIPH BCEX IPUHSTHIX OTBETaX), B TO BPEMsl KaK IIPEJJIOYKEHHbI Me-
To, Beibupaer 6osiee onrumasibubie Touku. g S = 0.1 MOXKHO CKa3arb, 4TO
CPeIHEKBAIPATUIHAS OMIMOKA IMOYTH MOHOTOHHO 3aBHUCUT OT JOJH IIPUHSIITHIX
TOYEK, T.€. KpUTEPHUIl COPTUPYET TOUKHU, U B IIEPBYIO OUEPE/Ih NPUHUMAET TOYKU
C HAUMeEHbIIell OMuOKOii.

st Beibopku Bias correction of numerical prediction model temperature
forecast kawuecTBeHHO HaOJIIOIAETCsT TOXOXKasl cUTyarusi. B obsractn Masbrx A
¥ TIPU HU3KOW JI0JIe IPUHATHIX TOYEK IPEJJIOKEHHDBIA MeTOJ TOKa3biBaeT 3Ha-
YUATEJbHOE YIIyUIIeHNEe B TEPMUHAX PUCKA 110 CPABHEHUIO C GA30BBIM METOJIOM.
BosbInoit TuK u npeBbBIIeHNne CPEIHEBLIOOPOTHOTO 3HAYEHUST PUCKA TIOKA3bIBa~
10T, 9TO 6A30BBIl METOJ BHIOMpPAET HE ONTUMAJIbHBIE ¢ TOYKU 3DEHUs OIMUOKU
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Puc. 2: PesynbraTsr paborst MeTosioB Ha Bibopke Airfoil Self-Noise. Csepxy: rpa-
UK 3aBHCHUMOCTH CpPeJIHEeBBIOOPOYHOro pHucKa Ry 4 6a30BOro Meroia u Ipel-
JIOXKEHHOTO MeTojia OoT rurepnapamverpa A. IlyHkrupHoil junueil orobpakena
3aBUCHMOCTD CPEJIHEKBAIPATHYHOIO PUCKA OT IapaMeTrpa A B CJlydae, eCJIu IIPU-
HUMaeM BCe TOYKM TeCTOBOH BbIOOpKU. CHM3Y: rpaduK 3aBHCUMOCTH CpEIHe-
KBa/[PATUYIHON OIMIMOKM METOJIOB OT JIOJIM IPUHATHIX TOYEK.

9J1eMeHTBI BBIOODKHU. IIpe/oKeHHbII MeTO JyIs MaJIbIX 3 IEMOHCTPUPYET 3Ha-
YUTEJIBHO JIydIine pe3yibrarbl, ocobernno npu [ = 0.001, korga 3aBUCHMOCTD
PHUCKa OT A U OT JOJIM IPHUHSATHIX TOYEK HOYTU MOHOTOHHBIE.

s Beibopku Seoul Bike Sharing kpurepuii paboraer XOpoIno Kax Jijist 6a30-
BOI'O, TaK W JJIsI [IPEJJIO?KEHHOr0 MeTo0B. [Ipn HU3KNX A\ KpUBbIE PHUCKA BEILYT
cebsl TI0YUTH JIMHEHO, YTO O3HAYAET, YTO METOJbl B OCHOBHOM OTKJIOHSIIOT IIPE/I-
ckazanusg. [Ipu Gosbmux A npeiokeHublit Meros ¢ B = 0.8 umeer MeHbIIUI
puck, deMm 0a30BbIii MeTox. Kak BHaHO Ha rpaduke 3aBUCUMOCTU OIMUOKH OT
JIOJIU TIPUHSITBIX TOYEK, METOJIbI BEJIyT Ce0si IPUMEPHO OMHAKOBO, B HEKOTOPBIX
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Puc. 3: Pesysbrarsl paboTsl MeTo10B Ha BbIOOpKe Bias correction of numerical
prediction model temperature forecast. CBepxy: rpaduk 3aBHCHMOCTH CpeHE-
BBIOOPOYHOTO pHCKa R\ 4 6a30BOro MeTO/IA U IIPEJJIO?KEHHOI'O METOIa OT THIep-
mapamerpa A. IlyHKTHpHOI JuHUEl oTOOpaskeHa 3aBUCHMOCTDH CPEIHEKBAIPa-
THYHOTO PHCKA OT ITapaMeTpa A B CJIydae, eC/Ii IPUHIMAaeM BCe TOUKH TeCTOBOI
BbIOOpKH. CHEU3Y: rpad UK 3aBHCUMOCTH CPEIHEKBAIPATHIHON OMHOKN METOIOB
OT JIOJIU [IPUHSITHIX TOYEK.

00JIACTSIX TIPEJIOXKEHHBIA METO/ MOKA3BIBAET JIYUIIUEe PE3YJIbTAThI, YeM 0a30-
BBIN.

4 3akJiroyeHue

B mammoit pabore mpemiozKeH MeToJ allIPOKCUMAIMU HEOIPEJIeEHHOCTH s
HermapaMeTpuieckoil perpeccun meronoM Hamapas-Barcona. IlpemmyrtnecrBom
IIPE/IJIO?KEHHOTO METO/1A SABJISIETCS YUET S/IePHOIl OIEHKU IIJIOTHOCTU JAHHBIX IIPHI
[IOCTPOEHUU KPUTEPHUsI OTKa3a OT IpejicKasanus. KadecTBo paboThl MeToa o1le-
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Puc. 4: Pesynprarsl paborsl MeToz0B Ha BblOopke Seoul bike sharing demand.
Caepxy: rpaduK 3aBUCHMOCTH CPEJIHEBBIOOPOYHOTO PHCKa Ry 4 6a30BOro MeTo-
Jia U IPEJJIOZKEeHHOT0 MeTojia OT rureprapamerpa A. [lyHKTupHOit jiuHueir 0Too-
pakeHa 3aBUCHMOCTb CPEJIHEKBA[PATHIHOIO PUCKA OT Iapamerpa A B ciydae,
€CJIi IPUHUMAEM BCe TOYKH TeCTOBON BbIOOpKH. CHU3Yy: rpaduk 3aBHCHMOCTH
CPeIHEKBaIPATUIHON OMIMOKKM METO/IOB OT JIOJIA IPUHATHIX TOYEK.

HEHO HA CUHTETUYECKU CIeHEPUPOBAHHBIX JAHHBIX, HA TPEX TaOJIMIHBIX HAOOpax
JIAHHBIX U HA HaOOpe JAHHBIX JJIs 33/1a9d MPEJICKA3aHIUs TPACKTOPUU TPAHC-
IIOPTHBIX CPEJICTB.

Ucxonst u3 pe3ysibTaToB 9KCIIEPUMEHTOB, MOXKHO CJEJIaTh BBIBOZ, YTO JJIsk
oIpe/IeJIEHHOr0 Habopa 3a/ad IMPEJIOKEHHBIH MeTOJ MOXKET YCIIEIIHO CIIPaB-
JIATHCS C IIOCTABJIEHHON 3a/ladeil U OTKJIOHSTH HEKAYeCTBEHHBIE IIPEJICKA3AHUSI.
O/1HAKO B TEPMUHAX METPHK IIPEJJIOZKEHHBIN METOJI JajeKo He Bcerja paboraer
Jrydrie 6a30BOTO aJrOpUTMa U TpedyeT TIaTebHON HACTPONKN THIeplIapaMeT-
pos. Hemocrarouno xopoiree KadecTBo paboThl METOIA JIJIsi KOHKPETHOM 3a/1a-
91 MOXKET OObSICHATHCH IJIOX0I TPUMEHUMOCTHIO HellapaMeTPUIECKON OIEHKHU K
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3a/1ate B [eJI0M, OCOOEHHOCTSIMUA BBLIOOPKU M PA3MEPHOCTHIO IIPU3HAKOBOT'O PO~
CTPANCTBA, HEIPABUJILHO 1I0/I00PAHHBIMU I'HIIEPIapAMETPAMI.
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AJIropuTM OIIeHKHM paciipejieJIeHus IapaMeTpPOoOB
OCBeIlleHnd B CIleHe Mo e€ m300parKeHUIo
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3 CxomKoBCKHit MHCTHTYT HayKu U TexHosoruit, Mocksa, Poccust
tesalin.vv@phystech.edu

Awunnoranusi Bajanc 6e10ro — KJIaCCUYECKUl IIAr BCEX COBPEMEHHBIX
KOHBeiepoB (hOPpMUPOBaHUS N306PAYKEHUN — BBITOJIHAETCSI, ITOOBI CKOM-
TIEHCUPOBATD BJIMSHNUE HCTOYHUKA OCBEINEHUS, BOCIIPOM3BOIS TEM CAMBIM
MEXaHU3M IIBETOBOM KOHCTAHTHOCTH 3PHUTEIBHOM CHUCTEMBI UeIoBeKa. B
COBPEMEHHBIX YCTPOMCTBAX METO/bI aBTOMATHYIECKOIO Oajianca 6esioro
PaboTalOT B IPEJIIIOJIOXKEHUHU, YTO B CII€HE TIPUCYTCTBYET €IMHCTBEHHbIN
JIOMUHAHTHBIA UCTOYHUK ocBemenus. OHaKO BO MHOTUX PeasbHbBIX CIe-
HAX 3a4aCTyI0 HECKOJIbKO MCTOYHHKOB OCBeleHus (CosHIe u HeGo, CBeT
JIAMIIBI U CBET U3 OKHA U T.[I. ), U3Jy9eHHUEe OT KOTOPBIX B PA3HBIX MIPOIOP-
[USIX CMEIIMBACTCS W OTPAXKAETCST OT ILIOCKOHM KaJIUOPOBOTHOMN ITOBEPX-
HOCTH, (DOPMUDYsI IeJI0e pacupeesenne (pU3NTeCKH KOPPEKTHBIX OIle-
HOK OCBEIIIEHUs JIJIsi pa3/IndHbIX e€ opueHTaruii. [lociieaee HeobxoquMo
VUUATBIBATD TIPU BBIMOJHEHUHU Oajianca 0ejioro, B TOM YUCJE JJIsi MOJE-
JIMPOBaHUsI HEIOJIHOM IBETOBOH aJlanTaliyui K KOHKPETHOMY UCTOYHUKY
ocsemiennsi. OTBevast Ha Ty HEOOXOAMMOCTb, B JTAHHOM WCCJIEIOBAHUU
PacCMaTPUBAETCs 33[atda OIEHKY PACIPEIESIEHNsT HCTOYHUKOB OCBEIIe-
HUO$I, 9aCTHBIM CJIy9aeM KOTOPOM SIBJISIETCS OCBEIIEHHWE OIHUM HCTOTHU-
koM. B pabore onmceiBaeTcst HOBbIT HAOOP JAHHBIX, COCTOSIIUI 3 3812
U300paykKeHuil U COOTBETCTBYIOIIMX UM PACIPEIC/ICHUN OCBEICHUS, 0~
JIy4eHHBII Ha ocHOBe Habopa nanubix Cube++. J[na onenku pacmpese-
JIEHUST UCIIOJIb30BaJIACh OTParKeHHAs B 3ePKAJIBLHOM IIIape IIBETOBOM M-
menn SpyderCube crena. [Ipemoxken merTon amantanum KIaCcCHIECKAX
aJITOPUTMOB I[BETOBOIl KOHCTAHTHOCTHU JJIsI OIEHKH PACIIPEICIEHUS WC-
TOYHMKOB OCBEIEHUsI. Tak»Ke MPEJIOKEeHO HEeHpoceTeBoe peIleHue Io-
craBjieHHON 3amaun. [IpoBelieHa YMCIEHHAS OIEHKA UX KAYeCTBA C WC-
MOJTb30BAHUEM JIMCKPETHON peajim3aluu MeTpuku Bacepinreiina, Ha3bi-
BaeMoit HeOPMATHLHO METPUKOM 3EMJIEKOIIA.

KJTFOYEBBIE CJIOBA: Gaanc 6e/i0ro, OreHKa OCBEIEHUSsI, [IBETO-
Bas aJAITaI¥s, [[BETOBAas PEIPOIYKIUs, [[BETOBAas KOHCTAHTHOCTH, 00-
paboTka N300paKeHuUIA.

1 Bgsenenue
33.,[[3,‘184 OII€EHKHN OCBeNICHUA B CIleHe II0 I/I306pa}K€HI/IIO njim, Kak e€ 9acTo Ha3bI-

BaIOT, 3a/1a49a BBIYUCJ/IUTEJIBHONU IIBETOBOII KOHCTAHTHOCTH, SBJISETCS KJacCude-
CKOIl M IUPOKO UCCJIeyeMOil 3a1adeil, 0COOEHHO B MOJEJHM OJIHOTO MCTOYHUKA
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Koppekuuu ¢ ucnosb3oBaHuem TpéX Pa3J/InyHbIX TO4YEeK 6enoro
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Puc. 1. Ha 3ToM puCyHKe IOKA3aHO PACIPE/IeJICHIE OCBEIIEHUSI, OIEHEHHOEe 10 BXOJ-
HOMY M300pa’KeHUIO, U TPU Pa3/IMYHble KOPPEKIUH, [OJIyYEHHBIE C HMCIIOJb30BaHUEM
Pa3HBIX TOYEK 0EJIoro, BLIODAHHBLIX M3 pacupeiesieHus. & U 3 - KOOPAUHATHI I[BETHO-
CTH.
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ocserenust [1]. E€ pemerne HeoGxomauMo st paboThl COBPEMEHHBIX KOHBEHEPOB
opMupOBaHUST M BOCIHPOU3BEJEHUs I[BETHBIX M300paxkeHuit [2]|, a cama 3ama-
9a SBJIFETCS aKTyaJIbHON, O UeM CBHUETE/ILCTBYET HE YMEHDLIIAIONIUIC TeMIT
MyO KAl HayIHBIX PabOT MO JaHHON TeMaTnke. VIHTEpECHO OTMETHUTh, ITO
1o 2011 roga mouTn Bee HAGOPHI JAHHBIX [4, 5] npeacraBism coboit HaGop map
“mzobparkenue — Touka Gesoro”!. Kak mpapmio Touka 6eoro (3a MCKITIOUEHH-
em nabopos maunbix Grey Ball [3] u Flying Grey Ball [17]) ornenuBasach myTém
yCpeAHeHUs [IBeTa aXPOMaTUIECKON IIJIOCKOH II0BEPXHOCTU, OPUECHTALNA KOTOPOMA
He KOHTPOJINPOBaJachk. B pesysbrare, nccieoBaTeisiM U pa3paboTanKaM HOBBIX
peH_IeHI/Iﬁ HEs’ABHO CTaBUJIaCh 3a/ava He IIPOCTO OIEHUTH IHapaMeTpPbl OCBEHICHUA
B CIIEHE, HO W IpeJyrajaTh OPUEHTAIUIO [[BETOBON MUIIEHH 110 M300ParKEHUIO,
r7e OHa 3aMacKupoBaHa. VICKIOUeHneM 371ech, MOXKAJIyH, CTOUT HA3BaTh HADOD
nauabix Cube+ [33], rjae oqHOPOJHOCTB OCBENEHHsT KOHTPOJIMPOBAJIACH Iy TEM
MMPOBEPKU CXOJICTBA TOYEK OEJIOT0, MOJICIUTAHHBIX 0 JIBYM PA3HBIM T'DAHSM IIBe-
TOBOT'O Ky6a B&)KHO OTMETHUTH, YTO OPUCHTAINA a.XpOl\fIaTquCKOﬁ TTOBEPXHOCTU
— 3T0 BHaKTOP, KOTOPBIM HeJIh3s mpeHebperarsh. Hampumep, Ha HEKOTOPHIX 300~
paxkenusx u3 Habopa Cube++ yros Mex 1y BEKTOpaMu [[BETOB aXPOMATUIECKUAX
rpaHeil KaaubpoBouHOro KybGa jocruraer 15 rpanycos [7]. B konrexkcre sToro
0COOEHHO YIUBUTEIHHO BUIETh PAOOTHI 10 IMPEICKA3AHUIO OJHONW TOYKHU OEesIoro,
rlle 3asBJSETCsS TOYHOCTh MeHbIe 2 rpagycos [15]. OnmcanHoe nporuBopeune
HAIVISITHO JIEMOHCTPUPYET HECOOTBETCTBHE Pa3METKH CYIIECTBYIOINX HabOPOB
JAHHBIX CJIO2KHOCTH PEIIaeMoil 3ajadqu — Jisi CIEH CO CJIOYKHBIM OCBEIEHHEM
TpebyeTcsT NCKIIIOYUTh OPHEHTAIINIO aXPOMATHIECKON TOBEPXHOCTH KaK CJLyIaii-
HbIA dakTop HmyTéM ;100aBJIeHNs] B PA3METKY DACIIPE/IEJICHNAsT BCEX BO3MOXKHBIX
1BeroB 31oii noBepxuocru. Ilpecrasiennas pabora HalleJeHa HA PEIIEHUE JIAH-
HOIT TIPOOJIEMBI.

B jeiicTBUTEIBHOCTH, OKOJIO ITOJIOBHHBI M300paKeHHil CO/EP:KaT CIEHBI CO
CJIOXKHBIM OCBellleHHeM [7], KOTopoe He MOXKeT OBbITh KOPPEKTHO OIMCAHO MO-
JeJIbI0 JOMWHAHTHOI'O UCTOYHHKA. HeCI\lOTpE{ Ha 93TO, MHOX>KECTBO COBPEMEHHbIX
YCTPONCTB OCHAIIEHBI KOHBeilepaMu (POPMUPOBAHUS I[BETHBIX N300paKeHui, Ka-
YeCTBO KOTOPBIX yCTpanBaeT KOHEYHbIX IoJb3oBareseit [11-14]. Orcroma MoKHO
cJeJiaTb BbIBO, ITO KJIACCUYECKOI II0CTaAaHOBKU JOMUHAHTHOI'O UICTOYHHUKa OCBE-
MeHUsl JIOCTATO4YHO Ha INpakTuke. OJHAKO OIPeJiesIeHne paclpe/ieieHnsl Ipu-
CYTCTBYIOIIUX ITapaMeTPOB OCBEIEHUS B CIICHE, KaK MOKA3aHO Ha PUCYHKE 1,
OTKPBIBAET BO3MOXKHOCTH IE€PCOHAJIMIAIIN TPU KOPPEKIINU N300PaKEHUsI C CO-
XpaHeHHeM (DU3NYEeCKOil KOPPEKTHOCTH.

OT,LLEJII)HO CTOUT OTMETUTDH 3a/[a1y ayI'MEHTAIIUN JITaHHbIX B KOHTEKCTE OII€HKU
JOMIHAHTHOT'O NCTOYHIKA OcBelleHus. Ha mpakTnke ayrMeHTanns myTéM modJe-
MEHTHOT'O JOMHOYKEHNsI N300parkeHusl Ha CJIy9IaiflHO BBIOPAHHYIO TOUKY 0€JIoro
IPUBOANUT K YXYALIEHUIO Pe3ysbTaTa, 9YT0 00bSCHAIOT BOSHUKHOBEHUEM Hepea-
JINCTUYHBIX IIBETOB — B M300PaXKEHUSIX IIPUPOJIBI HE MOXKET BO3HUKATH 3€JIEHBIX
UCTOYHUKOB ocBemieHust [16]. BosMorkHOCTB ayrMeHTaIuy Ha OCHOBE paclpejie-

! Touka Gesioro — 510 HAGIIOMAECMBIl [[BET HCTOYHUKA OCBEICHUS B CIeHe Ge3 ydera
€ro SIPKOCTH (T.€. €ro MBETHOCTD).
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JieHnsT (DU3UMIECKN Pean3yeMbIX I[BETHOCTEH aXpPOMaTHIeCKON MOBEPXHOCTUA B
CIleHE MOYKET IIO3BOJIUTH PEIIUTh JIAHHYIO IIPOOJIEMY.

C ucnosib3oBanueM Habopa JaHubX Flying
Grey Ball [17] 6bu10 1pOBEJEHO HCCIEI0BA-
HHUE C IEJIbI0 BBIACHUTD, JIEHCTBATENLHO JIH
JUIsl Pa3HBIX MOJIb30BATEJIEH TIPEJMOUTUTE b=  3epkansioi wap Cepuie rpanu
HBI pa3HbIe OIEHKU OCBelleHusi. B cirydae 1mo-
JIOXKUTEJILHOTO OTBETA Ha 9TOT BOIIPOC, MOsIB-
JISIeTCsI JIOTIOJTHUTEJIbHBIH apIyMEHT B MOJIB3Y
HCO6XO,ZLI/IIV[OCTI/I Oonpene/ATb UMEHHO paclpe-
JIeJIeHne IapaMeTpOB OCBelleHus B ciiene. Ha-
6op pannbix Flying Grey Ball nenen tem, 1aro
aBTOPBI COIIPOBOXK/IAIOT €r0 MHOXKECTBOM OIle-
HOK OCBeIlleHUsI B CIIeHe, YTO MO3BOJISIET IPO-
BECTHU IIpeaABapUTEe/JIbHbIC UCCIeTOBaHUA IIPE/I-
MIOYTEHUS, OJTHAKO HE MTO3BOJISIET CTPOUTH HEii-
poceTeBble peIleHusl, TIOCKOJIbKY Habop JaH-
HBIX cocTouT Beero u3 31 cuenst. st 10 crien
ObLIN CreHEPUPOBAHBI PE3YJILTATHI KOPPEKIIUY € 3 PA3HBIMU TOYKAMU 6EJI0r0, 13-
MEPEHHBIMU CO3JIaTelIsIMI Habopa JaHHbIX. [loc/ie 9T0ro ceMu UCIbITyeMbIM Obl-
JIA II00YEPETHO IPE/IbIBICHBI CITeHEPUPOBAHHbIE TPOHKH H300pakeHuil B O/InHAa-
KOBBIX YCJIOBUSIX HAOJIIOieHus 1 3a1aH Bonpoc: “Kakoe m3o0pazkeHue BbI cauTa-
ere HamboJtee KpacuBbiM?”. Huzke Ha pucyHKe 3 MpUBEIEHBI PE3YIBTATHI OIIPOCA
JJIsA 4 CII€H, OTKYyJda BUJIHO, 9YTO MHEHUA HCIIBITYEMbBIX DACXOAATCI. 9TOT d)aKT,
MycTh W ¢ HEOOJIBIIONW CTATHCTUYIECKONW 3HAYMMOCTBIO, WJLIIOCTPUDYET DPA3HO-
O6p3,31/1€ IIBETOBBIX Hpe,I[HO‘{TeHI/Iﬁ YeJIOBEKa, 9YTO IIPpUBOAUT K H€O6XOI[I/H\/IOCTI/I
IPOTHO3UPOBAHUSI PACIIPE/ICJICHUsT TAPAMETPOB OCBEINEHUS JIJIsl KAXKJION CIIEHBI
JUIst 0BecrievYeHs BOSMOYKHOCTH [IEPCOHATM3AINN. AHAJIOIMYHbIE SKCIIEPUMEHTHI
[IPOBOJMJINCH [IPU HPOBEJIEHIN MEeXK/[yHapOIHOTO copeBHOBaHus [36], rie Tpe6o-
BaJIOCh CPABHUTH CIEHEPUPOBAHHBIE PA3HBIMU METOJAMU M300PaskKeHUsT HOYHBIX
CIIeH.

benbie rpanu

OTHOCUTENbHLIN
UepHbIA

ABconioTHbIA
UepHbBI

Puc. 2. IIBeToBast MWUIIIEHb
SpyderCube.

COBOKYITHOCTD BCEX IEPEYUCJICHHBIX (PAKTOPOB U MOCIIY KA MOTUBOM JIJIst
IIPOBE/IEHNUsI ONMCAHHBIX B JAHHOI cTaThe padot. Ilepes aBropamu crosiia 3a1a4ua
OIIEHUTH PACIIPE/IeJIeHNe TAPpAMETPOB OCBEIIEHUsI B CIIEHE 110 ee N300parKeHUIO.
Jist e€ perennsi ObLT TIOATOTOBJIEH HOBBINT HAOOD JAHHBIX, HA KOTOPOM ObLIa
IIPOBEJIEHA &JIAITAINs 0A30BBIX AJITOPUTMOB, OIMUPAIOIIINXCS HA TTPEIIOI0KEHNE
0 eMHCTBEHHOM HCTOYHHUKE OCBereHus. JIJIsT OIeHKr KadecTBa 3TON aJanTaiiun
HCIO0JIb30BAIACh METPHUKA 3EMJIEKOIIA.

B pamkax mojiroroBku Habopa jiaHHBIX ObLir 0T0OpaHbl 3812 n300parkeHuit
n3 Habopa JaHabix Cube-++, KOTOpbIE COOTBETCTBYIOT ITOCTABJIEHHOW 3a/ate.
st hopMupoBaHUS OIEHKN PACIIPE/IEC/TIEHNsT NCTOYHUKOB OCBEIEHUS B CIIEHE
HCIOJIB30BAJICS 3ePKAJIbHBIN map nseroBoit mutnenu SpyderCube, koropast mpo-
JIEMOHCTPHUPOBAHA Ha PUCYHKe 2. Be3ycsioBHO Takoii criocob He 03BOJISIeT TOTHO
OIEHUTH MAapaMeTPhl PACHpeesIeHIsI, OJHAKO B Pab0OTe MOKA3aHO, UTO IIYTEM
[IOCJIEJIOBATEILHOIO IPUMEHEHUs IPOIEeLyp 0O0pabOTKU JIAHHBIX BO3MOXKHO IIO-
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Puc. 3. Pacnpeesnierune rojiocos 3a pa3Hble KOPPEKIIUA U300PasKeHMIA.
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JIyIUTD yJIOBJICTBOPUTEIBHOE II€PBOE MpHOMKeHne. Tak»Ke Ipe/I0yKeHo Helpo-
ceTeBoe pemieHue. [ljis OIeHKN KadecTBa IIPeJICKA3aHUA [1apaMeTPOB paclpe/ie-
JICHHUsI UCII0JIb30BajIach METPUKa 3€MJICKOIIa.

2 Cozganne Habopa JaHHBIX

B nmammoit rmaBe ommcaHa METOAWKA CO3AHWS JIOMOJTHUTEIBHON pa3METKU st
nabopa ganubix Cube++ u dopMupoBanus pacipee/ieHus IapaMeTpoB OCBe-
IIeHNs 11 KazKJI0i CIIeHBI.

Mpumepsbl n3obpaxeHnin
13 Habopa faHHbIX Cube++

06nacTb C 3epKanbHbIM Wapom Macka

- ©

Mo 3eneHoit obnactn Wrorosoe ground truth pacnpepenenve
cunTaeTca pacnpegenexve NapameTpoB OCBELeHNA B CLeHe

Puc. 4. Wuniocrpanus MeToauku GOPMUPOBAHUS PA3METKH PACHPEIEICHUs ITapaMeT-
POB OCBEIEHUSI B CIEHE MO 3aMAaCKUPOBAHHON BEDXHEH MOJIOBUHE 3€PKAJBHOTO IIapa
nserosoii muinenu SpyderCube.

2.1 Paszmetrka Habopa mganubix Cube++

Boura jronosena pasmerka Hadbopa gaHabix Cube+-+, koTopsiit cocrout us 4890
ChIpbIX 16-Tu 6GUTHBIX M300paKeHuit B popMare .png, CHATHIX HA TPU PA3HBIE
kamepwl Canon 600D ¢ ogmHaKOBBIM ceHCOpoM. Paspernrenne n3obparkenunii — 72
110 obonM HanpasieHusAM. VIcxonHo, Ha KaxK/10M H300paskeHnn ObLIN pa3MedeHbl
TOJILKO aXpoMaTHIecKue rpanu mserosoii mumiern SpyderCube. Mcnonb3ys pas-
MEeTKY I'DaHeil, JJIsl KaXK/I0ro n300parkeHust panee ObIIIM PACCIUTAHBI IBE OIIEHKI
[IBETHOCTEI MCTOYHUKOB OCBEIIEHNUs — 110 OJ[HO} Ha KaxK1yto rpanb. Ha pucynke 4
MMOKa3aHbl HECKOJILKO IIPUMEPOB N300paKeHuii n3 Habopa JaHHbBIX.
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15T OleHKH pacupeiesieHusl ITapaMeTpPOB OCBEIEeHUs B JaHHOoi paboTe mc-
IIOJIb30BAJICA 3€PKAJIbHBIN IMap, 3aKPeIIEHHBLIH Ha BepXy I[BETOBOIl MUIIECHH.
OrnurtieM sierajibHee MpoIeaypy MOJArOTOBKY HOBOI pa3MeTKN U HabOpa JIaHHbBIX.

Ha mepBoMm mare pabora mpoBOIUIACH C MPSIMOYTOJIBHBIME OOJIACTSIMUI, CO-
JepzKaIuMi 11BeToByo munieHb SpyderCube, HAXOJISIYIOCS B IPaBOil HUKHE
9acTH KaxKIoro msobparkenuss nabopa manabix Cube++ (koopmuuarsr [700 :
1000] or mpaBoro HuzKHero yrua uzobpazkenums). st Kaxkmoit Taxoii obmacru
ObLIa BPYYHYIO HOATOTOBJIEHA OJTUTOHAJIbHAS MAaCKa 36PKAJILHOTO IIapa, COep-
xkamasi B cpegaeM 16 todek. Kpome Toro, moMmMo Macku 3e€pKajbHOrO Iapa
B Pa3MeTKy I KayKJ0ro m300paskenns ObLia 1obaBieHa HHMOPMAINS O MTOKa-
HaJIbHOM MAaKCHUMyMe MCXOJHOIO M300parKeHus, U3 KOTOPOro ObII0 BbIYTEHO 50
1o pexomenanusiM aBropoB Cube++. C moOMOIIBIO 9TOr0 3HAYEHNS B JIAJIbHEl-
eM OIPE/IeJISiJIOCh 3HAYEHUE 3alllKaJa.

2.2 ®dopmMmupoBaHUE pacHpeesIeHUil OCBEIleHusI B CIieHe

Hastee o mMacke it KaxKJI0r0 N300pakeHust (POPMUPOBAIACH COMIEPKAIIA 3€D-
KaJibHBII map obsactb. CpeHuit pazmep Takoit obiaactu cocraBuit 86 X 89 nuk-
cesteit. Ha BTOpOM I1are m3 mOJIy9eHHON MaCKM 3€pPKaJIbHOrO Imapa ybmpasiach
HUZKHSS TI0JIOBUHA (B TPEJIIOIOKEHUN, YTO UCTOTHUKY OCBEICHNsT HAXOAATCS B
BepxHeii nosycdepe), a Takzke 06J1aCTh TEMHBIX U 3AIKAJEHHBIX IIUKCEJIEel, Kak
BBIIETIEHO Ha pucynke 4. Vzobpaxkenus ¢ mackamm, riae 50% nmkcesneil 3amka-
JIEHBI WJIM HEJIOCBEYEHDI (T.€. cofepKaIn 3Hauenue Menbire 2048), yransmch u3
nabopa. Habop maHHBIX, [TOJIyYeHHDIH € TIOMOIIBIO TAKOIl Olepannn MacKupoBa-
Husl, cOCTOUT n3 3812 n306parkenuii.

Jlasee onmcan crrocob IOIy4YeHUsI OIEHKN PACIpeIe/eHus [IBETHOCTEH ¢ UC-
[OJIb30BaHUEM TIOJIydeHHON Macku. Jljis npuBejenust YEpHOI TOYKU B HOJIb CH-
CTeMBbI KOOD/IMHAT U3 3HAYCHUN IUKCesIell n300pakenns ObII BBIUTEH TEMHOBOI
ToK (2048), aHagOruIHO OpUTHHAILHON padore. s yaageHus myMa ¢ 3amMac-
KUPOBAHHO YaCTH 3epKaJbHOrO Iapa HCIoJb30Bajica ajropurM bm3d [18] ¢
napamerpoM nryma 200 (curma).

IMocsie oneparuu nrymonogasienns ucxonube suadenus (R,G,B) nukceneit

2B—(R+G) 8= \/§(R7G)) [19]‘
R¥G+B R+G+B
Takasi IpoeKnusi BEIOpAHA BMECTO KJIACCHUYECKO (1 = g, b= g) HE CJIyJaifHO.
[Tpu HAXOXK TEeHNH PACCTOSTHIUST MEKTY JIBYMsI THCTOIPAMMAME BAXKHO OJMHAKOBO
YVUIATHIBATH BCE UCXOIHBIE I[BETA. J[JIsl MOy YeHHBIX IPOEKINA TUKCeIell CTPOu-
JIach ABYMepHas THCTOrPAMMa, UCHOJb3ys ceTKy 116 X 100, ¢ maroMm auckpeTu-
zanuu 0.03 10 KaxkJI0My U3MepeHHIo B 1ockoctu (a, ).

ObLIN CIIPOCITUPOBAHBI HA IIJIOCKOCTDb IBETHOCTH (a =

3areM BCeM HEHYJIEBBbIM siUeiiKaM PUCBAUBAJIOCH 3HAYEHHE 1, B Pe3y/IbTa-
Te 1ero (pOpMUPOBAJIOCH PACIPE/IeIeHNe mapaMeTpoB ocBerenns. Takum obpa-
30M COXpaHsIeTCsT HH(MOPMAIS O HAJUINN TOM MJIN WHOM OeJIofl TOUYKM B CIlEHE,
HO yCTPaHAETCA BO3MOXKHOCTL HEBEPHOII MHTEepIIpeTalluil YUC/ICHHOIO 3HAYEHNd,
KaK BEPOSITHOCTH, JINOO CTEIeHU IPEAIIOUTHTeIbHOCTH. VHTepecHO OTMEeTUTh,
9TO TAKUM JHICTBUEM YCTPAHSIETCS NH(MOPMAIIHS O JTHHEHHBIX pa3Mepax MCTOU-
HHUKa, HO OHA MOXKET OBITh BOCCTAHOBJIEHA M3 MCXOJIHBIX JIAHHBIX U PA3METKH.
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B pesysbrare 5KCIEPHMEHTOB C IIYMOIOJABIEHIEM H300paKeHUil 3epKaJib-
HBIX IIAPOB C 3aMaCKUPOBAHHBIMU MUKCEJISIMU CTAJIO SICHO, YTO 3Ta IIPOIELypa
MOKET TIOPOXKIATh apTedaKThl, IIOCKOIbKY IIPOUCXO/IUT JIMHEHHOE CMENTNBAHIE
3aIKAJCHHBIX U HE3aIlKaJeHHBIX HuKceseit. s ycrpanenus sToro maryOHO-
T'0 BJIASIHUSI HA (POPMY T'MCTOIPAMMBI U COOTBETCTBYIONIETO PACIpEesIeHusT Obl-
JIM OCTaBJICHBI TOJIBKO T€ IIMKCEJIA, KOTOPhIe IIPUCYTCTBOBAJIN B PacCIpPe/le/ICHAN,
MIOJIYICHHOM AHAJIOIMIHBIM 00pa30M M3 3HAYCHUN NHKCeJell 3aMacCKHPOBAHHON
YaCTU 3ePKaJILHOIO Iapa 0e3 IIIyMOIIo/IaBIeHNUs.

Ha ciemyromenm mrare, 9To0bl yCTPAHUTL HECBA3HBIE KJIACTEPBI HEGOJILITIOrO
pasmMepa U IOBBICUTD CTEIEHDb CBA3aHHOCTH OCHOBHBIX KJIACTEPOB, C Paclpeiese-
HUEM IPOU3BOAMIINCH Mopdosiornyeckue onepanun. Jajee npuMeHsiach onepa-
s OTKPBITUSE C ApoM (3,2) (91! mapaMerpsl HOJIyYeHbl SKCIEPUMEHTAIBHO).
ITocsie 3TOrO rUCTOrpaMMa CMEIAJAch Ha OJHY S4efiKy BJIEBO, 4TOObI CKOMIIEH-
CHPOBAThH CJBHI, BO3HUKIIN{ U3-3a Y9ETHOCTU OJHOIO U3 U3MepeHHuil sijipa B UC-
OJIB3YEMOli PeaM3aIuu ONepPaIiiu OTKPBITHS.

Jlastee TpOU3BOIMIICS AHAJN3 KOMIIOHEHT CBA3HOCTH TMCTOrpaMMbl. Kaxio-
My m3obpazkenuio Habopa panubix Cube-+ 6bl1a comocrasieHa ofHa u3 3 METOK
— ['indoor’, ’outdoor’, 'unknown’], xapakrepusyIasi ycjaoBust CheMKu. B pamkax
9TO0#1 pabOTHI KaXK/I0My M300pakKeHHuIo ¢ MeTKo# 'unknown’ Oblra comocraBiieHa
meTka 'indoor’ mwitn ‘outdoor’. Bruio 3amedeno, 4To B cirydae, KOrJa I'MCTOrPAMMA,
cocTouT u3 HoJiee YeM OTHOrO KOMIIOHEHTa CB3HOCTHU, XaPAKTED ITUX KOMIIOHEHT
st ‘indoor’ u ’outdoor’ mzobpaxkenuit pasubiii. B ciayuae 'indoor’ koppeknun,
COOTBETCTBYIOIIIE HANMEHBIIIUM KOMIIOHEHTAM CBI3HOCTH, TIOJIY IaJIUCh BU3Yyalh-
HO HempaBIomnoao0HbIMU. B ciryuae ’outdoor’, HampoTwB, KOPPEKIUN, COOTBET-
CTBYIOIIFIE BCEM KOMIOHEHTAM CBA3HOCTH, II0JIy JaJIMCh BU3YaJIbHO IPABIOI0I00-
HoiMu. TakuMm 06pa30oM, OBLJIO PEIIEHO OCTABUTH OJHY HAMOOJIBIILYI0 KOMIIOHEHTY
cBsI3HOCTH 151 ‘indoor’ n3o0pazkeHuit M Bce KOMIIOHEHTHI st ‘outdoor’.

ITocsie aHaIM3a KOMIIOHEHT CBSI3HOCTH IIO THCTODAMME CTPOMJIACH €€ Bbl-
myKsast 060JI0YKa ¢ MOMOMBIo anroputMa ['paxema [37]. WcnompsoBanwe BbI-
IYKJIOH OBGOJIOYKH THCTOrPaMMbl HEOOXOJMMO, T.K. FHECTOIDAMMA, IIOJIyYeHHAs
C WCIOJIb30BAHMEM IIPEJIBUIYIMX IArOB MOXKET OKA3aThCs HE BBIILYKJIOH MIu
COCTOATIEH M3 HECKOJILKUX KOMIOHEHT CBSI3HOCTH, ITO TPOTUBOPEIHUT 3aKOHY
I'paccmana [38].

Hakomern, mosryuennoe pacupe/ieienne JOMOIHAIOCH HYJISIMHA 110 KPasiM, ITO-
OBl TOJIyIUTh OKOHYaTe bHoe ground truth pacnpesesenue st Kaxk0ro n306-
pakenus pazmepa 128 x 128, Kak moKa3aHO Ha PUCYHKe 4.

Ha pucynke 5 mpomuniocTpupoBaHbl U3MEHEHUSI, KOTOPBIE IIPOUCXOJIAT C Pac-
IIpeJieJIEHNEeM B XOJIe II0CJIeIOBATEIbHOTO IPIMEHEHHST KaK/ I0TO IIIara.

Jl1si IpoBepKHM KOPPEKTHOCTU MPEJJIOKEHHOTO Criocoba reHepanud Habopa
JAHHBIX M KOHCUCTEHTHOCTH C CYIECTBYIOINM HAOOPOM JIAHHBIX OBLIO IIPOBe-
PEHO, UYTO OTPE30K, COEIUHSIONINI OIIEHKN UCTOYHUKOB, IIOJIyYeHHBIX 110 CEPbIM
TpaHsIM IBETOBOI MUIIEHU, JIEXKUT J1JIsI OOJIBITMHCTBA N300PaYKEeHU B MOJTy IeH-
HOM pacCIpeesieHn. TaKKe Pe3yIbTAThl JOMYCTUMBIX COTJIACHO IOJIYI€HHOMY
HabOPY JIAHHBIX KOPPEKITUil ObLIN TIIATEJIHHO TPOBEPEHBI OPTaHOJIEITHIECKH.
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WcxonHoe pacnpeaenexHve

N306pakeHne

WTorosoe pacnpeneneHve

Puc. 5. IIpumep sposonun Habopa naxsbix: (1) — 6mHapusanus pacnpenenenns; (2) —
npumenenne bm3d k pacupenesnenuto; (3) — IpEIMeHeHNE ONEpAIUU OTKPBITHS K Pac-
npezenennio; (4) — HTOroBbli BUJ| PACIIPEIETICHHUSL.

3 AJsropur™mbI

Jlastee B craThe 1oiiieT pedb 00 UCIOIH30BAHHBIX AJITOPUTMAX, HO JI0 TOTO CTOUT
HAIIOMHUTH, KAK BBIIVISUT OOIIENPHHsTasl MOjiesb hhopMupoBanust: [34]

folx) = / I(%, )R, %) pe(A)dA (1)
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rae X — nukceab usobpaxenus f, ¢ € {R,G, B} — nperoBoii kaHan, A\ — 1u-
Ha BOJIHBI B BUJUMOM CIEKTpe w, I(\,X) — CIeKTpajbHOe PacipeiesieHue ocBe-
mienust, R(\,x) — cruekrpasbHas (DyHKIMs OTpazkKeHusl MOBEPXHOCTH, U pe(N) —
CIIEKTpaJIbHaA 9YBCTBAUTEJIBHOCTH KaMEPbl COOTBETCTBYIOIIETO KaHaJa C.

3.1 Grey-World

B pabore B katecTBe 6a30BBIX NCHOIB3YIOTCS AJIIOPUTMBbI, OCHOBAHHBIE Ha CTATH-
cTuKax HU3Koro yposus. Haubosiee uzBecTHbIM U HAMOOJIEE YACTO UCIIOJIH3YEMBIM
METOJIOM TAaKoro Tumna sipjsiercst aiaropurm Grey-World [20], B ocHOoBe KOoTOpOrO
JIEXKUT CJIELyTOIee IPE/IIIOIOXKEHNE: YCPEIHEHHBII 110 TIOJII0 3PEHUS CIIEKTD CIIie-
HBI IIPA HEHTPAJIHLHOM HCTOYHHUKE CBETa sIBJISIeTCsl axpomarudeckKum. V3 sroro
[IPEJIITOJIOKEHNsT HAIIPSIMYIO CJIEJIYeT, 9TO JII0OOe OTKJIOHEHWE OT HeHTpasbHOI
LIBETHOCTHU B CIIEHE BLI3BAHO BO3JEACTBMEM MCTOYHUKA OCBEIIEHHUS. DTO O3HAYA-
€T, 9TO I[BET UCTOYHUKA OCBEIICHUSI € MOXKET OBbITh OICHEH IIyTEeM BBIYUCJICHUS
CPeJIHETO I[BeTa Ha M300PaKEeHUN:

S SFA IS @

rae N - quciio nukceseit n300parKeHust.

B kadecTBe a/IbTEpHATUBLI, BMECTO BBIYUCJIEHUSI CPEIHETO IBETa BCEX IMUKCe-
Jieit, ObLIO TOKa3aHO, 9TO CECMEHTHPOBAHNE N300paKEHNsT U BBIUHUCICHIE CPE/I-
HETO IIBeTa JIJIsi BCEX CEIMEHTOB MOXKET YJIYUIIHTh TOYHOCTH ajropurma Grey-
World [21,22]. DTor 3ran npegobpaboTKu MOXKeT NPUBECTH K YJIy4IIEHHUIO pe-
3yabTaToB, HOCKOIBKY Grey-World wyBcTBrTEI€H K OO/IBITNM DABHOMEDPHO OKPa-
MIEHHBIM TIOBEPXHOCTSIM, TAK KAK UX HAJIMYUE B CIEHE YaCTO IIPUBOJIUT K HAPY-
MEHUI0 OCHOBHOTO Ipesmnosiozkerns. CermMeHTalus n300paykeHusl mepe] BbITC-
JIEHHEM CPEJIHErO IIBeTa CI[EHBI YMEHBIIAeT 3TOT 3P deKT.

3.2 White-Patch u Max-RGB

JIpyruM XOpOIIO M3BECTHBIM METONOM siBjsiercst ajropurm White-Patch [23],
paboraonuii B CJIe/LyIONeM MPEeIIIoI0KEeHII: MAKCUMAJIBHBIA OTKJIMK COOTBET-
CTByeT HamMeHee IOTJIOMAIONEMY KpacuTesio. Takast Oeiast min 3epKaJibHAs
(o1 HY>KHBIM YTJIOM) TIOBEPXHOCTD OYJ/IET OTPA’KaTh BECh CIIEKTD IaJIAI0IEr0 Ha
ueé ceera. Ciie/10BaTEIBLHO, I[BET 9TOIO MJICATHHOIO OTPAYKEHUsI B TOTHOCTHU COOT-
BETCTBYET [IBETYy NCTOYHUKA cBeTa. Ha mpakTuke mpe/imosiozkenne 06 u1eabHOM
KOdbduiirenTe OTpakeHus MPUMEHSETCS Pa3Je/IbHO JJIs KaXKJO0r0 IIBETOBOTO
KaHasa, 4To npuBoaut K agropurmy Max-RGB [24,25]. Dot Mmerox onenusaer
OCBeII[eHHE IIyTeM BBITIUCIEHUS MAKCUMAJIBLHOTO OTKJIMKA B OT/I€JIBHBIX I[BETOBBIX
KaHaJax:

m)c(n'fc(x) =e,.. (3)
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B [26] nokazano, uro aaropurmbl Grey-World 1 Max-RGB sBisirorcs: act-
HBIMU CJIy4asiMu 60iee 0OIIEero IIpeiCTaBIennsl, BLIPA3UMOro Uepe3 HopMy Mun-
KOBCKOTO:

=

L=y YR =e (1)

Bamena p = 1 B ypasHenuu (4) 5KBUBaJIEHTHA BBIUUCJIEHUIO CDEJIHEro 3Ha-
werns f(x), To ects L£(1) = (Lr(1),Ls(1), L5(1))T pasro oTeery anroputMma
Grey-World. Korga p = co, ypasHenue (4) IPUBOAUT K BBIYUCJIEHUIO MAKCUMYMa
f(x), r.e. L(0c0) pasHo orBery aaropurmy Max-RGB.

3.3 Grey-Edge

JlomyIeHus BBIIeyKa3aHHbIX METOJOB IIBETOBOM! KOHCTAHTHOCTH OCHOBAHBLI HA
PACIIPEJIC/ICHUY [[BETOB (3HAYECHUSIX IMKCEJIEH ), TTPEICTABICHHBIX Ha N300pake-
nun. PaccMoTpeHue cTaTHCTHK 60Jiee BLICOKOTO TIOPsi/IKa, (TaKUX Kak MPOU3BOJI-
Hble U300parkeHuit) npeyIozkeHo B [27], rae npexacrasien aiaropurm Grey-Edge,
KOTODBIil BKJIFOYaeT B cebst XOPOIIIO U3BECTHLIE METO/IbI, Takue Kak (4), a rakxke
MeTO/Ibl, OCHOBAHHbIC Ha IPOU3BOJHBIX HEPBOIO U BTOPOIO HOPSIKA!

1 d™ fe(x)
N ;‘ axn

rue |-| o6osnauaer Hopmy Ppobennyca, ¢ = { R, G, B}, n - mOpsiioK IPOU3BOIHOM,
a p — HopMy MUHKOBCKOTO.

ITocKOBKY JJIMHa BEKTOpa € 3aBUCUT OT M€OMETPHHU CLEHDI, a He OT CIeK-
TPaJIbHBIX CBOMCTB NCTOTHIKA OCBEIIEHUA, 3TOT BEKTOP paCCMaTPpUBAaECTCA B HOP-
MHUPOBaHHOM BH/IE.

1
p\ P

=e (5)

3.4 Omuenka pacnpeejgeHnusi KJIaCCUIeCKUMU MeTOdaMu

Cortacuo pabore [28], CyIIECTBYeT HECKOJIBKO CIIOCOOOB & IalITUPOBATH AJTOPUT-
MBI OIIEHKN JOMWHAHTHOI'O MCTOYHUKA OCBEIIEHUS IS TIOJydeHUs] MHOXKECTBA
OIIEHOK B CIIEHE TI0 OJHOMY M300parkeHuio. B maHHON paboTe pacCMOTPEHO IBa
criocoba: Ha OCHOBE CETKU M Ha OCHOBE KJIIOYEBBIX TOYEK. B cirydae cermenTarus
C TOMOIIBIO CeTKU M300pazkeHme pasjessercs Ha 4374 oamHAKOBBIE KBaJIpaT-
HbIe 00J1aCTH pa3zMepoM 32 X 32, K KarKJ0i U3 KOTOPBIX MPUMEHSIETCS COOTBET-
cTByIOIIMiT 6a30BbIit ajiropurM. HaxoxkieHne KIr09eBbIX TOYEK 10 N300PaXKEHIIO
IIPOUCXOJUT € HOMOIIBIO JleTeKTopa Xappuca-Jlamtaca [29] co caeyromumu ma-
paMeTpaMu: KOJTUIECTBO OKTaB B MacCIITaOHO-IIPOCTPAHCTBEHHON nupamue — 8;
IIOPOr'0BOe 3HAYEHMe IS IoKa3aTess yriaoBaroctu Xappuca — 0.01; moporosoe
3HaAYEHNe I BBIOOpa Pa3HOCTHOM mikasel o [ayccy — 0.01; makcumasbHOe KO-
JITYECTBO YTJIOB, KOTOPbIE HEOOXOIUMO YIUTHIBATE — 500; KOTMIECTBO ITPOMEKY-
TOYHBIX FaMM Ha OKTaBy — 2. Jlajiee, ¢ MOMOIIBIO TOIYYE€HHBIX TAKAX 00pa30M
PAaCIOIOKEHUt U pa3MepOB KJIIOUEBBIX TOUEK, BCE M300parkeHne pa3dbnBaeTcst Ha
obJracTu ¢ ucnoJsib3oBanneM L2 paccTosHus.
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OrneHka ajiropuTMa JiJisi Kaxk 101 MOoJIyIeHHONH 06JIACTH COOTBETCTBYET TOUKE
U3 paclipe/iesieHus Ha IJIOCKOCTU I[BETHOCTH.

3.5 HeiipoceTreBoe pelieHue

HecmoTps Ha TO, 9TO Ha HEPBbIil B3IJIdAJ Pa3yMHON mieeil KaxeTcd 00ydeHHe
HeHpOCeTn YISl IPEJICKA3AHNS PACIPEIETCHNs] OCBENIEHNs] 110 UCXOAHOMY H300-
PasKeHHMIO, MPAKTHKA [OKA3aJIa, UTO JIEPKOBECHYIO apXUTEKTYPY TaKHUM 00pasoM
coznaTh He yaaéres. OHEM U3 CIOCO00B PENIeHNsT TAHHON 3a1a91 ABJISACTCS HC-
MOJIb30BAHNUE TSKEJIOBECHBIX cerelt Ha ocHoBe AlexNet, anasormano pabore [35],
U3MEHHB 1IpOlEelypy (PMHAIBHOI arperanun pesy/IbTaTa, CMOTPH PUCYHOK 6.

Puc. 6. Miutocrpanust apxurekrypol FC4 st oneHKH 071HO# TOYKM 6€JI0ro B CIeHe.

IIpenBapuTenbHble SKCIEPUMEHTHI € aJalTaleil JaHHoi apXUTEKTYDPhI He
[MOKA3AJIM JIOCTATOYHO XOPOIIUX PE3yJILTATOB, IO9TOMY B JIAHHOI paboTre He Ipu-
BoggaTcst. OIHOI M3 OCHOBHBIX IPUYUH CJIOKHOCTH aJANTAINN [T0JOOHOTO perire-
HUA JJId OIEHKU paCHpPe/Ie/ICHUA NCTOYHUKOB OCBEINCHUA ABJIACTCA HECOBIIAIe-
HUE€ CEMAHTHYECKOI'0 COJIEPXKAHUS BXOJHOIO N300pAKEHUs U IIPE/ICKA3BIBAEMOTO.
Konkpernee, KOOpAuHATHI BXOJHOIO N300DAXKEHUST XapaKTEPU3yIOT OOBEKTHI B
HMCXOJIHOI ClieHe, & KOOPAMHATHI IIPE/ICKa3bIBAEMOI'0 PACIIPE/IC/ICHUS OIIPEACIII0T
ImapaMeTphl IIBETHOCTH PA3IMYHBIX HCTOYHUKOB OCBellleHus. BricKa3aHa rurmore-
3a, 9TO HOJ0OHAs PACCOIVIACOBAHHOCTH BXOJA ¥ BBIXOZA HE II03BOJISIET 00ydIaTh
CBEPTOYHbBIE HEMPOHHBIE CETH.

st pertienns aHHOi TPOOJIEMBI B paboTe Ipe/IIaraeTcs Apyrast IOCTAHOBKA
3a/lauM: Ha BXO/[ HEUPOCeTEeBOMY AJITOPUTMY IIOJAETCS I'MCTOrPAMMa IIBETHOCTH
HCXOJHOTO M300paskeHusl, a MPEeJCKa3aTh TPEOyeTcs HMO-IPEKHEMY IapaMeTpb
pacupesenenusi. J{jist mpoBepKH BO3MOXKHOCTH OOYUEHHsI HEHPOCETEBBIX ajro-
PUTMOB B JIAHHOI MMOCTAHOBKE OBLIO MPOBEJEHO J[Ba IKCIIEPUMEHTA. DKCIEpPU-
MeHT 1 cocTOsiT B 0Oy9IeHNN TPUBHUAIBHON HEPOHHOI ceTH, MMpeICKa3bIBaIOIIeit
BXOJIHOE PACIpe/IesIeHIe H300paykeHusI. DKCIIEPUMEHT 2 COCTOSI B 00y YeHUH JIer-
KOBECHOI CBEPTOYHOII HENPOHHOIT ceTH Ha BXO/I KOTOPOI TTOTAETCSI TUCTOTPAMMAa
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[IBETHOCTeH M300pakeHusl U TpeOyeTcs IPeJCKa3aTh PACIPe/IeIEHHs TapaMeT-
POB ocBemieHus. Ij1si 000uX 9KCIIEPUMEHTOB HCIIOIL30BAIACH aPXUTEKTypa 13 8
[I0CJI€/IOBATENIBHBIX CBEPTOYHBIX CJIOEB ¢ QYHKIHEH aKTUBAIIMY relu rmocyie Kax-
JIOT0 M3 HUX, CMOTPHU PHUCYHOK 7.

Puc. 7. NuttocTpaiusi HefipoceTeBoi apXUTEKTYPhI, UCIOJIL30BAHHON B paboTe.

JlJ1s1 Bcex CBEPTOK MPUMEHSIIOCh OKHO pa3Mepa 3 U COXPAHSJICH pazMep nu300-
paXKeHUsI.

Obyuenne npoucxoausio Ha nporszkenunn 1000 smox ¢ pasmepom baTda 8 Ha
merpuke MSELoss. Onrumusaropom 6611 BeiOpan Adam c learning rate = le-3,
weight decay—=1e-4.

4 SKCHepI/IMeHTaJ'II)HbIe pe3yJ/abTaTbl

4.1 MHWcnooab3oBaHHbIE METPUKH

JIJisl ONEHKW IIOJIyYeHHBIX Pe3YJIBTATOB B PaboTe HMCIOIb30BAJINCH 2 METPHKU:
yIuoBasi ommbKa M MeTPHUKa 3eMJIeKona. Yriosas omubka [30] asisercs camoil
Oy IAPHOM METPHKON B 3ajade OIEHKH OCBEIeHHsd, TaK KaK OHa OTpazKaeT
OTKJIOHEHHE IIBETOB, KaK BEKTOPOB, JIPYT OT JIPyTa, IPU 3TOM He yUHTBIBAs HX
abCOJTIOTHBIX BEJIHIHUHBI (SIPKOCTH).

Onnaxo Taxoil crnocob pacuera OmMOKH 3aTPyJHUTENEH B CIydae paclpe-
JICJICHUH, TI0O3TOMY B paboTe IPE/IOKEHO HCIOIb30BAHNEe METPHKH 3eMJICKOIIA.
MeTtpuka 3emyiexona 3)pHEKTHBHO HCHONb3yeTCs [ HAXOMKIEHNs PACCTOSHUS
ME2KJLy OJHOMEPHBIME rucrorpaMmamu [31], 4ro BIOXHOBHJIO aBTOPOB IJIA HC-
MOJTL30BAHNUA €€ alllIPOKCHMAIINN B paboTe.

Annpoxcumalys c4uTAIaCch ¢ IOMOLIBI0 Beicrporo npeobpasosanus Xada [32].
Cragana 1717 BCeX HAKTOHOB HPSMBIX CYHTAINCH CyMMBI MO HPSMBIM C COOT-
BETCTBYIONIIUM HaKJIOHOM, TaKHM 00pa3oM (POpPMUDPYs OJHOMEPHYIO I'HCTOIDaM-
My. Hasee Mexxmy momydenHeiMu mapamu rucrorpaMm (ground truth u orser
AJITOPUTMA) CUUTAJIICH OJHOMEPHOE PACCTOsIHUE 3eMiekona ¢ L1 Merpukoii 3a
smneiinoe spems. Ilocse sToro 6paock cpefnee 3HaAUEHHE OJHOMEPHBLIX PACCTO-
AHIH 3eMJIEKOIIa 10 BceM HaKJIoHaM KpuBbIxX. Ilomydennoe ancio 65110 Ha3BaHO
aIIPOKCHMAaNueil MeTPUKH 3eMJIeKona. TakuM 00pa3oM acCUMITOTHYIECKAs BbI-
HCIIMTETbHASA CIOKHOCTL PAcIeTa Takoit MeTpuKH coctasssia O (n?logn).

239



CTonuT OTMETUTB, YTO B BBIPAXKEHUN JJIsI METPUKHN 3emiiekona L1 paccrosinne
MEXKJIy sd9eiiKaMU, UCIOJIb30BAHHOE IIPH MOJACYeTe KyMYJISTHBHONR CYMMBbI, MOYK-
HO 3aMEHUTDH Ha YIJIOBYIO METPHUKY WJIA OMIMOKY DPENpOyKIUUA. JTO MMO3BOJIUT
CBSI3ATH TIOJIyYaeMble YNCJIEHHBIE PE3yJIbTAThl B HOBOI IOCTAaHOBKE C Pe3yJIbTa-
TaMU B TTOCTAHOBKE IPEJCKA3AHUs OTHOU 6eJI0ff TOUKHU.

4.2 PesyabTaTbl 1JI00aJIbHOI OIEHKN OCBEIIEHUS

Huke npuBeieHbl pe3yIbTaThl paboThl 6a30BBIX AJTOPUTMOB, IIPEICKA3BIBAIO-
X OJTHY TIO0ATBHYIO ONEHKY OCBENeHus. Y IJIOBasl OIMMOKA CUATAIACH MEYK Ly
OIIEHKOIi OCBEITIEHUs AJTOPUTMA U OTBETOM JijIst JieBoii rpann SpyderCube (jieBas
rpalb BeIOpaHa Ge3 orpaHudeHust obmHOCTH). MeTpuka 3eMiekona CYMTazach
MEXKJIy PACIPEJEICHUEM, COCTOANMM U3 ONHOM TOYKH GEesIoro, MOIydeHHON u3
paboTel 6a30BbIX ajroputMmos, u ground truth pacupesnenennem. B Tabaumy 3
ITOMHUMO OTBETOB AJTOPUTMOB TaKXKe JOGABJIEHBI PE3YJILTATHI JJIsl JIEBOH Ipann
SpyderCube.

Tabauna 1. Yrnosast omubKa (JieBas TpaHb) Jist CPABHEHUs PAGOThI GA30BBIX AJIrO-
PUTMOB, NPEJCKA3bIBAIONINX OJHY IVIODAJBHYIO OIEHKY OCBEIIECHUS.

Meton, Cpennee | Memmana | 10% xymmmx | 1% xymmux
Grey-World 3.49 2.65 10.38 16.42
Max-RGB 6.71 4.15 20.99 32.13
Grey-Edge 3.48 2.64 10.02 15.41

Tabauna 2. Merpuka 3eMJIEKOIa, IIOCIUTAHHAS MEXKJLY PACIIPEIeIEHINEM, COCTOSIIIIM
3 OIHON TOYKHU 6EsIoro, MOy IeHHON n3 paboThl 6a30BBIX AJTOPUTMOB, u ground truth
pacIipesieJieHIeM.

Merton, Cpennee | Memmana | 10% xymmmx | 1% xymmuax
SpyderCube sieBas rpann 13.02 12.86 17.29 21.55
Grey-World 14.94 14.04 22.60 28.84
Max-RGB 17.69 15.44 30.70 40.97
Grey-Edge 14.89 14.13 22.32 27.73

PesysnbraTs! 711 yIJIOBOi OMMOKY MOKA3BIBAIOT, YTO KAYECTBO AJTOPUTMOB
Grey-World n Grey-Edge npumepro oaunHaKOBO Ha 9TO# METPHKE, KOI/a YKe ajl-
roputM Max-RGB cunpHo yerynaer. CpaBHeHne pe3y/bTaToB aJTOPHUTMOB Ha
METPHKE 3eMJIEKOIIA IIPUBOJIAT K TAKUM Ke 3aKodennsM. OTCioa CeLyeT, 4To
JlaXKe TPU UCTOJIb30BaHNN L1 MpH OIeHKe PAaCCTOSTHUST 3eMJIEKOIA KOJIMIeCTBEeH-
HOE COOTHOIIEHHE MEXKJYy TOYHOCTSMH AJIOPUTMOB COXPAHSETCA. DTO B TOM
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qrcse KOCBEHHO IOATBEPKIAET KOPPEKTHOCTD IIPE/JIOYKEHHOTO CIOCOHa OIEHKI
paccrosinust 3emiiekorna. Kpome Toro, pesynbrarsl Jjis jaeBoit rpanu SpyderCube
JIOTUYHO JIydIllie MOJIy9YeHHBIX JjIs 6A30BBIX aJrOPUTMOB, TAK KaK OTBETHI JIJIsk
IIBETOBOM MUIIEHU SIBJISIIOTCS YaCThIO UCXOTHON pa3METKU JTAHHBIX.

4.3 Pe3y.J'II)TaTI)I OII€HKU paclipeeJiIeHusd OCBellleHUusd

Paccmorpum Temeph TOYHOCTD OIEHKHU PACIIPE/IETEHUsT TAPAMETPOB OCBEICHUST
Ha OCHOBE IOJIYYEeHHOro Habopa naHHblX. Hurke mpusesieHbl pe3yabTarsl pabo-
ThI OA30BBIX AJITOPUTMOB C UCIIOJB30BAHNEM CETMEHTAIINN HA OCHOBE CETKH W
KJTIOYEBBIX TOUYEK. TakrkKe NMPUBEICH pPe3yJIbTaT HeffpocereBoro perrenus. Mer-
pUKa 3eMJICKOIIa CUYUTAJIACH MEXK/Iy PACIpE/eSIeHIEeM, MOIYIeHHBIM U3 PaboThI
6a30BBIX AJITOPUTMOB,/HepoHHOM cern, u ground truth pacupejenexuen.

Tabauna 3. Merpuka 3eMiieKora, MOCUUTAHHAST MEXK/Y DPACIPEIEICHUEM, IOJIyIeH-
HBIM M3 PaboThl 6a30BbIX AJIrOPUTMOB,/HEHpOHHON cetn, u ground truth pacmpeznese-
HHEM.

Metoz, Cpennee | Memmana | 10% xymmmx | 1% xymmuax
Grey-World (cerka) 9.40 8.69 18.33 25.33
Max-RGB (cerxa) 8.23 7.60 16.15 22.25
Grey-Edge (cerka) 9.31 8.46 18.20 24.91

Grey-World (k/ioueBble TOUKH) 9.45 8.55 18.67 24.86
Max-RGB (k/roueBble TOUKH) 8.67 7.89 16.84 22.82
Grey-Edge (kJroueBble ToUKn) 9.40 8.50 18.66 25.12

HeiipocereBoe perenue 5.67 5.44 6.92 9.08

PesynbraTter paborst Max-RGB B ycioBusix cermenranun, HAIpOTHUB, JIy4Ie
Grey-World u Grey-Edge kak Ha OCHOBe CETKH, TaK U Ha OCHOBE KJIIOYEBBLIX
ToYeK. Pe3ysbrarsl paboThl HEPOCETEBOIO PEIEHNs! IIPEBOCXOIAT Bce 6A30BbIe
AJITOPUTMBL.

Hiuxke, na pucynke 8, npescrasiieno cpasuenne ground truth pacupenesenus
C pacIpeie/IeHUsIMHE, IT0JIyYeHHBIMU C ITOMOIIBIO HEpOceTeBOro perreHus, Max-
RGB Ha cerke 1 Max-RGB Ha KJII04€BbIX TOYKAX.

5 3akJrodyeHue

B crarbe pemraercst npobiiemMa HECOOTBETCTBHUS COBPEMEHHBIX HAOOPOB JIAHHBIX
3a/a9aM, BOZHUKAIOIINM TIPH IIBETOBOI KOppeKImu n3odbpakenuii. [Ipegmoxen
HOBbLIN HAOOp JAHHBIX “M300parkeHue — pacupejesenne ocsemenus B cuene”. C
HUM TIPOU3BEJIEH DsiJl IKCIIEPUMEHTOB C UCIOJIb30BAHIEM AJITOPUTMOB, OCHOBAH-
HBIX Ha cTarucrukax Huskoro yposHs (Grey-World, Max-RGB, Grey-Edge). Pa-
60Ta aJIOPUTMOB IIPOBEPEHA HA JIBYX METPUKAX: YIVIOBOW OIMUOKE U METPUKE
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ground truth HernpoceTeBoe pelleHune

MAX RGB ceTka MAX RGB KJt04€Bble TOYKU

Puc. 8. Cpasnenne ground truth pacnpesenenus: ¢ pacupeaeieHusIME, IOy YeHHBIMA
¢ momoInpio HelipocereBoro pemrenns, Max-RGB na cerke u Max-RGB na kiioueBbIx
TOYKAX.
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3eMJIEKOIIa, JIJTsl CJIydasi IPEJICKA3aHus OHON TOUYKH OeJI0ro M PaCIpeIeIeHus]
COOTBETCTBEHHO.

Cobpan HOBbII HAOODP JAHHBIX JJIS PEIeHUs] 3aJa9dd OIEHKY pPacIpejiesie-
HUsT OcBerenns. [IpeiokeH HOBBIH CITOCOO OIEHKU KadeCTBA PEITeHUsT 3a1a91
OIIEHKHU OCBEINEeHUsI C WCIOJIbL30BAHUEM AIMIPOKCUMAIUU MeTpuku Bacepinreii-
Ha. [losrygeHbl KoJIMYeCTBEHHBIE OIEHKU KAadeCTBa OICHKU DPACIIPE/IEICHUs] HC-
TOYHUKOB OCBEITEHUSI C TIOMOIIHIO0 3TAIITUPOBAHHBIX KJIACCUIECKUX aJTOPUTMOB
OIIEHKU OCBeleHus. JIydiee cpeinee 3HaUeHNE METPUKN 3€MJIEKOITa HA OA30BBIX
ajropuT™Max Jijist TIo0aJIbHOM OIEHKH JocTuraercs s anropurma Grey-Edge
(14.89), a syuiiee cpejHee 3HAUEHNE METPUKU 3€MJIEKOIIA, JUIS CJLydasi CerMeH-
Taruu gocruraercs ajis aaropurma Max-RGB na ocrose cerku (8.23). Pesyiib-
TaT paboThl CBEPTOYHON HEHPOHHOI CeTH MPEBOCXOIUT BCe HA30BBIE AJTOPUTMBL
(5.67).

CrouT BBIIEIUTD TPU HAIIPABJIEHUS JIJIs PA3BUTUS JIAHHO PaboThl. Bo-11epBbix,
11€71eCO06PA3HO BBIIOIHUTD IIOJTHOIEHHOE HCCJIeJOBAHNE II0 ITOUCKY Hefipocere-
BOIl apXUTEKTYPhl MUHUMAJHHOIO pa3Mepa, CIOCOOHBIX PEIaTh PAacCMaTpPUBA-
eMyio 3ajady. Ha mpakTuke 3TO CBOWCTBO OCODEHHO BarKHO Jjisi 0DECIEeYeHUst
peKuMa peajbHOro BpeMeHH B paboTe MOOMIIBHBIX ycTpoiicTB. Takike ecThb mo-
TEHITAJ 00y IeHns HA CAMOIl METPHUKE 3eMJIEKOIIa, B TOM UUCJIE C 3AIMUTON B Hee
yIIOBOM OImuOKoii. Bo-BTOpBIX, MpoBecTu ncciie10BaHne 9eI0BEIeCKUX IIPEIIO-
gTeHuil, TeM caMmbiM 06aBuB OmHapHBIM ground truth pacmpenerenusim Beca,
COOTBETCTBYIOIINE IIPEIIOYTEHUSM 0JIHb30BaTeell. B-TpeThux, ONeHuTh ITpuMe-
HAMOCTH HOBOTO HabOpa JAHHBIX IS ayTMEHTAIIH JAHHBIX B KOHTEKCTE OIIEHKI
JOMWHAHTHOTO UCTOYHUKA, OCBEITICHUS.
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AHHOTAUMs. XapaKTepPUCTUKH MHAMBUIAYAIbHBIX MHUTOXOHIPUN B KJIETKe, Ta-
KHe Kak pasmep, Gopma, 3HaUCHHE TPAHCMEMOPAHHOTO MOTEHIUAJA, PEaKIUsI
Ha MOBPEX/JAOIIee BO3JICHCTBUE, MOTYT OTJIMYATHCS JaKe B Mpeienax OIXHON
kieTkd. [Ipy noBpexIalomux BO3JEHCTBHAX KIIOUEBYIO POJIb B BbDKUBAHHU
KJIETOK MIPaeT COOTHOLICHHE B MOMYJISILIMK MUTOXOHJPHUI OpraHesul, yCToH4u-
BBIX K MOBPEXACHUIO U HET. [IJIsl TaKOro MOIMyJISLMOHHOTO aHaIM3a HEe0O0X0au-
MO aHAJM3UPOBATh XAPAKTEPUCTHKH WHAWBHIYAIBHBIX MHUTOXOHAPHH, 4TO
KpaiiHe TpyaoeMko. B nanHo# pabote Hamu ObUT pa3paboTaH MOAXO[ AJIs aHa-
JIM3a MHIMBUIYAILHBIX MUTOXOHJPHUH C HOMOLIBIO KOH(OKAIBHOW MUKPOCKO-
ITMY U MAIIMHHOTO O0YYeHUs.

Kaiouesnie cioBa: Muroxonapuu, MammunHoe o6yuenue, KoMmnbiorepHoe
3peHue.

1 Beenenue

MuroxoHApHanbHble (H)EHOTHIIBI MOTYT 3HAYUTEIBHO PA3IM4aThCS B PasHBIX THUIAX
KJIETOK ¥ IPU Pa3HbIX (PU3HOJOIHYECKHX COCTOSHHUSAX B OXHOM Kierke. CiusHUE U
JIeNICHUe MUTOXOH/JPHII OOBIYHO NPUBOAUT JHMOO K MX (parMEeHTHPOBAHMIO (TOrna
MHTOXOH/PHH B OCHOBHOM IPECTABJICHBI B BU/IE HEOOMBIINX OTACIBHBIX OPraHet),
60 K 00pa3OBAHMIO T'MIEPCIUTOM CETH C Y/UIMHEHHBIMH M CBS3aHHBIMH MEXIY
€000i MUTOXOHAPHAMHU. DTH COATAHCHPOBAHHBIC THHAMUYECKUE MEPEX0/Ibl He0OX0-
JIMMBI 711 00€CTIeYeHHsT HOPMAIbHONH MHUTOXOHIPHATILHON QYHKIMH U st ObICTPOi
aJ[anTalyyl MUTOXOHAPHAIBHOM CEeTH B COOTBETCTBHH C METAOOIHYECKUM COCTOSHHU-
em kieTku [1-2].

Pa3nble Mopdonornyeckue COCTOSHNS MHUTOXOHJPHI CBSI3aHBI C MHOXKECTBEHHBI-
MU (u3HONOrHYecKUMH U marodu3nosnornueckumu mporeccamu [3]. Hampumep,
yCHJICHHast MUTOXOHApHUaJIbHAas q)paFMCHTaHI/IH JacToO accouurupoBaHa C MHUTOXOH-
JpUaIbHOHN TUChYHKIMEH, HOCKOIBKY 3TO MOP(OJIOrHIeckoe COCTOsIHUE Ipeodiana-
€T IIPH NOBBIIIEHHBIX YPOBHSIX CTpecca U TMOeNu KIEeTOK.

IIpy MOBpEKIAIOIINX BO3ACHCTBHUSAX, HAIPHMEpP, NMPH OKUCIUTEIBHOM CTpecce,
BO3MOXKHO Da3BHUTHE IIaTOJOTHYCCKHX COCTOSHHH MO CICIYIOLIEMY CLICHApHIO:
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CTPECCOBOE BO3JEIHCTBHE MPUBOIUT K MOBPEXKICHHUIO €IMHUYHBIX, CAMBIX HEYCTOM-
YUBBIX MUTOXOHJApHHA. VX moBpexkIeHHe, B CBOIO OYepeb, MPUBOAUT K BTOPUIHOMN
reHepanuy akTUBHBIX (opm kuciopoma (ADK), KOTOpble HMOBPEKTAIOT COCEIHHE
oprasesuisl. DTOT JJABUHOOOPA3HBIH NPOIECC PACHpOCTPAHSAETCS MO BCEH MUTOXOH-
JIPUAJIHON CEeTH KIETKH, B PE3yJbTaTe 4Yero HaKaIUIMBAIOTCS MHUTOXOHAPHAJbHBIE
A®K u TpoHCXOOUT OKUCIUTEIHFHOE MOBpexaeHne MutoxoHapranbHoil JIHK nmm
0eNKOB, U B KOHEYHOM HTOTe KieTka norudaer. [Torndmme KiIeTku BHICBOOOXKIAIOT B
TKaHb [OBPEXKAAOIINE (aKTOPBI, YTO MOXKET IPUBOAUTH K IOBPEKACHHUIO COCEIHUX
KJIETOK U, KaK CJIEZICTBHE, TKAHU U OpraHa B LieJIoM [4].

Takum o0pa3oM, B ciiydae MOBPEXKICHUS MHTOXOHJIPHH BaKHYIO POJIb B OMpeje-
JICHUU CyJbO0bl KIETKH W Pa3sBUTHS psijia MATOJIOTHI MOTYT UTPaTh WHAWBUIYaJbHbIC
MHUTOXOHApPHH. B TakoMm ciydae aHanu3 MOPQOJIOTHH, COCTOSHHA MUTOXOHAPHHA U
JIUHAMHUKH UX CIUSHHSA M JeJIeHHUsl KpailHe BakeH JUIs HCCIICAOBaHUS MEXaHHU3MOB
pa3BUTHUS NATOJIOTHH, a TaKXKe I OLEHKU d(PPEKTUBHOCTH TEPANeBTUUECKHX MOA-
XOJIOB.

Haubonee nHpOpMaTHBHBI Ul aHallM3a MHUTOXOHJAPHU JaHHBIE, MOJIyYEHHBIE C
MOMOLIbI0 KOH(OKAIbHOW MHKPOCKOIIMH, OJHAKO JUIs aHalu3a WHAMBUAYaJIbHBIX
MHUTOXOHJIPUH B KJIETOYHOH KyJbType Ja)ke B OUEHb IPOCTOM IKCIEPUMEHTE HEOo0-
XOJUMO BPYYHYIO MPOAHAIM3UPOBATh apaMeTPhl CBBIIIE HECKONBKHUX JECATKOB ThI-
Cs14 MUTOXOHJPHIA, 4TO 3aiiMET COTHH 4acoB paboThl. [IpH yCI0KHEHUN DKCIIEPUMEH-
Ta TPYJOEMKOCTb aHaJIM3a HECOM3MEPUMO Bo3pacTaeT. CyIlecTBYeT IHUPOKUI CIIEKTP
ABTOMATHU3UPOBAHHBIX IIOAXOJOB [UIS aHAIM3a M300paKeHUH, BKIIOYAIOMINX Kak
OYEHb MPOCTHIC KJIIACCHYECKUE aJTOPUTMBI, TaK M aITOPUTMbI MALIMHHOTO U TITyO0KO-
ro obyuenus. ITo 00mEeMHPOBOMY OIBITY, IPOCTHIC METOABI HEAOCTATOYHO XOPOLIO
paboTaroT Ui M3ydYeHHs TOHKHX MEXaHM3MOB BHYTPHKJICTOYHBIX MpoiieccoB. [lo-
9TOMY cedac B MHUpPE aKTHBHO pa3palaThIBAIOTCS MOJXO/bI, CBA3AHHbBIE C MALTMHHBIM
o0yJeHHeM, OHaKO BCe OHH TPEOYIOT TOHKOH CO-HACTPONKH MAIIMHHOTO OOYYeHHUS
U In3aiiHa 1abopaTopHOTro IKCIepuMenTa [5].

Taxum oOpaszom, 1enplo Hamiel padoThl MOCTY)XKHiIa pa3paboTKa IMOAXO0A0B KOM-
MIBIOTEPHOTO 3PEHMs, OCHOBAaHHBIX HAa KOH(OKAIFHONH MUKPOCKOIINH H TO3BOJISIONINX
aHAJIM3UPOBATh OOJIbIINE BEIOOPKU MHIMBHLYaTbHBIX MUTOXOHIPHH.

2 IIpoMe:xxyTOYHBIE pe3yabTaThI

Hamu npomexyTouHble pe3ynbTaThl 3aKII0YalOTCd B (JOPMUPOBAHUY U Pealu3aliuu
IMPOTOKOJIa AJId MOTOKOBOTO aHaJIM3a WHAWBUAYAJIbHBIX MHTOXOHﬂpHﬁ, Ha4yHuHasA CO
CBbEMKH KJIECTOK C IIOMOIIBIO KOH(bOKaJ'ILHOFO MHUKPOCKOIIA, 3aKaHYMBass HaAITMUCAHUEM
[pOrpaMM JUTsl aHAIKM3a MONYyYSHHBIX M300paKeHHUM C MCIOJIB30BAHHEM MAIIHHHOTO
oOydeHus.

B mamvoii pabore wucmoib3oBanach kierounas muaus MDCK (Madin-Darby
Canine Kidney, uMMopTann3oBaHHasi 3MUTEIHANbHAs KJIETOYHAS KYJbTypa, IMOJY-
YeHHas! M3 HOPMAaJIbHOH TKaHU IOYEK B3POCIONH CaMKH KOKep-cranuems). st anamu-
3a 0COOCHHOCTEH MHAMBUIYAIBHBIX MUTOXOHIPUH OBUIM IOJyYeHbI BHIEO3AIUCH B
pexuMe cymep-paspernienust Airyscan ¢ koHdokansHoro mukpockomna LSM 900 (Carl
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Zeiss, 'epmanns). 111 cheMKH HCTIOTB30BAIICS OOBEKTUB ¢ 63-KpaTHBIM yBEINYCHU-
eM. [IpeBapUTENbHO KISTKH OKPALIMBAIH STHIOBBIM d(DHPOM TETPaMETHUIIPOJaMIHA
(TMRE) u MitoTracker Green. B pamkax naHHOH paOOThI aHAIU3UPOBAJICS MEPBBII
KaJIp KaKI0M TOJy4YeHHOM Buaeo3anucu (cM. Puc. 1; 4A).

Puc. 1. HpHMCp CBIPOTO I/I306pa)KeHI/I$I, HUCIIOJIb3YEMOTI'0 BIIOCJICACTBUU Il aHAJIM3a WHAUBH-
AyaJIbHbIX MHTOXOHIIpHﬁ. l/l306pa)KCHPIC TIOJIY4YC€HO IIyTEM CJIIMSHUS 3C€JICHOI'O W KPAaCHOT'O Ka-
HaJIOB.

Jns o0yuenus monenu XGBoost ObLIH BBIIENEHBI PU3HAKH, TTOJYYCHHBIC C MO-
MOIIBIO aJaNTHBHOTO BHIPABHMBAHMS THCTOTPaMMBI C OTpaHHYCHHEM KOHTPAcTa
(CLAHE) u psinma (GuibTpOB BBIACICHUS I'PaHMIl, B YACTHOCTH oreparopoB K3HHH,
Cobenst, Pobeprca, [appa, Ilproutra, ¢unbrpa ['aycca, MeananHOro QUIBTPAa U B
obreit cioxuoctr 64 GuibTpoB I'abopa. Takum 00pa3oM ObUIH TIOJTyYeHBI H300pa-
JKEHUs, Y KOTOPBIX KaKIbIi TIHKCeNb ObIT pazsMedeH Moenbio (cM. Puc. 2; 4B).

Puc. 2. Ilpumep u300paxkeHHs, Pa3MEUYCHHOrO IPEIBAPUTEIFHO OOYYECHHOH MOJEIBIO
XGBoost.
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BrociescTBHM  MHTOXOHJPHH CETMEHTHPOBAIMCH C  MOMOINBIO  aJropuTMa
Watershed. B pesysnbrate ObutM MONTydeHBI H300paKEHHSI C CErMEHTHPOBAHHBIMU
MutoxoHApusiMu (cMm. Puc. 3; 4B), mapameTpbl KOTOPBIX jganee OOCUHTHIBAIKCH C
MOMOIIBI0 TakeTa sci-Kit image, peanmusosannoro Ha python.

Puc. 3. IIpumep n300pakeHus1, Ha KOTOPOM HH/MBH/YalIbHbIE MHTOXOHIPUH CETMEHTHPOBAHBI
¢ nomotsio anroputma Watershed.

Puc. 4. Ilpumep yBenuueHHOTO (parMeHTa H300paXkeHNs, Ha KOTOPOM HPOJEMOHCTPHPOBAHBI
sTanbsl 00paboTku n3obpaxeHuil: A) Celpoe H300paXkeHHe, MOTyYEHHOE ¢ KOH(OKAIBHOTO
Mmukpockona; b) M3obpaxenue, pasmeuenHoe oOyueHHoi monensio XGBoost; B) M3o6paxe-
HHe, Ha KOTOPOM MHTOXOH/IPUH CErMEHTHPOBaHbI C TOMOIIbI0 anropurMa Watershed.

Teopermuecku ¢ momortneio anroputma Watershed BosmoxkHo mpoBoguth 3D-
CerMEHTAIIMIO U, TAKMM 00pa3oM, aHAIM3UPOBAThH MMOBEICHUE MUTOXOHIPHUI B JHHA-
MHKE Ha BHIEO3AITICIX, OHAKO Ceuac JaHHas 9acTh pa3pabaThIBAEMOTO HAMHM ITOJ-
X0/1a HAXOAUTCS B IIPOLIECCE PeaTn3arii.

B Oyayuiem Hamr moaxoj MO3BOJUT MPOM3BOIHMTH CKPHHHHI BEIIECTB, 00Jamaro-
[IMX HHTEPECYOIME 3()(PEeKTaMH Ha HHANBHIYIbHBIC MUTOXOH/PHH.

JlanHO€ HcclieoBanne moanepxxano rpaarom PH® (#21-75-30009).
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Abstract. Predictive process monitoring (PPM) is considered one of the
main domains in log analysis along with process mining. Still, it refers to
observing future process behaviour, e.g., next activity prediction prob-
lem. PPM helps to detect errors in processes in time and prevent critical
situations, significantly reducing company expenses and system failures.
In all previous research, basic approaches to applying recurrent neural
networks were mainly used. In this paper, we explore existing neural net-
work approaches to sequence analysis and apply the best solutions for
next activity prediction in an event log. However, neural networks may
not always show the best results, so we compare deep learning solutions
with gradient boosting models. In addition, we introduce an efficient way
of vector representations and advanced methods of feature engineering
for logs.

Keywords: Predictive process monitoring - Deep neural networks - Long
short term memory - Gradient boosting - Feature engineering

1 Introduction

Nowadays, more and more attention in industry and research is paid to data-
driven approaches in decision-making. One such field that helps to extract knowl-
edge from data and apply predictive analytics in business process management
systems is predictive process monitoring (PPM).

With the development of data science, companies are increasingly trying to
replace "gut feeling” with data-driven results, and with the improvement of
data analysis, automated methods are increasingly expanding the understand-
ing of modern business. PPM is one of these tools for data-based analysis. Since
nowadays there is a large availability of data logged by information systems sup-
porting the day-to-day operations of companies, and mature and fast approaches
are rapidly growing in PPM, these opportunities are becoming more and more
practical.
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Its instruments may help to predict process behaviour and to identify and
address performance and compliance problems. Usually event logs (computer-
generated records) are represented as a pair of an activity label and an activity
timestamp, and it is crucial for developers or business-owners to understand
which event is most likely to happen given the previous event sequence. This
may help drastically to reduce costs and find bottlenecks in company processes.

That is why one of the most widespread domain in log analysis is PPM. The
most significant tasks are:

— Next activity prediction. In this case the problem is quite similar to multi-
class classification, but however the model should pay attention to logs par-
ticularities, such as time elapsed between events and their order.

— Next activity timestamp prediction. This task especially needs the applica-
tion of time-aware models, e. g., LSTMs.

— Remaining cycle time and others. In this research we focus exclusively on
next activity prediction task.

Referring to [1] and described more formally, an event log is a sequence
of events with time delta between them. Every event log contains at least an
activity name, a case id (a particular execution of a process instance) and a
timestamp (i.e. time of event occurrence), that can be informative in case of
log analysis, and an activity label. Moreover, some events entail other ones, so
overall they form a structure where events happen in order, which is also an
important feature.

Definition 1 (Event, Trace, Event Log). An event is a tuple (¢, a, ts) where
c is the case id, a is the activity (event type) and ts is the timestamp. A trace is a
non-empty sequence o = (e1,...,¢€|,|) of events such thatVi,j € 1,...,|o] e;.c =
ej.c and e;.ts < ej.ts, for 1 <i < j <|o|. An event log L is a set o1,...,0\| 0]
traces. A trace can also be considered as a sequence of vectors, in which a vector
contains all or a part of the information relating to an event, e.g. an event’s
activity. Formally, o = (x(1), %), .., %)), where x;) € R™*1 s a vector, and
the superscript indicates the time-order upon which the events happened, n is the
number of features derived for each event.

As previously mentioned, PPM as a domain of log analysis is aimed for some
process predictions (e.g. next event prediction). In that way, the main goal is
the most precise forecast of future events and its occurrence timestamps.

An event description is a string that contains at least a timestamp and a
label. A very similar area of machine learning is natural language processing
(NLP), where models learn to analyse human language, which is represented
as a sequence of words or letters. The main difference of PPM from any other
NLP task is the fact that an individual event can be treated as a separate word
in a whole sentence (log), hence it needs a more thorough approach to events
preprocessing and embedding.

Definition 2 (Prefix and label). Given a trace o = (e1,...,€k,...,€s|),

a prefix of length k, that is a non-empty sequence, is defined as f,gk)(a) =
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(e1,...,ex), with 0 < k < |o.| and a label (i.e. next activity) for a prefix of
length k is defined as flﬁlzg(a) = (eg+1). This can be generalized for an input trace
representing a sequence of vectors. For example, the tuple of all possible prefizes
and the tuple of all possible labels for o = (x1y, z(2), T(3)) are ((x(1)), (1), T(2)))
and (z(2), T(3))-

In this way, formally, the next activity prediction problem can be reformu-
lated as predicting the event vector by the given non-empty prefix of the trace.
Having an opportunity to predict the next activity, large companies in the in-
dustry are able to detect anomalies in their processes in real time. In addition,
if companies can model processes in such a way, they can find the patterns
and shortcomings of the current workflow organization and quickly eliminate or
update them.

2 Related work

In the past, predictive business process monitoring approaches rarely took advan-
tage of deep learning. However, some deep neural networks (DNN) architectures,
such as RNNs and LSTMs, can be applied relatively straightforwardly since logs
of software companies, banks and other institutions can be presented as a se-
quence of events. Nonetheless, in recent years several attempts were made to
leverage these models in PPM.

In [10] there is proposed LSTM-based DNN architecture to predict the com-
pletion time of running process. The authors converted activity attributes using
one-hot encoding and considered additional real-valued or categorical context
attributes.

[14] mostly concentrated on explainability rather than on predictive quality.
In their attempt to predict the next activity label they used Bi-LSTM and layer-
wise relevance propagation (LRP) to assign a relevance value to each event to
estimate its contribution to the answer.

DNN architecture by [13] is based on LSTM cells and is used for next activity
and timestamp prediction. They proposed a multitask learning approach and like
in LSTM networks for data-aware remaining time prediction of business process
instance they used one-hot encoding for activity label. Nevertheless, the authors
did not take into consideration any additional data attributes.

[6] introduced approaches for learning low dimensional representations of
activities, traces, logs and models. They used methods similar to those proposed
by [9].

[11] introduced another DNN architecture based on LSTM. They integrate
the elapsed time between consecutive events to adjust the cell memory to predict
the next activity label and its timestamp.

Models such as Generative Adversarial Nets (GAN) have been gaining pop-
ularity in recent years and have also found application in PPM. In works by [17]
the authors went further and predict the rest of the sequence by the given trace
prefix. Thus, they solve sequence-to-sequence task and use GAN with LSTM
encoder-decoder architecture.
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Despite the popularity of deep learning, some methods of classical machine
learning can compete with neural networks in quality. [3] proposed a solution
based on gradient boosting algorithm. In their work they used XGBoost for PPM
tasks.

We propose a modified approach for next activity prediction, using embed-
ding techniques, custom loss functions and different recurrent neural networks,
along with applying another gradient boosting method.

3 Activity prediction framework

Attentive
GRU

Dataset
cleanup
Training

predictive
model

CatBoost

IDataset feature|
engineering LSTM +

GRU

Input
(Event logs)

o)
e J

—[Spnmng data Validation

Embeddings Evaluation

Dataset preprocessing Model training and evaluation

TLSTM

Fig. 1. Predictive framework.

3.1 Dataset preprocessing

It is crucial to apply some embeddings from NLP tasks to represent an event as
a numeric vector, as only this data format is supported by predictive models:

— [9] proposed a Word2Vec embedding. Based on this work, [6] introduced an
approach for embedding actions, traces, whole logs and models.

— Nevertheless, sometimes we need to encode not only an action, but a whole
trace, similar to Doc2Vec, proposed by [7]. For that case [6] introduced a
Trace2Vec architecture.

— However, it is worth experimenting with other embedding models, e.g. [12].
Based on co-occurrence probabilities, that approach might be also helpful
while finding a proper action representation.
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The problem of embedding an activity itself is obvious: training only the
event identifier as a word, we lose information about time when the certain
event happened.

Hence we need an approach to embed not only the raw activity, but also
consider in context that the same event can occur at different times.

We propose an approach to binarize the timestamp into categories depending
on time of the day (e.g "noon”, "night”, ”evening”) as concatenating to the
event identifier and compare results with "raw” activity embedding. This way we
enlarge the activity ”corpus” and suppose it could make the activity embeddings
more informative.

Further, it is reasonable to embed not only each activity separately, but also
represent the whole trace or a sub-trace as a numeric vector, using, for example,
Doc2Vec by [7]. However, embedding the whole trace may lead to target leakage.
Therefore it becomes crucial to embed not the whole trace but its prefix: for each
activity we represent the sub-trace from the start to the current event.

Data cleanup. Another important part of dataset preprocessing is its cleanup
from outliers.

As the problem is not stated as anomaly detection, we consider excluding
some activities like in [13] and [11]. We propose to drop such traces that contain
“rare activities”.

We consider an event rare if it occurs less than one percent across the entire
log.

For Helpdesk, we drop some additional traces, that do not contain certain
activities, that are supposed to be important and to be present in each non-
outlying case.

Using timestamp. We propose to add some features based on the timestamp
to make the model better comprehend the business process model.

— Time of day. In business process models, it is important to take into account
what time of day an event occurs. This is important to understand, since
many events occur during or outside the working day. We binarize timestamp
into six possible variants of time of day:

e Late Night e Morning e Evening
e Early Morning e Noon e Night

— Timestamp split. We split timestamp into hour, day of week, month and
year. And further, each of those features is encoded with One-Hot to make
the model select weights for each entity value separately.

— Previous activity. For each event we keep the one that occurred in previous
step.

— Timestamp deltas. The timestamp itself is not so informative, thus we con-
sider using deltas between events instead.
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1 With previous activity in the case.
2 With the first activity in the case. That helps to estimate the overall
duration of the case.

— 7"Extended activity”. We concatenate activity and the time of the day and
encode such new activity with One-Hot.

— Ratio between the activity number in the case (after sorting the case log by
timestamp) and the average case log length. According to [13] and [11], they
use activity number in case as a feature. However, it is worth taking into
account the average length of cases to estimate how long the trace continues
relative to the other traces present in the event log.

Final datasets and their descriptions are presented in the Table 1.

Table 1. Embedding datasets description

Slug Description

more_categorical Used more categorical features (hour, day, month, etc...).
Used as a base for other variants.

glove_raw Using glove as embeddings for activity

glove_extended Glove to embed activities + Doc2Vec to embed sub-traces

no_drop_cases Do not drop cases with rare activities

raw_activity Use embedding only on activity, do not append part of
day

trace2vec Word2Vec + Doc2Vec

3.2 Predictive model

One of the key aspects of the whole model is its architecture. As mentioned above,
previously the problem of next activity prediction was solved by a statistical
model or classical machine learning approaches. In this paper we try some neural
network architectures.

Since the input data for model is presented in the form of sequences, it seems
appropriate to use tools from related fields for sequence analysis. Nowadays the
most popular area in sequence processing is NLP. Traditionally, NLP problems
are solved using RNN models, especially ”vanilla” LSTM and GRU cells. In
this way, the main direction of this research is the implementation of differ-
ent recurrent neural network architectures and the development of its various
combinations that have not been used before in PPM tasks.

Focal loss. In this paper we chose to train our next activity prediction deep
learning models using Focal loss, which was developed by [19]. Common meth-
ods to learn classification neural networks use standard cross-entropy loss (CE):

CE(p;) = —logp; (1)
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where p; is the predicted probability of the true label for ¢-th sample of
training dataset. However, this loss function faces several problems when dealing
with unbalanced datasets. This is due to the fact that it may be more profitable
and easier for the model to increase the probability on already well-predicted
major class samples than to try to better the learning probabilities for minor
classes. This leads to an unsatisfactory quality of the model on the whole dataset.
In tasks of PPM datasets are often unbalanced.

The idea of Focal loss is to add extra factor (1 — p;)7, that is why this loss
is defined as:

FL(pt) =—(1—p:)" logps (2)

where v > 0 is a scalar hyperparameter. The authors highlight two properties
of the focal loss. First, when an example is misclassified and p; is small, the
modulating factor is near 1 and the loss is unaffected. As p; — 1, the factor
goes to 0 and the loss for well-classified examples is down-weighted. Second,
the focusing parameter v smoothly adjusts the rate at which easy examples are
down-weighted. When v = 0, FL is equivalent to CE, and as 7 is increased the
effect of the modulating factor is likewise increased.

LSTM and GRU. The first model to solve the next activity prediction prob-
lem consists of RNN neural networks, specifically LSTM and GRU. The model
consists of two parallel neural networks: GRU-network and LSTM-network. At
each step they concatenate hidden states and pass the resulting vector through
several fully connected layers. Final predictions are obtained using a softmax
function. This architecture looks quite promising for the baseline, as it allows
the LSTM network and the GRU network to complement each other. It is sup-
posed to have a significant advantage over models that use only one type of
network.

Exponential T-LSTM. Another approach is the T-LSTM model by [11].
As was mentioned before, the key idea of T-LSTM is that the importance of
the previous event in next activity prediction decreases with the growth of the
elapsed time. Thus, to take into account the influence of time, the authors add
an additional multiplier in the LSTM cell, which is computed by some decay
function. In the original paper they use the logarithmic function:

1
- log(z +e) 3)

In our research we introduced Pytorch implementation of T-LSTM model
with exponential decay function, which improved target test scores:

decay(z)

decay(z) = exp(—a - x) (4)

It is also worth noting, that the proposed function has an additional scalar
parameter «. Varying this parameter gives additional flexibility in optimization,
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so this alpha parameter was also involved in the process of hyperparameter
tuning.

Attentive GRU. Despite widespread classical solutions for sequence analysis,
it seems promising to use more advanced and modern techniques. For instance, it
may be effective to implement an attention mechanism. This can solve the main
problem of recurrent neural networks - vanishing gradient problem. It should
also be noted that LSTM and GRU networks partially cope with that problem,
but instead they cannot take into account parts of the sequence which are quite
far from each other because the information carried by the earlier parts of the
sequence is forgotten. Traces in event logs are normally long, that is why LSTM
or GRU networks may not work accurate in these cases.

The last model is inspired by [5]. Our model has the same architecture, but
the GRU cell replaces LSTM.

CatBoost. CatBoost! is a machine learning algorithm that uses gradient boost-
ing on decision trees. It is available as an open source library, developed by the
Russian software company Yandex. Nowadays, it is considered one of the most
powerful gradient boosting algorithms. Therefore, it is promising to try this
model in PPM task.

The main problem that occurs is that gradient boosting is an algorithm of
classical machine learning, so it requires tabular data. It means that every data
object must be represented as a vector of fixed dimension. In this paper, as
such a vector representation, we used the concatenation of the embeddings of an
event feature representation and its next activity as a target. The problem of not
choosing a method of a sliding window is a fact that datasets may have traces
of size 2, and the constraint of fixed dimension forces us to take the minimum
of lengths.

In this paper, we use fine-tuned CatBoost along with different log embeddings
as our approach to solve PPM problem.

4 Evaluation

4.1 Datasets

Most of the previous works apply developed methods to two main publicly avail-
able datasets: Helpdesk? and BPI12W3.

— Helpdesk dataset is event log concerning the ticketing management process
of the Helpdesk of an Italian software company.

— BPI12W dataset is event log of a loan application process of a large German
financial institution.

! https://catboost.ai
2 https://doi.org/10.4121 /uuid:0c60edf1-683-4e75-9367-4c63b3e9d5bb
3 https://doi.org/10.4121 /uuid:3926db30-f712-4394-aebc-75976070e91f
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Despite the prevalence of these datasets, they are quite trivial and far from
real life. There are less than 10 different activities in each dataset, which makes
traces too short. Therefore it does not allow any model to fully identify under-
lying patterns in the data. Nevertheless, many earlier authors measured their
results using Helpdesk and BPI12W, so we are forced to use it for testing in
order to be able to compare the quality.

Nevertheless, the latest research has moved away from the classic Helpdesk
and BPI12W. In recent works the quality of proposed methods are estimated
using more complex and modern BPI12* and BPI17° datasets.

These two datasets are newer versions of BPI datasets. There are about 30
different activities with very unbalanced distribution. The size of the datasets is
much larger, which is an important aspect for training deep neural networks and
the average length of traces is significantly longer, especially in BPI17. This
makes data more realistic.

4.2 Experimental results

In this section we are going to compare the results of the previously described
models.

Table 2. Test results comparison for T-LSTM models with different decay functions.

Original TLSTM test results
Dataset Helpdesk BPI12W BPI12 BPI17
Accuracy 0.724 0.778 - -
Exponential TLSTM test results
Dataset Helpdesk BPI12W BPI12 BPI17
Accuracy 0.775 0.787 0.849 0.879

In Table 2 there are represented the results of time-aware LSTMs for next
activity prediction. A small change of the decay function led to a significant
improvement in quality.

Regarding the attention models, this architecture did not produce any strong
quality boost either LSTM-based and GRU-based. The results are shhown in
Table 3. his situation can be explained by the assumption that in the explored
datasets the next event depends only on several previous ones, so it is impractical
to take into account the entire prefix as we do in attention mechanism.

The best quality was achieved using various types and modifications of re-
current neural networks, specifically LSTM + GRU model. This architecture is
enough complex to be able to extract underlying patterns in the data. Thus,
this model was mainly used when testing our own embeddings and new features.
The achieved results are represented in Table 4.

* https://doi.org/10.4121 /uuid:3926db30-f712-4394-achc-75976070e91f
5 https://doi.org/10.4121 /uuid:0c60edf1-683-4e75-9367-4c63b3e9d5bb
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Table 3. Test results comparison for different recurrent neural networks with attention
layer.

Original LSTM with attention test results
Dataset Helpdesk BPI12W BPI12 BPI17
Accuracy 0.833 0.723 0.816 -
GRU with attention test results
Dataset Helpdesk BPI12W BPI12 BPI17
Accuracy 0.735 0.773 0.849 0.878

Source code is available at our GitHub repository®.

Table 4. Test accuracy with standard deviation for neural network model using dif-
ferent embedding techniques.

[Embeddings type[| Helpdesk | BPII2W | BPI12 \ BPI17 \
pure_traces 0.747 + 0.004 | 0.774 £+ 0.004 | 0.840 £ 0.010 | 0.874 £ 0.001
glove_extended 0.833 £+ 0.005 | 0.788 £ 0.003 | 0.844 + 0.009 | 0.892 + 0.009
glove_raw 0.844 £ 0.001 | 0.781 £ 0.014 | 0.844 £ 0.005 |0.903 + 0.001
more_categorical ||0.846 £+ 0.001| 0.773 £+ 0.013 | 0.853 £+ 0.001 | 0.901 £ 0.001
no_drop_cases - - 0.843 £ 0.002 | 0.873 £ 0.006
raw_activity 0.846 + 0.001|0.796 + 0.003|0.854 + 0.002| 0.894 + 0.006
trace2vec 0.844 + 0.001 | 0.779 £ 0.011 | 0.853 £ 0.004 | 0.887 £ 0.002

In this paper we also used a gradient boosting model for activity prediction.
Unexpectedly, the CatBoost model showed the best quality for three out of the
four datasets and surpassed deep learning approaches. This, in turn, confirms the
hypothesis that the last few events have the greatest influence in the presented
log datasets.

Table 5. Test accuracy for CatBoost model using different embedding techniques.

‘Embeddings typeH Helpdesk ‘ BPI12W ‘ BPI12 ‘ BPI17 ‘
pure_traces - - - -
glove_extended 0.866 0.8 0.863 0.85
glove_raw 0.868 0.8 0.864 0.86
more_categorical 0.868 0.8 0.86 0.846
no_drop_cases - 0.8 0.85 0.855
raw_activity 0.866 0.8 0.865 -
trace2vec 0.868 0.8 0.864 0.849

5 https://github.com/serp404/MLAPPM
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6 Conclusion

In this paper we propose an approach to predict next activity label given a
trace prefix. The approach consists of several log embedding techniques, us-
ing modified predictive models, including different RNN variations and gradient
boosting. Our results show that applying deep learning approaches along with
hyperparameters tuning and embeddings lead to higher accuracy even on com-
plex datasets compared to baseline methods. Finally, we reach better quality
on some event logs using CatBoost as a predictive model, having lower training
complexity.

As for future work, we will investigate the applicability of our approaches for
other PPM tasks. Especially we are going to experiment with next timestamp
prediction task.
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KomreHncarnusi 1iBeTHOM ABIMKK Ha JJaHHBIX
JAUCTAHIIMOHHOTO 30HupoBaHnda 3emun ajiada RGB
N300pa>kKeHuit

Cemorur M.A.12, Bouapos /I.A.2

! Mockosckmit dusnko-rexumdeckuii macruTyT, Mocksa, Poccust
2 MucruryT npobiem nepesadn nrdopmamn, Poccniickas akagemus Hayk, Mocksa,
Poccus

AnHoTanus AHanu3 JaHHBIX JUCTAHIIMOHHOTO 30H/IMPOBAHUS 3EMJIN
(I33) MOryT OCJIOKHATH HAXOMSAIIAECS B BO3JLyXe TBEPJbIE YACTHUIIBI U
a’PO30JIM, B CBSI3M C YeM CTaBATCS 33Jla9a X KOMIIEHCAIUA Ha M300pa-
KeHusiX. B pabore mpejjioyKeH HOBBIM AJITOPUTM KOMIIEHCAIINHU JIBIMKH,
OCHOBaHHBIl HA METOJe IPeANoaoKuTeIbHo TeMHoro Kanana (IITK) u
KOHIIENIUY 3aTyXxaHus 1sera (color attenuation). OTmenbHoe BHUMaHUE
YIEJIEHO BO3MOXKHOM XPOMATHIHOCTH JBIMKU, IYTO BHOCHUT JIOTIOJTHUTEIb-
HbIE [IBETOBBIEC NCKaxkeHus. [IpuBeenbl pe3yIbTaThl 9KCIIEPUMEHTATIbLHO-
IO WCCJIEIOBAHUS MIPEJJIOKEHHOrO aJrOPUTMA U CYIIECTBYIOIINX ITOIXO-
JIOB K KOMIICHCAIlUN JbIMKHW Ha a3p0(1)OTOCHI/II\/IKaX C CI/IHTeTI/I‘IeCKOﬁ n
peasibHOl JbIMKOl. [Tokazano, 9To MPEeJIOKEHHDBIH AJITOPUTM MOKA3bI-
BaET JIy4Illie PEe3yJIbTaThl HA JAHHBIX C CHHTETUYIECKON JBIMKOM U CpaB-
HUMbIE C U3BECTHBIMHU B JINTEPATYPE METOJAMU Ha adPO(POTOCHUMKAX C
peasibHON JIBIMKOIA.

KimroueBble cJioBa: KOMIIEHCAIMS JBIMKU, TOYHOE 3eMJIEJIEJINe, adPO-
doTrocbeMKa

1 Bsegenue

Jlanuble JUCTAHIIMOHHOIO 30H/IMPOBAHUS SBJISIIOTCA OOraThbIM MCTOYHUKOM WH-
dopmMaIm 0 COCTOSTHUU 3eMHOIl OBEPXHOCTH. Pa3BUTHE CIIyTHUKOBOI ChEeMKH
BBICOKOT'O IIPOCTPAHCTBEHHOIO Pa3peIIeHNs, MINPOKOe IIPUMEHEHHe OeCIMIOTHBIX
serarenbubix annaparos (BIIJTA) nossossor 3 deKTUBHO UCHOIb30BATD JIAH-
uole JI33 mitst peniennst pa3imdHbIX 33,189 TOTHOTO 3eMiteesns. Hampumep, s
OIEHKH OKHUJIAeMOr0 ypozKasi [1]; BereTannoHHOI aKTHBHOCTH [2|; yBJIazKHEHHO-
cru u 3acosieHHocTH 10uBbl [3]. Anamms /133 MoxkeT GbITH aBTOMATU3UPOBAH
[IpU [IOMOIIY TEXHOJIOIHl pacio3HaBaHus rpaHul] noseii [4], n xinaccudukamyum
kyasayp [3], (6]

O/1HAKO aHAJIM3 CIIEHBI MOYKET OCJIOKHSATHCSI BCJIEJCTBHE HEKOTOPHIX (hakTo-
POB, HETATHBHO BJIMSIONINX HA KAYECTBO IOJIYIaeMbIX N300pakeHmil. ITO MOTYT
ObITb ObJIaKA M TE€HH OT HUX JIsi JIAHHBIX CILyTHUKOBOH CcbhéMKu [7] miam armo-
cepHble gBJICHUIT, TaKWe KaK JIbIMKa Wi TyMaH. [Ipu 5ToM B pabore ¢ JaHHbIME
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133 y arpapueB 3a49acTyo BBIOOP BpEMEHU 30HIMPOBAHUS CYIIECTBEHHO Or'pa-
HUYEH, 9YTO TaKKe BeJeT K HeOOXOMMMOCTH PAOOThI CO CHUMKAMU 00Jiee HU3KOTO
Ka4ecTBa, M B YACTHOCTH, C HAJIMIUEM JILIMKH.

JlpIMKa yMeHbIaeT KOHTPACTHOCTh M300parKeHWsl, CHUYKAET JIETAJBHOCTD,
TEM CaMbIM CHUXKad KadeCTBO I/I306pa)KeHI/IE{ MECTHOCTH. OT,ZLG.HLHO CTOUT OT-
METHUTh CJIyYau, KOIJIa JbIMKa UMeeT COOCTBEHHYIO OKPACKy (HAIpUMep, JIbIM OT
HO)KapOB)7 Mn3-3a 9ero IoMUMO BJIMAHHA Ha IIPOIIYCKAHUE U3JIYyICHUA, OKA3bIBa-
€TCd BJINAHUE Ha 11346.7'[10,2[‘8,61\’[1)11‘/’1 OBEeT IIOBEPXHOCTU SQI\IJ'II/I. Bce 9TO OCJIOZKHAET
WCIIOJIb30BaHUe UCXOMHBIX maHubix JI33 s amanusa teppuropun. B cBsasu c
9THUM CTaBHUTCA 3a/a49a KOMIICHCAITUN I/ICK&)KGHI/H‘/’I7 BHOCHUMBIX ,[LBINIKOIL/L Ha peru-
CTPUPYEMBIX N300paKEeHUAX — IPe0OPA30BaAHNS N300PAKEHUS, TPUOJINZKAIOIIETO
ero K Bujy 6e3 MCKarxkeHHsl (JbIMKH).

Bunmanme mannoro ucciiemoBanust 6ymeT cOKyCHPOBAHO HA T.H. BOCCTAHAB-
JIMBAIOIIUX METOJaX KOMIIEHCAIUK [§], Onuparomuxcst Ha ONTHYECKYIO MOJEIb
dopmupoBanus n306pazkenusi, onucadHyo B pabore [9]. Hacre usimyuenus jo-
CTHUTAET CEHCOPA, OTPAXKAsICh OT 00BEKTA CheMKH, U IPETEPIIEBasi IIPU STOM Pac-
cesiHUe, & 9aCTh MOMaJaeT u3 aTMOCGEpPhl B PE3yJIbTaTe PACCEAHUs HA TaCTUIAX
JIBIMKI.

PaccmarpuBaercst OKaHAJIbHAST MOJIE/Ib MCKAYKEHHUsT N300payKeHUsI, COrIac-
HO KOTOpOU HaboiaeMoe n3obpaxkenue I Moyker OBITH BBIPAYKEHO C ITOMOIIBIO
KapThI IPOIlycKaHus t(X) uepe3 nzobpazkeHne CleHbl, CBOOOIHOM oT jbiMKu J u
aTMocdepHoe u3Iydenne A cjemayomnuM 00pa3oM:

I(x) = I(x)t(x) + A(x) (1 - t(x)) (1)

3HAYUT JJIs BBIYNACIIEHUS CBOOOJHOIO OT JIBIMKH H300pasKeHUs HEOOXOIMO
OIIEHUTD KapTy upoiyckanus t(x) u armocdepnoe uziaydenne A. Jlist 3Toro BHO-
CATCS IIPEJIIIOJIOZKEHNS HACUeT IIPUPOJBI JIBIMKY, I KOJIMUECTBEHHO OIEHIBAIOTCS
BHOCHMBIE €10 UCKayKeHUs, (popMupyercs: KapTa npoiyckanus. Jlis morydenns
VIIY{IIIEHHOrO N300ParkeHusI IPOU3BOIUTCS BOCCTAHOBIIEHHE — OOpaTHas K HCKa-
JKEHHUIO Ollepalus.

2 O0630p cylIecTBYIOMINX pellleHnii 10 KOMIIEHCAINN
JABIMKH

AxrienT B HacTosteit pabore 6yaeT creIaH Ha BOCCTAHABIMBAIONINX METOAX, OC-
HOBaHHBIX Ha AJITOpPUTMe IpejnosoxkuTeabHo TeMHoro kanasia (IITK nim Dark
Channel Prior), npemioxennom K. Xe [10].

2.1 Meroa npeaIoIoKUTEJIbHO TEMHOTO KaHaJia
Metos 0CHOBaH Ha MPEIIOIOKEHIH, KACAIOIIEMCsI CBOOOHOTO OT JBIMKHU 300~

PakKeHnsa: B HEKOTOPOI OKPECTHOCTH KazKJIOI'0 INMHUKCEJIA HalJeTcda TaKoi, 9To
MHTEHCUBHOCTb CUT'HAJIA XOTs ObI B OJIHOM U3 €ro KaHAJIOB IIPEHEOPEKIMO MaJla.
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OpHaKO B YCIOBUSX JIBIMKH OTPAayKEHHBII OT 9acTHIl aTMOChEpPhI CBET yBeJIu-
YMBAET WHTEHCUBHOCTH IIPEIIIOJOXKUTETFHO TEMHOT0 KaHaja. JlamHoe mpemmo-
JIO’KEHHE TIO3BOJISIET OIEHUTH KapTy IPOITyCKAHUSI, [TapaMeTpbl aTMOChepHOro
W3JIyI€HUsI W, B UTOTe, BEIYUCTUTH CBOOOIHOE OT JBIMKU M300parKeHwme.

JLyis1 ONIEHKY KapThl IPOITYCKAHWs PACCMATPUBAETCS OKPECTHOCTD {2(X) U BHO-
CUTCS IIPEOJIOKEHNE, YTO BHYTPH 3TO OKPECTHOCTH JIBIMKA OJTHOpOJIHA. Pac-
CMaTpuBasi IIOKAHAJIBHYIO MOJIe/Ib UCKaxKeHusi (1), 11ociie HOpMUPOBKY Ha aTMO-
cdepHOe n3IydYeHNe U B3ATHA TOKAHAJBHOIO MUHAMYMA IIOJTy 9aeM:

min( min IC(Y)> - min< min JC(Y)) +(1— () (2)

c \yen(x) A° c \yen(x) Ac

rie ¢ € {r,g,b} - oqun u3 KananoB U300paxkeHus, t(x) - nporyckanue B {2(x).
Haee, nconp3ys IpeanoIoKeHre TEMHOTO KaHaa, Oy/leM CUUTATD CJIarae-
Moe, cozeprkalee J, paBHBIM HYJIIO, YTO MO3BOJIAT BBIYUCIUTH KAPTY HPOIYCKa-

HUS: e
(x)=1- mcin (yg.l(;{lx) fg?) , (3)

rjie f(x) CYMTAEM TOCTOSIHHOIN B OKPECTHOCTHU TOYKU X pa3mepa 15 x 15.

I/ICXOZ[H U3 IPEAIIOJIOKEHU A, ITO COCEIHUE ITUKCEJIN UMEIOT 6JII/13KI/IC SHAYCHUA
[POILYCKAHUSI, IIPE/JIATAETCS YIIyYIIaTh KAPTY MPOIyCKAHUS IIyTeM [IPUMEHEHUsI
craaxusaromux GbuibTpos, HanpumMep segomoro (guided filter) [11]. ITocse crua-
KUBaHUA MaJlble 3HAYCHUS f(x) 0TOPACHIBAIOTCS C IIOMOIIBIO PEryJISIPU3aIINN.

Armocdepnoe uzydenne A K. Xe u coaBTopbI mpeiaraior oneHuBaTh C Mo-
vomwio IITK, yepenusas sradenns 0.1% mukceneit ¢ MaKCUMAJIBHBIM 3HAYEHAEM
Temmuoro xanaga [k

C 1OMOIIBIO KApTHI IIPOITyCKaHus t(X) U OIEHKH aTMOC(hEpHOro U3JIydeHHUs]
A crponTcst nroroBoe n3obparkenue J:

+A (4)

[Tomumo anropurmMa Ha OCHOBE METONA IMPENOJIOXKUTEJIHHO TEMHOTO KaHa-
aa (IITK), npemioxxenroro K. Xe u coasropamu [10], u1st geranpHOro aHaamnsa
Tak2Ke 6b11u BeiOpanbl Mogudukarms ajgropurma [ITK, yanrsiBaomas Koppek-
IO 11BeTa, KoTopas Oblia npesoxkena 1. JIonrom u coasropamu [12] u meron,
npemioxkennbiit 2K. 2Ky u coaBropamun [13], OTJIMIAIOIUICA OICHKOH ITapaMer-
poB i dY3HOr0 UCTOYHUKA OCBEIIEHUsI 1 KAPThI [IPOITYCKAHUSI.

2.2 Merog . Jlonra

Meton, npeiozkenHsiil B padore [12], nmeer MHOro 06IIEro ¢ PACCMOTPEHHBIM
BBIIIIE METOJOM IIPEJITOJIOKUTEIHHO TEMHOIO KaHaJa, HO aBTOPBI IIPEJIaraioT
KOPPEKTUPOBATh KapTy MPOILYCKAHUs, MCIIOJIb3ysl SMIUPUIECKUil mapamerp M,
3aJal0INil IIOPOT Ha Pa3JIn4ne IIBETOB:

¥ (x) = min(max( M A|,1) (x),1), (5)

Ta(x)
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e Ia — oTHOMMEHME ncxomHOTO M300pazkenus I Kk armocdepHOMY H3IydeHno A,
B37TOE noKanasbHo. [lapamerp M nonbupaercst SMINPUYECKH, B JAHHON paboTe
ucnoss3yercsa M = 200.

2.3 Meron Y. 2Ky

B pa6orax [13], [14] npejgraraercst IPUHIMITMATILHO HHOM CIIOCOO ONEHKH aTMO-
cdepHOro n3iydeHnst. ABTOPBI BBIJIBUTAIOT KOHIEIIINIO 3aTyXaHust 1seTa (color
attenuation), OCHOBAHHYIO Ha OIITUIECKOH MOJIe N (DOPMUAPOBAHUS 38,/ ILIMIICHHO-
ro uzobpaxenust (1). OciabiieHne n306pazkeHUs! CLEHBI BEJET K CHUYKEHUIO KOH-
TPACTHOCTU M300parkeHus, a aTMochepHOoe U3IydeHne, KOTOPOe MPUOINKEHHO
MOXKHO CYUTATH aXPOMATUYECKUM, YBEJIMIUBAECT €ro sipkocThb. Mcxomsa us sroro
TIPEJIIOIOKEHNUST IIPE/IJIATAETCs TOCTPOUTD JIMHEHHYIO MOJIEJIb, C IIOMOIIBIO KOTO-
poii oneHuBaercst rrybuHa uzobpakenus d(x):

d(x) = wp + w1 - $(X) + wa - v(x), (6)

rie s$(X) — ApKOCTb IUKCest X B 1BeroBoit Mogenn HSV, v(x) — ero nacor-
MEHHOCTb.

B ﬂaﬂblleﬁmeM, TaK KaK B YC/JIOBUAX AUCTAHIIMOHHOI'O 30HAWPOBaHUA TJIy-
OuHy M300pakeHnsi MOYKHO CUATATH IPUMEPHO OJIMHAKOBOI, TAHHYIO BEJIHIHHY
6y,ueM TaK>Ke CHuTaThb aHHpOKCHl\JaHHeﬁ KapThbl 3abIMJICHHOCTH.

[TapameTpbl MOfeJin aBTOPHI OIEHUBAIOT HA OCHOBE JIAHHBIX C CHHTETHYe-
CKU CTeHEepUpOBaHHON JbIMKOW. [lasmee B 3KcIepuMeHTaIbHON WacTH HACTOsI-
meit paboThl Gy/LyT MCHOJIB30BAHBI 3HAUEHHS IAPAMETPOB, IPUBEICHHBIX B [14]:
wo = 0,172066, w; = 1,108955, wy = —0,952585.

K ormenennoit kapTe 3abIMIEHHOCTH IS TIOJABJICHUS OIMUOOK KJIacCU(U-
KallUU MPUMEHSIETCsl OIlePaIlisl BbIUYUCIEHNUsI OKOHHOI'O MUHUMYMa. 3aTeM KapTa
3a/ILIMJIEHHOCTH UCIIOJIB3YEeTCs ISl OIIEHKU aTMOCHEPHOro MU3JIydeHHusl C TIOMO-
mpio Beibopa 0,1% nukceseit ¢ HanbosbnM 3HadenneM d(X) U HOUCKa HanboJiee
WHTEHCUBHOTO TIUKCEJIsl CPEJIU HUX.

Taxke riybuna d(X) NCHOJIB3YETCsT JJist ONEHKU KAPTHI IIPOILy CKAHUST COTJIAC-
HO 3akoHy Byrepa-Jlambepra-Bepa:

t(x) = exp(—pd(x)). (7)

3 Ilpensaraembrii aJaroputTMm

Y. 2Ky u coasropsl B pabore [13| mpejaraoT HCIOJIB30BaTh B KAadeCTBE aT-
MocdepHOro n3iaydennss A caMblii HHTEHCUBHBII IIMKCeIb cpean Hanbosee 3a-
JBIMJICHHBIX (¢ GosbrnM 3HadenneM d(x)). U1 ecim paccMoTpenue mukcelseii ¢
HanboIbIMM 3HaYeHreM d(X) KayKeTcss GECCIOPHBIM, TO B3ATHE CAMOrO MHTEH-
CHBHOI'O U3 HUX SIBJISIETCS] HEYCTOIYMBBIM DeIlleHneM, KOTOPOe MOXKeT CTPaaTh
OT HAJUIHMA MAJICHINX OMMO0K B (DOPMUPOBAHUK KAPTHI 33 bIMJICHUST NN SP-
Kux Oesibix obstacreit Ha manabix JI33. [losromy npemjaraercs pacCYUThIBATH
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CpejiHee 3HAYEHUE 110 BCeM HHMKCeJIsM ¢ HauboJbIMM 3HadeHueM d(X) (Hampu-
Mep, npesblmaonmM 99-biit nepuentmis). CM. Beipazkenue (8).

c_i c(x
A 2,1 ®

D = {x:d(x) > ag’},

e ¢ € {r, g, b} — kanan nzobpaxkenus, [°¢(X) — HHTCHCHBHOCTb MHUKCEISA X B
KamaJsie ¢, a o — 99if nepreHTWIIbL pactpeesenns d(x).

Yo KacaeTcss KapThl 38 IbIMJIEHHOCTH, TO MOPQOIOTHIecKasa (HGUILTPAIUST,
npegraraemas 2Ky u coasropamn B padorax [13], [14], nossoasier u3basuTh-
csl 0T HamboJIee PE3KUX OIMUOOK, OJJHAKO €€ PEe3YJIbTAT CYNIECTBEHHO MCKAYKAeT
Kpas Ha M300Pa’KEHUN KAPTHI 33/ILIMJICHHOCTH, ITO MOXKET HETATUBHO BJIUATD
Ha OIEHUBAEMBII 110 JIAHHOI KapTe nmapaMerp armocdepHoro usiayuenns A. Ta-
KM 00pa3oM B JIaHHOI pabore MpeJIaraeTcsi UCIOJIb30BaTh JIOMOJHUTEbHBI
ITAIl CIVIAXKUBAHUSA BEJIOMBIM (DUIIBTPOM, ITO MOTEHIMAIBHO MOYKET MOBBLICHTD
TOYHOCTH KapThl d(X), y/IyqIlIuTh KAYECTBO ONEHKU A M UTOrOBOE KAUECTBO KOM-
MEeHCAIINH.

I[Momumo 3TOrO crouT orMeruTh, 4To Ha JgaHHbIX JI33 riybuny uzobpake-
HUsI MOXKHO CYUTATH IPUMEPHO OJMHAKOBOM, ¥ IIOTOMY BBIOOD B KAYECTBE KAPTHI
nporryckanust ¢(x) = exp(—[£d(x)) Jaer XyIIy0 TOYHOCTb, 9eM METO/ IPEJIIIOo-
JIOKUTEJLHO TEMHOTO KaHaja. B To ke BpeMsl 3aMedeHo, U4TO OleHKa aTMocdep-
HOIO W3JIy4YeHWUsl, TIOJIydeHHasl ¢ TIOMOIIBIO aaroputMa 2Ky u coaBTOpOB, UMeeT
OOJIBIIIYI0O TOYHOCTH, YeM oreHKa, moxydaemas meromoM IITK. ITostomy 6su10
[IPUHSATO PEIeHre COBMECTUTD JIBA AJTOPUTMA U BBIUUCJIATH aTMOChEpPHOe U3~
JIy9EHHUE C TOMOIIBIO KAPTHI 33 IbIMJICHHOCTH, & KApTy MPOIyCKAHUS HCXOMsT U3
LIPEIIIOJIOKEHUs TeMHOro KaHasa (cM. ajsropur™ 3.1 u puc. 1).

AnropurMm 3.1 Komnencanust IbIMKHI C IIOMOIIBIO OIIEHKH aTMOC(HEPHOTO U3JIy-
“eHHus 110 KapTe 33IbIMJICHHOCTH U pactieTa KapTol mporyckanus metogoM 1ITK

Bxoxn: RGB usobpaxenue I ¢ apIMKOil, BEKTOp IHapaMeTpoB w = (wo,w1,ws), Hapa-
MeTpbI BeJIOMOro buiIbTpa 7, €
1: IIpeobpazoBanue 1BeTOBOM Momesnn n3obpazkenns n3 RGB 8 HSV
2: Pacuer kaprel 3aapiviieHHOCTH d(X) ¢ moMompo Mozenu (6), B KOTOPOH HCHOIB30-
BaHbI 3HAYEHUA ITapaMeTPOB, IIOJYYCHHBIX METOIOM MaKCHUMAaJIbHOI'O IIPpaBIO0IIOA0-
6us B [14]: wo = 0,172066, wy = 1,108955, we = —0,952585.
3: @uibrpanus KapThl 3aAbIMiIeHus d(X) ¢ UCIOIB30BAHUEM OKOHHOIO MUHHUMYMA C
pasMepoM okHa 15 X 15 u Beomoro duibrpa ¢ napamerpamu r = 30, ¢ = 0,01.
4: Pacder armochepHOTo n3iaydeHnst A ¢ IOMOIIBIO CIVIAXKEHHOH KapThl 33 IbIMJICHUS,
cornacHo dopmyie (8).
5: Pacuer kaprbl npomnyckanus t(x) ¢ nomompio Merona [ITK (3).
6: ITocrpoenne cBOGOIHOIO OT ABIMKHU n300paxkeHus J coryiacHo (4)
Beixoa: Nzobpaxkenune J

267



4

B

Puc. 1: Wsuttoctpaiusi paGoThl IIPeJIaraeMoro ajaropurma: (a) — UCXOJHOe
u3obpazkeHne ¢ AbIMKOlA, B3sroe u3 naracera AVIRIS [15]; (b) — pesymnbrar
KOMIIEHCAIMU JIBIMKH TIPEJJIAraeMbIM aJIrOpUTMOM 3.1

9KC1’IepI/IMeHTaJ'II)HOG ncciiegoBaHnue

,HaHHOfI IJlaBe IIPUBOAATCA Pe3y/IbTaThl 9KCIIEPUMEHTOB II0 OLIEHKE S(b(i)eKTI/IB-

HOCTHU KOMIIEHCAIIUHN JIBIMKY (KaK HACTOSIIIEH!, TAK 1 CMO/IeJMPOBAHHOM) PA3HBIMU
ajgroputmamu. PaccMaTpuBaeMbie aqrOpUTMBbI IIEPEUUCTEHBI HIKE.

1.

Asropurym IITK ¢ ucnosszoanuem Begomoro dbusbrpa (nasee — IDCP).

2. Apropurm IITK, npesoxenusiii JIoHrom u coaBropamu, ¢ 1[BETOKOPPEKITH-

eii (masnee — Long).

. Anropurm 2Ky 1 COABTOPOB € UCTIOTB30BAHUEM KAPTHI NIyOMHBI 11T pacieTa
KapThl nponyckanus (nanee — Zhu depth).

. Asropurym 2Ky 1 COaBTODPOB € HCIOJIB30BAHUEM METO/A MPEIIOIOKUTETHHO
TEMHOT'O KaHaJa JYIsl pacdera KapThl nporyckanus (nanee — Zhu DCP).

. Asropurym 2Ky ¥ COABTOPOB € MCIOJIB30BAHUEM METO/A MPEJIIOJIOKUTETHHO
TEMHOI'0 KaHaJIa JJisl PacueTa KapThl IPOILYCKAHUsI U OIIEHKOH aTMocdepHoro
U3JIy9eHUs YCPETHEHUEM TI0 TUKCEISIM ¢ HANOOJIBITIM 3HATECHUEM 38 TbIMIICH-
Hoctu (8) (masee — Zhu mean).

. Asropurym 2Ky 1 COABTOPOB € HCIIOIb30BAHNEM CIUIAYKEHHON BeJIOMBIM (DU~
TPOM KAPThI 3a/IbIMJIEHHOCTH, METO/A ITIPEJIIOJIOKHUTEIBHO TEMHOIO KaHa~
Jia JJIsi pacdyera KapThl IPOILyCKAHUsSI U ONEHKOH aTMOCHEPHOro U3JLyYeHust
YCPeIHEeHHEeM 110 MHUKCeJIsIM ¢ HaubOoIbIIUM 3HaYeHHeM 3a/IbIMIeHHOCTH (-
ropur™ 3.1, nanee — Zhu mean GF).

Ciemyiomeil 9acTblo UCCJICIOBAHUST SIBJISIETCsI NTPOBE/IEHUE IKCIEPUMEHTOB 110
KOMITEHCAIUY JIBIMKY JIJIsi aJrOPUTMOB, PAa300paHHBLIX B IIPEIbLIYINEH riaBe.
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DKCIEPUMEHTHI IIPEJTIAraeTCsT IPOBOJIUTD HA JAHHBIX C CHHTETUIECKON JIBIMKO
CcO cpaBHEHEEM pedEpPEeHCHOTO M300parKeHns ¢ PE3yAbTATOM pabOTHI AJITOPUT-
Ma 10 KOMIIEHCAIIUU JBIMKYM U HA PEAJIbHBIX JIAHHBIX C IIOXKAPAMH, Pe3YJIbTaThl
paboThI AITOPUTMOB Ha KOTOPBIX OYIyT OIEHEHbI BU3YAJIbHO.

4.1 MWcciaenoBaHue HA JAaHHBIX C CUHTETUYECKOU ABIMKOMN

7151 KOJINIECTBEHHOM OIEHKN KavdecTBa pabOThI AJITOPUTMOB IPEJIATAECTCS MO-
JIeJINPOBATh UMUTUPYIONIYIO IBIMKY KapTy IPOIIyCKAHUSA U CDABHUTD PE3YJIbTATHI
paboTrbl BEIOPAHHBIX METOJIOB € UCXOIHBIM HE3a bIMJIEHHBIM n300pazkenuem. st
[IPOBeJIeHns uccieoBanus u3 6a3pl ganHbIX npoekta AVIRIS [15] 6buio BEIGpa-
HO 10 CHUMKOB 3€MHOIi TIOBEPXHOCTH, CJIEJAHHBLIX B SCHYIO HOIOJY. DTO TPEXKa-
nasbable RGB u3o6parkenus pasmepa 600 x 600 nukceseit. Bosee moapobno xo/
MIPOBEJIEHNUST SKCIIEPIMEHTOM MOXKET OBITH OIUCAH CJIEIYIONIM 00pa3oM.

Ausroputm 4.1 AropuT™ OIEHKH Ka4eCTBa KOMIICHCATINI CUHTETHIECKOI JTBIM-
KU Ha BBIOOpKe JaHHBIX /133.

1: Tenepamus ciy9JaifHBIX KapT MIPOIMYCKAHUS C TOMOIIBIO TPAHUYHBIX 3HAYCHUH
tmin, tmax, KOTOPBIE BBIOMPAIOTCS W3 PABHOMEPHBIX pACIPEIEIeHUN: tmin ~
U([0;0,25]) # tmax ~ U([0,75;1]).

2: Cosnanue 4 TUIIOB JBIMKHU: aXPOMATUYECKONH PABHOMEDHON € IPOILyCKaHUeM ¢, paB-
HBIM CpeJHeMy apu(dMETHIECKOMY {min ¥ tmax, AXPOMATUYECKON IDAJMEHTHON C
IIPOILyCKaHHEM, PaBHOMEPHO BO3PACTAIONIUM OT tmin JO fmax, & TaKKe LBETHON
PaBHOMEDHO#! U IIBETHOI I'PaJUEHTHON C BBIOOPOM CJIy<aifHOrO I[BeTa KPACHOI'O TO-
Ha B KadecTBe aTMOC(HEPHOro M3jIydenus: A.

3: DopMHpOBaHME NCKYCCTBEHHO yXYAIIEHHOIO M300parkeHusl, coryacHo momean (1).
Cwm. puc. 2.

4: TlosmyveHnue OlEHKH KadeCTBA KOMIICHCAIIUH.

Puc. 2: TIpumep monenupoBanus JIbIMKH 110 asropurmy 4.1: ucxomnoe RGB
n306parkeHne, MOJIyIeHHOe B SICHYIO HOroy (a), axpoMaTHIecKas paBHOMEpHAs
(b), axpomaruueckast rpajueHTHast (¢), BeTHast paBHOMepHas (d) u 1BeTHast
rpajueHTHas () JIbIMKA
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KonnyecTBeHHas OlleHKA KadecTBa KOMIEHCAUY JIjisl OIEHKH KauecTBa
paboTHI AJITOPUTMOB KOMIIEHCAIIUH JIBIMKY IIPEJJIAraeTCst UCIOIb30BaTh TPH MeT-
PHKH: HHJEKC CTPYyKTypHOro cxoicrsa (SSIM), cpejHekBagpaTuaHyio OnmbKy
(MSE) u orHOmmenune nukosoro ypoerst curtasa K imymy (PSNR). ITociennue
JIB€ METPUKHU SIBJISIIOTCSI ODIIEIPUHATBHIMU , YTO B 3HAYUTEJILHOH Mepe 0Obsic-
HSIETCsI IPOCTOTO} BBIYNCJIEHHS U HOHATHBIM (pU3MdecKUM cMbIcjaoM. OHAKO B
HUX HE YYUTBHIBAIOTCSI OCOOEHHOCTH vesioBedeckoro Bocupusitust [16]. Ilosromy B
Ka4deCTBe OCHOBHOW MeTPHKH ObLI BHIODAH MHIEKC CTPYKTYPHOIO CXOJCTBA.

Pe3ynbTaThl YMCI€HHBIX YKCIEPUMEHTOB HA JAHHBIX C CHHTETHYECKOI
OBIMKO#i. Pe3ynbraThl 9KCIEpHMEHTOB IIpe/ICTaBJICHb B Tabsiuie 1 n Ha pu-
cynkax 3—4. B kaxnoil aueiike npuBenensl yepeaHennbe 10 10 n3o06parkeHusM
snadenus BesmdnH SSIM, MSE u PSNR. IlosyKupHbIM BbI/IeI€HbI HAULY YIIIUe
[IOKa3aTe IN.

Kax MOXKHO BUIeTh U3 TAOJMIBI, IPEIJIOKEHHbINA ajaroputM Zhu mean GF
JEMOHCTPUPYET TI0 BCEM IOKA3aTeJIsIM JIydIlie 3HAYCHUs JIJIs BCEX THUIIOB CUH-
Te3UPOBAHHBIX JBIMOK. UyTh MEHBIIHNE 3HAYEHUs] HAOJIOJAIOTCS Y AJITOPUTMA,
IDCP. Haubomnbmmas pasauna mex gy Zhu mean GF u IDCP Bumna Ha mpume-
pax I[BETHLIX I'PAJIUEHTHBIX JIbIMOK. Hauxymmume mokasarenu HaOJIIOMAIOTCT Y
agroputma Zhu depth.

Kak Bumao 3 Tabmmmpsr 1 1 pucyHKOB 3—4 3HAUYEHMS MMOKa3aTeseil KauecTBa
COIJIACYIOTCS C BH3YAJIU3AIUSIME PE3YJIbTATOB paboTsl: ajroputMm Zhu mean GF
BBIJIAGT N300parKeHue ¢ HAMMEHBITIMYU UCKAYKEHUSIME [[BETOB M HanboJjiee moXo-
KM HaQ UCXOJHBIA «YUCTHIII» CHUMOK.

M . Axpomaruueckasi AxpomaTuuecKast IIBeTHast IlBernas
leron\ Tun gpivkn
paBHOMEpHAs rpajiueHTHasT paBHOMEpHas rpajueHTHas

SSIM MSE PSNR. SSIM MSE PSNR SSIM MSE PSNR SSIM MSE PSNR
IDCP 0,876 890 19,8 0,857 1070 18,8 0,819 1940 16,7 0,737 3250 14,4
Long 0,780 2330 14,7 0,810 2230 14,8 0,799 1470 16,9 0,765 2460 14,7
Zhu depth 0,722 1960 15,5 0,711 2230 15,1 0,754 2290 15,7 0,545 5600 11,7
Zhu DCP 0,871 1020 19,0 0,849 1190 18,6 0,810 2130 16,1 0,720 3440 14,0
Zhu mean 0,873 750 20,7 0,863 970 18,9 0,828 1700 17,3 0,771 2700 15,2
Zhu mean GF 0,878 616 21,7 0,87 630 20,8 0,829 1660 17,8 0,806 2070 16,6

Tabsnna 1: Pe3ysibraTsl 9KCIIEPUMEHTOB 110 OI[EHKE KadecTBAa KOMIIEHCAITUN
YeThIpeX TUIIOB CHHTETHIeCKOil JbIMKE Ha JaHHBIX JI33. IlonyupHbiM
mpudTOM BBIJICJIEHBI JIYUIAe TTOKA3ATEIN.
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(a) Aspodoro

(e) Zhu DCP (f) Zhu mean (g) Zhu mean GF (h) Zhu depth

Puc. 3: IIpumep paboThl aropuTMOB KOMIIEHCAIIUN JIBIMKHU HA JAHHBIX C
CUHTETUYECKON JIBIMKOI. BuiHo, 4T0 BCe ajropurMbl, Kpome ajaropurMma Jlomnra,
CIPABWINCH C 33J[a4eil XOPOIIO U OTJINYAIOTCI B OCHOBHOM OajiaHCOM 6eJioro.

(e) Zhu DCP (f) Zhu mean (g) Zhu mean GF (h) Zhu depth

Puc. 4: IIpumep paboThb! aJropuTMOB KOMIIEHCAIIAN JIBIMKU Ha JIAHHBIX C
CHHTETUYIECKON JbIMKON. Kak BUHO, pe3ysIbTaThl JIOBOJIBHO CUIBLHO
OTJIMIAIOTCST: TOJBKO aJTOPUTM OIeHKHU aTMocdeproro namydenus mo 1. 2Ky ¢
yepeauenneM (puc. (g)) onenmt arMocdepHoe U3JIyIeHne JOCTATOUHO TOIHO. B
To BpeMs Kak ajqroputM IITK creman kpacHbIil mBeT apiMku Gostee
KOHTPACTHBIM, He YJIyUIIUB N300ParkeHust
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4.2 I/ICCJ'Ie,E[OBaHI/Ie Ha peaJIbHbIX JaHHBIX C IIO2KapaMunu

st uccsreqoBanus paboThl IPeIJIOZKEHHBIX aJI'OPUTMOB KOMIICHCALIMY Ha, PEAJIb-
HBIX JIAHHBIX ObLIM BBIOpaHbl CHUMKH 13 6a3bl janabix AVIRIS [15], cogepxkainue
JIBIMKY, ¥ IIPOBE/ICH BU3yaJIbHbLH aHasus3 (puc. 56 )

(d) Zhu DCP (e) Zhu mean (f) Zhu mean GF (g) Zhu depth

Puc. 5: Ilpumep paboThl aITOPUTMOB KOMIIEHCAIINY JIBIMKH HA PEAJTHHBIX
JaHHBIX. BujaHO, 9T0 ajaropurMbl paboTaoT MPUMEPHO OJIMHAKOBO: 1IBETA
CTAHOBSTCs OOJIee KOHTPACTHBIMU, HO JBIMKA CHHEET

) IDCP

) Zhu DCP (e) Zhu mean ) Zhu mean GF (g) Zhu depth

Puc. 6: IIpumep paboThl aJITOPUTMOB KOMITEHCAITNH JIBIMKH HA PEAJTHHBIX
JIAHHBIX. BUJIHO, 9TO aJIrOPUTMbI COBCEM HE CIPABJISAIOTCS C JIBIMKOM Jlazke
cpepHeit wioTHOCTU. BhIesiercst m3o00paskenne ¢ IBeTokoppekmueit ot Long,
OJIHAKO KAYeCTBEHHO KapPTUHA OCTACTCS TOW K€
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5 3akJro4deHue

ITogBo/sT UTOrM SKCIEPUMEHTOB, MOXKHO OTMETUTH, YTO MPEITOXKEHHBIE MOIHU-
duKaUU MO3BOJUIN JIOCTUYb [IPUPOCTA KAYeCTBA KOMIIEHCAIIMHA HA JAHHBIX C
CHHTETHYIECKOH JbIMKOi. Kpome Toro, Ha peabHBIX JAHHBIX B 00JACTSAX C JTBIM-
KO#1 OTHOCUTEILHO HEOOJIBINON IIJIOTHOCTH BCE AJITOPUTMBI, 38 UCKJII0YeHneM Zhu
depth, gemonCcTpHEpYIOT BH3yasbHOE yiIydilieHHe n300parkeHus. BoJiee BbICOKOE
KadecTBO PabOTHI HA CHHTETUIECKUX JAHHBIX MOKHO OOBSICHUTH T€M, UTO OITH-
JecKas Mozieab hopMupoBanus n3obpaxkenus (1) aBisercs npubamzkenHoii. I1o-
9TOMY BOCCTAHOBJIEHHE M300parKeHUsI, 3allyMJIEHHOTO 10 JTAHHON MOJeJd, Ipo-
WCXOUT JIyUIle, 9eM KOMIIEHCAINs PeaTbHON TBIMKH.

Crout TakzKe 3aMEeTUTh, YTO PACCMOTPEHHBIE B paboTe IPUMEPHI CHUMKOB C
peabHOM IBIMKOM IO CJIOXKHOCTH 3aMETHO OTJIMYAIOTCS OT CMOJETHPOBAHHBIX
JAHHBIX: C IBETHON ABIMKOMN, IIJIOTHOCTL KOTOPOH CUJIBHO BapbUPYETCs OT IIOJI-
HOCTBIO HEITPO3PAYHON JIO MOYTHU IIPO3PAYHOI.

[Tomumo 3TOTO XOTETOCH OBI TIOTIEPKHYTH CJIEAYIONINE PE3YIbTATHI.

— OKCIEPUMEHTB! Ha JAHHBIX C CUHTETHYECKON JIBIMKOIl IIOKa3aJH, YTO aJIro-
put™ 3.1 ¢ orenkoit armMocdepHOro U3y ueHus 10 GUILTPOBAHHON KapTe 3a-
JIBIMJIEHUS TaeT HAMJTy 9Ilie IIOKA3aTesIH 110 BCEM PACCMOTPEHHBIM METPHKAM
Ha Bcex THHax abIMKu. State-of-the-art amropmrwm IITK rakxke memoncrpu-
DPYyeT XOpoIre Pe3yJIbTaThbl Ha BCEX JBIMKaX, KPOMe I[BETHOI IpaJIMeHTHOI,
IJIe HEIUIOXO HOKa3bIBaeT cebs ajropuTM JIOHTa ¢ 1BETOKOPDEKIHEDL.

— Hecmorpst Ha sy driiee pacriosHasanue pera 1uddy3HOro U3y YeHns 10 Kap-
Te 33JIbIMJIEHUSI C yCPEJIHEHUEM, Pe3yJbTaThl Ha PeasbHbIX JaHHBIX IOJIy-
YUJIMCh BU3YAJIHHO COIOCTABAMBIE. DTO MOXKHO OOBSCHUTH TEM, UTO I[BET
JIBIMKH HETIOCTOSIHEH M HEKOTODBIE OTJINYHUSI B MEXAHU3ME €r0 OIlpe/[eIeHIs
BHOCSIT JIMINb HEOOJIBIITON IIPOIPECC B MPOIECC KOMIIEHCAIINHU JIBIMKH.

— IIBeTokoppeknus, npeiaraemas JIOHroM 1 coaBTOpaMu, He BHOCHT 3aMeT-
HOT'O BKJIaJ[a B Pe3yJIbTaT. BO3MOXKHO 9TO CBA3aHO C TE€M, UTO 000D THIIep-
napamerpa Koppekiuu M (B Boipaxkenuu (5)) J0JIZKEH IIPOU3BOUTCA WHJIA-
BH/LyaJIbHO JIJIsl KayKJI0I'0 CHUMKA, YTO SIBJISIETCS JJOBOJIBHO TPY/I03aTPATHBIM.

— Kapra nponyckanusi, copMupoBaHHas 10 KapTe IVIyOMHBI OKa3aJa CBOIO
HECOCTOATEJIBHOCTD IIPU PaboTe Ha PEeaJIbHBIX JAaHHBIX. OTHOCHTE/IbHAS BBI-
coTa OOBEKTOB CIIEHBI HEBEJIMKA 10 CPABHEHHUIO C BBICOTOH ChHEMKH, IOTOMY
KapTa [VIyOHHBI JIA€T JI0BOJIBHO I'PyOble PE3YJIbTATHI, & IJIe-TO U BOBCE YXY/I-
maeT n300parkeHue.

— @uubTpalys KapT 3a/bIMIEHUS U IIPOIIYCKAHUS SIBJISETCSA BayKHBIM ITAIIOM
paboTsl ajnropurMa KoMmieHcanun JuIMKH. Ha cuaTeTnmuecknx abIMKax 3a-
METHO, YTO I[BET U3JIyY€HUsI, OLPe/IeIEHHBII 10 (DIILTPOBAHHON KapTe 3a-
JIBIMJIEHUS, TOJIy4aeTcss To4dHee. Ha peasibHBIX Ke JAHHBIX HECOCTOSITE]b-
HOCTb PE3yJILTATOB aJrOPUTMa C OIpeJeJeHHeM KapThl IIPOIYCKaHUs Kak
GYHKIUN OT IJIyOMHBI TAKXKe BO MHOTOM MOXKHO OOBSICHUTH OTCYTCTBHEM
CIUIaKMBAHUSI.

— JocraTodHo Xopolue mokasarean ObIcTpoeiicTBusl (IOpsiKa Iapbl CEKYH,T
JUUIsl KOMIIEHCAIN JIbIMKH Ha n306pazkernu pasperierus: 600 X 600) nmokasbi-
BalOT BCE PACCMOTPEHHBIE AJTOPUTMBI.
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Pestomupysi, B paboTe Oblja MCCIe10BaHa 38148 KOMIIEHCAIIIH JIBIMKH, B TOM
9q1cJie OKPAITEHHOM, Ha adPOhOTOCHIMKAX 3€MHOM MOBEPXHOCTH. BBLIT mpeio-
2K€H HOBBIIi aJI'OPUTM KOMITEHCAIINH JBIMKH, COCTOSIININ B OIEHKE aTMOC(HEPHOIO
W3JIyIeHUsI COTJIACHO KOHIIENINY 3aTyXaHUsI I[BETA W pacdeTe KapThl ITPOIYCKa-
aust MerojioM [ITK. Bouin npoBegeHbl BBIYUCIUTEIbHBIE SKCIIEPUMEHTDI 110 UC-
CJIEJIOBAHNIO KadecTBa KOMIIEHCAIIUN Ha JAHHBIX C CHHTETHYECKON M pPeabHOI
IBIMKOIT. Pe3ybraTsl TecTupOBaHUS TTPOIEMOHCTPUPOBAJIN, 9TO TTPETOKEHHBII
AJICOPUTM [TOKA3BIBAET JIyUIlIUEe PE3YJIbTAThl HA JAHHBIX C CUHTETHYECKON JIbIM-
KOi1, a Ha M300parKeHUIX C PEABHOM JBIMKON Ka4eCTBO ero paboThl COIIOCTABIMO
C IPYTUMH PACCMOTPEHHBIMU AJITOPUTMAMU.

UccnenoBanue BBIIOJHEHO 3a cuéT rpaHTa Poccuiickoro Hay4dnoro gonua
(mpoekT Ne20-61-47089).
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Anzortanus B pabore paccmarpuBaeTcs 3aja49a JIETEKIMNA U KOMITEHCA-
¥ TeHei 0T 06JIAKOB Ha MYJIBTUCIEKTPAIHHBIX CITy THUKOBBIX CHUMKAX.
IIpuBeneHbl pe3yabTaThl PACIIUPEHHBIX BBIMHCIATEIHHBIX 9KCIIEPUMEH-
TOB IO OIEHKE KAYeCTBAa KOMIIEHCAINN Pa3pabOTaHHOIO aIropuTMa Ha
OTKPBITHIX JAHHBIX JMCTAHIMOHHOIO 30H/MPOBAHUS 3€MJIM CO CIIyTHU-
koB Sentinel-2 m Landsat 8. ITokasaHo, 4TO Ipe/JIOKEHHBIH AJITOPUTM
[I03BOJISIET B CpejHeM B 4 pa3a HpUOIU3UTH 3HAYEHUS CIEKTPAJbHBIX
KAHAJIOB B 3aTEHEHHBIX OOJACTAX K OCBEINEHHBIM TOW K€ IMOBEPXHOCTH,
uro B 1.3 pas syume, yem asroput™m Ha ocHoBe Gray-World momenn.
Taxke moOKa3aHO, YTO PA3PaOOTAHHBII AJITOPUTM ITO3BOJISET CYIECTBEH-
HO CHU3UTH BJIMsSIHUE TeHell oT 00JIaKOB Ha 3HadeHusi mHjekcoB NDVI,
NDWI, NDMI, BSI, BbI4ucieHHbIX 110 CKOMIIEHCUPOBAHHBIM KaHAJIaM.

KurrogyeBble cjioBa: TOYHOE 3eMJiejieine, KOMIIEHCAInus TeHeit, Sentinel-
2, Landsat, BeretanoHHbIe UHIEKCHI

1 Bsegenue

JlaHHbIe IMCTAHIIMOHHOTO 30HMPOBAHNS IMIIPOKO UCTIOIB3YIOTCSA B CETTBCKOM XO-
astficTBe. MyJIbTUCIEKTAILHBIE CHUMKH, HOJLYY€HHbIe TAKAMH IPOrPAMMAME KaK
Landsat [1], Sentinel [2], IKONOS [3] u ap. [4], akTuBHO TIpUMEHSIIOTCS B TOY-
HOM 3eMJICJICJIAN I aHAJM3a U MOHUTOPHTHA CEIbCKOXO3ACTBEHHBIX yTO/IHil
[5]. DT cHEUMKE YACTO GBIBAIOT HOJBEPXKEHBI PA3IMIHBIM ATMOCGHEPHBIM U All-
[APATHBIM HCKAaXKEHUAM, UTO YCIOKHseT nx aHauus [6]. Obsaka, HepeKpbIBaio-
IUe 3HAYATEIHHYIO 9aCTh MOBEPXHOCTH 3€MJIM, OCTABIISIIOT HA BUIMMON YacTH
CIIeHBI TEHH, KOTOPbIE HCKAXKAIOT HAO/IIOIAeMble CIIEKTPAIbHBIE XaPAKTEPUCTHKH
MOBEPXHOCTH. JTO B CBOIO OYEPE/h MPUBOJUT K HEMPABUILHBIM PACIETaM DPas3-
JINYHBIX BEreTAIMOHHBIX TIoKazareseil. Hanpumep, nngekc Normalized Difference
Vegetation Index (NDVI) [7] 70KHO JieTeKTUpyeT TaKue yIaCTKH KaK O0JIacTi
¢ Hu3Koit Beretarmeil. TakuM 06pa3soM, BOZHHKAET 3a/1a9a KOMIICHCAITUA OTCYT-
CTBUsI IIPSIMOTO UCTOYHMKA CBETA JUIsl 3aTEHEHHBIX obsiacreit n3obpazkenus [8.
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Hamrast paboTa ycTpoeHa CJeIyIomuM 00pa3oM: B paszese 2 hopMyInpyeT-
¢ 3ajiada KOMIIEHCAIIUH TEHeil; B pasjesie 3 ONICHIBACTCS Pa3pabOTaHHBII aj-
rOpUTM, KOTODBI paHee 6b11 puBeseH B paborax [9,10]; B pasmene 4 onucanbt
JaHHbIe, METO/JIUKA IKCIIEPUMEHTOB U IIOJIy9YCHHbIE PE3YJIbTAThI.

2 TIlocranoBKa 3aja4n

Pacemorpum citeyroryto Mojes hOPpMUPOBAHUS MYIBTHCIIEKTPATBHOTO U300~
paxkenus I B Touke X:

I(x) = (Lak(x) + L )R(x), (1)
e Ly u L. — BekTopa npsamoro u auddy3HOro KOMIIOHEHT UCTOTHUKA OCBEIe-
nust, k(x) — koaddunuent ocserménHocTr npsiMbiM ucrogrukoM Ly (k(x) = 0
03HAYAET YTO TOYKA X HAXOAUTCs B TeHu), a R(X) — BEKTOp OTpakaTesIbHOM
CIIOCOOHOCTH.

Cuwnras k(x) = 1 jyist Becex To4eK n300parkeHusi, Mbl IIOJLyIUM MO/IEJIb U300-
pakenus 6e3 Teneit I*:

I'(x) = (La + L¢)R(x). (2)

Homuozkus u pasjesns soipakenue (2) na (Lgk(x) + L) u nogcrasus B (1),
MBI MOXKeM BbIpa3uTh I depes I B cienyromenm Buge:

L;+ L,

)= T+ L

I(x) = c(x)I(x). (3)
Sajavya 3aK/I09aeTCs B OIEHKE BEKTOpa C 10 MMEIOEMYCsl MYJIbTUCIIEK-
TpaJIbHOMY u300pazkeHuio 1.

3 0630p pabot

B pa6ore I'yo u coasropos [11] npeanosaratorcst He GUHAPHBIE 3HadueHUs] k €
[0,1], 9To MO3BONAET YUNTHIBATH HAJMYHME TOMYTEHEH M IUIABHBIN IIEPEXOf OT
OCBENIEHHON 00/1aCTU K TEHEeBOH. ABTOPBI OIPEIE/ISIIOT BeJIMUUHy I' = %7 KOTO-
pas XapaKTepu3yeT OTHOIIEHNe KOMIIOHEHT IIPSMOTO U3JIydeHus K ,ZLI/ICI)Cl;yBHOMy,
JIJISE OLIEHKH KOTOPOIi ITpe/yIaraioT HaXoIUuTh MapHble 00JIaCTH BHYTPU M BHE TEHI
(CLS, CLL) " BBIYUCJATH II0 HUM Cpe)’[HI/Ie 3HaYEeHNsI WHTEHCUBHOCTEM T " cTerneHm
sarenenust k. JIjist pPABHOMEPHO PACIIPEIeJIEHHBIX 00IACTEl BIOJIb KOHTYPa TeHeil
BBIYUC/IACTCA HAGOP 3HAYECHUI T'; CJIEIYTIONIEro BUJIA:
T, —T,.

r, = —

e s 4
Ls ke — Lz kiys @)

rae Iz, I,s — BeKTOpa cpeHINX MHTEHCUBHOCTEH BHYTPH OCBEIIEHHON U 3aTeHEH-
HOIi obJiacTeit aL, a®. Urorosas BemunHa r olpeaesIsieTcs TOJIOCYIome cxeMoit
Ccpejii BCeX Iy, IJIe § — UHJEKC Imapbl obJracTeil.
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B paGore Cuisa u coasropos [12], B ormune or paborsr [11], Beamdauna
k cuautaercs OWUHAPHOIN, a 3HAYEHUS I MPEJJIATACTCS BBIYUCISTH CJIEIYIONIAM
Iy TEM:
<L =S
I"-1
r= -5 (5)
1
=L =5 . .
rae I, 17 — cpejnue 3HaveHHs M300pasKeHHsl JIUIsl OCBEIEHHBIX M 3aT€HEHHBIX
obacreit nzobpazkenus, 1ro corsacyercst ¢ Gray-World npeamosnoxenuenm [13].
Meron, npeoxkennsii B pabore [14], B omiMdne or pacCMOTPEHHBIX BBIIIE
peleHnil, 3aK/II09aeTCsl B BBIYUCICHIN HAOOp BeInduH {r = %} 110 00J1aCTAM,
e
HOJIYYE€HHBIM B PeE3yJibTaTe CerMeHTalnun I/I306pa}KeHI/IH II0 KpUTEPUIo L[BeTOBOﬁ

¥ TEKCTYPHOI OJIHOPO/IHOCTH, & UTOTOBBIIl BEKTOD I' OIIEHUBAJICS Iepe3 BLIOOPOU-
HbIe CPEJIHUE 3HAYEHUSI.

4 Asaroputm

Anropurm kKoMmuencanuu remeit (Puc. 2) cocTrouT u3 ABYyX OCHOBHBIX STAIOB.
Ha mepBoM sTare BBIYHCIIAIOTCH OMHADHBIE MAacKH OOJIAKOB M TeHeil oT HUX. B
PacCMaTPUBAEMOM aJITOPUTME STOT PACIET BLINOJIHACTCS HA OCHOBE MOAUQPUIIT-
posannoro Shadow Detection Index (SDI') [15]. Uuaexe SDI paccunrsizaercs
CJIETYFOIIIIM 0Opa30M:

2—-PC,
(GREEN — BLUE)-RED + 1’

SDI = (6)
rne RED, GREEN, BLUFE — nopMmaju30BaHHbIe 3HAYEHUSI KAHAJIOB B Kpac-
HOM, 3€JIEHOM U CHHEM JIHAlla30HaX COOTBETCTBEHHO, a PC)] — HOpMa/In30BaHHOE
3HAYEHNE IIePBOH I'TaBHOW KOMIIOHEHTHI.

CyIIeCTBEHHBIM €r0 HEJIOCTATKOM SIBJISIETCS IJIOXasl PA3JIMYUMOCTh TEHEH U
IIOBEPXHOCTENl C BBICOKMMHU 3HAYEHUsIMH B KPaCHOM JIMala3oHe crekTpa. Jlnsa
ycrpaneHusi 31oro a¢hdekTa mpejraraercsi Berautarh u3 SDI 3HaueHnsi KpacHOro
KaHaJa:

SDI' = max((SDI — RED),0), (7)

r/ie max — oueparus MO3JIEMEHTHOI'O MaKCUMYyMa.

Orpejiesienne oporos 00JIAKOB U TEHEH MPOM3BOJMIIOCh aBTOMATUYIECKH 110
rucrorpamme SDI’-uzobpazkenusi. [1logbop mOporos mpon3BOAUICT METOIOM MU-
HUMAJIBHOIO 1opora [16], mpudem jyist OLEHKH [OpOra 3HAYEHWH TEHU HCKJIIO-
qaJIiCh BCe MUKCEJIM, OTHECeHHbIe K obiakaM. K Macke TeHeil mpuMeHsIICs psi
dusbTpanmii, 9To6bI YMEHBIINTD BIUSEHNE BOIHON ITOBEPXHOCTH, KOTOPAs TaK
XKe jiaer JioxkHble cpabarbiBanus SDI, U BBIAEJUTH TEHH OT MOJIYIPO3PATHBIX
00JIaKOB.

Ha pucynke 1 npuseseH npumep pabOTHI JeTeKTOpa TeHel 1 00JaKOB Ha
ocuoBe Mojudunuposanuoro SDI.
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Puc. 1. [Ipumepsl jerekTupoBaHusi 00JIaKOB M TeHeil: KpaCHBIM 0003HAYeHbI O0JIaKa,
CHUHUM — TE€HH.

Bropoit sTan npejcrasisier cobOil POIECC HEIOCPEICTBEHHO BOCCTAHOBIIE-
Husl 3aTeHEéHHOI obsacTu. [lockosibKy obsiaka HEOIHOPOIHBI, MPEIOJIaraeTcs,
9TO BJIMSIHAE OTCYTCTBUSI KOMIIOHEHTDI IIPSIMOTO M3Jrydennst Ly mutst pa3ubIx Te-
Heil paziauano. Vcxoms u3 3T0ro Ipe/InosIozKeHns, B pACCMaTPUBaEMOM aJITOPUT-
Mée BEKTOD C OLEHUBAETCS MHIAWBUIYAJIbHO i KaxKjoit Tenu. OreHka KOMIIO-
HenT ¢’ 1A j-0f TEHM OCYMECTBIISETCS ¢ MCIOIB30BAHIeM POOACTHOTO TIOIXO-
718, OCHOBAHHOTO HA BLIYUCIEHUU MeJIMAaHbI OTHOIIEHUN sIDKOCTH THKCeJell BHE
¥ BHYTDH TE€HU:

Ie(xf)

Ig(xf) +67 (8)

& =(&1,...,¢6N), e = median{czg}?io, CZg =
5 : :

rie I¢(xF), I¢(x7) — marencusnoctn &-ro xanana nzobpaxenus I B Toukax, Jje-
JKAIUIX Ha PABHOY/IAISHHBIX PACCTOAHUAX OT IDaHUILI Tenn BHe Hed (xD) m
ByTpH (X°), a € — Majiasg KoHcranra.
U306paskenne co CKOMIEHCHPOBAHHBIMU TEHIMU I BBIMHCISCTCS CIICLYIO-
UM 00pa3oM:
I'(x§) = & oI(x9). (9)

Ha pucynke 2 mpusemena 6/10k-cxema aaropurma. Kro 6osee moapobHoe orm-
caHue npusesieHo B paborax [9,10].

5 DKcnepuMeHTbhI

B npepuiymux ucciaenosanuax [9,10] mpuBOAATCS pPe3ylbTATHI CPABHEHHUs Ha
JIAaHHBIX cryTHHKa Sentinel-2 st 4 kanamos (B2, B3, B4, B8) u oxnoro un-
nekca (NDVI). B Hacrosimeit pabore NpUBOJSITCS PE3yJIbTaThl OLNEHKH KauecTBa
KOMIIEHCAIMM TeHeil Ha JaHHbIX ciyTHUKOB Sentinel-2 m Landsat 8. Ouenka

279



Macka meneti Macxka o6.1axoe
/ Jlokanu3anust Macxa eodut om nAGMHbLIX IHoanan macka meeii
06/1aK0B H

TeHeH

S

“obaanon 6
00/1aK06 63
Bumcnertie | aodvu meneri_| Porictense Macxa reneit
ez BoaBI "::eﬁsg'lz' " MacKu Tenei oﬁpaﬁomn Macxka obnaxos

. Macka meneit  Macka o6aaxoe
Hudexc SDI' Macka obraxos  co cmewenuem

BLUE :

~ H

Bhruncenne :

Boruncnenne BrrumcTenne :

Buracnoume | ncor remei sexropa mack remeit i

3 H 06TaKoB CABHTa 0671aK0B

Macka meneli Hszobpadsicenue
Komnencanust Macxa 06 1axoe

TeHeH Hudueudyanuuue l mzueahwu :lolmMu

Macku meHeti

Bhuetenue Ik Pacc “"' B it BoccTaHoBHTH
Macka Teneit ueunany
‘Macka 06/1aKo! 3aTeHeHHBIX st xnxnon Kﬂwfbmlllelﬂ‘w TeHeByIO crnnnaunno@
EL TeHH | me: di ( ( o obnacTs j n3obpaxenne

Puc. 2. Biiok-cxema aJIropuTMa KOMIICHCAIIUN TEHEN.

Ka4eCcTBa MPOBOAMIACH KAK HA CHEKTPaJbHBIX KaHauax (8 miag Sentinel-2 u 5
st Landsat 8), Tak ¥ Ha BBIYMCJIEHHBIX 110 00pabOTAHHBIM KAHAJIAM HHJIEKCAX
Normalized Difference Vegetation Index (NDVI), Normalized Difference Water
Index (NDWI), Normalized Difference Moisture Index (NDMI), Bare Soil Index
(BSI). Beero ucnonbzosasocsh 10 caumkos ayist Sentinel-2 u 6 guist Landsat 8.

OrneHKa KavecTBa OCYIECTBIISIACH 10 METOJUKE C HCIIOJIL30BAHUEM TOJIBKO
UMEIOIIUXCS U300PaKEHUil, T.K. IMOJIYIUTh JIaHHbIE 6€3 00JIaKOB 1, COOTBETCTBEH-
HO, TEHeHl C UJEHTUYIHBIMU COCTOSIHUSIMH IIOBEPXHOCTU 3eMJIA HE IIPEJICTABIIsI-
eTcsl BO3MOXKHBIM. [Ijisi 9TOro ObLIM IKCIIEPTHO PA3MEUYEHbI Mapbl KBAIPATHBIX
obnacreit (¢ pasmepamu 10 Ha 10 mukceneit jyia cuyTauka Sentinel-2 u 7 mHa
7 mukceneit juisi Landsat 8), nmpumayiexkanux ofHONW U TOH Ke MOBEPXHOCTH,
HO JIEXKAIUX 10 Pa3Hble CTOPOHBI OT I'PAHMILI TeHH. [Jisi KaXKJi0ii Takoil mapsel
0bJ1acTeil BBIYHCIISLIACH CJIEIYIONIAs] BEJTMINHA:

=S =L =S 1 —L 1
Pk = ||Ia,C - Iak||27 Iak = n_s z I(Xf)v Iak = n_L Z I(Xﬁ), (10)
k xkeak

e k — WHJEKC mapbl obJiacTeit, aﬁ u af — obJjlacTu BHE W BHYTPU TEHH,

COOTBETCTBEHHO, NE 1 Ny — WX IO/

Beero st 16 uzobpazkenuit umesioch 320 nap obuacreit ¢ 20 obsiacrsiMmu B
CcpeJlHeM Ha U300pasKeHue.

Jljisi cpaBHEHHsI HMCCJIEJyeMOIO AJIOPUTMa B Pe3yjibraTaX IKCIEPUMEHTOB
[PHUBEJICHbl 3HAYEHUs JUIsl aJllOPUTMa, MPEJJIoXKEeHHOro B pabore [12] u ocHo-
BAHHOI'O HA OTHOIIEHUW CPEIHUX 3HAYEHUIT MHOTOKAHAJIBLHOIO M300DasKEHUsT B
ydacTKax BHYTPHU U BHe TeHu, 4To coriacyerca ¢ Gray-World npemnosoxenuem.

B rabsunax 1 u 2 npuBeJieHbI CPEJIHUE U MEJIUAHHBIE 3HAYEHUSI CHEKTPAJIb-
HBIX PACCTOAHUN (pPauvg, P50) AVIs CIyTHHKOB Sentinel-2 n Landsat 8 coorser-
crBeHHO. Paccrosinust Beraucssiucs st 8 kanasios Sentinel-2 (B2, B3, B4, B6,
B8, B8A, B11, B12), 5 kanasos Landsat 8 (L8B2, L8B3, L8B4, L8B5, L8B6) u
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4 yKa3aHHBIX paHee WHIEKCOB II0 BCEM IMaTIaM JJIsi KayKI0r0 PACCMOTPEHHOTO
npumepa. INIT — 0603Ha9aeT UCXOHBIE HECKOMIIEHCUPOBaHHbIE nanubie, GW
anropurm [12] ma ocrose Gray-World momesnu, M ED - anropurwm [9,10]. Kpome
3TOrO, MccaenoBagach Momupukanust amropuma MED — M EDx, Kotopast co-
IJIACYETCs C MPEIIOJIOKEHNEM O B CPEJIHEM OJUHAKOBOI CTEIIEHU 3aT€HEHUsI JIJIst
Bcex oOsakoB. B nmannoit momundukanmn K03hOUIMEHT ¢ BBIYHUC/ISIICS HE I
KaXKJI0if TEHH, a OJUH JIsT BCeX. UTOOBI MMPOBECTH OIEHKY KAYeCTBa HEIOCPE/I-
CTBEHHO KOMIICHCAIIUHU, JJId BCEX CPABHUBAEMBIX aJI'OPUTMOB HUCIIOJIH30BAJIMCh
OJINHAKOBBIE MacKu 00JaKkoB U TeHel. Anropurm GW takike ObL1 MOIMbDUIII-
poBaH, 9TOOBI N30EKATH BIUSIHUS MHKCETeH 006/IaKOB HA pacdeT KoM MOUIIHEeHTA
KOMITEHCAITIH.

Kax BuaHo u3 Tabjmil, Bce paccMaTpUBaEMble aJrOPUTMbI YIIyUIIaloT Kade-
CTBO KAHAJIOB UCXOHOTO M300PayKeHus U PACCIYNTHIBAEMBIX HA UX OCHOBE WHJIEK-
coB. Anropurm M ED umeer Jjiydniie cpejgnue mnokasanu, yeM MED* u GW,
st cryTHUKOB Sentinel-2 u Landsat 8, 9T0 KOCBEHHO TOTIBEPXKIAET IIPEJIIIO-
JIO’KEHHE O BJIUSHUU HEOJIHOPOJHOCTH ODJIAKOB Ha KOI(DMUIIMEHT KOMIICHCAIUY.
DTOT AJrOPUTM KOMIIEHCHPYET KaHAJBI [0 CPABHEHUIO C MCXOIHBIMU JAHHBIMI
Ha 74% nna Sentinel-2 u na 78% mua Landsat 8, a umnexcwr - na 74% u 68%
coorsecTBenHo. Asroputm GW xomnencupyer Kanaubl Ha 65% mua Sentinel-2
n na 68% s Landsat 8, unmexcer - ma 53% u na 54%. Anropurm M ED* xom-
nercupyer Kauassl Ha 60% s Sentinel-2 n ma 72% nyia Landsat 8, uamekcsr -
na 64% n na 60%.

Ha pucynkax 3 u 4 npuseseHa BU3yam3aiius JIByX yIacTKOB 6e3 06paboTKu
U Pe3yJIbTaT pabOThl UCCJIEYEMbIX AJITOPUTMOB. BepxHuil psiii uzobpakenuii (a,
6, B, 1) — RGB-cHUMKY BH3yaJIM3MPOBAHHOIO y4YacTKa, HUXKHUA (1, €, K, 3) —
Bererarmonnbiit naaekc NDVI. Kak BugHO Ha KapTrax mHAEKCA, TEHU OT 00JIaKOB
CYIIIECTBEHHO CHUKAIOT ero 3uadente. llosgBiienne Takux obJsacreit MOXKeT ObITDH
JIOYKHO MHTEPIIPETUPOBAHO KaK CTPECCOBOE COCTOSIHIE PACTUTETHHOCTH.

Ha pucynke 4 Tak»ke MOXKHO 3aMETUTDb, YTO AJTOPUTM JIETEKIUU TEHEH He
OYEHDb XOPOIIIO CHPABJISIETCS C JETEKTUPOBAHMEM T'DAHMYHON YacTu TeHw. Jliis
cryiaxKuBaHus 3Toro 3¢ dexra npu pacdere KoIMPUIMEHTOB UCIOIb3YeTCs 3Ha~
YUTEJIBbHBI OTCTYII OT JETEKTUPOBAHHON I'DAHUIIBI B 0O0MX HAIIPABJICHUAX.

Ha mamsbix Sentinel-2 amropurm M ED* cupasisiercs: ¢ 3a/iadeil KOMITEHCA-
MU TeHell Ha KaHajax Xyxxke, deM ajroputM GW, B TO BpeMs KaK HHJIEKCHI,
IIOCTPOEHHBIE HA OCHOBE CKOMIICHCHPOBAHHBIX KAHAJIOB, UMEIOT JIyJIlHe [TOKA3a-
TeJin. DTO CBA3AHO C TeM, 4TO i Sentinel-2 1ocTynHo GOJIbINE MCXOIHBIX Ka-
HaJIoB, YeM jyia Landsat 8, ojjHako He BCe OHU MIPUMEHSAIOTCS JIJIs [IOCTPOEHHUSI
paccMaTpuBaeMbIX HHIEKCOB. TaknuM obpasom, agroputm GW syumie pabotaer
na kanaysiax B11, BSA u B6, uem M ED*, uro oueBuHBIM 06pA30M BJIASIET Ha
pPa3HUILy B OIEHKE KOMIICHCAIINN KAHAJIOB M UHIEKCOB.

6 3akJirodyeHue

B pabote paccmoTrpena 3a/1ada KOMIIEHCAIINN TeHEH OT 00JIaKOB Ha MYJIBTUCIIEK-
TPaJIbHBIX CIIYTHUKOBBIX CHUMKaX U IIPUBEJIEHBI PE3YyJ/IbTaTbl PACIIUPEHHBIX BbI-
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Image 1 Image 2 Image 3
ITokazarenb
INIT|GW |Med*|Med|INIT|\GW|Med*| Med |[INIT|\GW |Med*| Med
Pavg, channels| 2.38 10.73| 0.88 [0.50| 2.46 [0.72| 0.88 [0.61 | 3.42 |1.15| 1.46 | 0.91
ps0, channels | 2.33 |0.75] 0.91 |0.32| 2.31 [0.70| 0.82 | 0.52| 3.19 |0.91| 1.35 | 0.80
Pavg, tndices | 1.67 [1.05] 0.73 |0.60| 1.79 [1.17| 0.84 | 0.58 | 5.38 |1.04| 1.12 | 0.63
pso0, indices | 1.36 [1.01] 0.58 |0.37| 1.23 |1.07| 0.56 | 0.26 | 5.16 [0.90| 0.85 | 0.57
Image 4 Image 5 Image 6
ITokazaresn
INIT|\GW |Med*|Med|INIT|GW| Med |Med*|INIT|\GW | Med |Med*
Pavg, channels| 2.59 |0.95| 0.80 [0.57| 3.19 [1.02| 0.97 | 0.60 | 4.54 |1.70| 1.66 | 1.28
pso, channels | 2.50 [0.75| 0.61 |0.50| 3.04 |0.94| 0.87 | 0.50 | 4.58 [1.62| 1.59 | 1.03
Pavg, tndices | 1.91 |1.1710.71 |0.74| 2.39 (1.00| 0.78 | 0.6 | 4.93 |1.31| 1.22 | 1.14
pso, indices | 1.26 [0.84| 0.39 |0.35| 1.07 |0.66| 0.36 | 0.34 | 1.57 [0.68| 0.66 | 0.37
Image 7 Image 8 Image 9
IlokazaTenb
INIT|GW |Med*|Med|INIT|\GW|Med*| Med |[INIT|\GW |Med™| Med
Pavg, channels| 2.86 [1.04| 0.92 |0.66| 2.94 (1.00| 1.38 | 0.85 | 3.13 |1.33| 1.75 | 1.25
pso, channels | 2.58 10.78| 0.80 |0.52| 2.80 |0.75| 1.16 | 0.76 | 2.76 |1.15| 1.62 | 0.98
Pavg, tndices | 2.93 10.97] 0.73 |0.55| 2.82 (1.34| 1.33 | 0.99| 2.90 |1.22| 1.37 | 1.03
pso0, indices | 1.12 0.81| 0.45 |0.39| 1.46 |0.92| 0.77 | 0.47 | 2.79 [1.19| 1.41 | 0.86
Image 10 MEAN
Ilokazaresnb
INIT|GW |Med*|Med|INIT|\GW|Med*| Med
Pavg, channels| 2.33 |1.22| 1.32 |0.95| 2.98 |1.09| 1.20 | 0.82
ps0, channels | 2.49 |1.02| 1.32 |0.88| 2.86 [0.94| 1.10 | 0.68
Pavg, ndices | 2.77 (1.84] 1.18 |0.95| 2.95 [1.21| 1.00 | 0.78
pso0, indices | 1.26 {1.63| 0.93 |0.75| 1.83 |0.97| 0.70 | 0.47

Tabauna 1. CpeHue u MeMaHHble 3HAYEHUS! P 110 SKCIIEPTHO 33/ IaHHBIM [1aT9aM JJIsi
KaxKJI0ro nzobpaxkenus (channels njs kaHajoB u indices s MHIAEKCOB) Sentinel-2:
INIT — kagectBo no Kommencanuu, GW — agropurm na ocuoe Gray-World monesnn,
MED — ajaroput™ Ha OCHOBE MEIMAHHON OIeHKM Kaxkoil Teran, M E D6+ — anropurm
Ha OCHOBe ODIIEero MeJuaHHOro KoddduimenTa.

UCJIUTEJILHBIX IKCIIEPUMEHTOB II0 OlleHKe KadeCTBa KOMIIEHCAIUU pa3paboTaH-
HOI'O aJIrOPUTMa Ha OTKDPBITHIX JAHHBIX JUCTAHI[OHHOIO 30H/INPOBAHUS 3EeMJIH
co cuytHuKOB Sentinel-2 n Landsat 8. Tectuposanue nposejiero Ha 10 cHUMKax
co cuyTHHKOB Sentinel-2 m 6 cumMkax co cuyrnuka Landsat 8. Oreneno ka-
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Image 1 Image 2 Image 3
INIT\GW|Med*|Med|INIT|GW |Med*|Med|INIT|\GW|Med*|Med
Pavg, channels| 2.51 |0.97| 0.75 [0.64| 2.34 |0.78| 0.68 (0.59| 2.62 [0.97| 0.91 |0.82

ITokazarenb

pso, channels | 2.57 |1.01| 0.71 [0.60| 2.25 |0.65| 0.59 [0.38| 2.70 [1.02| 0.89 |0.77
Pavg, tndices | 2.36 {1.02] 0.84 (0.77| 3.35 [1.93| 1.80 |1.59| 3.09 [1.74| 1.53 |1.41
pso, indices | 2.42 |1.05| 0.78 |0.67| 2.31 [1.02| 0.76 |0.75| 2.48 [1.40| 0.99 |0.92

Image 4 Image 5 Image 6
INIT\GW|Med*|Med|INIT|GW |Med*|Med|INIT|\GW|Med*|Med
Pavg, channels| 2.70 |0.84| 0.73 [0.59| 2.53 |0.56| 0.50 (0.34| 3.2 [1.04| 1.00 |0.83
pso, channels | 2.69 |0.72| 0.60 (0.52] 2.47 |0.46| 0.42 |0.26| 3.27 |1.09| 1.07 |0.41
Pavg, tndices | 3.76 |1.76] 1.69 (1.32| 2.52 [1.19| 1.19 |0.79| 4.33 [1.75| 1.74 |1.12

ITokazaresn

pso, indices | 2.63 [1.30| 1.04 |0.78| 1.89 |0.47| 0.42 |0.28| 4.27 |1.61| 1.61 |1.07
MEAN
INIT|\GW|Med*|Med
Pavg, channels| 2.65 |0.86| 0.76 |0.63
pso, channels | 2.66 [0.82| 0.71 |0.49
Pavg, indices | 3.23 [1.56] 1.46 |1.17
pso, indices | 2.67 [1.14| 0.93 |0.74

ITokazaresn

Tabauna 2. CpejHie 1 MeJUaHHbIe 3HAYEHUS P 110 SKCIIEPTHO 33/ IaHHBIM IIaT9aM JJIst
KaxkJ0ro nzobpaxkenus (channels nyus xkananos u indices nyst maAekcoB) Landsat 8:
INIT — kagectBo no Kommencaruu, GW — agroputm na ocuoe Gray-World monesnn,
MED — anropuT™ Ha OCHOBE MeJIUAHHOM OIeHKM Kaxk1oil Tenn, M FE D6+ — ajropurm
Ha OCHOBe 00IIero MeJnaHHoro Koddduimenra.

9eCTBO KOMIIEHCAIINH JJIsi COBOKYITHOCTH KaHAJIOB M BETeTAIlMOHHBIX HHJIEKCOB,
IIOCTPOEHHBIX HA WX OCHOBE. Pe3y/ibTaThl TECTUPOBAHUS JIEMOHCTPUPYIOT, UTO
aJIOPUTM HA OCHOBE MEJIMAHHON HE3aBUCHMOI OIeHKN KoddduimenTa Kax 1o
TEHU MO3BOJISIET MTPUOIN3UTh NHTEHCUBHOCTH KAHAJIOB U WHIEKCOB BHYTPH TEHH
K 3HadeHusM BHe Hee B 4,35 um 3,5 pa3 Mo CpaBHEHUIO C UCXOAHBIMU JAHHBIMUI
COOTBETCTBEHHO.

O/tHUM U3 HallpaBJIEHUI JTAJIbHEMIINX UCCIIeIOBAHUN TJIAHUPYETCS YIIydIIe-
HI€ TOYHOCTHU JIETEKTUPOBAHUS 00PabOTKI IPAHUI] TCHEH.

UccnenoBanne BbimosiHeHO 3a cuér rpanTa Poccuiickoro nayunoro donma
(mpoexT Ne20-61-47089).
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()

Puc. 3. Nzobpaxenus RGB u NDVI: (a, 1) — 6e3 obpaboku, (6, €) — obpaboraHHbIe
GW, (8, x) - MED*, (r, 3) - MED.

Puc. 4. Nzo6paxenus RGB u NDVI: (a, x) — 6e3 obpaboku, (6, €) — obpaboraHHbIe
GW, (8, x) - MED*, (r, 3) - MED.
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Awunoranusi B pabore npejioxkeH METOJI Iepexo/ia U3 IBETOBOTO TPO-
CTPaHCTBO KaMepbl B IPOCTPAHCTBO CTAHIAPTHONO HaOJIIOIATENS, WC-
TOJIb3ysl I[BETOBOE BUHBETHUPOBAHUE U cTepeodoTorpadupoBanue, ¢ mo-
CJIEYIOMMM IIOTHBIM cotocTaByenueM. [{BeToBoe BuHbETHpOBAHTE MO-
2KeT OBITH IIPE/ICTABICHO KaK PAAHAIbHO-CUMMETPUIHBIE NCKAYKEHUS CIIEK-
TpaJIbHBIX YyBCTBUTEJILHOCTEH ceHcopa. Viesi Merojia 3akK/04Yaercs B
YBEJIMYEHUHN 9UC/Ia KAHAJOB KaMepbl 38 CYET CTEPEOCOIIOCTABJICHUS ITHK-
cesieil ¢ pa3HBIMU IMapaMeTpPaMH I[BETOBOTO BHHLETHDOBaHUsA. B pabore
pacCMaTpPUBAIOTCST PA3IUIHBIE AJITOPUTMBI IIJIOTHOIO CTEPEOCOIIOCTABIIE-
HESI, OCHOBAHHDBIE HA HCIIOJIb30BAHUN TWIyOOKUX HEHPOHHBIX CeTel ¢ OT-
KPBITBIM UCXOTHBIM KO/IoM. [Ipom3BomuTcs ux obyueHne u CpaBHEHHE UX
TOYHOCTHBIX XapakTepuctuk Ha jaracere KITTI 2012.

KuroueBbie cioBa: llBer, nmBeToBOoe BHHBETHPOBAHWE, IIBETOBAsT KOP-
pexiusi, crepeoconocrapienue, KITTI 2012.

1 Bsegenue

B nanmoit pabore MbI paccMaTpuBaeM mpobdsieMy mpeodpa3soBaHus IIBETOBBIX KO-
Op/INHAT KaMepbl B KOODJMHATHI CTaHAApTHOrO Habuojaress. Paccmarpusae-
Masl 3ajiada SIBJSeTCS KpaiiHe aKTyaJbHON CPeIu IPOM3BOAHUTENEH IIMPOBLIX
KaMep U COBPEMEHHBIX MOOWILHBIX TejiedoHOB. JleiicTBUTE/IbHO, KaMepa Jjist
MHOTHX ITOJIb30BATEJIEH SIBJISIETCs €J[Ba JIM HE CAMOil TJIABHON YacThio Tesedo-
Ha, a KadecTBO ororpaduili — mapamMeTrpoM, Mo KOTOPOMY TOKYIATEH BHIOU-
pator cmaprdonbl. TpeboBanus M0JIB30BATEEH TOJBKO PACTYT, IOITOMY HEOb-
XOJIUMBI HOBBIE TOJIXOIBI B 00paboTKe (oTorpaduii JjIst yaydIIeHnsT KaIecTBa
[BETOBOI PENPOYKIUU. 3aMETHUM TaK»Ke, YTO OOJILIMTUHCTBO COBPEMEHHBIX MO-
OMJILHBIX yCTPOMCTB 00/IaAI0T HEMAJIEHbKUMU OJIOKAMU KaMep, COCTOSIIUMUI U3
IBYX, TPeX WU Oojiee KaMep, a TaK?Ke BEChbMa MOIIHBIMI IIPOIECCOPAMHE, CIIOCO0-
HBIMU Ha CJIOXKHbBIE Bhraucyenus ¢ ¢pororpacdusavu. CriegoBaTesibHO, YCTPOUCTBA
y2Ke cefiiac MOryT JiejiaTh crepeo ¢dororpadur U OCYIIECTBIATH UX 00pabOTKYy.

CorutacHo ycoosuto Makcsesta-Jlorepa-Aiigsa [1], ceHcop siBiisteTcst KOJIOpy-
METPpUIECKUM, €CJIN €I'0 1yBCTBUTE/IbHOCTHU JIMHEIHO CBA3aHbI C q)yHKU,I/IHIVH/I Be-
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TOBBIX cOOTBeTCTBHI craHapTHOro Haburogareas CIE XYZ. O6br4H0 Ha mpak-
THKE TaKOro JIMHEHHOro npeobpasoBanus He cymectsyer (cm. Puc. 1), mosromy B
Kad4eCcTBe JINHEHHOT O IpeoOpa30BaHusl BLIOMPAIOT TaKoe, KOTOPOe MUHUMHU3UPYeET
I[BETOBBIE PA3/IM4Usl HA HEKOTOPOM Habope JaHHBIX [2].

400 500 600 700 800 400 500 600 700 800 400 500 600 700 80c

Puc. 1: I'pacduku dyHKIMIT 1IBETOBOrO COOTBETCTBHS CTAHIAPTHOIO HADJIIOIATE-
Jist ¥ TPAUKH 1yBCTBUTEJIBHOCTEI IEHTPAJIBHOIO U ITePHUMEPUIECKOrO MUKCeJIeit
KaMephbl

Jl1s1 yurydIreHus TOYHOCTH IIBETOBOI PENIPOYKITUU IIPH TAKOM HOXOJIE, MOXK-
HO YBEJINYUUBATH PA3MEPHOCTD IIPOCTPAHCTBA CEHCOPa KaMePbl, HAIIPUMED, COIO-
CTaBJIsdsl CHUMKHI C HECKOJIBKUX KamMep TesteOHa, IIPHU YCJIOBHH YTO OHH 00JIa/a-
0T pPa3HbIMU CYHIECTBEHHBIMU CHEKTPAJIbHBIMH XapaKTEePUCTUKaMMU. C IprFOﬁ
CTOPOHBI, €CJIU CEHCOPBI KaMep CXOKH, TO JJIsI 0OOTallleHNs 11BeTOBOH HHbOpMa-
IUH I KayKJO0TO IIHKCe/Ist, MOXKHO HCIIOJIb30BaTh BAPHATHBHOCTH CIIEKTPAJIb-
HBIX XapaKTEePHCTUK B KaXKJOM IHKCeJIe CAMOr0 CEHCOpa, KOTOpOoe OBIBAeT IIPH
[BETOBOM BHHBETHPOBAHUU.

IIBeTOBOE BUHBETHPOBAHNE MOYKET OBITH IIPEJCTABIEHO KaK PAHaIbHO CHM-
METPUYIHBIC MCKAaXKCHUA CHECKTPaJIbHBIX LIyBCTBI/ITeJ'IbHOCTeI’?‘I cencopa. PemeHI/Ie,
KOTOpOE MBI IIpeJIIaraeM, UCIOIb3yeT 3TOT 3P EeKT /It PACIIIPEHHs IBETOBOI
nHbOopMaIn HeoOPaOOTAHHOTO U300PaXKEeHNsl, JJIs YLy YIIeHns] TOYHOCTH Iiepe-
XO/la B CTAHJAPTHOE I[BETOBOE IIPOCTPAHCTBO.

Panee B mameit paGore [3] 66110 IOKa3aHO, YTO HCIOIb30BaHUEe dbdEKTa IBE-
TOBOI'O BUHBETUPOBAHUSI, IIO3BOJIAET CYNIECTBEHHO YJIYUIIHTh KA4eCTBO IIepexoia
B CTaHJAPTHOE I[BETOBOE IIPOCTPAHCTBO. Bolpoc, KOTOpbIil He ObLI PACCMOTPEH
pamHee, — 9T0 KaKUM 006pPa30M MOXKHO 9TOT 3(DdeKT UCII0/Ib30BaTh HA IPAKTHKE.
B nannO#l paboTe Ipe/IaraeTcs NCIOIb30BaTh ITOT 3bMEKT B CTEPEOCUCTEMAX.

3Hast KapTy JAUCIAPATHOCTU MEXKJLY CTEPEOn300PaKEeHUAMU, MOXKHO cOOpaTh
n300parkeHne BHUPTYAJILHOI MIECTHKAHAJILHON KaMmepbl, U UCHOJIL3ys 3bderT
[IBETOBOT'O BHHBETUPOBAHUS, MOXKHO YBEJIMYUTH YHC/IO KAHAJIOB, 9TO KakK OBLIO
oKa3aHo B pabore [3| yMeHbIINT OMMOKY I[BETOBOII PEIIPO/LYKIIUH.

,ZLIIH CO3JaHuA TaKOU BI/IpTyaJII)HOﬁ KaMepbl MOXKHO HCIIOJIB30BaTh aJI'OPUT-
MBI cTepeocoriocTaBiienns. CyTh COIOCTABIIEHHS 3aKI0YAeTCs B HOJIYYeHUN Kap-
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THI JUCHAPATHOCTH, KOTOPas JJIs KaXKJIOro IHKcess onHoil dororpadun mnoxa-
3bIBAET II0JIOYKEHNE ITOT0 MUKCesst Ha Apyroi dororpadun.

B nannoit paboTe MBI HCCIIELyeM TOYHOCTHBIE XapPAKTEPUCTHKU Pa3INIHBIX
HeﬁpOCeTeBbIX AJI'OPUTMOB ILJIOTHOI'O CTEPEOCOIIOCTaBJICHUS, I/ICXO,D‘HI)H‘/.I KO/ KO-
TOPBIX €CTh B OTKPBITOM JOCTYIIE.

Pabora cocrout mu3 ciemyronux dacreil. CHadasa Mbl omucbiBaeM d(dert
[IBETOBOT'O BUHBETUPOBAHUS U PE3YJIHTATHI IKCIIEPUMEHTOB II0 IIEPEXOJLY B I[BETO-
BbIe KOODJMHATHI CTAHJAPTHOTO HAOIOATE sI. 3aTeM Mbl PACCMATPUBAEM Pas3-
JIMYHBIC aJI'OPUTMbI CTE€PEOCOIIOCTABJICHUS U UCCJIEyeM UX TOYHOCTHBIE XapaK-
TEPUCTHUKH.

2 Hcnosb30oBaHUeE IIBETOBOTO BUHLETUPOBAHMUS B IIBETOBOI
PenpoayKITNNT

2.1 Omnucanune 3addeKTa IIBETOBOr0 BUHbETUPOBAHUSI

B oriimune oT 06BIMHOIO BUHBETUPOBAHUSI, IIIMPOKO U3BECTHOTO U OIMCHIBAEMOTO
3aKOHOM KOCHHYCa YeTBEPTO cTeleHM [4], (BeTOBOe BUHBETUPOBAHUE SIBJISETCS
Ooutee CITOKHBIM 3(MD@PEKTOM U XapaKTEPHO B OCHOBHOM ISt KAMED MOOMIBHBIX
resiedoroB. OHO 3aKJIIOYAETCH B 3aBUCUMOCTH CIEKTPAJIHLHOIO COCTABA M3JIyYe-
HIsI OT KOOD/IMHAT CEHCOPOB HA MATPUIIE KaMePbl. BBIIeIIIoT 1Be IPUIUHDBI BO3-
HUKHOBeHUs 3TOTO 3 dekra:

1. B xamepax MOOH/IBHBIX Te1e(DOHOB BCE JIEMEHTBI OITUYIECKON CHCTEMBI Pac-
II0JIOYKEHBI MAKCUMAJIBHO IIJIOTHO, II03TOMY MH(PaKpPaCHbI QUIBTP U CBETO-
qyBCTBHUTEJbHASI MATPHIIA PACIOJIOXKEHBI 09eHb OJIN3KO ApyT K apyry. Coor-
BETCTBEHHO, JIJINHA XOJa JIyteil, IPOXOSINNX NHPPAKPACHDI CBETODUILTD
I10/], PA3HBIMU yIVIAMH K OITHYECKOH OCH KaMephl, 3HAYUTEIbHO OTINYAETCS
(B oTyIMUMe OT KaMep € HOJHOPa3MePHBIMU 00beKTHBAMHT). 3a cUeT GOJIbIIof
Pa3HUIBI X014 Jiydeil Ou3Kuit K HHMPAKPACHOH 00/I1aCTH CIEKTDP U3JIYYeHHs
IIOJIABJISIETCS. B PA3HOI CTEIeHN: YeM OOJIbIlle M3JIyYeHHe IIPOXOJUT PacCTO-
SIHUSI CKBO3b (DUIIBTDP, TEM CHUJIbHEE II0J[ABJIAETCS €ro CIIEKTD B KPacHOi 06-
JIACTH.

2. U3-3a HEOOJIBIIOrO pa3Mepa MaTPHUIbI KaMepbl MOOUIBLHOTO TesiedoHa CBeTo-
4yBCTBHUTEJIbHBIE 9JIEMEHTBI MATPUIBI KAMEDPBI YJIABIUBAIOT B 3HAYUTEIHHOMN
Mepe MeHbIIe (DOTOHOB CBETA, YTO HMIPUBOJIUT K CYIIECTBEHHOMY HOBBIIICHUIO
IIyMa Ha H300paKeHuAX. UTOObI PEIUTD 3Ty IPobiieMy, MaTPHIIA MOOUILHO-
ro rejedpoHa HOKPBIBAETCA MacCHBOM MHUKpoJsinH3. HegocraTrkom sToro pe-
[IEHUsT SIBJISIETCS TO, YTO, HMPEJIOMJISIS IIaIAI0Iee M3JIyIeHre, MUKPOJINH3a
paboraer aHaJOru4HbIM IpusMe HbioToHa 06pa3oM, IpesioMIIss U3JIydenne
Ha Pa3HBIX JUIMHAX BOJIH II0-pa3sHOMY. B pe3ysbraTe 9acTh M3/IydeHHs OlIpe-
JIeJIEHHOM JIJINHBI BOJIHBI HE IIOIA/[aeT Ha CBETOTYBCTBUTEIHHYIO YACTh IIHK-
ceJisi MATPUIIBL.
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2.2 Tlepexos B IBETOBOE IMPOCTPAHCTBO CTAHAAPTHOTO HAOJIIOAATES

OmmmiieM epexoj B IPpOCTPAHCTBO CTaHAapTHOrO Habmomaress. [lycrs C - mat-
puiia 6 X w cocTosdIas U3 CIEKTPAJIbHBIX TyBCTBUTEJILHOCTEH NBYX Kamep, X
- MaTpuIa 3 X w COCTOSINAs U3 CIEKTPAJbHBIX TyBCTBUTEIHLHOCTEH Iyia3a de-
JioBeka, A - marpuna npeobpazoBanus 3 X 6, To marpuimy X HaxomuMm u3 C ¢
IIOMOIIIBIO JINHEITHOrO 1peobpa3oBanus. 3Has MaTpulibl X u C| ¢ MOMOIIHIO Me-
TOJIa HAMMEHBIIINX KBAJ[PATOB MOYKHO HaiiTu Marpuily npeobpasosanus A

A=xcT(cc?) . (1)

B paGore [3] sKxcuepuMeHTATILHO MOKA3aHO, YTO MCIOJIb30BaHUE 6 KAHAJIOB,
COCTaBJIEHHBIX U3 IYBCTBUTEILHOCTEN KaMephbl B IIEHTPE U Ha Tepudepun, yMeHb-
ITAJIO YTJIOBYIO OIMIHOKY B 3 pa3a MO CPABHEHUIO C TPEXKAHAJILHON KaMepoii, a
MMEHHO CpeJiHsis oImubKa 1BeToBoit Murienu ynasa ¢ 0.61° go 0.21°.

st cocTaBiieHus U3 CTEPEOU300paKeHUT BUPTYAJIHLHON IECTUKAHAILHOMN
KaMepbl TPEeJJIAraeTcsl UCIIOJb30BATh AJITOPUTMBI IJIOTHOTO CTEPEOCOIIOCTaBIIE-
HUSI.

3 CrepeoconocraBjieHue

3.1 Omnucanue IIponecca CcrepeocoIriocraBjJIeHUudA

Ilenn cTepeocorocTaBienns: — MOy U€HNE KAPTHI JIUCIIAPATHOCTH, COCTOSIIEN U3
OTHOCHTEJILHOI'O CMeIeHnst 00beKTOB Ha doTorpadusax. pyrumu cioBamu, Jiis
KaK/I0r0 IUKCeJIst Ha JIeBOil hororpadun B KapTe JINCHAPATHOCTH XPAHUTCS CMe-
IMEeHUEe 3TOro IHMKCeJId II0 FOpI/I3OHTaJIbHOI‘/JI Oocu J0 €ero IIOJIOZKEeHUdA Ha upaBoﬁ
dororpadun. Ilpemmnonaraercs, 4To KamMepbl HaXOJATCS HA OJHONW TOPU30HTA-
JIM, a ClieHa crarwdHa. TakuM o0pasoM, Jjisi KarkKJIOro IHUKCeJst Ha CIEeHe, 3a
HCKJIIOYEHNEM TPAHUIHBIX, MBI 3HAEM, IJle OHM HAXOJUTCHA Ha JIEBOW W IIPaBOil
dororpadusx, ecim Mpl HOMYydNIH KapTy aucrnaparHocTd. IIpakTndeckoe 3Ha-
YeHue JHUCIapaTHOCTA W IIPOIECC HOJIydeHus: crepeodororpadun n300parkeHnnl
Ha Puc. 2.

3.2 MWcciaeayembie aaropuTMbl

st oty aeHnst Ka4eCTBEHHBIX KaPT JUCHAPATHOCTU MOYKHO HCIIOJIb30BaTh TJIy-
Gokue HelipoHHBIe ceTH, Mbl paborasu co cienyonmmu cerkamu: LEAStereo [5],
ACVNet [6], CFNet |7], PSMNet [8]. B pafore MBI IpOBe/IM aHAIN3 AJIIOPHTMOB
IJIOTHOT'O CTepeocorocTaBienus: Ha ocHose fartacera KITTI 2012 [9], koropsrit
cocrout n3 194 dororpaduit u KapT AUCIAPATHOCTH, COOPAHHBIX C ITOMOIILIO
JIa3ePHBIX JAIbHOMEPOB. MBI B35/ HECKOJIBKO HEHPOHHBIX ceTeil, 00ydaan ux
¥ TEeCTUPOBAJM Ha JaHHOM natacere. HeiiponHbie ceTu 6Gpaju Ha BXOJ[ JIEBYIO U
npaByio ¢oTtorpadun 1 BbIABAIN KApTy JUCIAPATHOCTH. [JIs1 OIeHKN KadecTBa
ITHUX KAPT Mbl CDABHUBAJIM UX C UCTUHHBIMUA KAPTAMU C IIOMOIIBIO MeTpuku L1, a
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(0] Baseline o’
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disparity = = — &’

Puc. 2: mocrparnus nosydenus crepeodororpaduit.

UMEHHO CYUTAJIA IPOIEHT IIJIOXUX IKcesei B KapTe. HI/IKC@JTB KapThI JJUCIIapaT-
HOCTH CYUTAETCH IJIOXUM, €CJIU OTJINYAETCS 110 3HAYEHUIO DoJjiee YeM Ha, 3 eUHU-
[IbI OT COOTBETCTBYIOIIErO MUKCE/Is UCTUHHONW KapThl. Jjisi BUSyaabHON OIEHKU
KadecTBa MbI IPOBOJUIN CJIEIYIONLYIO OMepaInio: Opaju JIeByo (hoTorpaduio,
IIPUMEHAJIN K Heit NOJIYY€HHYIO KapTy JUCIIapaTHOCTU U I10JIyYaJId IIPpaByIO BOC-
CTAHOBJIEHHYIO KAPTUHKY. 3aTe€M JIETKO CPABHUTH MIPABYIO UCTUHHYIO U IIPABYIO
BOCCTAHOBJIEHHYIO.

3.3 PesyabraTs!

PesynbraTs! 1peicrasienbl B Tabuuie 1. CornacHo IoJyYeHHBIM Pe3yJbTaTaM,
LEAStereo [5] okazascst JiyqmmmM U3 IPOTECTUPOBAHHBIX aJIOPUTMOB CDEJIHee
3HaUYeHUe MEeTPUKY Ha BAJIMIAIIMOHHOL yacTu Jaracera oy amiocsk 0.62%. Jacrs
HeliponHbIX cerefi, a umenHo PSMNet [8] u CFNet [7], e ypanocs moaHOCTBIO
00yUNTh M3-3a OOJIBIIMX TPEOOBAHMIT IO ITAMSITH U, COOTBETCTBEHHO, IPOBEPUTH
UX Ha BaJMIAIHOHHON YACTH JaTaceTa.

Puc. 3 moarBepK/1a10T XOPOIIYIO TOYHOCTDH AJTOPUTMA, KAPTHI JUCIAPATHO-
CTH IOJIyYal0TCd BBICOKOTI'O KadeCTBa, YTO IIO3BOJIAET U3 JIBYX TPpeXKaHaJIbHbIX
KaMep MOJIyYUTh IeCTHKaHAIbHOEe H300parkKeHue.

Tabsmuna 1: Cpetee paccTosiHue MeXKJIy MPEICKA3aHHON U UCTUHHOW KApTAMU

JIUCIIaPATHOCTH
Architecture|All KITTT 2012|Validation part of KITTI2012
LEAstereo 0.49% 0.62%
ACVNet 20.7% 21.9%
PSMNet 0.19% -
CFNet 0.33% -
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(b) IIpaBoe uzobpazkerne

(c) IIpaBoe m306pazkenne, BoccTanoBaeHHOE U3 Jegoro (LEAStereo)

(d) Beranciennast kapra aucnaparaoctun (LEAStereo)

Puc. 3: Pe3yJII)TaTI>I BbIYUCJIEHUSI KapThl JUCIIapaTHOCTU

4 O6cyxkaeHue

Vcnonp3ys mccie/joBaHHbBIE B JIAHHON paboOTe aJIlOPHTMBI IJIOTHOTO CTEPEOCO-
1IOCTaBJIEHUAd U y41UTbIBasd 3(1)(1’)61('1‘ IIBETOBOI'O BUHLETUPDOBAaHULA, B ,LLaJIbHeI‘/’ILHGI\/I
MOKHO OyJIeT IIPOBEPUTH, HACKOJIBKO CUJIBHO YJIyYIIUTCS TOYHOCTD [IBETOBOII pe-
OPOAYKIINU IIPU UCIIOJIB30BaHUA JaHHOI'O METO/1a.

Kaprer qucnaparnoctn nosmydaiorest miotabivu: 99.4% nukcesneit coBmenia-
I0TCd, U IIOJIy4alOTCsd HIeCTUKaHaJIbHbIE CYHUEPIIMKCEeJIN, IIpaB/la 3TO OTHOCHUTCHA
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K IHKCeJISIM He Ha KpasxX. Jucro 1o GusmyeckuM OPUYUHAM, HEBO3MOXKHO CTe-
peocorocrasiienne dororpaduit mo omHOMy u3 ABYX KpaéB. Takux mmkceseit
nosygaercs okoJsio 5% or Bcex. B mrore, kak MunuMyM juis 94-95% nukceeit ma
doTorpadun MbI MOXKEM KOPPEKTHO IIPOBOIUTH CTEPEOCOIIOCTABIICHIE U, UCIIOIb-
3ys 3¢bPEKT 1[BETOBOr0 BUHHETHPOBAHHUS, COBEPIIATH IPEOOPA30BAHNS IBETOBBIX
KOOD/IMHAT.

Ocrasmmecs xe 5-6% B OCHOBHOM KPAEBBIX MUKCEIEH, 1JIsT KOTOPBIX HE YIa-
€TCsl IPOBECTH OIIEPAIHIO COIIOCTABJIEHUS, OCTAHYTCS XOPOIIeil TeMOIl JJIsi Jajib-
HEHNINX UCCIIeOBAHUI U S9KCIEPUMEHTOB.

Kpowme Toro, B pabotre [3| 6b11 IPOBEEHBI SKCIIEPUMEHTHI JIJIs CLEKTPAJIb-
HBIX 4yBCTBUTEJILHOCTEIl B IIEHTPe U Ha Iepudepu, e pa3indne MexKIy 1yB-
CTBUTEJIBHOCTSIMH MaKCHMasbHO. OJHAKO Ha IPAKTHKE DAa3JINdHe B UyBCTBU-
TEJILHOCTSIX M€KLY COIOCTABJIEHHBIMH IIHKCEISIMUA MOXKET ObITH He TAKUM CHJIb-
HBIM, YTO II03TOMY YMEHbBIIEHNE OIMUOKH I[BETOBOW PENPOYKIINN JIJIsl KayKI0T0
MAKCEJIsT MOYKET CHJIBHO pasinvarhbed. B mapHeiinemM Takke IIAHUPYETCS 9TO
IIPOBEPUTb.

5 3akJro4deHue

B pabote mpuseneno obiree omnucanme MPoOIECCOB IJIOTHOTO CTEPEOCOTIOCTABIIE-
HUS 1 9P PeEKTa [IBETOBOrO BUHLETUPOBAHUS. BBLIM IPOTECTUPOBAHBI COBPEMEH-
Hble HEHPOHHBIE CETH, BBITOJHSIONINE 33189y IJIOTHOTO CTEPEOCOTIOCTABICHUS
ua ocHoBe jartaceta KITTI 2012. Bein npuBenen MeToj yaydineHus Ka4ecTBa
rmepexoja m3 COOCTBEHHOTO IIBETOBOIO MPOCTPAHCTBA KaMEPhl B MPOCTPAHCTBO
cragpapraoro Habsmozxarens (CIE XYZ), B ocHOBe KOTOPOTO JIE?KUT KOMIIO3H-
M TJIOTHOIO CTEPEOCOIIOCTABJIEHHSI M I[BETOBOI'O BUHLETHPOBAHUS. XOPOIIEe
KadeCcTBO IMOJIYUYEeHHBIX KapT JUCIapaTHOCTH JIaeT OOJIbINNe HAJIEeXKIbl Ha YCIeX
MIPEIJIO?KEHHOTO TIOX0Aa. B OyayIieM MblI IJIaHUDPYEeM MPOJOIKUTH UCCIET0BA~
HUSI, a IMEHHO: PeaJIM30BaTh aJrOPUTM IIPeoOPa30BaHUs IIBETOBLIX KOOPIMHAT,
MMOTECTUPOBATDH €T0 Ha JIATACEeTe M3 CHIPBIX M300paskeHmil, CPABHUTD C CYIIECTBY-
FOIIUME METOJaMU TPeo0Pa30BaHms KOOP/IMHAT, UCC/IEI0BATH TPODIEMy C Kpae-
BBIMU ITHKCEJISIMU.
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Awnnoranusa Pabora moCBsIEHA MCCIIEIOBAHUIO BJIMSIHUAST HCIIOTB30BaA~
HUs anpHOpHOil mHMOPMAIME O TapaMeTpax CIEKTPAJIbHBIX (yHKITH
OTparKeHUsl TIOBEPXHOCTU HA KA4eCTBO DEIeHUs] 3aJ[a9¥ [[BETOBON KOH-
cranTHOCTH. C HCIIOJIB30BAHUEM UMHUTAIMOHHBIX MOJIEJIEH MYyJIbTHCIIEK-
TPpaJIbHBIX I/I306pa)K€HI/II>JI HUCCJIEAYIOTCA aJITOPUTMBI OIIEHKU ITapaMeTpOB
MCTOYHUKOB OCBEIIECHUs Ha OCHOBE TEPEOOPHOM CXEeMBbI B JIMCKPETHBIX
TPUOTNKEHISX MHOYXKECTBA, CIIEKTPOB C AJITOPUTMAaMHU Ha OCHOBE CJIydaii-
HOro BBIOOpa IapaMeTpoB MCTOYHMKA W (PUKCHpOBAHHOTO. [IpuBemneHbI
Pe3ybTaThl SKCIIEPUMEHTOB, KOTOPbIE MOKA3bIBAIOT, YTO CTPATErus Ha
OCHOBe 1IEPEeOOPHOIT CXEMBI € MCII0JIB30BAHUEM AIIPUOPHBIX TPUOIIMAKEHWI
IIO3BOJIAAET HA IIOPAJIKU TOYHEE OICEHUTH HEU3BECTHLIE IIapaMeTpPbl CIIeK-
TPAJIbHON (DYHKIMHA OTPAXKATETBLHON CIIOCOOHOCTU B CMBICJE TOYHOCTU
MOJIE/IMPOBAHUS MYJIHLTUCIEKTPAIHLHOTO N300ParKEeHUs.

KuroueBble cj10Ba: OIEHKA CIIEKTPA OTPAXKEHUsI, KJIIOUH I[BETOBOI KOH-
CTAHTHOCTH, IMHUTAIMOHHOE MOJEINPOBAHIE

1 Bseagenue

Sajava aHAIN3a MYJIBTUCIEKTPAJIbHBIX JAHHBIX JUCTAHIIMOHHOTO 30HIMPOBAHUS
3eMJIl TECHO CBsi3aHa € TOJXOJIOM T.H. TOYHOTO 3eMJIEJIEIIHSI, 3aKI0IAONIErocs
B MCIIOJIb3OBAHUU COBPEMEHHBIX I/IH(i)Opl\IaILI/IOHHbIX TEeXHOJIOT Uit JJ1d aBTOMATH-
3al(iK [IPOIECCOB AaHAIN3a U KOHTPOJISI COCTOSIHHIA MECTHOCTEHl CeIbCKOXO3sii-
CTBEHHOI'O Ha3HavYeHUsl U noBblmenus sddexkrusHocTu yupasienus [1]. C ognoit
CTOPOHBI, JOCTYITHOCTDH 6}0,[[)KGTHLIX 66CHI/I.HOTHI)IX JIETAJIbHBIX alllapaTOB YIIPO-
maer ¢6op n306paykeHuii MECTHOCTH, OJHAKO, C JIDYTOH CTOPOHBI, AHAJIU3 TIOJLY-
YaeMbIX JAaHHBIX MOXKeT 6BITI) 3any,Z[HéH n3-3a I/ICKa)KeHI/II‘/'I7 BHOCUMBIX CJIOZK-
HBIMU yCJIOBUSIMU OCBelleHus, HanpumMep, 3akarubivm Costarem. Jlannast npobsie-
Ma He CTOUT TaK OCTPO JIJIsI JIAHHBIX KOCMHYECKOIO0 MOHMTOPUHIA, T.K. Y TAKUX
AKTHUBHO HCIIOJb3YEMbIX CIIyTHHKOB Kak Sentinel-2 opbura siBJsieTCs COTHETHO-
CI/IHXpOHHOI‘/JI7 YTO 3HAYUTEJIbHO CHUZKaET BapUaTUBHOCTD yCJIOBI/Iﬁ OCBEUICHUA [2]
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MeTo/1bI KOMITEHCAIINN UCKAYKEHUI TIO3BOJISIT 9KBAJIN3UPOBATE YCJIOBUSI OCBEIIE-
HOS JJI JAHHBIX a9POMOTOCHEMKH U CIIyTHUKOBOTO MOHHTODHUHIA, & aJTOPUTM
corocrasyieHus a3podOTOCHUMKOB reorpaduuecKoil MecTHOCTH [3] ZacT BO3MOXK-
HOCTDH IPOCTPAHCTBEHHO COIIOCTAaBUTL UX CO CIIYyTHUKOBBIMHU H306pa}KeHI/IHIVII/I n
TEM CaMbIM O6OFaTI/ITb Ha60p JaHHBIX JIJId aHaJIU3a. 9TO O6OCIIOBbIBa€T aKTyaJIlb-
HOCTb 38JIa49¥ T.H. [[BETOBOW KOHCTAHTHOCTH, KOTOPAsi CBOJUTCS K OIPEJIETIEHUIO
110 IMEIOIIEMYCsi H300PaKeHHIO ITAPAMETPOB HCTOYHUKA OCBEIEHNUSI C IeJIBIO OTle-
HUTDb TTIAPAMETPhI OTPAYKATEJHHON CIIOCOOHOCTH TTOBEPXHOCTH OOHEKTOB B CIIEHE.
IIycts I — MmynbTHCIEKTPAIBHOE H300parkeHne, COCTOSIIEee U3 Kk KaHAJIOB:

I=(I1,....I). (1)

Bynem ommparscst Ha MoJeb GOPMUPOBAHUS M300pPaKeHUsI, B COOTBETCTBUH C
xoTopoii I ompeesisercss Kak HHTErPaJI IO JIJIHHE BOJIHBL OT IPOU3BEEHU CIIEK-
TPaJILHOIO COCTaBa MCTOYHMKA ocsemieHns E(\), GyHKImii CleKTpaabHOll qyB-
cTBUTENBHOCTH k-KaHasbHOro ceHcopa R(A) = (Ri(A),..., Rg()\)) n dysxnun
OTpazKaTeIbHON CIIOCOGHOCTH TTOBEPXHOCTH S(A):

- / " EOISOVR(VA. @)
0

Kak usBectHo, 6€3 orpannydennii, HAK/IIbIBAEMBIX Ha, (DYHKITHH OTPAXKATETb-
HOM CIIOCOOHOCTH U CIIEKTPAJIbHbBIE XaPAKTEPUCTUKHI HCTOYHUKOB OCBEITEHUST, 9Ta
3a/1a4a He uMeerT TOYHOro pernenusi [4]. CTporo roBopsi, Jazke ¢ W3BECTHBIMU
OTPaHUYIEHUSIMHE, 33/[a4a SBJISETCS MaTEeMATHIECKN HEKOPPEKTHO IIOCTaBJICHHO
u B O0IIEeM CJIydae MOXKeT ObITh PEIIeHa TOJIBKO B CMBICJIE HEKOI'O IIPUOJINKEHUS .

B pabore JI. Masoyuu u B. Yorzesuia [5] 3a1a4a OlleHKH CLIEKTDa OTParKEeHHsT
CTABUTCS KaK MOUCK (DYHKIUI OTParXKaTesIbHOI CIIOCOOHOCTHU [IPU U3BECTHBIX T1a-
paMeTpax OCBENIEHU, & €€ DEIeHNe CBOJUTCH K PENICHUIO CHCTEMBI JIMHEIHBIX
YPaBHEHHII OTHOCUTEIILHO TTapaMeTpoB oTpaxkenus. B pabore [5| dyukmun orpa-
2KATEJIbHOM CHOCOOHOCTH U CIIEKTPOB OCBEIIEHHsT MOJICJIUPYIOTCS KaK JIMHEHbIE
KOMOWMHAITIY W3BECTHBIX 0A3MCHBIX CIEKTPOB. JlaHHAs MOzes b B HaIeil 3aiatie
Obl1a BBIOpaHa B KadecTBe OHOPHOI. Cpeay M3BECTHBIX B JIUTEPATYPE PeIeHuit
3a/1a90 OIEHKU CIIEKTPA OTPAYKEHHsI MOYKHO BBIIEIUTH OOOOIIEHMS KJIACCHIe-
ckux asropur™os gray-world [6], max-RGB [7], shades of gray [8] u gray edge
[9] nuist MyIBTHCHIEKTPATIBHOTO CilyYdast. DTH MeTO/bl OCHOBAHBI HA BbIJBUKEHUN
¥ HCIIOJIb30BAHNU HEKOTOPBIX IIPE/IIIOJIOKEHNIX O CI[EHE, C IIOMOIIBIO0 KOTOPBIX
MOZKHO IOJIYUATH UHGMOPMAIUIO 00 HCTOTHUKAX.

OpuH U3 pacHpoCTPAHEHHBIX ITOJIXO/I0B K PEIICHUIO 3a/1a491 I[BETOBOI KOH-
CTAHTHOCTH OIUPAETCs Ha UCIOJIb30BAHUKM MHMOPMAINU O T.H. KJIOYaX — 00b-
€KTax B CIIeHe, J[JIs KOTOPBIX XapaKTepHbIEe 3HAYEHUs CIEKTPaIbLHOU (DYHKIUN
OTPaKeHUsT MOYKHO CIUTATH U3BECTHBIMU C HEKOTOPOI TOYTHOCTDHIO U C IIOMOIIIHIO
KOTOPBIX MOXKHO AINIPOKCUMUPOBATH HEM3BECTHBIE IMAPAMETPhl B Mojean (2).
Tak, Hanpumep, B pabore Buanko u coasropos [10]| npeiyaraercs oneHUBATH
rmapaMeTphl OCBEICHUsI C NCIOJIb30BAHUEM J€TEKTUPOBAHHBIX JIAI[ Ha H300pa-
JKEHUH B Ka4eCTBe KJIIOYEil.
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B nanHOit paboTre paccMaTpUBaeTCsl IOCTAHOBKA 331841 OIEHKU HEU3BECTHBIX
apaMeTPOB OTPAYKATEBHON CIIOCOBHOCTU € UCIHOJIH30BAHUEM CHHTETHIECKHUX
MOJIeJIell MYJIBTUCIIEKTPAJIBHBIX U300pazKeHnii emHnIHOl miomaau. OyHKmun
qyBcrBuTeabHOCTH ceHeopa (R1 (), . .., Ri(\)) Oynem npubsmkars -pyHKIMIMA.
Tora HHTEHCUBHOCTD U300pazkeHusl B £-OM KaHAJIE eCTh IIPON3BE/ICHNE CIIEKTPOB
OCBEIIEHNsl, OTPAZKATEJIbHOIT CIIOCOGHOCTH U 1yBCTBUTEIBHOCTU £-T'O KAHAJIA CEeH-
copa:

It=E-S R (3)

B nmannoit pabore MBI UCIOIB30BAIA CHHTETHICCKUE MYJIBTHCICKTPAIbHBIC
n300parKeHusi, TMOJyIEeHHbIE C UCIOIH30BAHUEM OTKDPBITHIX 0a3 CIIEKTPOB OTPa-
2KATEJIbHOM criocobHOCTH, (DYHKIWI TyBCTBUTEILHOCTUH CEHCOPOB U MOJIEJIN IPsi-
MOT'0 UCTOYHUKA, ocBereHust. C MCIOMb30BaHNEM MOJETbHBIX N300parKeHnii ObI-
JII UCCJIeJOBaHbl pa3Hble CTpaTeruu Ollpe/iesIeHnusl IIapaMeTPOB OCBellleHUs JJId
OIIEHKHU HEM3BECTHBIX ITapaMeTPOB OTpakarebHoil criocobnoctu. Ilokazano, aro
mepebopHast CXeMa B alllPOKCUMAIIASIX MHOYKECTB CIIEKTPOB OCBEIEHUsT U OTPa-
2KaTeJIbHOI CIIOCOOHOCTU, M3BECTHOW M3 KJIIOYa IIBETOBOIl KOHCTAHTHOCTH, TO3-
BOJISIET C 3HAYUTEILHO MEHbIIIE OIMHOKOI OIEHUTH HapaMeTpbl HeM3BECTHON 10~
BEPXHOCTH, Y€M CTPATErNN, OCHOBAHHBIE HA CJIyYaifHOM BBIOODE ITapaMeTpoB UC-
TOYHUKA U €ro IPUOJIIKEHINN (PUKCUPOBAHHBIM.

2 TIlocranoBKa 3aga4mn

[IycTs nam anbl gBa MyJIbTUCIEKTPAILHBIX n300pazkenus 17, Is, cormacoBanmnbie
¢ MOZIENbIO (3), U Takue, 9To:

Il()‘) = E(A)R()‘)Sclue()‘)v
L(A) = E(A)RA)S(A), (4)
NeL, Sy € S4mL g ¢ gdimL

clue

e 3BeCTHO, 910 F(\) MpuHAIeKUT HEKOTOPOMY CeMEHCTBY CIEKTPOB JIHEB-
HOTO U BEYEPHEro OCBemmenns K, a \ NpUHaIJIeKUT MHOKECTBY 3HAYEHUIT JJINH
BOJIH, JIJIs KOTOPBIX OIIpe/iesieHbl (PYHKITUH 9yBCTBUTEILHOCTH ceHcopoB. Cunra-
eTcst, 4To PyHKIUS CIEKTPaJbHOI 0TpaskaTe/bHOl CIIOCOGHOCTH Sejye ABIAETCS
KJIIOYOM I[BETOBOH KOHCTAHTHOCTH, T.€. CYIIECTBYET allpHOPHOE MPE/IIOJIOKEHNAE
0 IPHUHAJJIEYKHOCTH S¢jye HEKOTOPOMY H3BECTHOMY MHOYKECTBY CHEKTPOB Seiye,
3HAYUTEIHHO MEHBIIEMY, YeM MHOYXKECTBO BCEX BOZMOMKHDIX.

Tpebyercs, pactosaras I3 (\), Io(A) VA € L u yunrsiBas anpuopHyto uadop-
Maruio 0 E 1 Sgjye, ONeHUTDH S.

3 Pemenue zagaun
MeTO'EL pemienusd 3aJavdu COCTOUT U3 ABYX CT&,ZLHP‘IC OI€HKHU ITapaMeTpOB OCBellle-

Hust F no Iy u onenka orpaaTebHOR criocobHocTr S ¢ ucnosib3oBanueM F.
OmnmieM jajiee JaHHbIE CTAIUN TOAPOOHEE.
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3.1 Omuenka mapaMeTpOB OCBEIEeHUs

Ha niepBoii crajuu npubIMzKEeHHO BOCCTAHABIMBAETCS CIEKTP UCTOYHUKA OCBE-
LIEHUs] 110 AIPUOPHON uHMoOpManuu (U3BJIEYEHHON U3 KIIHOYa I(BETOBOH KOH-
CTAHTHOCTH) ¥ 3HAYCHUIO OTPAYKEHHOTO CUTHAJIA B JAHHON O0JIACTH, 3aPErUCTPU-
POBAHHOMY CITyTHUKOBBIM C€HCOPOM. OUTUMAJIBLHBIM Pe3yJIbTaTOM PabOThI JIaH-
HOI CTaIuH Gy/IeM CUUTATH TaKHe IApaMeTPBI CIEKTPa OCBEIeHust F, IpH KOTo-
PBIX MUHUMU3UPYETCs OMUOKa MOJEJIMPOBAHUS MYJIHTUCIIEKTPAJIBHOIO U300pa-
skerust. O6o3HauMM nponecce Mogeauposanus 1 uepes byukuuo F(E,R,S) =1
Torma nckoMoe 3HaUeHHE ' Gy/ieM HCKATh depe3 pellleHne CJIe/yIOmeil OITHMA-
3allMOHHON 3aJ1a9u:
E S1= argmin ||I) — F(E*,R,S")||2. (5)
E*€E, S*€Sciue

B ofmmem ciryuae 3azaua (5) HEBBILYKJIAsI, [IOITOMY IIPEJJIAIAETCS UCHOJIB30-

BaTh MEePeOOPHYIO CXeMY B JIMCKPETHBIX alIpOKCUMAaIusix B 1 Sqjye.

3.2 Omnenka mapaMeTpoB OTpaXkaTeJIbHOI CIIOCOGHOCTH

Ha Bropoit ctaguu aaroputMa st BCexX MUKCeIeil aHam3npyeMoit 001acTi Ha-
XOIATCS 3HAYEHMSI CIIEKTPa OTParKaTEIbHON CIIOCOOHOCTH METOJIOM IOKAHAIb-
HOII HOpMAaJIM3alluN, CUYUTAs CICKTD OCBEIICHHS TOYHO HAUJCHHBIM Ha IEPBON
CTaJINN.

A
w VAeL (6)

4 DKcHepuMeHTbI

Hespro 9KCIEpUMEHTa SIBJISIETCS TOJIyUYeHNe 3aBUCHMOCTE IOKa3areseil Kade-
CTBa AJTOPUTMOB OIEHKU IIapaMeTpPOB OTPaXKaTeIbHOH CIIOCOOHOCTH S OT Xa-
PaKTEPUCTUK UCTOYHHUKA OCBEIEHUs], B KOTOPBIX [1apaMeTPhl OCBENIEHNsI BbIOU-
paroTCs MOJIHOM 1epebOPHOIl CXeMOil, CIIydaiiHo 00 CUnTAIOTCH (DUKCHPOBAH-
HbIMH. B KadecTBe mapamerpoB (DUKCHUPOBAHHOI'O UCTOYHUKA OBLI B3AT CIEKTD
nHeBHOro ocgereHns ¢ COHIIEM, HAXOSANIMCS B 3€HUTE.

CpaBHeHUe JAHHBIX aJIFOPUTMOB C 0DOOIIEHUIMU MeTO/I0B gray-world, max-
RGB, shades of gray u gray edge B JaHHOi1 paboTe He IIPeyCMOTDPEHO, T.K. B Te-
Ky1Ieit paboTe pacCMaTPUBAIOTCs CHHTETHYECKHE OJTHOITMKCEIbHBIE MYJIBTHCIIEK-
TpaJIbHbIe N300paKeHusi, B TO BpeMsl KaK U3BECTHDIE B JIUTEPATYPE PACCUUTAHBI
Ha peajibHble (MO0 CHHTETUYECKHE, HO NPUOJINKEHHBIE K PeasibHbIM) U300pa-
JKeHUsI, 0DJIA/IA0IINE TPOCTPAHCTBEHHBIM Da3PeIleHIeM.

4.1 Meronuka

Jlanuble 0 ceMelicTBe CIIEKTPOB JHEBHOI'O OCBEIIEeHUs ObLIN IIOJIyYeHbI ¢ IIOMO-
IO CIEKTpasibHOM Monenn [11] mamenenuem yria Haksiona CoJiHIZ OTHOCH-
tesbHO 3eHuTA. CriekTpbl COJHIA, BU3YATH3NPOBAHHBIE TIPU HEKOTOPBIX yTJIAX
IIpeJICTaBJICHbl Ha PUCYHKe 1.
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Puc. 1: CruekTpbl IPsIMOTrO MCTOYHUKA OCBEIIEHHs B 3aBucuMocTH OT yrira CoJrH-
113 C 36HUTOM.

g
o

0 rpagycos
15 rpapycos
30 rpapoycos
45 rpagycos
—— 60 rpagycos
—— 75 rpagycos
90 rpagycoBs

nznydeHue (Br/(m~2*um))
[
[=]

500 750 1000 1250 1500 1750 2000
ONTMHa BOJIHLI (HM)

B kadecTBe JaHHBIX OTParKaTEJbHON CIIOCOOHOCTH M3BECTHOI'O MHOXKECTBA
CLIEKTPOB Sy UCIOB30BasACH Ga3a maHHBIX Base Spectra (splib07a) [12] mist
BEreTHPYIONHUX KYJIbTYD, TAKUX KaK cyXas TpaBa, Fa30HHAs TPaBa, [1aCTOUINA.
YyBCTBUTEJIBHOCTH CEHCOPOB CIIyTHHKOB Ha PA3JIMYHBIX JIJIMHAX BOJIH B3SITHI C
caitra USGS [13]. Koaddunuenr orparkeHns HEKOTOPBIX MOBEPXHOCTEH 1 TyB-
CTBUTEJIBHOCTH CEHCOPOB i1t ciiy THUKOB LandsatOLI8 u EarthObservingl npo-
JIEMOHCTPHUPOBAHBI Ha PUCYHKE 2 JIJIsi HAIIErO PACCMATPUBAEMOrO JINCKPETHOIO
CIEKTPa JIJINH BOJIH.

Bribepem MHOXKECTBO U3 S¢jqye, MHOKECTBO U3 [E U CIIyTHUK, ¢ KOTOPOTO OBLIN
TIOJIyI€eHbl CreHepUupOoBaHHble JdaHHble. Ha BBIOpaHHBIX mapamerpax OymeM mIpo-
BOJUTD SKCTIepUMenT 1 = 10° pa3 I KaskKI0ro MeTOIa OIEHKH OTParKaTeIbHOI
cnocobHocTH. Ha KaxK 101 nTepannuu reeepupyeM MyJIbTHCIEKTPAIbHbIE TTHKCETTH
1o mogzienu (4), e S ¢ Seiye. Ommnbkoit OyeM cauTaTh BEJIMUNHY CIEKTPAJILHOMN
HOPMBI OTKJIOHEHHS IIOJIy9E€HHOW MATPHUIBI OTPAaXKATEJbHOIl CIIOCOOHOCTH OT €€
WUCTUHHBIX 3HAYEHUHl, YCPEJHEHHOI 110 1 NTePAIIUSIM:

n—1
e:1/n2||si—5i||2. (7

i=0

4.2 PezyabTaThl

Breum IIPOBEACHBI 9KCIIEPUMEHTHI I1I0 OIICHKE KavdeCTBa IIPE/IJIO?KEHHOI'O aJI'OPUT-
Ma Ha JaHHBIX UMHUTAIIMOHHOI'O MOJC/JINPOBAHUA. CpaBHI/IBa.J'[CH Hpe,[LJIO}KeHHbeI
aJI'OPUTM C HO,ILO6HI)IMI/I, B KOTOPBIX BbI60p HapaMeTpoB OCBeHIEHUs OCYIIeCTB-
JIAJICA C.Hy‘{a.IL/'IHBH\/I 06pa30M NI BCerJa OCTaBaJICA HEU3MEHHbBIM. Breum oJryve-
HbI pe3yJ/ibTaTbl 3aBUCUMOCTHU Cpe,Il;HefI OIIUOKHU JJId KazKJI0I0 MeTO/Ia OT MCTUH-
HOr'o yIvla HaKJ/IOHa UCTOYHHKa OCBEHIECHUSI.
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Puc. 2: Koadduipenrsr orparkenusi (KpacHble) U 4yBCTBHUTEJILHOCTH CEHCOPOB
cliyTHUKa (3€JIEHBII).

W3 oty 9eHHBIX PE3y/ILTATOB MOYKHO CEJIATH BBIBOJL, U9TO OIIHOKA, Y IIPEJJIO-
JKEHHOT'O aJI'OPUTMa Ha [OPSAKU MEHbIIIE, YeM Y JIPyTuX aaropurmos: nodru 0 (a
mvenno — 10710), B To BpeMs Kak J/Is CTydaitHOTO BBLIGOpA ONTHOKA COCTABJIACT
1o 3.0, a st purcupoBanuoro — g0 1.5.

Taxzke ObLI pacCMOTPEH AHAJIOIMYHBIA SKCIEPUMEHT, B KOTOPOM MaKCHMAaJIb-
HBII BO3MOKHBII yroJI HAKJIOHA UCTOYHUKA ObLI orpanunden 80 rpajycamu, T.e.
6sm3kue K 3akaTHOMY COJIHILY CIIEKTPBI UCTOYHHUKA OBLIM MCKJIIOUEHBI U3 BO3-
MOXKHBIX. EC/in cpaBHUTH BeJIMYUHBI OIMMUOOK ¢ PUCYHKOB 3 U 4, TO MOXKHO BU-
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Puc. 3: 3aBucumocThb cpejiHeil OMIOKK € OT MCTUHHOTO YIJIa HAKJIOHA HCTOTHUKA
OCBCILICHHUS C 3€HUTOM.

P 3.0 —

301 & \/\\ = BFi{nepebop) / \
© ~ = = RN(cny4aiiHbiin) 52517 \‘s__
é 23 = = FX(hVKCHpOBaHHBIN) é 20 \-\
= > = 2.
320 \.‘ 3 = BF(nepetop) N
o 15 \__ © 15{ == RN(cnyuaiHsiit) \\ X
s N : [ — FX((PUKCUPOBaHHBI) ~ 7
:5-}1.0 AL 4 g 10 --\-‘/"
o P 2 ~
v 0.5 - o 0.5 L

- -
0.0 T 0.0 —
0 20 40 60 80 0 20 40 60 80
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(a) EarthObservingl (b) LandsatOLI8

Puc. 4: 3aBucumocTsb cpejiHeit OMIOKY € OT MCTUHHOTO YIJIa HAKJIOHA HCTOTHUKA
OCBEIIIeHNsI C 3eHUTOM, OrpaHHIeHHBIM 80 Ipa/rycaMu.

= BF(nepebop) I = BF(nepebop) /
o 0-6 1 == RN(cnyuaiiHein) 3 o 061 == RN(cnyuairbin) /
x — i /[ 3 — i /
o FX((uKCUpoBaHHbBIN) ) o FX((hnKcpoBaHHbIA) . /
= =
3041 om '/’ F04) ~oa -//’
= - /’/ = - ”
= Se—_- our = e —— .
I - I -~
g 02 ' @ 0.2 o
o . o .
o R ¥ o~
" - " -
0.0 0.0
0 20 40 60 0 20 40 60
WCTUHHLIA yron (rpagycel) WCTUHHBIA yron (rpagyckl)
(a) EarthObservingl (b) LandsatOLI8

JeTh, 9TO CPEJIHSIS OIIHOKA, IIPU CIIyIaliHOM BBIOOPE apaMeTPOB HCTOTHUKA CHII-
JKAETCS TOYTU B 5 pa3. DTO MPOUCXOJIUT M3-38 TOrO, UYTO CIEKTPLI UCTOYHUKA
(pucyHOK 1) 1pu HEGOJIBIINX OTKJIOHEHUSIX OT 36HUTA OTJIMYAIOTCS HE TaK CyIIe-
CTBEHHO, OfiHAKO npu crpeMieHnn K 90 rpajycam (3akar), pasHHUIA B CIIEKTPAX
3HAYUTEILHO PACTET.

W3 npuBeiEHHBIX SKCIEPUMEHTOB MOYKHO CIEJIATH CJIEIYIONINe BBHIBOIBI:

1. Ucnosib30oBanne MmpeooyKeHnuii 0 BO3MOYKHBIX IapaMeTpaX OCBEIIEeHUs U
CHEKTPAJIbHBIX (DYHKINH OTpaskeHusl MOXKeT OBbITh 3P DEKTUBHO UCIOIB30-
BaHO JIJIsl ONEHKN HEM3BECTHBIX IAPAMETPOB;

2. B ycioBusix meboabmmx oTkaonerunit CotHIa OT 3eHUTa CTPaTerus IPUOJIH-
JKEeHUsI HEM3BECTHOTO UCTOYHUKA Uepe3 (DMKCUPOBAHHBII OKa3bIBaeTCst Oosiee
3¢ deKkTUBHOIl, YeM uepe3 BLIOOD CILyIaillHOro.
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5 3akJro4deHue

B pabore uccienosana 3aja4a BLIYUCIEHUS CIIEKTPA OTPAYKEHUS JJIsT MYJIBTUC-
MEKTPaJBHOTO ciiydad. [IpuBeeHBI SKCIEPUMEHTHI 110 UCCIC0BAHNAIO KAdeCTBa
OleHKU (DYHKIME OTParKaTeIbHON CIOCOGHOCTH € MCIOJIb30BAHUEM AIIPHOPHOM
nHbOPMAIMU 0 KJII0YaX IBETOBONH KOHCTAHTHOCTH, JIJISi KOTOPBIX U3BECTHO HPHU-
GJIMPKEHUE MHOYKECTBA BO3MOXKHBIX CIIEKTpPOB. C MCHOIB30BAHUEM MMHTAIHOH-
HBIX MOJIEJIeHl MyJIBTUCHEKTPAJIBHOIO H300pazkKeHHsl MOKA3aHO, UYTO C AJTOPHTM
Ha OCHOBE Nepe0OPHOil CXeMbl ITO3BOJIAET Ha MOPAJKN TOYHEE OICHUTDH HapaMeT-
PBI OTPasKaTeNLHOM CMOCOOHOCTH B CPABHEHUH CO CIy9aiiHbIM BBHIGOPOM Tapa-
METPOB UCTOYHUKA OCBENIeHus U (PUKCUPOBAHHBIM, cOOTBeTCTBYIomMM CotHity
B 3enuTe. Besmauna ommbKy pacTéT pu crpeMiennn K 3akataoMmy CosHILy, rie
HabJo/1aeTcsl HanboIbIIas PA3HUIA B KAIEeCTBE Y UCCJICIOBAHHBIX AJIFOPUTMOB.

He cMOTp# Ha TPOCTOTY M HAMBHOCTH NEPEGOPHOIT CXEMBI, OHA UMEET IPAKTHU-
YeCKUiT IOTEHINAJ MCIIOJIb30BaHus B 6ostee OIM3KNX K IPaKTUKe 3ajadax. Tak,
MHOYKECTBO CIHEKTPOB MCTOYHUKA OCBEHICHHS MOYKET ObIThL HPHUO/IMXKEHO HauGo-
JIee 9aCcTO BCTPEYAIONUMUCS CIIEKTPAMU OCBEINEHNUS, & AITPUOPHAas NWH(MPOPMAIIUST
0 KJII0YaX IBETOBOI KOHCTAHTHOCTH MOYKET ObITh M3BJICUEHA ABTOMATHICCKHM
06pa3oM, HAIIpUMep, MY TEM JIOKAJUZAIUY OTIEJILHO CTOSIINX 00BEKTOB Ha a3po-
dorocanmkax (Hanpumep, crpoenus [14]) nin 061acTH 10JIEl ¢ BereTUpy IIUMI
kyabrypamu [15]. JlaHHBIE PE3ysbTATBI MOTYT OBITH MCIOJIL30BAHBI B JIAJIbHET-
[IeM B MCCJIEIOBAHUAX 38491 OIEHKH CIIEKTPa OTParKeHUs Ha PeaIbHbIX JAHHBIX
JINCTAHIIMOHHOTO 30HIMPOBAHAS 3EMJIH.

Vccnenosanye BBLIIOJIHEHO 3a CY6T I'paHTa Poccuiickoro maydHoro ¢omga
(mpoexT Ne20-61-47089).
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O MmeTofaX BOCCTAHOBJIEHUS THUNEPCIIEKTPAJILHBIX
N300parkeHnii Mo TPEXKAHAJILHBIM C HYJIEBOI1
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Annoranmsa B pabore 06CyK1aeTCsT BOMIPOC BOCCTAHOBJIEHUE CIEKTPOB
10 TPEXKAHAJILHBIM OTKJIMKAM CTAHIAPTHLIX I[BETOBBIX KaMep. Paccmor-
PEHBI AJrOPUTMBI CIIEKTPAJbLHON PEKOHCTPYKIMHA W WX MOAMMUKAIINM,
[I03BOJIAONINE OOHYJIUTD IIBETOBYIO omuOKy. Vjes, mo3Bossiomnast u3be-
2KaTh BOSHUKHOBEHUE [[BETOBOI ONINOKY 3aKJII0YAETCs B BBIIEJIEHUH SIAPA
npeobpa30BaHusl, IPUMEHIEMOr0 K CIIEKTPAJIBLHON KAPTUHE I TOJTyde-
HESI TPEXKAHAJIBHOTO M300parkeHus. Biraromapst 9ToMy BOCCTaHABINBA-
€MBIif CHEKTP PACKJIAIbIBACTCS HA JBE KOMIIOHEHTBI, OHA M3 KOTOPBIX
CUNTACTCH AHAJIUTUYIECKH, U IOSBJISIETCSI BOSMOXKHOCTD BOCCTAHABIINBATH
CIIEKTPBI, KOTOPBIE SIBJISIOTCSI MeTaMepaMy JAHHOTO IBeTa. Takrke Takoi
IIO/IXOJ] K CIIEKTPAJIbHOI PEKOCTPYKIUH IO3BOJISIET aJITOPUTMAaM ObITH 60-
Jiee yCTOMYUBBIMY K M3MEHEHUIO OCBEIEHHOCTH B KapTune. B pesysibrare
paboThl OBLI IPOBEPEH U MOATBEPKIAEH METOJ, TO3BOJISIONINI OOHYINTH
[IBETOBYIO OIMUOKY C TOYHOCTHIO CIEKTPAJIHHOIO BOCCTAHOBJIEHHSA 3.75
rpajyca, ITO COIJIACYEeTCs C COBPEMEHHBIMH HAYIHLIMUA PE3yIbTATAMU.
KimroueBsble ciioBa: runepcrekTpajibHast PEKOHCTPYKIHST, HyJIeBasi [[Be-
TOBasi OIIMOKA, HefipoceTeBasi PEKOHCTPYKIIUS.

1 Bgsenenue

Hesb runepcrekTpaabHO PEKOHCTPYKIIMYA — MAKCUMAJILHO TOTHO BOCCTAHOBUTD
CIIEKTP, OTParKaeMblil MJIM UCIyCKAEeMbIil 00bEKTAMU B ClieHe. SHAHUE 3HAYCHUI
CIIEKTPOB B OTIEJILHO B3ATBIX MMHUKCEJSIX U300PaKEHUs MO3BOJISIET OMPEIEIUTD
dusnIeckne CBONCTBA COOTBETCTBYIONIETO O0bEKTa. SHAHWE CIEKTPAIbHBIX Xa-
PAKTEPHUCTUK B CIIEHE UCIIOJIB3YETCs B MEJIUIIMHE, Ne€0JIOTUH, arPOIPOMBIIIIEHHO-
CTU ¥ JIUCTAHIIMOHHOM PACIIO3HABAHUU IBETOB.

CymiecTByroIme ajJrOpuTMbI CIEKTPAIbHON PEKOHCTPYKIINHU, KaK Hefipocere-
BBIE TaK U HE UCIIOJIb3YIOIIHe IIyOOKoe 00ydYeHne, TI03BOISIOT BOCCTAHABINBATD
cekTp ¢ xoporeil Tounoctbio, Hanpumep HSCNN-R [3] wm A+ [1], SOTA
u aygroput™, nopropuiuii pesysnbrarsl SOTA coOTBETCTBEHHO, OHAKO, 0OJIb-
MIUHCTBO U3 HUX OObeIuHsIeT OJHa IpobjieMa: OHM He 0DeCIednBaioT HYJIEBYIO
nBeroByio ommOKy. [Ipumep paboThI CyIIECTBYIOMMX AJTOPUTMOB IIOKA3aH Ha
pucytke 1. OZHUM 13 UCKJIOYeHNil siBjsiercst pabora [2], Bepudukalys pesyib-
TATOB KOTOPOIl U SIBJISIETCS OCHOBHON 3ajia4eil JTaHHOi PabOTHI.
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Hawmu GBII0 IIPETIOKEHO /1Ba HOAXO4A ISl IPOBEPKU U JOCTHKEHUS PE3YJIb-
TATOB, OLUCAHHBIX B [2]:

— JuHeliHasd MOJeJIb;
— HelpoceTeBble aJITOPUTMBL.

B jaunnoii pabore nposepeHa mies, IMO3BOJIAIONAS TTOJYyIUTh HYJIEBYIO IIBE-
TOByI0 OmuOKy. M iest onncana u npejyioxena B [2].

Puc. 1. JleBas kaprunka — Color checkers — ucxomnas RGB kaprunka. Cpemmsis
KapTUHKa — pe3yJbTaT paboThl IOJIMHOMHUAJIBHON perpeccun. [IpaBasi KapTuHKa — pe-
sysibrar paborel HSCNN-R. Ommbka usmepsiercs ¢ nomoribio merpuku AFEgg.
Wnocrpanust B3sita u3 [2].

PaccmarpuBaemble HelipoceTeBble aJITOPUTMBI BKJIIOYAIOT B Ce0s: IIOJTHOCBSI3-
HYI0O HEHPOHHYIO CETh JUIA YJIy4YIleHUs Pe3yabTaTOB JIMHEHHONR MO U Ipo-
BEPKHU HJIeU O COXPaHEHUU BOCCTaHOBJICHHOI'O IBETa, U CBEPTOYHYIO HEHPOHHYIO
cetb, ocHoBannuyio Ha HSCNN-R.

2 JlocTuxkeHue HYJIEBOI IBETOBOI OIMUOKM

B nmammom pazgerne Oyaer ommcaHa uiest, MO3BOJSIONIAs M30€2KATh IIBETOBOI
OIIMOKK IIPY BOCCTAHOBJICHUU CIIEKTPA.

Wnes 3akmovaercst B CJIEIYIONIEM: BOCCTAHOBJICHHBIE CIIEKTPBI JOJIKHBI Jie-
2KATh BO MHOYKECTBE METAMEpOB JAHHOIO I[BETA, TO €CTh

P(Svp) = {I‘|STI‘ = P}, (1)

e p — Bekrop B RGB(TpexkaHaabHOM) IPOCTPAHCTBE, T — BEKTOD B CIIEK-
TPAJLHOM IPOCTPAHCTBE, S — MATPHIA CIEKTPAIBLHONR TyBCTBUTEILHOCTH Ka-
MepBL.

S — marpuna pasmepa n X 3, I TaK KaK 9TO MaTPHIA CIEKTPAJIbHOI qyB-
CTBUTEILHOCTH KAMEPBI, TO €€ CTOJIOIbI JIMHEHHO HE3aBUCHMBI, 3HATUT UX MOKHO
BBIJICJINTH KaK Ga3uC 3—MEPHOIO IOAINPOCTPAHCTBA N—MEPHOIO CIEKTPAJILHOIO
npocrpascrsa. losmoxkum B marpuieit pasmepa n X (n — 3), cocraBjieHHON U3
6a3UCHBIX BEKTOPOB B (N — 3)—MEpPHOM HOJIIPOCTPAHCTBE N—MEPHOIO CIIEKTPAJIb-
HOro npocrpancTsa. Tor/a 1060t BEKTOP B CIIEKTPAIBEHOM IPOCTPAHCTBE MOKHO
PAa3JIOKUTh Ha JiBe KOMIIOHEHTBI, OfHa JexkuT B span(S), apyras B span(B):

r = PSr 4+ PBr, (2)
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e
PS=5(sTS)"'s' , PP =E - P® (3)

B cuy Toro, uro S umeer panr 3, P takixe numeer panr 3, saaunt PP mve-
et panr (n— 3). Basuc B span(B) MoxkeT ObITH Hall/IEH IIyTeM OPTOrOHAIM3AIIN
BekTopos PB.

Takum 06p3301\{7 MHO2KECTBO M€TaMepPOB JaHHOI'O I[B€Ta OIIUCHIBACTCH CJIE/Y-
IO M 06pa30M:

P(S,p) = {S(STS)"'p+Bbb c R"3}. (4)

ITpoeximu cuekTpa B monpocTpancTse span(S) 6yeM HasbBaTh (DyHAMEH-
TAJLHBIME MeTaMepaMi, a poekimu B span(B) uepnbiMu MeTamepamu (BeKTOpa
u3 sApa npeodpa30BaHMsl).

Omubka BOCCTAHOBJIEHUS CIIEKTPA MOYKET ObITH 3allicaHa KakK HOpMa Pa3Ho-
CTH M€K]Iy BOCCTAHOBJIEHHBIM U PEAJILHBIM CIIEKTPaMU:

owubka soccmanosaenus = ||r — ¥ (p)||, (5)

IJie 7 — peaJsibHbI crieKTp, W (p) — pe3yJIbTaAT PEKOHCTPYKIHH.
5"—II/ITBIBa§I7 q9TO0 (byH,ZLaI\IeHTaJH)HbIe MeTaMepPbl CHUTAIOTCA aHAJIUTUYICCKU,
HYZ?KHO BOCCTaAaHOBUTDH TOJIBKO Y€PHbIE ME€TaMePbl, TO €CTh BbIpazKeHHe (5) upuMmer
BUJI:
owubra soccmarosaenus = ||ry — Py(p)|]. (6)

3 PekoHCTpyKIMs CIEKTPa, KaK 33jJlada perpeccuu

Sagada perpeccun hOPMYIUPYETCsl CJELYIONUM 00pa3oM:

¥(p) = Myp(p) =, (7)

M — perpeccruonnasi MaTpUIa, 0ToOpakaroIias p-MepHOe TPOCTPAHCTBO IPU-
3HAKOB B N-MepHOE HPOCTPAHCTBO CHEKTPOB, ¢ : R3 — RP - 310 oTobparkenue
LIPU3HAKOB JJIsi KayKJI0r0 ajiropuTMa. Bouipaxkenue (7) MOXKHO 1epedopMysIupo-
BaTh, KAK 33JIa9y ONTUMU3AINKA B BUJIE

H}&IHZHMSD(Pi)_TiHZ' (8)

3.1 JIumeiinas momaesib

JInHEeRHOCTD MOJIE/IN 3aKJ/II0YAETCS B CJIEYIONEM: MBI CUMTAEM, UTO NPU3HAKI
3aBHCAT JIMHEHHO OT BeKTOpa P, T0 ecThb p(p) = p. lonaras Pp(p) = Mpp, n
YHYUTBIBAA, YTO MBI XOTHM OI'DAHUYUTH BOCCTAHOBJICHHBIC CIEKTPBI TOJIBKO IIOJI-
IPOCTPAHCTBOM YEPHBIX MeTaMep, MOXKHO cKa3aTh, uro My = B A, Torma 3a1ada
ONTHMU3AIMN CTABUTCS CJIELYIONUM 00pa30M:

min | BAg(p) — 7. 9)
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B - oproronansras Marpura, saaant YC — ||C|| = ||BT C||, Toraa seipazenme
(9) MoOxKHO 1EpenucaTs B BHe

min || BAg(p) — || = min| | BT (BAg(p) —r3)|| = min || Ap(p) ~ B 1y |. (10)

4 TlosHOCBsi3HasI HElipOHHAs CETh

B neiipoceresbix asropurmax Ap(p) 3ameHsiercs Ha BbIXOJ cetH, T0 ectb DN N (p) =~
BTry & W,(p) = BDNN(p) ~ 74.

B kadecTBe apXuTeKTypBI IPOCTON HEHPOHHON ceTn ObLIA BLIOpAHA IOJIHO-
CBsI3HAs HEIPOHHAs CETb ¢ TPeMsi CKPBITBIMU CJIOSMHU 10 64 HelpoHa KaxK/Iblif,
¢ dynkmmeit akrupannn ReLU Ha kaxkmnom u LeakyReLU B xomnre.

5 CBepTouHas ceThb

B kauecrBe apxureKkTypbl cBepTOuHOI ceTu Oblia BbiOpana cetb HSCNN-R c
TpeMsi GJIOKAME ¢ OCTATOYHBIM 00yUeHHeM, IIpeJicTaBIeHHas B [3].

K Bxonmomy m300parkeHuIo NpruMeHsIeTCsl CBEPTKa C AIPOM 3 X 3 U cTpaii-
noM 1. Dror pesysnbrar NpubaBISeTCS K BBIXOY IEMOYKH OJIOKOB C OCTATOTHBIM
obyuennem. Cxema oHOro 0J10Ka mpejicTasieHa Ha pucynke 2. K momyaennomy
pesysbrary npumensiercs ReLLU u cBepTka.

o~ CR | (c) @ R J—

Puc. 2. Cxema 6j10Kka ¢ ocTaTOYHBIM 00ydenueM. C' — O3HAUYAET CBEPTKY C ANPOM 3 X 3
u crpaitnom 1, R — ReLU.

6 BpruuciaureabHbIe IKCIIEpMEHTbI

6.1 Habop gaHHBIX

B pabore ucnosbzoBasics vabop ganabix NTIRE2020, koropsiit comepxkur 450
TUTIEPCIIEKTPAIbHBIX n300pazkeHuit pasmepoM 482 X 512. 3HadyeHUWsT CIEKTPOB
u3mepensl B auarasone ot 400 mo 700 ranomeTpos, ¢ mmarom 10, To ecTh KaxK0e
n3obparkenue cojepkuT 31 KaHaJ.

s nonydenuss RGB u3o00paskeHnii MCIOJb30BAIUCH CHEKTPAIbHbIE TyB-
CTBUTEJLHOCTH CTaHapTHOro Hadsmogarens CIE1964.
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6.2 MHcnooJsb3yeMble METPUKA

o CpenHekBaJpaTHIHasl OIIMOKA:

MSE = lzn:(ri -0 (11)

Ci=1

r = (ry,...,r,) — UCXOmHBIN cmekTp, ' = (r},...,r)) — IpeJcKa3aHHbI}
CIIEKTD, T — KOJIMIECTBO KAHAJIOB.
o CriekTpasbHast ommobKa:

—

a=(r,r"). (12)

e IlgeroBast omubka: AFgg. Vcmnonb3yercs Jjisi OIEHKH PA3Indust JIBYX IBe-
TOB: YeM MEHBIIIE 3HAUYCHUE, TEM MEHBIIE IIBETA OTJINYAIOTCS JIPYT OT JIPYTA.

6.3 OO0yuenne monaeseit

tst oOydenust Bcex Mojesell U IPOBEPKH X KAIeCTBa JIAHHbIE ObLIN Pa3/Ie/IeHbI
Ha J1Ba Habopa: TPeHHPOBOUHBIN HabOp paszmepoMm 360 KapTUHOK, W TECTOBLII
pa3mepom 90 KapTHHOK.

ITonaocBsizHas cerhb. Cerh O6yvasach Ha KapTHHKaX pasmepa 121 x 124, xo-
TOpBIe ObLIN HOJIYYeHHDBI U3 KAPTUHOK TECTOBOro Habopa BBIOOPOM KazkIoro 16-
oro nukcesd. Pazmep 6arda 10. OmmbKu Ha TECTOBOM HAOOPe CUUTAJIUCH yIKe
Ha IOJTHOPA3MEPHBIX KAPTUHKAX.

B kavecrBe dynkmun noreps Oblia BBIOpaHA CyMMa CPEIHEKBAIPATHIHBIX
ONIHOOK 110 KaXKJIOMY ITHKCEJIIO.

CseproyHas cerb. [l 00ytdeHnns: CBEPTOUHON CETH MCXOJHbIE KAPTHHKU W3
TecToBOro Habopa ObLIN pa30UThl HA n300parkeHus pasmepoMm 48 X 51 u 3arpy-
KaJIICh B ceTh Oardamu pasmepa 50. OmmbOKu HA TECTOBOM HAOOpE CUNUTAJNCH
H& IIOJIHOPA3MEPHBIX KAPTHHKAX.

B kadecrBe dyuKmmu norepb Oblia BeIOpaHA CyMMa CPEIHEKBAIPATHIHBIX
OHII/I6OK 110 KazK/IOMY ITHKCEeJIIO.

6.4 Pe3yabTaTnbi

CuekrpaJjbHas OmmuOKa — yroj, u mnperoBas ommubka — AFgy Mexjy BoccTa-
HOBJICHHBIM U PEaJIbHBIM CIIEKTPAMU YCPEIHSJIUCH 110 BCEM ITHKCEJIsIM KAPTUHKHY.
PesynbraThr Bcex SKCIIEpUMEHTOB MIPEICTaBICHBI B TabuIe 1.

ITomyyenmbiit pe3yabTaT, IO3BOJISET CKA3aATDh, UTO IIPE/IJIOZKEHHBIN METO/T CITeK-
TPaJILHON PEKOHCTPYKIIUU ITO3BOJIsIET N30€KaTh BOSHUKHOBEHIS I[BETOBOI onnb-
KW U JOOUTCS TOYHOCTH, COTIOCTOBUMOI C COBPEMEHHBIMH aJITOPUTMAMU BOCCTA~
HOBJIEHUSI CIIEKTPA.
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Tabauna 1. Pesynbrarsr paboThl 00y Y€HHBIX aJITOPUTMOB, (¢ - YTOJI MEKJy BEKTOPAMHU

C pasznokeHnem Bes paszioxenns
CIEKTPAJBHOTO TIPOCTPAHCTBA,  CHEKTPAJIBLHOTO TIPOCTPAHCTBA
yroJ AFEy MSE yroJg AFEy MSE
LM 4.85 0.0 269305 4.85 0.0 269305
DNN 3.75 0.0 9513 3.90 42.05 9594

7 3akiro4deHue

B pabore mposepena usest, mo3BOJISIONIAs OOHYIUTD IBETOBYIO OITHOKY B AJIrO-
pUTMaxX CHEKTPaJbHOU PEeKOHCTpYKIWK. Bolesenne siipa npeobpa3oBaHusi, Ko-
TOPBIM CIUTAETCS MATPHUIIA CIIEKTPAJIBLHOM TyBCTBUTEILHOCTH KAaMEPBI, IPU Pe-
KOHCTPYKITUH CIIEKTPa MTO3BOJIIET M30eraTh IIBETOBOW OIMMOKHU, CJIa00 BT HA
CreKTpasbHble omuOKu. Ha mpe/yIoyKeHHbIX aJropuTMax MOJIyIHIOCh JTOCTUYb
CIEKTPAJIBHON ommOKK B 3.75 Tpajyca, UTO sIBJISETCS COIIOCTOBUMBIM Pe3yJIbTa-
TOM C JIpDyT'MMH &JIPOPUTMaMU Ha, JJAHHOM HabOpe JAHHBIX, U OOHYJIUTH [IBETOBYIO
OIIHOKY.

[Ipeamnorxenne npo moBTOPsieMOCTD B ApyTrux paborax. Pesynbrar mammoit pa-
6OTHI TO3BOJISIET KCIOJb30BATH, IIPEJIOKEHHYI0 MOJUMUKAINIO B PA3IUIHBIX
AJICOPUTMAaX CHEKTPAIbHON PEKOHCTPYKINN, 3HAS KAKOe 3HAYTEHIE OIMMUOKU HY K-
HO IIPEOJIOJIETD.

B 6ymymiem mraHupyercst Moy YuTh Pe3yJIbTaThl Ha CBEPTOYHOM CETH U MPO-
BEPHUTDH AJTOPUTMBI CIIEKTPATHHON PEKOHCTPYKITHH, Jo0mBINHeCs state-of-the-art
pesymibrara, a umenno, HSCNN-R u A+, ux pabory ¢ pa3/iokKeHueM CIeKTPasIb-
HOro 1pocTpaHcTBa. U yeroiianBocTh MOAMMUIIMPOBAHHBIX aJIOPUTMOB K U3Me-
HEHUIO WHTEHCHUBHOCTH B KapTHHE.
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CpaBHeHIE N3BECTHBIX METO/IOB CIEKTPaJIbHOTO
rnepeHoca

Ansmup Hypmyxameros!, TIvmrpuit Cupopayx?

! Mucruryr mpobaem mepemasn undopmamun, PAH, Bomsmoit Kapernsrit mep., 1. 19,
crp. 1, Mocksa, 127051, Poccus

AnHoTanust B pabore paccmarpuBaercst 3ajiada CIIEKTPAJIbHOTO TI€pe-
HOCa JIAHHBIX JUCTaHIMOHHOrO 30H uposanus 3emun (I33), B pamkax
KOTOPOI IO CUTHAJLY, 3aPErUCTPUPOBAHHOMY OHUM MYJIbTHCIEKTPAIIb-
HBIM CEHCOPOM, TPEOYeTCsl OLEHUTH CUTHAJ, KOTOPBINA 3aperuCTpUpPOBaJI
GBI BTOPOIi ceHcop, Oy/ib OH Ha MecTe niepBoro. K JaHHOMy MOMEHTY GbLIO
TIPEJJIOKEHO HECKOJIBKO PA3JIMYHBIX METOJIOB PeIlleHus 9Toi 3amadn. B
Haiell paboTe Mbl IPOAHAJIN3UPOBAJIN, PEATN30BAJIN U [IPOTECTUPOBAJIN
UX HA OJHOM M TOM K€ HAOOpE JIAHHBLIX. B IPOBEJIEHHOM SKCIIEPUMEHTE
anropurM Scheffler et al. [16] nmokasas Hantydinee KauecTso.

KimroueBble cj10Ba: CIIEKTPAJIbHBIN [IEPEHOC, JUCTAHIIMOHHOE 30HUPO-
BaHUe 3eMJIM, TapMoHmM3ays, Landsat-8, Sentinel-2.

1 Bsegenune

I1st obecriedennst MOCTOSTHHOTO KOHTPOJIST N3MEHEHUsI TTIOBEPXHOCTH 3eMJTH HE00-
XOMIUMO HCHOJIB30BAaTh JaHHbIC PA3JIMYHBIX CIYTHHUKOB. TaK nmapa CIIyTHUKOB
Landsat-8, Sentinel-2, o6aiaomnmux ceHcopaMu CO CPeHUM IPOCTPAHCTBEHHBIM
paspelrieHneM, MO3BOJISIET 00eCIIeYNTh TVI06aIbHOe TOKpbITHe [lianeTsr B cpe/i-
HEM C [IEPUOJOM MEHBbIIIE TPeX JHEel [1] HeobxomuMocTh HCIIOJIB30BAHIS HECKOJIb-
KHUX CIlyTHUKOB O0YCJIABJIMBAETCS TEM, YTO B HEKOTOPBIN MIEPHUOJ] BpEMEHHU y HAC
MOXKET HEe 6I)ITB JAHHBIX C IIEJIEBOT'O CEeHCOpa (O6BI‘IHO 9TO CBA3aHO C BPEMEHHBIM
nHTEePpBaJIOM NJIN C INIOXUMU yCJIOBUAMU C’I)el\IKI/I), HO MbI MO2>KEM BOCIIOJIb30BaTh-
sl CyNIECTBYIOIIUME JAHHBIME C JJPYTOT0 JOCTYITHOIO CEHCOPA, YJIYUIINB BPeMeH-
HOI nHrepBaJl MOHUTOPUHIQ M3MEHEHU. B TaKUX 3aJadaX KaK pa3rpaHnveHnue
[0JIell Ha CIIy THUKOBBIX CHUMKAX UCIIOJIb30BAHNE PA3HOBPEMEHHBIX JAHHBIX 1103-
BOJISIET CYIIECTBEHHO yJIydImuTh KadecTBo [2]. C Apyroil cTOpOHBI HCHONIB30BA-
HHUE JIBYX MYJIbTUCIEKTPAJIBHBIX CEHCOPOB € IMHOBPEMEHHO IO3BOJIAET IIOJIydYaTh
JIAHHBIE C YJIyYIIEHHBIM TPOCTPAHCTBEHHBIM DPa3pEINeHreM — 3aJ1a4a CJIUSHUS
[3]. Takzke B mocsieqHEE BpEMsI [IOJTy YUIIa IIUPOKOE PACHPOCTPaHeHne aspodoTo-
CbEMKA, OCYIIECTBJIIEMAas B TOM YUCJIE C JIPOHOB. B CBA3M ¢ 9TUM 3HAYUTEIHLHO
BBIPOCJIO PA3HOOOpa3Ke UCI0JIb3yeMbIX ceHCOpoB. OJIHAKO HeJIb3sl IPOCTO B3ATh
CUTHAJI OJHOIO CEHCOpa M HUCIIOJb30BaTh €r0 BMECTO JPYroro, Tak Kak (hbyHK-
UK CIEKTPAJLHON YyBCTBUTEIHLHOCTH Y PA3HBIX CEHCOPOB Pa3INdaloTcs (PHUC.
1). UrHOpupoBaHue 3TUX Pa3IMIuil MOXKET HOPOAUTH IIPOGJIEMBL IPU TIOCJIE YO~
IeM HCHOJIb30BAHUU JTAHHBIX, HAIIPUMEP BBIXO/ 3a ,ZLOHyCTHI\ILII;'I JAalla30H 3Ha-
YeHUi BEereTallMOHHOI'O WHJEKCA [4] 3amada npeiackazaHus 0 M300parkKeHMIo,
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CHATOMY OJJHAM MYJITUCIEKTPAJIBHBIM CEHCOPOM, N300pasKeHusi, KOTOPOe ObLIO
OBI TIOJTYYEHO JPYTUM MYJIbTUCIEKTPAILHBIM CEHCOPOM C M3BECTHBIMU (DYHKITHSA-
MU 9yBCTBUTEIBHOCTU HA3BIBAETCSI CIIEKTPAJIbHBIM [IEPEHOCOM (B AHTJIOSI3BIYHOI
Jmreparype harmonization).

CymiecTByeT HECKOJIBKO BapHUAHTOB ITOCTAHOBKY 3a/[a9U CIEKTPAJILHOIO IIe-
penoca. B HEKOTOPBIX CiIydasx 3a/atda IMPOCTPAHCTBEHHOI'O MAaCHITAOMPOBAHMUSI
¥ 33J1a9a CIEKTPAJIbHOIO IIEPEHOCA MOYKET PEIaThbCs OJIHOBPEMEHHO B PAMKaxX
HeltpocereBoro nmozuxozaa [5]. B pamkax spyroro BapuaHnTa mepeHoc HEOOXOIMMO
MIPOU3BECTU IIPUMEHUTEIFHO K N300PaKEHUAM BEreTAIIMOHHBIX UHIEKCOB, IIPE/I-
BapUTEJIbHO BBIUUC/IEHHBIX HA OCHOBE IIOKAHAJIbHBIX 3HaUeHuil [6]. B nanHoii pa-
60Te MBI PACCMATPUBAECM KJIACCUYIECKUI CIIEKTPAJIBHBIN [IEPEHOC: [Tpeobpa30oBa-
HIe KaHAJIOB OJHOI'O CEHCOPa B KaHAJIBL APYTOr0 CEHCOPA HE3aBUCUMO B KazKIOM
MIHKCEJIE.

Yro6bI 10ACUUTATH HAMOOJIEE YaCTO UCIOIb3yeMble niieKehl Beretanuun (NDVI,
SAVI, EVI [7]) mocrarouno HeGosbmoro uncia KaHasos: cuauil (B), 3esensiii
(G), kpacasrit (R) un Gizkanii nadpaxpacustii (NIR). @yHKIMI crieKTpaJbHO
YYBCTBUTEIHLHOCTH STUX KAHAJOB B PA3HBIX CEHCOPAX CXOXKU MEXKJLy CODOI, 110-
TOMY HEILIOXHE PE3YJIBTATHI MOI'YT ObITh JIOCTUTHYTHI C TOMOIIBIO JIMHEHHO MO-
zenn [8]. B nanbreiimux uccieoBanusix [9] 3aMeTHIIN CyIIECTBOBAHNE CUIILHOM
3aBUCHMOCTH OT PACTUTEJIBHOTO TIOKpOBa B3anmooTrHomenus R u NIR kanaJos.
JlaHHasi 3aBUCUMOCTD HE YYUTHIBACTCS B JIMHEHHON Mozesn. [Ipu 3ToM oHna Mo-
KeT OBITh yurena ipu ucnospzopannmu NDVI = (NIR —R)/(NIR +R) u NDVI?
B KadecTse npeaukTopos ([9], [10], [11]), 4To mo3BOMISIET NOBBICUTH KAYECTBO IIe-
peHoca B MecTax ¢ pacTuresbHbIM okpoBoM. Fan u Liu [12], paccmorpes napy
cercopon: Landsat Thematic Mapper u Earth Observing One Advanced Land
Imager, o6HapyKU/IM, YTO OTHOIEHHs] 3HAYEHUI UX CXOXKUX KaHAJOB (spectral
band adjustment factor, SBAF) zasucur or NDVI Henuneitno. Vcxos u3 sToro
OHM TPEJJIOXKUIN KBaJPaTUIHYI0 MOJe/b npejckasanus SBAF mo smadenusm
NDVI. C Toukn 3peHus mpecKa3aHUs MOKAHAJIBHBIX 3HAYEHHUI 3TO O3HAYAET
WCIIOJIb30BAHUE B KAYeCTBE HPEIUKTOPOB IIPOM3BEICHUI MCXOIHBIX KAHAJIOB CO
snavenusmu NDVI u NDVI2, O6Hapy:KUB CHILHbIC OTKJIOHCHUS IAHHOM MOJICITH
nupu Beicoknx 3naveHusix NDVI, Nadal et al. [13] upeioxunin sKCIOHEHIAATb-
HYIO MOJieJib npejcka3anus SBAF.

B HEKOTODBIX 3aa94X MHTEPEC IIPEJCTABIISIOT CICHUAIBHBIE HHIEKCHI, Ha-
npumep RESI [14] u LAI [15]. dus pacdera 9TUX HHIEKCOB HEOGXOIUMO UCIIOJIb-
30BaTh KaHAbI, (DYHKIUH CIEKTPAILHON 1yBCTBUTEILHOCTH KOTOPBIX Y PA3HBIX
CEHCOPOB pa3/IMYaloTcs cuiibHee. B paGore [16] aust mepeHoca Takux KaHaJIOB
GBLIIO IIPEJIOZKEHO KIIACTEPU30BaTh BXOAUbIE JAaHHble H HCIOJIb30BATh PA3/IHY-
Hble MOJEJNIN IIPeobpa3soBaHusl Jlsl PA3HBIX CHEKTPAJIBHBLIX KJIACTEPOB BXOLHBIX
JIAHHBIX.

Taxum 06pa3oM perenns 3aa41 CIEKTPATIBLHOTO IEPEHOCA YIKE IPE/IIOKEHO
HECKOJIbKO METOJIOB, HO KaXKJIblil 13 HUX TECTUPOBAJICS HA OTIECIHLHOM JIATACETE
¥ CPaBHUBAJICS TOJIBKO C JIMHEHHBIM IOAX0A0M. B mannoit pabore npejjaraercs
CPAaBHHUTH CJIEJYIONIAE METO/BI ClIEKTpasibHOro neperoca (8], [12], [13], [16]. dus
9TOro Mbl cobpasm cobcTBeHHbII JaTaceT Ha ocHoBe Habopa HLS (Harmonized
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Landsat And Sentinel-2) [17]. Mbr 06y 4min MeTObI Ha OJJMHAKOBOI HIOBBIOOPKE
U CPAaBHUJIM UX, OLPEIEJIUB IUIIOCHL U MUHYCHI KaXXJI0r0 U3 I0AX0H0B. Meros u3
paborsl [16] mokazas HamIytIee Ka4ecTBO B GOJIBIIMHCTBE KAHAJIOB U PE3Y/IbTaT
GJIM3KUIL € JIy9IMUME METOJAMA B OCTAJIBHBIX.

1.0
0.8
0.6

— NIR
0.4 — SWIR1
0.2 SWIR2
0.0

750 1000 1250 1500 1750 2000 2250

Puc. 1. Crnexrpanbuble dyHkiun dyscrBureabHocTr Landsat-8 u Sentinel-2A. Kon-
TYPOM C 3aJUBKOI orMedeHbl dyHkimn Sentinel-2A. Kontypom 6e3 3ammBku dyHKIIN
Landsat-8. CepbIM OTMe4Y€HBI KaHAJbI, He BKIIOUYEHHbIE B PACCMOTDEHHE.

2 Jlaumubie

Bribpanusie jyist cpaBHenus paborst [13], [16] ucnonb3yior cunrernaeckue AaH-
Hble Jjist 00yYeHusl, a TeCTUPYIOTCs U HA CHHTETUIECKUX, M Ha PeaIbHBbIX JaH-
HBIX. ABTOpBI [16] AU1s1 reHepaIy CHHTETHYECKHUX JIAHHBIX HCIOJIb3YIOT JAHHbIE
a3poOTOCHEMKH TUIIEPCIEKTPAIbLHBIME (60JIee cTa KaHAJIOB) ceHcopaMu. THibl
MMOBEPXHOCTEH BKJIIOYAIOT TOPHBIE ITOPOJIBI, IIOYBBI, CEJILXO3YTO/IbsI, JIECA, TOPO/I-
CKYI0 MECTHOCTb, IyCTHIHH. JIjisi TeCTHpOBaHUsI Ha peasbHBIX JIAHHBIX aBTOPa-
ME OBLI IIOArOTOBJIEH coOCTBeHHBIN maTacer. Jlanuble Landsat u Sentinel 6uram
COIIOCTABJICHBI U CKOPPEKTHPOBAHBI, MOJIyIeHHbIII HAOOp He OBLI OIyOJIMKOBAH.
Cunrernmieckne JaHabe B pabore [13] cremeprpoBaHbI Ha OCHOBE CIIEKTPOB CEJTb-
CKOXO3CTBEHHBIX YYACTKOB, M3MEPEHHBIX CIIEKTPO(MOTOMETPOM Y ITOBEPXHOCTU
Bemsn. TecrupoBaHue Ha peasbHBIX JIAHHBIX B 9TOI pabore GbIIO BBITOJHEHO HA
ocnose Habopa HLS [17] 6e3 ykaszauns BEIODAHHBIX JAT.

B cBoeit pabore MbI OyjieM HCIIOJIB30BATH PeAJIbHbBIE JAHHbIE OTPAXKEHUIA, 13-
MEpeHHbBIe CIlyTHUKOBBIMU ceHcopaMmu. [Ijist 3Toro OblLI cKadaH HAOOD JAHHBIX
HLS [17], cocrosimmit u3 n3obparkennii pasmepa 3660 x 3660 nuxceseii, na Ko-
TOPBIX BbINOJIHEHa aTMocdepHast Koppekius [18] u BeipoBHeHbI MacimiTabbl. Ha-
6op HLS mperocraBiisier MacKu KavdecTBa, C UCIOJIb30BAHIEM KOTODBIX U3 Pac-
CMATPUBAEMBbIX N300paKeHmii UCKJIIOUEHBI 00JIaKa, CHET, BOJIA U MECTa BBICOKOII
ILUIOTHOCTHU a3p030Jin. Tak»Ke MCKIIIOYEHbI TeHH OT 0OJIAKOB, HECMOTPSI Ha CyIIIe-
CTBOBAHUE AJITOPUTMOB, O3BOJIAIONINX KOMIECHCHPOBaTh nx 3ddext [20]. Takoit
[IOJIXOJI, [T03BOJISIET OCTABUTH TOJILKO CIEKTPAJbHbIE PA3JINdus MexKIy Sentinel-
2A u Landsat-8.

st obyuaenust Mmojeseit 6bLn 0ToOpansl Taitasl ¢ noasmu: 15TUH, 37UDU,
38ULC u taiusibl ¢ pa3HooOpa3HbIMU CIEKTPAMU, HO C JOMUHIUPOBAHUEM DAaCTHU-
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reaprOoCcTH; 17SLS, 31UFS, 33UUQ, 33UUU. B cBoto ouepes Ijist TECTUPOBAHIS
Mojiesielt oTobpaHbl TakKe fBa Taitia ¢ nmoasmu: 14TPT, 38ULB, u oaun Taiin ¢
pasnoobpasupivu criektpamu: 19TEN. B urore mosyuaem 7 m3obpakenuii Jijist
obyueHns n 3 N300parKeHusl /I TECTHPOBAHUST PACCMATPUBAEMBIX METO/IOB.

YT00BI TIOyYNTH JaHHBIE C BBICOKUM CIIEKTPAJIBHBIM PA3HOOOpA3MeM W Tie-
peiitu or u3obpaxkeHuii K HAOOPY OTJEJIBHBIX MYJILTUCIEKTPAIbHBIX IMHUKCEJIei
MBI Bocnosib3oBauck noaxonom Scheffler et al. [16]. duist aroro kaxmoe n3obpa-
KeHne ObIIo paszaeneHo Ha 50 KIacTepoB, fajee n3 KayKJI0ro KJIacTepa CoIydaii-
HbIM 00pa3oM 6b110 Bbieseno 2000 crekTpos Sentinel-2A u coorBercTByfOIITE
umM 3HaveHus Landsat-8. Ilocite Bcex mpeoGpasoBaHUil moydaeM CJIey oIt
obbeM maHHbIx: 793272 u 297497 MyIbTHCHEKTPAIbHLIX NUKCceseil B 00y1aromeit
U TECTOBOIl BBIOOPKAX.

3 DKcnepuMeHT
1st oTieHKY KadecTBa Mojiesieil OyIeT NCIo/Ib30BaHa CTOJIb MOIMYJISPHAS BO MHO-

rux paborax ([5], [13], [16]) merpuka RMSE, onpenensiemast cieyromum o6pa-
30M OTZAEJIBHO JIsT KasKJOr0 KaHAJIA:

RMSE =

rae N — KoJm4ecTBO nukceseil B n300pakeHuH, o — i-oe OlleHeHHOe 3Ha4YeHUe
KaHama o, a! — i-0e HCTHHHOE U3MepeHue KaHaaa .

BeiGpannble st cpaBrenusi pabotsl [13], [16] paccmarpupaiu 3a1ady crek-
TpaJibHOTO 1epenoca u3 Landsat-8 B Sentinel-2A. Besiest 3a Humu B Harmeit pabore

paccMaTpuBaeTCAd UMEHHO 3TOT II€PEXO/I.

4 'Tectupyembie MeTOIbI

B kauecTBe 6a30BOro MeTOJ1a, OTHOCUTEJIBHO KOTOPOIO OY/YT PacCUNTBIBATHCS
IIOKA3aTe/ N U Ka4eCTBO OoJiee CJIOXKHBIX MoJieseil, BbibepeM MeTo] 6e3 KOppeK-
mu (No correction). [asee npuBogurcest KpaTKoe OLKCAHUE PACCMATPUBAEMBIX
Moyiesieii perpeccun u SBAF:

1. No correction — 1y KayKI0TO KaHaJja [eJIEBOr0 CEHCOPa BBIOMpPaeTCsi HAnmbo-
Jsiee Oskuit mo RMSE Kanas ncxomnoro, 3uadeHus KOTOPOrO HCHOIb3YIOTCS
6e3 n3MeHeHuit

2. Linear — nuneitnoe npeobpasoBanne 6immkaiimmero o RMSE kanasa nexom-
Horo cexcopa (ananoruano No correction):

ﬁk,ta‘r =a- ﬁ)\,est + b7 (2)

TJIe P) tqr — 3HAUEHHE IPEJICKA3BIBAEMOTO KAHAJIA A, P) st — SHAUCHHIE COOT-
BETCTBYIOIIEr0 KAHAJIA UCXOIHOTO CEHCOPA.
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Multi Linear — MHOTOMEpHasT perpeccusi — MpeICKasaHme KazKI0T0 KaHasa
I[EJIEBOTO CEHCOPA TI0 BCEM KaHAaJIaM HCXOHOI'O CEHCOpa:

n

ﬁ)\j,tar = Z aip/\i,est + b7 (3)

i

TJie N — KOJIMIECTBO KAHAJIOB HCXOJIHOTO CEHCOPA, P, tar — 3HAYEHHE TIPEJICKA-
3BIBAEMOTO KaHama \j U Py, es¢t — SHAMEHHE i-TO KaHaJa NCXOJHOTO CEHCOpa.

Multi Linear Without Intercept — Bepcust 6e3 cBobosoro Ko3dbdurmenrta:

n

ﬁ)\j,tmﬂ = zaiﬁ)\i,est- (4)

MR1 Nadal — moness Nadal et al. [13] ¢ Bosiedennem NDVI, NDVI%:
ﬁ(red,nir),tar = ﬁlﬁ’red,est + 62ﬁnir,est + BBNDVI + ﬁ4NDVI2 (5)

MR2 Nadal — momens Nadal et al. ¢ MHOro416HOM BTOPOIO MOPSIKA U JBOIi-
HBIM IIPOM3BEICHUEM:

p(g,red,nir),tur = Blﬁ(g,red),est +ﬁ2ﬁnir,est +/83(ﬁ(g,red),est : ﬁnir,est) (6)
+ /3)4 (ﬁ(g,red),est)Q + 62 (ﬁnir,est)Q

SBAF1 — mozmens Fan n Liu [12] o npeackasanuio KBapaTUIHON 3aBUCH-
MOCTH OTHOIIEHHS JBYX KaHaJoB Toabko o NDVI u NDVIZ:

P(green,red,nir) tar = P(green,red,nir),est * (a +b-NDVI+c- NDVI2) (7)

SBAF2 monens Nadal et al. mo mpeckasaHnio S5KCIIOHEHITHAIBHON 3aBUCH-
MOCTH OTHOIIIeHuUs /IByX KaHayoB or NDVI:

b-NDVI d-NDVI
P(green,red,nir),tar = P(green,red,nir),est * (CL e +c-e ) (8)

Scheffler c¢: nc — mogens Scheffler et al. [16]. Yucisio kiracrepos nc 3a1aer-
cs1 Ha drare o0ydeHust. JJaHHbIE KJIACTEPUIYIOTCS U /IS KarXKJIOT0 KJacTepa
obyuaercst cBost Mosiesib Multi Linear. Ha sTame TecTupoBaHUs 1151 BXOIHOTO
MYJILTHCIEKTPAJILHOTO ITHKCEJIs OIIPEIesISIoTCs OiinzKaiiiime KIacTepsl U pe-
3yJIbTAT MOJIydaeTcs KaK B3BEIEHHAs CyMMa OTBETOB MoJeJieil, 00yJeHHBbIX
JIJIST 9TUX COCEIHUX KJIACTEPOB.
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5 PezyabraTnbi

s ynobersa BBefieM ciiejlytornue Kparkue obo3nadenns: kKanaiaos: CA — kaHau
aspososid, B — cunnit, G — 3esensiii, R — kpacusriit, NIR B — 6mxaumit nadpa-
kpacubiit mupokuit, NIR N — 6ymxuuit nndpakpacusiit y3kuit, SWIR1 — kopor-
KOBOJTHOBBIN mH(MppakpacHbIil mepbiit, SWIR2 — KopoTKOBOTHOBBIN MHppaKpac-
HBI1 BTopoii. B Tabuuie. 1 npuBeeHbl OCHOBHBIE pe3y/ibTaThl 0 MeTpuke RMSE
it iepexozia ot Landsat-8 k¥ Sentinel-2A. TTouTu o Bcem KaHaJIaM HAMJLY YA
pesyubrar nokasssaror Meroisl Scheffler et al. [16]. B CA nawryqmmii pesysib-
Tar gaer auHeitHbiit MeTos, B NIR B u NIR N — Multi Linear Without Intercept
u B SWIR2 — Linear u Multi Linear merompr npesocxomst apyrue. Pesysbrar
mogesn Scheffler et al. B arux Kamasax cpaBHUM € IEPEIUCIEHHBIMI METOIAMMU
u jaet 1ot ke nopsanok ommoku. Tak:ke MR1 Nadal mokasbiBaeT Hemoxoit pe-
sysbrar B G u R oraocuresibao 60s1ee IpoCThIX METOIOB U COIIOCTABUM C JIY YIITIM
pesysbrarom. SBAF1 nokaseiBaer yxymmenne B R KaHase OTHOCHTEIBHO METO/IA
6e3 koppekuu (No correction). Dkcnonennuanabuas Moaeanr SBAF2 npesocxo-
aut kBagparnanyio SBAF1 B G kaHaje, HO MOKa3bIBAE€T CKY/JHOE KAYECTBO B
cpe/iHeM.

HawuGoubmumit npupoct Kadectsa HabJII0jaeTcst B IepBbIX Tpex KaHasax (CA,
B, G) u NIR B. B cBoio ouepens B R, NIR N, SWIR1 u SWIR2 naxe cambie
MIPOCTBIE METOJBI MOI'YT IPEB30OUTH 10 KAYeCTBY OOJIbIINE MANIUIAHBI HAIIO/IO-
6ue merona Schefller et al. [16]. Camble Gosibinne 3HaYEHNsT OMIOOK MOXKHO 3aMe-
tuth B NIR B, NIR N (naubosbiime 3Ha9eHAs CIIEKTPA BEMETAIIMN HAOJIIONAIOTCSI
UMEeHHO B o1Tux quanasoHax) u B SWIR1, SWIR2 (nanHbBIe KaHAJIbI OXBATHIBAIOT
nanbostpimii nuanason) (cM. puc. 1)

6 3akJirodyeHue

B nannoit pabote MbI pacCMOTPEH 331249y CIEKTPAJIHLHOTO TIEPEHOCA, HAIILIHA CO-
BPEMEHHBIE PeIIeHns], PeaIM30BAIN UX, COOpan COOCTBEHHBIH aTaceT U Ha HEM
00yTmiIi ¥ CPaBHUJIN KaskK0e N3 HuX. Mbl MOJIyaniiu, 9To HauIydinee KadecTBO
o merpuke RMSE B cpeem niokasbiBaeT merog, npeyoxkenusiit Schefller et al.
[16]. B HEKOTOPBIX KaHAJIAX OH yCTYIIAET JPYTUM, G0JIee IIPOCTHIM PEIeHUsIM, HO
PN JIOJI2KHOP HACTPOKE I'HIIepIapaMeTPOB, BKIIOUEHHBIX B OCHOBHYIO MO/IEJb,
9TOT AJI'OPUTM MOXKET JOOUTHCSI MHUHUMYM TOT'O K€ KadecTBa. TakKe OT/esb-
HO BBIJIEJISIETCS IIPOCTON MeTo, mpe roykenubrii vamu, Multi Linear Without
Intercept, KoTOpBIil MOKHO CM€JIO UCIIOJIB30BATH /Il KOPPEKTUPOBKY 3HAUEHUIT
NIR B u NIR N kana/ioB, Tak KaK B HUX OH JIaeT JIY4IIAN pe3yabTaT. B 1eaom,
JOBOJIBHO IIPOCTO# HOZXOJ, pa30bMeHusl JAHHBIX Ha KJIACTEPHI M UCIOIH30BAHIE
0OBIYHOM JTUHEITHOI perpeccun [16] IpeBOCXoIuT OoJjiee CJIOXKHBIE, HO TIPU STOM
YHUBEPCAJIbHBIE MOJIEJIHM, TO €CTh OJMHAKOBBIE [JIsl BCEX THUIOB CUTHAJIOB [12],
[13].

UccnenoBanne BbimosiHeHO 3a cuér rpanTa Poccuiickoro mayunoro donia
(mpoexT Ne20-61-47089).
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CA B G R NIR B | NIR N | SWIR1 | SWIR2

No 7.37 6.45 7.44 8.44 33.53 19.67 15.73 11.16
correction| (0.0%) | (0.0%) | (0.0%) | (0.0%) | (0.0%) | (0.0%) | (0.0%) | (0.0%)
Linear 6.47 6.15 6.91 8.41 19.52 14.79 10.86
(12.33%) (4.6%) | (7.1%) | (0.32%) (0.79%) | (5.95%) | (2.72%)

Multi 6.51 5.99 6.69 8.47 19.56 19.48 14.71 10.86
Linear |(11.73%)[(7.14%)|(10.03%)| (-0.36%) |(41.65%)| (0.98%) | (6.48%) | (2.7%)
Multi 6.48 5.96 6.75 8.47 19.52 19.37 14.86 10.96
Linear [(12.06%)|(7.61%)|(9.21%) | (-0.38%) |(41.78%)| (1.51%) | (5.49%) | (1.85%)
Without

Intercept
MR1 6.54 8.31 19.49
Nadal (12.08%) (1.51%) (0.94%)
MR2 6.57 8.39 19.49
Nadal (11.7%) | (0.56%) (0.94%)
SBAF1 6.7 8.48 19.42
(9.95%) | (-0.47%) (1.27%)
SBAF?2 6.64 8.42 19.53
(10.75%) (0.24%) (0.71%)

Scheffler | 6.53 | 5.95 | 6.51 818 | 19.55 | 19.37 | 14.67 | 10.94
30 |(11.39%) (7.74%) | (12.52%) (3.02%) |(41.69%)| (1.51%) | (6.7%) |(1.95%)
Scheffler | 6.49 | 594 | 6.49 816 | 1953 | 19.38 | 14.66 | 10.92
¢50  |(11.97%) (7.89%) | (12.69%)| (3.32%) |(41.75%) (1.48%) | (6.76%) | (2.14%)

Tabauna 1. 3navenuss RMSE 11t Bcex pacCMOTPEHHBIX METO/I0B KaK IIPOIEHT YIIyd-
menus ornocuTeabHO Nearest merona. Paccmorpen mepexon u3 Landsat-8 B Sentinel-
2A. Meroy ¢ HaubGoIBIIUM yJIydlIeHHeM oTMedeH 3esieHbiM (ponom. 2Kenrbim honom
OTMeYeHbI JBa Oumkaiimux K Jjygmemy merony. Cepsoiit GoH O3HAYaeT, 94TO JAHHBIM
KaHaJ He paccMaTpuBaercs MeronoM. [l ynobuoro onennBanns snadennss RMSE mo-
MHOXKeHbI Ha, 10°
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Hopmanuzainus nzodparkeHus JIaOopaToOpHOTO
IJIAHIIIETa C JIyHKaMU AJd JaJibHeTnero
pacno3HaBaHUS

Jenuc HIapamnos?, Cepreit Kopuarnu!, Erop Epmmos!
! MucruryT npobiem mepegaun uadopmamnun uM. A.A. Xapkesuda, Mocksa, Poccns,
2 MOCKOBCKHii (pU3MKO-TEXHIIECKII HHCTUTYT (HI1Y), Honronpynustii, Poccust
sharapov.d@phystech.edu

AnsoTtanua. 3aada ONpeIeseHNs TPYIIbI KPOBH UeJIOBEKA SIBJISETCST
OJIHON M3 OCHOBHBIX B MeJWIMHE. BOJIBIIMHCTBO JIAOOPATOPHBIX UCCJIE-
JIOBaHUII 110 ONIPEJEJIeHUIO I'PYIIbl KPOBU IPOBOAUTCA BPYYHYIO — 3a-
CYET 3PUTEJIHLHOrO HAOGJIONCHUS CIICIUAJMCTOM PEAKIMK arTJIIOTCHAIUH,
BCJIEJICTBUE Y€r0 BO3ZHUKAET HEOOXOAMMOCTH UCKJIIOYEHUS UEJIOBEYECKO-
ro ¢akTopa Ha AJITOPUTMUYECKOM YpOBHe. B maHHO pabore mpemjoxKe-
HBI: aJITOPUTM JIETEKIMU TIPSIMBIX Ha JIAOOPATOPHOM IUIAHIIETE MEXKLy
JIYHKaMU; aJrOPUTM HOPMAJIN3ali N300parKeHusl IIaHIIeTa; METO| Ha~
XOZKJIEHUs yTJIa MOBOPOTA IIJIAHIIeTa Co cpe/iHeit omubkoii He Gostee 0, 3°.

Kirouesslie cioBa. Oupe/iesienne yria IoBOpOTa IJIAHIIETA C JIyHKAMH,
6pIcTpOEe IIpeobpasoBanne Xada, merekrop rpanun Ksuaau, mopdosorn-
Jeckne mpeobpasoBanusi, GuabTp [aycca.

1 Bsegenune

st oupeesieHusT TPYHIIBI KPOBH €JIOBEKA HCIIOJIB3YIOT JIAOOPATOPHBIH ILIAH-
mer 1o cucreme ABO. B wém Haxomurcs HEKOTOpOE KOJIMYECTBO JIYHOK, B KO-
TOpBIE ITOMENAIOTCS PeareHThl. B 9T! Ke JIyHKU HOMEIIAaioT 00pasIiibl KPOBU U
Ha0JIIOAIOT HACTYIJIEHNE MJIM OTCYTCTBHE PEaKINU arroTeHanuu. Taxkum ob-
Pa30oM OIpPeeNdIoT IPYIIy KPOBU UeJIOBEKA.

Bo muOrmx smaboparopusix mogo0HbIe UCCAETOBAHNS TPOBOISATCS O€3 00~
HUTEJILHOTO 0OOPYIOBAHUS — TOJBKO 3aCYET BU3YAJIHHOIO HABJIOJEHUS CIIEIU-
amcToM. BeitecTBre 9ero BOSHUKAET PUCK YeJI0BEUECKOr0 (PaKTOpa, KOTOPBI
MOXKET TIOBJIEYD 38 cO00i CephE3HBbIE TIOCTIECTBUS /s 3[I0POBhs martmenTa. [1o-
9TOMY HEOOXOJIMMO IPEIOCTABUTD CIIEIUAJIUCTY BO3MOXKHOCTH IIPOBEPUTH CBOU
PEe3YJIBTATHI ONIPEeIeJIeHNs] I'PY B KPOBHU Ha AJTOPUTMHUIECKOM ypoBHe [1]: pas-
JIMYUA B pe3y.anaTax MaIIWMHbI U CHEIHAJJINCTa I\IOFyT CTaThb CUTI'HAJIOM JIJId IIO-
BTOPHOI'O MpOBeJIeHNs uccyaenoBarus. OIHUMN U3 11013329 TAKOrO aJrOPUTMAa
ABJIAIOTCS. HOPMAJIU3AIHs n300parkeHust 1abopaTOPHOro IUIAHIIETA C JIyHKAMU U
paciiosHaBaHnue J'IyIIOK.
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ITox 3amadeit HOpMaIU3AIIN N300PAKEHUST ‘

IJIaHIIeTa C JIYHKaMU [IOHUMaeTCs cileTyloliee. Ve :’%
(. \. )
Iloce Toro, Kax CHEIUAJIUCT CMEIIaJ peareH- o800
Thl C KPOBBIO, IIJIAHIIIET IOMEIAETCS B CKa- o X
uep. Ha mosyuennom n3o0pakeHuu ILJIAHIITET “0o3

X k)

MOXKeT OBITh HMOBEPHYT Ha MaJiblii yroJ B Ipe-
nenax £10° oTHOCHTENBHO 1EHTPa. DTOT (harT
CcHOCOOEH NOBJIEYb 3a CODOIl IOIPEIIHOCTD B
JMaJbHEIeM pPACIO3HABAHUN JIYHOK. 1lo9TO-
My HEMOCDPEJCTBEHHO Iepej JIeTeKInedl JIyHOK
HEOOXO/IMIMO OIIPEIEUTD YroJl HOBOPOTA IIJIaH-
IIeTa U COBEPIINTD IIOBOPOT — B 9TOM M COCTOUT
3aja9a JAHHON PabOTHI.

Ilo dpopme J1yHOK GOTBIIUHCTBO TJIAHIITETOB
OTHOCHTCS K OJIHOMY U3 JIBYX THIIOB: C KPYTJIbI-
MU JiyHKamu (puc. 1a) uiim ¢ OBaJIbHBIMU JIyHKa-
mu (puc. 1b). Ilosromy B JanHoii pabore pemra-
Jlach OOImas 3aja4a JUisl JBYX THUIIOB ILIAHIIe-
ToB. Eé pemenue 3aK/I09a10Ch B CJIIyIOIMIEM.
CHadvaJia CTPOUJICS aJrOPUTM IIOCTPOCHUS CET-
ku (grid) (paszmesn 3), a 3aTeM NPUMEHSIIICSI OJJMH U3 METOJIOB OlpeIeJIeHNs] Iapa-
MeTpa HAKJIOHA IpAMBIX (pasmes 5). Ilocie ¥ero mpoBognIach ONeHKa TOTHOCTH
oJIy9eHHOro ajropurMa (pasjen 6) Ha CO3JaHHOM Jaracere n300pazkeHuil pas-
JIMYHBIX IUIAHINETOB (paszesn 2).

Puc.1: Ilpumep mranmera
(a) — ¢ KpyIJIbIMU JIyHKaMu,
(b) — ¢ OBaJIbHBIME JIyHKAMHK

2 Cozganue garacera

JIjisi OIeHKHM TOYHOCTH PeNIeHUsl MOCTABJIEHHON 3aJadu ObLI CO3JAaH JIATACET
n300parKeHni JIAHIIEeTOB ¢ JyHKaMu. boiio mosrydeno 14 nzobpaskeHuit pa3amd-
HBIX IJIAHIIETOB C KPYIJILIMU JIyHKAMU U 12 n300parkeHuii pa3jinaHbIX IJIaHIIIe-
TOB C OBAJILHBIMU JIyHKAMHU.

Bxomnoe n3obparkeHne yMeHBIIAIOCH TaK, ITOOBI HAMOOJIBINASL M3 €ro CTO-
poH He npeBbimasia 512 nukcesreil. DTo HEOOGXOAUMO JJIst TOTO, YTOOBI YBEJIMYATH
CKOpOCTh paboThl ajiropurMa GbicTporo npeobpasoBanus Xada, KOTOPbIi Oy-
JeT TPEUIOKEH B pazzesie 3. 3aTeM COBEPIIAJICT MMOBOPOT HA IMTPOU3BOJIHHBIN
yroi « € (—10°,10°) orHocuTesbHO HeHTpa u300paxenus. ITocie gero obpesa-
JINCh apTedaKThl TOBOPOTA, YTOOBI AJITOPUTM HOPMAJIM3AIUN HE UMEJ BO3MOXK-
HOCTH Ha IOJICKA3Ky CO CTOPOHBI 'PAHUI] [TOBOPOTA. Pe3yjbTarsl 1OJrOTOBKI
n300parkeHusl IPUBEJCHBI Ha PUC. 2.

Kaxoe nzobparkenue IUIAHINETa ¢ OBAJILHBIMUA JIYHKAMU OBLIO TIOBEPHYTO
Ha TPOU3BOJILHBINA yrosi 1 pas, a u3obparkeHue IUIaHIIETa ¢ KPYTJIBIMU JIyHKa-
mu — 7 paa. [losromy obmmit pasmep martaceta cocrasisier 14 -7 + 12 = 110
1300parKeHunii.
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Puc. 2: Pesynbrarhl H0AroTOBKH H300pakeHuil. (a) — n3obpazkeHue HOBEPHY-
Toro Ha « = —3,3° wianmera, (b) — obpe3anHoe M306paKEHUE TOBEPHYTOTO
IJTAHIIeTA

3 AJroputrMm IoOCTpOeHHus CETKH

Heobxommmo peann3oBaTh ajaropuTM, KOTOPBIN IIOIyYaeT Ha BXOJ N300parKeHue
IJIaHIIIeTa C JI[yHKaMU 1 HO,ELaéT Ha BBIXO/J MHO2KECTBO AETEKTUPOBAHHBIX IIPAMbBIX
Ha M300parKeHNH.

Kapra rpanurg

OcHoBHAg Uzest ONPEJEICHUs YIIa TIOBOPOTA MIAHIIETa 3aK/II0YACTCI B JIETEK-
I[1U IPSIMBIX, IIPOXOJISAIINX B IIPOMEXKYTKAX MeKLy JiyHKaMu. J1jist 3Toro Heobxo-
JIUMO MOJTYIUTh KAPTY TPAHMIL CO CBET/IBIME IIPOMEXKYTKAMH. 110CTpoeHre KapTh
I'PaHUI] OCHOBAHO Ha IpUMeHeHuu oneparopa Ksunu [2] u mocsemyiomeit nasep-
cun (puc. 3). Haz nosyueHHON KapToil MDaHUI] IPUMEHSIETCsI ONeparus MOp-
osoruyeckoro orkpbiTust (3po3un) [3|, YTOGBl YMEHBIIUTH pa3MEphl CBETIIBIX
[IPOMEKYTKOB MEKJLy JIyHKaMU Jjist GoJiee TOUHOM JleTeKiu npsaMbix (puc. 4).
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R AN S il 4
Puc. 3: Ilmanmer mnox geiicrBueMm Puc. 4: Kapra rpanur moj jaeiicTBu-
oneparopa Ksnau n maBepcun €M 3po3un
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Aaropurm grid

B cBoeit cratbe [4] aBTOPBI IPEBEaN AJrOPUTM GBICTPOro HpeobpasoBaHns Xa-
da (BIIX) st qBymMepHBbIX n306pazkenuii. Ha Bxoz 5TOro ajropurMa mocrymnaer
n300parkeHne, a Ha, BBIXOJ — copa3MepHbiil Xad-06pa3 /11t KOHKPETHOTO THUIIA
IpSIMBIX (IIPEUMYIIECTBEHHO IOPU30HTAIBHBIX WM BEPTUKAJIBHBIX) — U300pa-
JKEeHUe B KOOD/MHATHOM IIPOCTPAHCTBE (8, 1), jle § — CJBUT IPSIMOIi B IINKCEJIsIX,
t — mapameTp HaKJIOHA IPSAMOI B IIMKCEJIAX, B KaKJIOM IIHKCeJIe KOTOPOI'O CTOUT
3HAYCHHME CyMMBI 10 COOTBETCTBYIOIIEMY KOODJIUHATAM ITOIO MUKCEJIs JUa e~
CKOMY IIaTTepHY (JIMCKPETHON NpsiMOil Ha n300parkeHWH, AIPOKCUMUDPYOIIeit
HENPEPBIBHYIO MPIMYIO).

Ucnonb3yst anropurm BIIX, MOKHO BBIOpATh KOODAMHATHL (S, ) camoil sap-
Koif Touknu Ha Xad-obpasze, KoTopasl OyIeT COOTBETCTBOBATH NCKOMOM IPSIMOIT B
HEKOTOPOM IIPOMEZKYTKE ME2KJ1y JIYHKaMMU. TaKI/IlVI O6pa301\/17 3aJJa49a HaXOXKICHUA
yIUIa MOBOPOTA ILUIAHIIETa CBOJAUTCH K 3a/1a1e HAXOXK/IEHHUS [1apaMeTpa HaKJIoHa t
B (s, t)-mapaMerpusanuy IpsMbIX HA H300pakeHuu. [IpsiMble ¢ HCKOMBIM mapa-
MeTpOM t OyJIeM HA3BIBATDH NPAMbLMU NOGOPOMA NAGHULENA.

Algorithm 1 Anropurm nocrpoenus cerku (grid)

. Ko Bxoamnomy n306parkeHuIo IPUMEHUATE onepaTop Kammn.
Tlosyuennyio Kapry rpaHul; HHBEPTUPOBATD.

TIpuMeHUTH 9pO3UI0 K MHBEPTUPOBAHHON KapTe T'PAHUIL.
ITpumennts duasTp Faycca.

HomomuuTh moIydYeHHOe n300parkeHne HyJISIMI.
Berancianre Xad-o6pas 1010 IHEHHOTO N300pasKeHusl.
BrraucnTe KoopuHATHI caMoii sipkoit Toukn Xad-obpa3za.
CoxpaHuTh HaiiJ[eHHbIE KOOD/MHATHI.

3aHy/IMTh OKPECTHOCTD IIPSIMOM.

. IloBrOpsiTh meftcTBus 6-9 17151 TOJTy IUBIIErOCs B MyHKTe 9 M300parkeHnsI IIOKa 3Ha-
JeHne nuka Xad-obpas3a MpeBbIaeT HEKOTOPBIA MOPOT.

© XN oUW

—
o

Ha Bxox anropurma grid (anropurm 1) mopaércs nsobparkeHne IUIAHIIETA C
JIYHKaMU, & Ha BBIXOJ — MHOZKECTBO Haf/'I,ILCHHbIX OPAMBIX Ha I/I306pa)KCHI/II/I. B
crpokax 1-3 crpourcst kapra rpanuil. B crpoke 4 ucnosbdyercsa dusiabrp Layc-
ca. O HEOOXOIMMOCTH €ro MpUMeHeHusT OyIeT TOBOPHUTHCS B pasfene 5. 3areM
B CTPOKe 5 n300parkeHue JOIOJIHSIeTCs HYJISMHE J0 KBaJIPaTHOIO M300parKeHust
TaK, 9T0ObI MaKCUMaJIbHAs W3 JJINH CTOPOH CTaJjia PABHITLCS OJvKaiimieil cre-
[IeHU JBOWKU. DTO HEOOXoAMMO st pekypcusHoro aaropurma BIIX. B crpoke 6
npumensiercss aaroput™m BIIX, a B crpoke 7 GepyTcst KOOpAUHATHI CaMOil SIPKOit
roukn Ha Xad-o6paze. B crpoke 9 npsiMast ¢ HafijjleHHBIME napamerpaMu (s,t)
3aKpaIINBAETCS IEPHOI MPSIMONl HEKOTOPOI TOJIIUHDI, KOTOPasl BeIOpaHa 001eit
JJIsl ABYX TUIIOB IIJIAHIIETOB — IIOJITOPA JUuaMeTpa HaUMeHbIIIeil U3 Bcex JIYHOK
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BCEX IJIAHIIETOB. DTO HEOOXOMMO JIJIsl TOTO, YTOOBI U30ABUTHC OT «KPBLILEB> —
pesysbrara BbraucieHus Xad-obpasa. Pesyibrar paboThl ajropurmMa IpuBeIcH
Ha pHUC. H.

Puc. 5: Peaynbrar pabors! asropurma grid Ha miasmere (a) — ¢ KpyIVIBIME JLyH-
kamu, (b) — ¢ OBAJIBHBIMU JIyHKAME

4 A.TII‘OpI/ITM ornpezaeJieHud yrJjia IIOBOpPOTa IlJIaHIIIeTa

Peanusyem ajropur™, KOTOPBIil MOJIyduaeT Ha BXOJ W300parkeHue ILIAHIIETa C
JIYHKaMH U IIOJaET Ha BBIXOJI YI0JI IIOBOPOTA IIAHIIETA B IPAJIycax.

Algorithm 2 Ayropurnm ompejiesieHust yryia IOBOPOTa ILIAHIIETA

1. C nomompio anropurMa grid noJiydnTs npsiMble Ha N300pakKeHnn.
2. Hcnosb3oBaTh METOJ, OIIPEIE/ICHUs IIapaMeTPa HAKJIOHA.
3. Beramcamte yrosa nmoBopora B rpajycax.

PaccMOTpuM ajirOpuTM OIIPEJIesIeHNs yTIila IOBOPOTa IIAHIIeTa (aJIrOpUTM 2).
Ha Bxoz1 nonaérest nu3obpaskeHue IJIAHIIETA C JIyHKAMHE, & Ha BBIXOJ, — yTOJI TI0BO-
pOTa IJIAHIIETa OTHOCUTEILHO TIEHTPa B rpajycax. C momompio agropurma grid
(asropur™ 1) moJryguM MHOYKECTBO MPAMBIX Ha n3obpazkennn (crpoka 1). 3arem
110 HAHJIEHHBIM [IPSIMBIM OIIPEJIeINM IIapaMeTD HAKJIOHA ¢ ¢ IIOMOIIBIO OJHOTO U3
METOJIOB OlPeJIeJICHNsI IIapaMeTpa HAKJIOHA, PACCMOTPEHHBIX B paszese 5 (cTpo-
ka 2). Haiiziennplii napaMeTp HAKJIOHA ¢ MO3BOJISIET BBIUUCIUTH YTOJ TIOBOPOTA

B rpajycax (crpoka 3)
( t ) 180
a=arctan| — | - —,
m ™

rjie m — JIMHEHHbIH pa3Mep KBaJPATHOrO (JIONOJIHEHHOIO HYJISIMU) H300pake-
HUSL.
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5 MeToap! ompesiesieHus ITapaMeTpa HAKJIOHA NPAMOii
MOBOPOTA IJIAHIIIETA

Ommbka orpeaesieHus yrjia moBOpPOTa

Ilepes paccMOTpeHIEM METOJIOB OIIPEJIEJIEHUS ITapa-
MeTpa HaKJIOHA MPSIMOIl IOBOPOTa ILIAHIIEeTa Heob-
XOJIMMO BBECTHU OIIMHMOKY, YTOOBI MMETh IIPeICTaBJIe- D

=
HHE€ O TOYHOCTU pacCMaTpUBa€eMOro Meroa. O O O O O O

ITycrs (cM. puc. 6) 61 — peasbHBIl yros moBopo- 000000
Ta IJIaHIIeTa B Tpajycax; fa — yros HOBOpPOTa ILIaH-
meTa B TPaJlycax, BBIYHCICHHBIA C IIOMOIIBIO aJro- O0000O
purma 2; 6 = 65 — 6, — ommbOKa ompeje/eHus yr- /T?)/Th
Jla TOBOPOTa B Ipajrycax; h — ommbKa onpejieeHust —
yTJIa MOBOPOTa B IHKCEJAX; M — JJIAHA OJHONW W3
cTopoH uzobpazkenus; D — nuamerp syuku. Torma Puc.6: K onpenesnenuio
BEJIMIHHY OMMOKH yIJIa MOBOPOTA,

_h _ mtgb
"D~ D

Oy/1eM Ha3bIBaTh OTHOCUTE/ILHOI OMMHMOKOiT ONpe/ieJIeHus] yTrila moBopoTa. Ké reo-
METPUYECKUI CMBICT: 9TO BEJIMIMHA, TOKA3BIBAIONIAS YaCTh JIyHKH, HA KOTOPYIO
OIIOAETCS UCCIIELYEMBIiT METO/I.

Meron nHaumenbmnx kBaaparos (MHK)

B kauecTBe 0HOro U3 METOJI0B OIIPEICJICHUST ITapaMeTPa HAKJIOHA IIPSIMOI [TOBO-
poTa IUIaHIIeTa PACCMOTPUM METOJ HAUMEHBINUX KBaJIpaToB. s aToro orme-
TUM HaliJleHHbIe IPSIMblEe TOYKAME B IPOCTPAHCTBE KOOPAUHAT (S, t) U IIOJIOKUM
HafiJICHHYIO ¢ IIOMOIIBIO JIAHHOIO METOJA IPSIMYIO HCKOMOH (puc. 7).

Linear Regression Linear Regression

400 400

300 300

200 200

100 100

0 100 200 300 400 500 0 100 200 300 400 500

Puc. 7: Pegynbrar padors! asropurma 2 ¢ merogom MHK st mianmeros, n300-
paxkéHHbIX Ha (a) — puc. ba, (b) — puc. 5b
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Merton megunansl u dpuastp I'aycca

Caenyrommuii meros; — meauanbl. OH oc-
HOBaH Ha B3STHU MEJIMaHbl CPE/IN Hail/IeH-
HBIX TAPaMETPOB HAKJIOHA TPSIMBIX MEK-
Jy syakamu. s mpuMepa ero MCrojib-
30BaHMsl OTMETUM BaKHOCTH TIPUMEHEHHSI
dunbrpa Taycca [5] B anropurme 1. O6-
paTuM BHUMaHUE Ha U300parKeHue CeTKU
6e3 npuMmeHenust Guibrpa (puc. 8a). Buz-
HO, YTO NPSIMbIE MEYKJLy JIyHKAMU TPOXO-
JIAT HE 10 HEHTPY CBETJIBIX TPOMEKY TKOB,
9TO, B CBOIO OUePE/Ib, IIOHNKAET TOYHOCTh
OIIpeJIe/IeHUsT yTJIa IOBOPOTA ILIAHIIETA.
ITocsie npuMenenns GpuIbTpa CaMbIMU SIp-
KUMU THUKCEISMA B IPOMEKYTKAX CTAHYT
HEHTPAJIbHbBIE TUKCEJU, 10 KOTOPBIM U Oy-
JLyT NPOXOIUTH HpsiMble ceTKu (puc. 8b).

st cpaBHEHUsI pe3yabTaTOB pabo-
ThI AJTOPATMA JIO U IOCJIE ITPUMEHEHUS
dunbrpa Faycca 3amycTum ero ¢ METOIOM
TOB C KDPYIVIBIMH JIYHKAMHU, T. K. HA HOX II
MEXKJ1y JIyHKaM# (B OTJIMYUE OT OBAJILHBIX

Puc. 8: Pesynbrar paborsr ¢puiasTpa
Taycca (BepTHKAIbHbBIE JIMHAU OILy-
IEHBI JJI HALJISIHOCTH] )

MeJIMaHbl HA JaraceTe u3 14 maHiie-
PHUCYTCTBYIOT IIUPOKHUE IIPOMEXKYTKHU
JIyHOK ). Pesynbrar merosa, paccMor-

PeHHBII Ha BBEIEHHOI omubKe, 10 IpuMeHeHns puiabTpa coctasunr = 4,008%,

a mocste nmpumenenns — r = 3, 123%.

Meton peak

W pest JaHHOrO METO/IA 3aKJII0UAETCS B BbI-
qucyiennn Xadg-obpasa mukos Xad-obpasa
HUCXOJTHOIO M300parKEHUsl, OTMEYCHHBIX B
IpOCTPaHCTBe KoopauHatr (s,t) (orcoona u
Ha3BaHMe MeTosa — «peaks).

Hanecém GesibIM 1IBETOM Ha Y4EPHOE CO-
pasMepHoe n300pazKeHne HaiiIeHHbIe C I10-
MOIIBIO asiroputMa 1 mapsi (s, t). Bocmoss-
3yemcst buiibrpoM [aycca n mpuMeHuM aji-
roput™m BIIX. Ha naitnennom Xad-obpaze
BbIGepeM nuK cpeju map (So, 0), T. K. HeOO-
XOJIMMO HANTH TapamMerp HAKJIOHA CPEeJH
napaJuIeJIbHBIX NpAMbIX. [Tosioxkum t = sq,
T. €. IapaMeTPOM HAKJIOHA IPSIMOil TOBO-
poTa IUIaHIIeTa OYAeT CABHUT S) <«HAMJIYY-
et npsiMoit» (puc. 9), COOTBETCTBY O
MakcuMyMy BToporo Xad-obpasa.

Puc. 9: Mumocrpanus metona peak
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6 PesyabTaThl

PezynbraTer paborsr anroputma 2 Ha matacere u3 110 m300parkeHmit Ayt KarxK-
JIOTO M3 METOJIOB IPHUBEJIEHDI B TabJmiie 1.

method r, % | 6° |r, Circles, %|6°, Circles|r, Ovals, %|6°, Ovals
Linear Regression|7,638|0, 508 7,965 0,533 4,839 0,299
Median 4,186|0, 285 4,234 0, 288 4,103 0,259
Peak 4,199/0,284| 4,252 0,287 4,086 0,255

Tabauna 1: Pesynprarsr paboTs! aaropurMa 2 Ha gartacete n3 110 m3obparkenmit
JJIsl KaXKJIOr0 U3 METOJIOB. B crosibriax «r» u «f» yKasaHbl 3HAYEHUS CPEIHUX
omboK 1o maracery. O6osnadenns «Circles» u «Ovalsy moguepkuBaioT cpeaHne
OIMOKN Ha JATACETaX, COCTOANIUX TOJBKO M3 KPYIJIbIX WJIM OBAJbHDLIX JIYHOK
COOTBETCTBEHHO

7 3akiaro4deHue

B pabore 6bLI 1IpeJIozKEeH aJIrOPUTM HAXOXKJICHHs YIJIa [IOBOPOTa ILJIAHIIETa HA
1300parKeHnn. YIAJI0Ch TOCTUYb 3HAUEHUsT omnOKu He OGostee 0, 3° yriia moBopo-
Ta u 4, 3% BBEIEHHOI OTHOCUTEILHON OMMOKN. BBIIN MCCIeI0BaHbI TPU METOIA
orbopa mapamMeTpa HAKJIOHA HPsMOl moBopora Iuianiiera. /IBa m3 Hux — Me-
TOZIBI MeAUAaHbl U peak — orpaboTaly IPUMEPHO ¢ OJUHAKOBOH TOYHOCTHIO (CM.
tabi1. 1). Beibop Hanbosiee ycTOYMBOroO K HellapaJlleIbHBIM IIPSAMBIM (CM. pHC. 5)
METO/Ia TIPE/IIIOYTHTEIEH MeTO/ly peak B CHITy CTATUCTUYIECKO IIPUPOJIBI Me[a-
vl 1 MHK: 3Havenne mocmetHUX IByX 3aBUCUT OT BCEX JIAHHBIX BBIOOPKU, B TO
BpeMs Kak MeToj| peak He pearupyer Ha BbIOPOCHI — HENAPaJLIe/IbHbIE [IPAMBIE.
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Awunoranusi Ha npoTsizkeHun mOCIeIHAX JBYX JAECATUICTHH HabJ 01~
eTcsi OypHBINA POCT COBPEMEHHBIX MOJIyaBTOMATHYECKUX CUCTEM Jiabopa-
TOPHOHM W JOMAaIHeil [uarHocTuku in vitro. [Ipumepom mcnosb3oBanmst
TAKUX CHCTEM SIBJISIETCS TECT-TIJIAHIIETHI JIJIsT OIPEIe/IeHNsT TPYIIIBI KPO-
BH IO CTEMEHU €€ ArryIIOTUHAIMH: TOCTe 3a00pa KPOBU M 3aIOJIHEHUST
[UTAHIIETa JaOOPAHTY He TPeOyeTCs aHAIM3UPOBATH PE3YJIHTAT PEAKITHil,
a JOCTaTOYHO IIOMECTHUTH IIJIAHIIIET B CHeILHaJ’[beIﬁ CKaHep [JId I10CJIe-
JIYIOIIEro aBTOMATUYECKOTO pacrno3uasanus. OnudpoBKa U aBTOMATHYE-
CKO€ PACIIO3HABAHUS IJIAHIIIETOB TO3BOJISIET PEIIUTE CPA3y JABE KPUTHYIE-
CKU BayKHbIE 33J[a9U: XPAHEHNE PEe3y/IbTATOB AHAJIN3a M KOHTPOJIb T€JI0-
Bedeckoro ¢axkTopa (COrIacHO POCCHICKOMY 3aKOHOJATENHCTBY HEBED-
HOe OIIpeJIeJIeHne IPYIIbI KPOBH YTOJIOBHO HakasyeMmo). B pabore npexn-
JIOYKEH HOBBIM MeTO/I OIICHKU HaJINYINd arrJIIOTUHAIIAA B JIYHKE ILJIaHIIIeTa,
KaK MPEeIBaPUTEIbHBIN dTal nepes GUHAILHON BEPAMKTOBKON TPYIIILI
KpPOBU KOHKDETHOIO TalueHnTa. MeToJ cOCTOMT U3 JABYX IIArOB: BbIJE-
JIeHUsT TIPU3HAKOB U300paKeHUsl JIYHKH ¥ OMHAPU3AINH 110 TOKA3aTEeIIIO
IUCIIEPCUN TIPU3HAKOB JJIs 3amanuoit synku meromom Oiy. Ha mabope
JAHHBIX 13 252 JIyHOK IIOKAa3aHO, 9TO TOYHOCTH (accuracy) HAHJILyIIIero
U3 NIpeJJIOKEeHHbIX pelenuii cocrasisier 95.2%.

KurroyeBble cjoBa: arrioTHHANU, KJIacCuUKaIUs, JeTEKTOP KPacB
Kosunu, BeiiBner-npeobpasosanue, bunapusaius, merosn Orry.

1 Bsegenue

B HacTositiiee BpeMst B MEIMIIMHCKOW JUATHOCTUKE in Vitro BBIIEISIIOTCS TPU OC-
HOBHBIX METOJIUKY IIPOBEJICHUSI aHAJN30B: PYYHON — UCCJIEJIOBAHKUE ITPOBOJIUTCS
JIaOOPAHTOM, aBTOMATHIECKNI — MCCAEJOBAHNE IIPOBOJUTCS C HCIIOJIb30BAHIEM
TOJTHOCTHIO aBTOMATU3NPOBAHHBIX CHUCTEM, W IOJTYaBTOMATHUIECKNN — ITOATOTOB-
Ka PeareHTa U TeCT-CUCTEMBbI OCYIIECTBIIAETCS JTADOPAHTOM, & TIOC/TIE Y IO aHa-
JIN3 IIPOBOJINTCS aBTOMATUYIeCKH. Bece MeTo bl B TOM MJIM WHOU CTEIeHU PaCIIpO-
CTpaHeHbl B KJIMHUKAX, HO, KAK ITOKA3bIBAET MIPAKTUKA, PYIHON TPy JabopaHTa
He 3aCTPaxOBaH OT Y€JI0BEYECKOl OMMOKH, a IMOJIHOCTHIO ABTOMATUIECKHAE CHUCTE-
MBI, XOTSI U SIBJIAIOTCS HAanOoJ €€ yIOOHBIMI B UCITOJIB30BAHUN W ITPOM3BOINTE b~
HBIME — 9pe3MepHO joporne. B 1annoit paboTe paccMaTpUBaeTCs MOJTyaBTOMATH-
YecKuil ciiydail, Korja cobiiioiaeTcs OalaHC MeXKJy KOHTPOJIEM YeJIOBEIECKOTO
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daKTOpa M CTOMMOCTBIO HCIIOJIB3yEMOrO ODOPY/IOBaHH, YTO JejaeT €€ Haubo-
Jlee aKTyaJsIbHOIl Jiyisd HeOOJIBIINX J1abOPATOPUNl U JIsd JOMAIIHETO HCIO0JIb30Ba-
nus. [logobnas cucrema 1o3BosisteT onudpoBLIBATH HOJIYYeHHbIE JaHHbIE JIJIS NX
JaJibHelero 6e3BpeMeHHOT0 XPaHeHns i 0oJiee yI00HOTO aHAIN3a.

3ech u Jasee O/ TEPMUHOM ArTIIOTHHAINS MBI OyeM MOHUMATD CKJIEHBA-
HIUE U BBIQJIEHUE B OCAJI0K U3 OJIHOPOJIHOI B3Becu OaKTepuil, SpUTPOIUTOB U JP.
KJIETOK, HECYIIMX aHTUIEeHbI, 0] JeiicTBreM crenuduieckux Bemects [8]. Ana-
JI3 3TOI PeaKIUU IO3BOJISET IIOCTPOUTH CUCTEMBbI OIIPEeJICJICHUS I'PYIIIIbI KPOBH:
B COBPEMEHHBIX TECT-CHCTEMAaX aHAJIN3 KOMOUHAIMH DEAKIMH KPOBH C Da3HbI-
MH arrJIIOTUHHHAMU II03BOJIAET YCTaHOBUTDH I'DYIILy KDOBHU IaIldeHTa, CMOTDH
pucynok 1. 3amadn co3mamus moZoOHOrO POJa TECT-CUCTEM U KOJIHIECTBEHHOIO
aHaJIIM3a CBOUCTB 3TOIl peaKINH sIBJISeTCs aKTyasJbHON HaydHON 3anadeil. Tak,
B cTaThe [2] mccie/yercsi HOBbIH METO/I OlIpe/eJIeHHsI OIIEHKH CTEleHH ArTJIIOTH-
Hau 110 I/1306pa,)KeHI/I$IM, TIOJIYyY€HHBIM C MHUKPOCKOIIA. HpI/I 3TOM BazKHO ITOHH-
MaTb, 4TO 3aJia4a Olpe/le/leHUs peaKIui arTJIIOTHHAIUNA pellaeTcd He TOJIbKO B
3a/1ade OIIpeJIe/IeHnsI TPYIIbl KPOBH, HO ¥, HAIIPUMED, B 3ajiade OOHAPY KEeHUs
BO3OyauTeneit 3a6oneBanuii, Kak 310 gesnaercs B [7].

v y Vi il

pCICIS,
OO
OO

fCICIC
@)
CICIS

et LA gl

Puc. 1: [Ipumep mnanmrera «MeaukIou» 71st OpeesieHnst TpyInbl Kposu. Kaxk-
Jasi CTPOYKA, IUIAHIIETa COJECPKUT JIYHKH C PEAKIUSIMU JJIsi OJHOIO MAIUEHTA.
Bepaukr (rpymnma KpoBu) onpezesisiercst HabopoM GMHADHBIX COCTOSIHUIT JIyHOK
B CTPOKE.

B sr10it pabore paccmarpuBaioTcs 3aja4Ma ONpeesIeHUsl CTEIIeHN arTII0THHA-
MU B JyHKe (CMOTPU PUCYHOK 1). ArrroruHalsi, Kak IPaBHJIO, OLNEHUBAETCS
CTEIEeHbI0 3ePHUCTOCTH KPOBU B KOHKPETHOI JiyHKe. [T OleHKU CTereHn 3ep-
HUCTOCTH B 9TOil paboTe WCIIOJIb3yeTCsl aHAJN3 JIUCIEPCUU KapThl MPU3HAKOB
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HUCXOHOrO n300paskenusi. JIjis BBIYUC/IEHUST IPU3HAKOB MCIIOJIBb30BAJIUCH JETEK-
top rpanunn Kounu [1] u quckperHoe asymepHoe BeiiBier-nipeoGpasoBanue [4].
st ycranoByieHust (pakTa HAJIUYHS JOCTATOYHOTO YDPOBHSI arryIFOTHHAIMHA WC-
nosib3oBasics Meros Oounapusanuu Oiy. Ha peajbHBIX JAHHBIX MOKA3aHO, YTO
HauJIy4qHIasi TOYHOCTh ONPEJIEIeHHs arrIioTuHanuu cocrasiger 95.2%.

2 Jlanublie

15t 9KCIIepuMeHTOB ObLIN BHIOPAHBI MHOTOPA30BBIE ILJIAHIIETHI JIJIsI ITPOBEJICHIST
ceposiormyeckux peakmuit mo TV 32.50.50-105-51203590-2020 cocrosimume u3 42
MIPO3PAYHBIX KPYTJIbiX JiyHOK (Meaukiion). M306parkeHus JIyHOK ¢ XUMUIECKOIT
peakiueit ObLIM IPOU3BE/IEHBI ¢ IOMOIIBIO MEJIUIIMHCKOrO CKaHepa Jkciepr-J1ab
(pucyHOK 2). V306paxkenust 14 muiaHmeTos npegocrasieHbl Kommnanueii CHHTEKO.

Puc. 2: Kommieke anmapaTHO-IPOrPAMMHBIi JIJTsT PETUCTPAINN PE3y/IbTaTOB Jia-
TEKCHBIX arrJIIOTUHAIIMOHHBIX NeMMArTJIIOTHHAIIMOHHBIX aHAJIN30B, U30CEPOJIOT -
9eCKUX M UMMYHO(EPMEHTHBIX HCCIe0BaHuil «Krcmepr-JIad».

Ilnanmers: (pucyHok 1) yCTPOEHBI CJleyIOmuM 00pa3oM: B KazKIOM DSy
HAaXOJ/IUTCs aHAJIM3bI, OTHOCHAIINECS K OJTHOMY IAI[MEHTY, B IEPBBIX YeTBIPEX KO-
JIOHKaX C KPOBBIO HaXOJSITCS PEAKINH, KOAUPYIOIINe IPYIIy KPOBHU IeJI0BEKa,
[IOCJIe Iy TONIHe KOJIOHKU JIMOO IIYCTBI, JINOO COJEPKAT IIPOBEPOYHYIO PEAKIIUIO
JUIsl TIOATBEP K AeHusT nHbopManuu. /Ij1s KoppeKTHO# paboThl aJlropuTMa Ipeji-
roJIaraeTcsi, 9To Bce M300pakeHWsl BbIpaBHEHBI. B 1annoit pabore B KaduecTBe
BXOJIa IOJIAETCs TOYHAsS Pa3sMeTKa CaMUX JIYHOK: JIJIS KaKJIOi JIYHKH pasMedeH
€€ TEHTP U PaJIIYC.

Jl1s pa3sMeTKH peakIUy arriOTHHAIMN BCE IIAHIIETHI OBLIN IIpe/ICTaBiIe-
HbI 4 HE3aBUCUMBIMU MEJIUINHCKIM IKCIIEPTAM, BHIHECIIUX KOHCOJIUIMPOBAHHYIO
oneHKy. JIyHKU OIleHHBAJIICh HE3ABUCHMO, OJIHA 3a OJIHOMN, TO ecTh BHE KOHMU-
IypaIlMOHHOT'O KOHTeKCcTa. Beero jyist pa3MeTku ObLIO BbIJIEI€HO 4 OCHOBHBIX CO-
CTOSIHUSI JIYHOK: arryIIOTHHAIMS IIPUCYTCTBYET, arryIIOTHHAIUS OTCYTCTBYET, ar-
IVIIOTHHAIS CJIOXKHO OIIPe/ielisieMa | JIyHKa — IycTa. B Hameil 3a/1a4e paccmar-
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PHUBAJINCh TOJILKO T€ JIyHKH, KOTOPBIE IPUHAJIJIECYKAT IIEPBBIM JIBYM COCTOSHUSIM,
cBeJigd €€ K 3ajade OMHAPHON KJraccuguKaIum.

(a) Orpunarensuas (b) Caoxkno onpegessiema (c) Monoxurenpuas

Puc. 3: Ilpumeps! pasmMeTrkn TUMA ArTJIIOTUHAIIMA HE3ABHCUMBIMU IKCIIEPTAMMA.

Bajiaua orpejiesieHUs THUIIA ATJIIOTUHAIIMA HE BCErJa SBJISETCs CTOJIb OJ[HO-
3uavqHOoi. HekoTopble JIyHKH IOCTATOYHO JIETKO COOTHECTH K TOMY HJIM HHOMY
THIy, KAK BUJHO M3 PUCYHKOB (3a, 3C), a HEKOTODPbIE JIyHKH, JaXKe IKCIEPTHI
He MOIYyT OTHECTH K KaKOMY-TO THILY OAHO3HauHO (pucyHOK 3b). IIpmuém Takux
JIYHOK JTIOCTATOYHO MHOTO M3 BCEX MPEJCTABICHHBIX JIYHOK 29% MMET coCTOsi-
HUE «arTJIIOTUHAIUS CJIOKHO OIPEIeIsieMay. DTO O0bICHAETCS COBOKYIIHOCTHIO
crreyonmx (hakTOPOB: IJI0Xasl IOJArOTOBKa 00pasia (HeJI0CTaTOIHO KPOBU WU
arrIITHHUHA), OOJIBIIOE BpeMsl MeXK/Iy HOJ'OTOBKON IUIAHIIETa U ero CKAaHUPO-
BaHUEM, HEBEPHbIE [IADAMETPbI CKAHUPOBAHUs (UTO MPUBOJAUT JIUOO K BHICOKOMY
3alyMJIEHHUs CUTHAJIA, JIM0O0 K [EPEeIKCIIOHNPOBAHUIO). BO3MOKHO 9TO HEIIOJIHBII
CIUCOK (haKTOPOB, BOIIPOC UX II€PEIUCICHUST U (POPMATIUAINN SIBJISIETCS OJJHIM
U3 HAIIPABJIEHUI JajibHeiiero ucciejosanus. B januoil pabore paccMaTpuBa-
FOTCSI TOJIBKO JIYHKHU € OJJHO3HAYHBIM CTATYCOM (€CTh WJIM HET ArTJIIOTHHAIIHM).

3 Pemenune

B pammom pasjesie npecTaBiieHO ONUCAHEE PEIIeHHs 10 0OHAPYKEHUIO ArrJiio-
TUHAIK I8 KaxKk1oii Jiyaku. OO0mast cxema paboOThl METOJ/Ia ¢ KaXK IO JIyHKOM
3aKJ/II09aeTCd B CJIe/IyIOIeM:

1. B3aTpe 13 HCXOIHOrO M300parKeHUsT TOILKO YacTh €r0 B KPACHOM KaHAJIE;

2. IIpeoGpazoBarh HYKHBIM 00pa30M H300paKeHUe, BBIJIEINB TAKUM 00pa3oM
[IPU3HAKH JTsl JAJIbHEHIIero aHaIn3a;

3. Ilonyunrs 3HAYEHNE IUCIIEPCUU [TPH3HAKOB;

4. KmaccudumupoBarh JIyHKY [0 BEJIHTHHE JUCIEPCHN IPU3HAKOB OTHOCHTE b
HO 1I00AJIFHOTO TIOpPOTa, MOy YeHHOro MeTogoM OIy Ha TPEHHPOBOUYHOIT BbI-
OopKe.
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Nsz06pakenne B KpacHOM KaHaje OEpETCS M3 MPOCTBIX COOOpasKeHHil To-
ro, 9YTO TOJILKO OH ¥ COAEP:KUT HEOOXOTUMYIO HaM WHMOPMAIIUIO /I aHAJIN3A.
KutroueBbim MoMeHTOM 1151 pabOThI CTAJl BBIOOP OIMTUMAJIHLHOIO ITPe0bpa30BaHus
n300parkeHusI B IPOCTPAHCTBO IPU3HAKOB, B KOTOPOM Oy1eT XOpOIIo 0ToOparke-
Ha, 3€pHUCTAs MPUPOJIA arTJIIOTHHAINK. BBIIO PacCMOTPEHO JiBa CI1ocoba mpeod-
pa3oBaHus U300parKeHUil JIJIsl BbIJIEJICHUs IPU3HAKOB.

HepBbIﬁ OCHOBaH Ha aHaJIN3€ KapThl 'PAHUIL, TIOCTPOCHHBIX IIPU ITOMOIIU J1e-
rekTopa Kpaés Kounu [1]. s roro, 4robel Hambosree TOYHO 3adUKCHPOBATH
MeJIKO3epHUCTBIE TpeobpaszoBanus KoHHr Mbl 3adUKCHPOBAIN HIZKHIAE ITIOPOIO-
BOe 3Hadenne ajropurMa B 0, a Bepxuee B 40. Pesysbrar mpeodpa3oBaHus MOXKHO
YBUJIETH HA PUCYHKE Db.

Bropoii criocob 6bl1 BAOXHOBIEH paboToii [6] 1 ocHOBaH Ha aHAJM3e JBYMEep-
HOT'O INCKPETHOI'O IBYKPATHOI'O BefIBJIeT-IpeoObpa30oBanns ¢ 6nOpTOroHaIbLHBIMI
BeiiBjieramu. BeiiBjier — 9T0 BOJIHOOOPA3HBII BCILIECK C aMILUIMTYION, HAYNHAIO-
meiicst B HyJle, BO3PACTAOIIEl, a 3aTeM yMeHbIaoIelics cHoBa K Hya0. CyTh
MeTOo/Ia 3aKJIIOUAeTCsI B IPe0OPa30BAHNN CUTHAJIA TEKYINEro M300pakeHns Hu3-
kouacrorHbiM (L) u BeicokouacrorHbiM (H) dbusbrpoM B Hawase 1o ropusoHTa-
JId, a HOTOM II0 BepTHKayn. Takum o0pasoM nm300parkeHme MOYKHO Pa3e/IinTh
Ha Jeraausupyomue KodhhuimenTsl (Hocjae BBICOKOYACTOTHOrO (GUIbTPa) U
k03 dunuenTs! annpokcuMaruu (ocsie Hu3kodactorHoro dbuibrpa). Ha kaxk-
JIOM YPOBHE Da3JIOKEHUs IOJIyIaloTcs 4 m300paskennsi, IIOKa3bIBaIoNne ODIILyIO
TEHJIEHIUIO 3HAYEHUI B MUKCEJIAX, & TaKXKe JeTajd T'OPU30HTAJIbHBIX, BEPTU-
KaJIbHBIX W JIMATOHAJIBHBIX KOMIIOHEHT (CMOTPU PUCYHOK 4a). DTO pas3jioyKeHue
MO2KHO HOBTOPUTH HECKOJIBKO pa3 IJIsd ,I[aﬂbHCﬁHlCFO yBeJIM1I€HUA IaCTOTHOI'O
pasperiienus ¢ jgajabHednuM npopexxuBanuem Koaddurmenros mociie HY u BY-
dbuibrpanuu (cMoTpu pucyHok 4b).

DMIUPUIECKUM METOOM ObLIa IOy YeHA JJaHHAsE KOMOUHAIMS BeiiBIeT-KOI(DDUIIEHTOB
JJIsl OMUCAHUS PE3KUX I[EPerajioB MHTEHCUBHOCTH B KPACHOM KaHAJIE:

I; = exp

w
max W’ (1)

rae
W = LHy + |min LHy| + HHy + |min HHs| + HLs + |min HLy|,  (2)

rne LHy, HHy; u HLy 0oTBeYaoT 3a BepTHKAJbHBIE, POPU30HTAJIbHBIE U JIha-
POHAJIBHBIE BBICOKOYACTOTHBIE BeliBier-koaddunuenTsl (cMoTpu pucyHOK 4b).
Pezynbrar npeobpazoBanust MOXKHO YBUIETh Ha pucyHke Hc. Umes sToro mero-
za Obula B3gTa u3 crarhl [6], rae BeiiBier npeobpa3oBaHKue UCIIOJIL30BAJIOCH HA
JTane IpegoopabOTKN JaHHBIX Iepes mojadeil mX Ha BXOJ HEHpPOCeTH B 3aJade
ompeeIeHsT ArTTIOTHHAINN.

BoitesiuB oiHUM U3 OMUCAHHBIX BBIIIE CIIOCOOOB MPU3HAKY, B KaXKJIOM JIyHKe
BBIUHUC/ISIETCST 3HAYEHNE JTUCIepCun. Pe3yibTaThl MOCTPOEHUsT OJTHOMEPHBIX TH-
CTOIpPaMM 3HAYEHUN JUCIEPCUil IO BCEM JIYHKAM JIJIst IBYX METOJIOB IIPUBEIEHBI
Ha puCyHKe 6.

B tabaune 1 npuBemeHbl pe3yabTaThl HAUIYUIIErO JOCTHXKAMOTO pasjiee-
HUsI, TOCIATAHHOI'O C KCIIOJB30BAHUEM Pa3MeTKH JAHHBIX. Kax BUJIHO, KJac-
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(a) BeiiBier npeobpa3oBanue 1-0oro ypoBHsi.

(b) Beiisiier npeobpasoBanue 2-0ro ypoBHsl.

Puc. 4: Pesynbrar ogHOKpPTAHOrO U JBYKPATHOIO JUCKPETHOI'O BefiBiIEeT IIpeod-
pa3oBaHUsT N300PaAKEHNUSI.
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(a) Hcxomnoe wuszobpaze- (b) Herexrop kpaés Kan- (c) BeiiBner-
HUE. HU. npeobpa3oBaHue.

Puc. 5: Pesynbrar BblIe/I€HIS KAPTHI OCOOEHHOCTEN KaXKIbIM 13 IIPE0OPA30BAHMIA

KomimecTen myMok
KommecTeo myMek

[ 20 40 2] a0 10 120 n0D 002 Q04 006 Q0B DID DIz D4
Avenegcun Dpcriepcnn

(a) Hderexrop kpaés Konmu. (b) BeiiBrer-npeobpazosanue.

Puc. 6: Pasmedennble rucTorpaMMbl JUCIEPCHH KaPThI OCOOEHHOCTEN TI0 BCEMY
Habopy manabix. OpaHKeBBIM OTMEYUEHBI JIYHKU 0€3 arrjIiOTUHAINN, 8 CHHUM —
C HEIO.

cuduKaIus CKaJspPHLIM IOPOTOM HE TO3BOJISIET JOCTHYL Ha cOOpaHHOM Habope
JIAHHBIX aOCOJIIOTHOI'O KavecTBa, OJIHAKO JIOCTHXKUMOE KAa4eCTBO BECHbMa BEJIMKO
U JIJIsl IPU3HAKOB, TOCYUTAHHBIX BelBJIET-TIpeoOpa3oBanueM, coctasiser 0, 972.

JI1si aBTOMATHYECKOrO I10/100pa Mmopora OMHapu3anuu B paboTe HCII0JIb30-
BaJuch ase Mojubukanun Meroga Oiy: ¢ IpeIIoIoyKeHneM O PaBHLIX Becax
KJtacTepos [5] (Kmaccmaeckuit MeTOJ) U B IPEJIIOIOKEHAH, YTO BECa MOTYT ObITh
npoussoibubiME [3]. Kitaccudaecknit meroxn Oiy u ero Hec6aIaHCUPOBAHHAS MO-
auduKanys M0Ka3aJIH IOIHOCTHIO HACHTHYHBIE PE3Y/IbTATDI, IO9TOMY B TaOJIUIE
1 ¢ Accuracy HOJIy9IeHHBIX Pe3yIbTATOB ITOKA3aH OJUH OOLIUI Pe3yIIbTaT.

W3 pucynka 6a BUIHO, 9TO METO/, OCHOBAHHBII Ha UCIOJIb30BAHUY (DUIBTPA
KsHHM 1103BOJIsIET CTPOUTDH PACHPE/IEJIEHHs JIUCIIEPCUU [IPU3HAKOB arryIIOTHHA-
nuu 613KOI OPMBI U ¢ OJIU3KUMU BECAME, YTO SABJIAETCS MJICATBHBIM CJIyIaeM
Jist paborsl Meroga Oy, uTo xopomio BuaHO B Tabsure 1. Tem He Mmenee, me-
TOJI, OCHOBAHHBII1 Ha BEITBJIET-PA3JIOKEHIN TI03BOJISIET CJIEIATD 2 AHAJN3UPYEMBIX
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Beiisnier npusnaxu|llpusnaxu Kannn
Hansyumee pasnenenne 0.972 0.960
Meroz Oy 0.801 0.952
Tabauna 1: TogHOCTh U3yUEHHBIX METOIO0B OMHAPU3AIINH.

KJ1acca 6oJiee pa3essieMbIMI B JIyUIIEeM CIIytae, ITo Oy/1eT OYUeHb HOJIe3HO B CIIy-
Yae YCJOKHEHUS 33/1a491 MIPU KJIACCU(PUKAIINN CJIOZKHO OIIPEJIE/IAEMbIX CIIYIaeB.

4 3akJirodyeHue

B pabore Obuia paccMoTpena 3ajada aHan3a IJIAHIIETOB JJIS OIpPEIeICHUS
TPYIIIBI KPOBU IO CTEIIEHN €€ arTyIIOTUHAINN C Pa3HbIMHU peareHTamu. Metos ¢
BbIJIe/IEHIEM OCOOEHHOCTE N300pazkeHust, OCHOBaHHOM Ha (puyibTpe Kouuu moka-
3BIBAET BBICOKOE KaYeCTBO OMHAPU3AINU peakiuu arrroruHanuu B 0.952 na 252
JIVHKaX. BBLT paccMOTpeH MeTOJ BBIIEeHUsI 0OCOOEHHOCTeH M300parKeHusl, OC-
HOBaHHBII HA JUCKPETHOM BeHBJIET-IPe0OpPA30OBAHIN N300PAKEHUS, TTO3BOJISIIO-
Uil JIOCTUraTh TEOPETUIECKU HAMILYYIIero kadecTsa ounapusaruu B 0.972. Ha-
MpaBJIeHre Pa3BUTHsSI PADOTHI: PACCMOTPETH KJIACCH(UKAIINIO Ha OOJIbIITee duc-
JIO KJIACCOB JIIsT y4ueTa OPaKOBAHHBIX JIYHOK, IPUMEHUTH HEHPOCETEBOM TOIXO,
ISl OIEHKU JOCTHKIMON TOYHOCTH MHTEPIPETHPYEMBIMU AJTOPUTMAaMU, Pac-
MMIAPUATH TTOCTAHOBKY 3a1a49M JIJIsT TPEICKA3aHus He TOJBKO KJIAcca JIYHKU HO U
JIJIsL OLIEHKY CTEIICHN YBEPEHHOCTH TIPE/ICKa3aHus (C yIeTOM aJuaTOPHbIX U K-
CTEMUYECKUX OIINOOK ).
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Jlerekius JIyHOK Ha IJIaHIOIETaX,
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Amunorarnusi Beictpoe m TOYHOE Ompeie/IeHne IPyNbl KPOBU — BayK-
Hasl ¢ MEIUIMHCKONW TOUKM 3PEHUs 3aJa4da. B HacTosIee BpeMsi BO MHO-
MUX KJIMHUKAX Pe3y/IbTaThl COOTBETCTBYIOIIETO aHAJIN3a YCTAHABIUBAIOT-
csl BpavaMU BU3YAJIbHO, HO aBTOMATU3AIMS ITOrO IPOIECCa IMO3BOJIIA
OBl CyIECTBEHHO TOBBICUTH €r0 TOYHOCTb U CKOPOCTh. B JlaHHOM cTa-
The NPEeJJIaraeTcsi ajrOpUTM, TO3BOJISAIONINN JIETEKTUPOBATh JIyHKU Ha
[JIAHIIEeTaX, MCHOJb3yeMbIX IIPU IIPOBEJIEHUU PEAKIUH JJIsl Ollpejesie-
HUSL IPYIIBI KPOBU. AJIFOPUTM IIOJIXO/UT JJIsl JIETEKIUH JIyHOK KPYyIJIOi
(dOPMBI 1 OCHOBBIBAETCS HA UCIOJIL30BaHUU NpeobpasoBanus Xada st
OKPYZKHOCTEN. DD PEKTUBHOCTD MPEJIAraeMOro METO/Ia MPOJAEMOHCTPU-
poBaHa Ha npuMepe ero paborel Ha 14 (ororpadusx IIAHIIETOB.

Keywords: omnpejeienne rpynmbl KpOBU, aHAJIN3 U300PaXKEHU, TeTEK-
Usi OKPysKHOCTEH, npeobpasosanne Xada 1Jisi OKPYKHOCTE, paccTosi-
aue Ppere.

1 Bpsenenue

Nndopmarus 0 nIpuHAJJIEZKHOCTH YeJIOBEKA K TOH WJIM WHOI IpyIliie KpOBU
BayKHA II0 Py IPUYUH: OHA IIO3BOJIET OIPEIEeINTh COBMECTIMOCTE JJOHOPA U
peLunenTa IPU IIePeIUBAaHNN KPOBU U €€ KOMIIOHCHTOB, IIPEJICKA3aTh BEPOAT-
HOCTH MMMYHOJIOIMYECKOT0 KOHMJIMKTAa OGEepeMEHHOI »KEeHINMUHbI 1 ee pebeHKa, a
TaK?Ke BEPOSTHOCTb BO3HMKHOBEHUsI y UEJOBEKA OIPE/IEICHHBIX 3a00JIeBaHUI.
Ombka Ke B OIpeJIeJIeHUH T'PYIIILI KPOBU MOXKET IIOBJIEYb CEPLE3HbBIE ITOCIIEI-
CTBUS, BKJIIOYasI JIETAJTbHBIN UCXOJ AJ1sI MTAIleHTa U YTOJIOBHYIO OTBETCTBEHHOCTD
JJ1s Bpada.

Kaxk npaBwio, rpymiy KpoBU yCTaHABJIUBAIOT IIyTEM BBISIBJIEHUsI Crieruduie-
CKHUX aHTUTEJ U AHTUIEHOB. Pe3yIbTaTsl peakiui BO MHOIMX KJIMHUKAX OIIPe/Ie-
JIAIOTCS 0€3 UCIOJIb30BAHUS CIIENNAILHOIO 000PYIOBAHNUs, UCKIIOUYATETHHO BU-
3yaJIbHO, U B CHJLY 4eJI0BeUecKoro dakropa (yeTajsocTy, HeBHUMATEJIbHOCTH, BH-
3yaJIbHOl HEOIHO3HAYHOCTH BBIXO/IA PEAKIINK) MOIYT ObITh YCTAHOBJIEHBI HETOY-
HO WJIU HenpaBwibHO. [losTOMYy akTyasbHOI 3a/1a4eil SBJI€TCS aBTOMATH3AINS
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OoIpesieIeHNs IPYIITBI KPOBU: OHA MOKET He TOJIBKO IOBBICUTH TOYHOCTH aHAJIHU-
3a, HO U yCKOPHUTH ero nposejenne. Ilocieiee ocobenno BaKHO B 9KCTPEHHBIX
CUTYyaIlUAX, HAIPUMep, KOIJa YeJIOBeK He3aILIAaHMPOBAHHO HYKJIAETCA B IEpe-
JIMBAHUU KPOBH M3-33 TPABMBI.

st TpOBe/ieHnsT PEAKIINiA, MEIbI0 KOTOPBIX SABJISETCS OIIPEJIeJIEHNEe TPYIIIbI
KPOBH, KPOBb U PEATeHTHI HAJIMBAIOT B JIyHKH Ha CIIEIHAJIbHBIX IIaHmeTax. Kak
cJIe/ICTBUE, KOPDPEeKTHas JeTeKIUs ITUX JIYHOK sBJseTcs Ioa3aJadeil B aBToMa-
TH3anuu 06paboTKN pe3yabTaroB. [lmaHimers! i anajn3a rpynnbl KPOBU HMe-
FOT JTNOO KPYyTJIble JIYHKHU, JTUOO OBAJIbHBIE, B JTAHHON CTAThe pacCMaTPUBAIOTCS
IUTAHIIIETHI C JIyHKaMU KPYTJIoit (DOPMBI.

OmamM u3 HanboJiee PaCIpOCTPAHEHHBIX CITIOCOO0B PACIIO3HABAHIS T€OMETPH-
YeCKUX 00BEKTOB sIBJIseTCs Ipeobpa3oBanue Xada, KOTOPOe HO3BOJIET CBECTU
3a/1a4dy JIETEKINHI OObEKTa K MOUCKY SKCTPEMYMOB B aKKYMYJISITOPHOM ITPOCTPAH-
ctBe ero mapamerpos. Ouno 610 3amarenToBano Ilomom Xadowm B 1962 romy u
M3HATAIBHO [MO3BOJISIIO JETEKTUPOBaTh npsmble. B 1972 roxy dyna n Xapr [1]
MPEJJIOKIIIN CIIOCOD PACIO3HABATD C €ro IIOMOIIBIO JIyT'H OKpYy2KHOCTel, a B 1975
Kumme, Basutapa u Critaackuii [2] passuin ux u/iero, oBbIcHIn 3(PphEeKTUBHOCTD
aJIr'OpUTMa 3a CYEeT UCIIOJIb30OBaHUA I/IIICbOpl\la,LH/II/I O HallpaBJICHHUU I'DAHUIL U IIPDU-
MEHUJIH AJITOPUTM JIJTsI JETEKIINU OIyX0JIeil Ha PEHTIeHOBCKIX CHIUMKAX I'DY/IHOIM
KJIECTKU.

Kiaccuyeckoe npeobpasosanue Xada umeer JBa CyINIECTBEHHBIX HEJI0CTATKA
— BBICOKa4 BbBIYUCJINTEJIbHAYA CJIOZKHOCTH M HCIIOJIB30BAaHUEC 6OJII)IHI/IX O6"bel\IOB
HaMATHU, IIO3TOMY 6]:;1,}'[0 OpeanpuHATO MHOXKECTBO IOIIBITOK €r'0 YCOBEPIIIEHCTBO-
Barh. Tak, ObLIM pa3spaboTaHbl JBe MOJIUMDUKAIN, OCHOBAHHBIE HA CJLyYailHOM
BbIOOpE TOUEK: CiydaiiHoe peobpasosanne Xada [3] u BeposiTHOCTHOE HPE0s-
pasosanne Xada [4]. IlepBoe OCHOBBIBa€TCSI HA TOM, YTO JOCTATOYHO IPOCTHIE
KPHUBBIE MOYKHO OJIHO3HAYHO 38J1aTh HEOOJIBINNM KOJTMIECTBOM TPUHAIJIEIKAIINX
UM TOUYeK (HAlpUMeD, B CIy9ae OKPY?KHOCTH HY?KHO B3siTh TPH TOYKH), & TOUKU
TU MOYKHO BBIOMpPATh cirydaiino. Vjes BeposTHOCTHOrO npeobpasoBanust Xada
3aKJIF0YAETCS B TOM, 9TO MOYKHO ITOJIy9UTh HH(MOPMAIHUI 00 OCHOBHBIX OO'bEKTAX
Ha n300paKeHNH, PACCMATPUBAsL JIUIIb HEKOTOPOE UUCJIO CIydailHO BBIOPAHHBIX
TOYeK 3Toro nzobpazkenus. 06a STUX METOJIA UMEIOT BBICOKYIO CKOPOCTH PabOTHI,
OJIHAKO UCIIOJIb30BAHKE JIEMEHTA CJIyIalHOCTU IIPUBOJUT K IIOTE€PE TOTHOCTH.

Jlpyroii criocob ycoBepineHCTBOBaThH peobpasoBaHie Xada ObLI IPe/IoXKeH
Wummareoprom u Kurriepom [5] u mostyuns HasBaHHe aJallTHBHOIO IIPeobpa-
soBanus Xada. B amropurme mpeobpazoBanust Xada d moadopa mapamer-
POB T€OMeTPUYIECKOil (DUTYPBI UCIIOIB3YETCs AKKYMYJIATOPHOE IIapaMETPUIECKOe
IIPOCTPAHCTBO (AKKYMYJISITOD): KazK 10| TOUKe aKKyMyJISTOpa COOTBETCTBYET Ha-
60p TapaMeTpOB, OJHO3HAYHO OIPEIEIAONHI 06beKT. AJITOPUTM [IPUCBAUBAET
TOYKAM aKKyMYJISITOPa OpeJieJIeHHbIe 3HAYEHNsI, HA OCHOBE KOTODBIX JIeJIaeTCs
BBIBO/I, KaKHE€ U3 ITHUX TOYECK 3a/1aX0T HUCKOMBIC O6’]:»eKTI:;I7 — TaK U IPOUCXOIUT
gerekrusi. OT pazmepa aKKyMyJISATOPa U CJOXKHOCTH €ro yCTPOoiicTBa (€ TOYKH
3PEHUs] IIOUCKA IKCTPEMYMOB) 3aBUCHUT TPYJO0EMKOCTb peraeMoii 3anaun. Mnes
aJIAlITUBHOrO IIpeodpazoBanus Xada COCTOUT B TOM, ITOOBI HOBLIMIATL 3 dek-
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THUBHOCTb METOJA 3a CUYEeT YIPOIIEHUs aKKyMysasTopa. JlocTudp 3TOro MoXKHO
CJIETYTOTIM CITOCODOM: CHadaJia 3alrycKaeTcs mpeobpasoBanme Xada ¢ akKyMy-
JIITOPOM TAKOT'O pa3Mepa, YTOObI IEeTEKIs IIPOUCXO/IIa ObICTPO U He TpeboBa-
J1a 60IBIIIX 00BEMOB ITAMSATH; IPHU STOM HANTH IapaMeTpbl OOBEKTOB TOTHO He
yAacTcd, HO MOXKHO 6y,Z[eT OIICHUTH, B KaKUX IIpejesiax OHHU JiezKaT. SaTelVI pe-
obpaszoBanne Xada IPUMEHsIeTCsI CHOBA, HO B aKKyMYJISITOPE PACCMATPHUBAIOT-
Cd TOJIBKO 3HAYCHUA IMapaMeTpPOB, JIC2KaIllue B HaI‘/'I,Z[eHHI:»IX7 UHTEPEeCYIoNX HaC,
npegiesiax. [loBropsist STOT MpoIecc, MOXKHO JIETEKTUPOBATEH OOHEKTHI C YKeIaeMOit
CTEIIeHBIO TOYHOCTH, ¥ IIPU STOM HA KAyKJOM IIare PeIraTh He HACTOJIbKO CJIOXK-
HYIO 33/Iady, 9eM [IPU UCIOIH30BAHUN OPUTMHAJIBHOTO crocoba. JIpyroit crocod
VIPOIIEHUs aKKYMYJISTOPa COCTOUT B TOM, YTOOBI MApaMETPhI OJIOUPATH TI0 Ya-
CTSIM, a He 0JHOBpeMeHHO Bce. Hampumep, OKpy?KHOCTH [IpH JETEKIINN 33AI0TCS
ABYMA KOOpJUHATAMM IIEHTPa U PAaIUyCoOM, U KaK CJIEICTBUE, B OPUTUHAJIBLHOM
npeobpasoBanun Xada BO3ZHUKAET HEOOXOIUMOCTh paboTaTh ¢ TpexXnapaMeTpu-
YECKHUM IPOCTPAHCTBOM. HJ'IIH/IHI‘BOPT n KI/I‘T“T‘IIep NPeJIOZKNUIN CHaYaJJa UCKATh
IIEHTPBI OKPYKHOCTEH, a MOTOM MOJAONPATh HAWIYUIINI panyca Jjisd KayKI0ro
[EHTPA, B pe3yJibraTe Yero Ha MEPBOM JTAlle PeIIaeTcs JByXIIapaMeTpUIecKast
3a/la9a, a HA BTOPOM — OJHONapaMeTpudeckas. Takum o0pa3oM, aJalTUBHOE
npeobpa3oBanre Xada 00ecrednBaeT BLIUIPLINT B HaMSITA U BpPEMEHHU, HO He
M03BOJISIET UCKATHh HECKOJILKO 0ObeKTOB onHoBpemento. Jlis 3agaum perekiun
JIYHOK 3TO CYIIECTBEHHBINH HEJOCTATOK, IIOCKOJBKY 9Yallle BCETO UCIIOJIb3YIOTCS
[UIAHIIETHI, HA KOTOPBIX JIYHOK HECKOJIHKO JIECATKOB IITYK.

Ta ke mpobieMa BO3HUKAET B CIydae C HEKOTOPBIME JPYTAMHA aJTOPUTMAMM,
HCIIOJIb3YEeMBIMU JIJIsl JETEKIMUA TeOMETPUIeCKUX 00beKTOB, Takumu Kak BFAOA
[6], ocHOBaHHBIIT Ha MPUMEHEHUN ATANTHUBHOIO AJIFOPUTMa GAKTEPUAJBLHOIO 110~
ucka B Kadecrse onrumusaropa, wim Mero, RANSAC (RANdom SAmple
Consensus), npegroxennsbiv Punuiepom u Bosutecom B 1981 romy [7]. RANSAC
WJIeHO TIOXOXK Ha CjIydaiiHoe mpeoOpasoanme Xada: MOIeTb 00beKTa TOXKe
CTPOUTCS II0 HECKOJIBKUM CJIyYIaliHO BBIOPAHHBIM TOYKAM, HO IIOCJIE 3TOrO OCY-
IIECTBIISIETCS TPOBEPKA, CKOJIBKO TOUEK HA M300Pa’KEHHU COOTBETCTBYIOT ITOI
moguesn. Hemocrarkamu RANSAC sBisiercs To, 9TO BpeMsl BHIYUCJICHUS I1apa-
METPOB MCKOMOI MOJIE/IN HE OIPAHHYEHO CBEPXY M, KaK yzKe ObLIO CKa3aHO, aJj-
TOPHUTM IIpETHA3HAYEH JIJIsT TIOUCKA €JMHCTBEHHON MOJIEJIH.

[Tocnemuss mpobiema 6buta perera Tonbmno u Pysmasuio, B 2008 roxy pas-
paborasmmmu Ha ocHoBe RANSAC asropurm J-Linkage [8]. B mem Bmecto ax-
KYMYJISTOPHOTO IIPOCTPAHCTBA CTPOHTCS IIPOCTPAHCTBO «KOHIIENITYaIbHOE»: Ha
1300pasKeHI C UCIOIL30BAHIEM JJIEMEHTa CJIy YAl HOCTH BLIOUPAIOTCS HECKOJIb-
KO MHOXKECTB TOYEK, KarkKJj0e MHOXKECTBO 3aJaeT HEKOTOPYIO MOZENIb OObEKTa,
IS KayKI0f m3 BBIOpaHHOW TOYeK HaxoauTcsi preference set, «mpemmoumrae-
MO€ MHOYKECTBO», — HA0Op MojeJielf, K KOTOPBIM 3Ta TOYKA JOCTATOYHO OJIn3-
KO DACIIOJIOXKEHA; XapaKTepUCTHYecKas (DYHKIMs KaXKIOrO <IIPEJIOINTAEMOrO
MHOZKEeCTBa» — U €CThb TO4YKa B «KOHICITYAaJIbHOM» IIPOCTPaHCTBE. EC.HI/I TOYKHU
Ha, UCXO/IHOM M300parKeHN! TPUHAJJIEZKAT K OJHOU Te€OMETPUIECKON CTPYKTYPE,
TO OHH OJIM3KHU IIPHMEPHO K OJIHUM W TEM K€ MOJIEJISIM, II09TOMY <IPEIIOYnTae-
MbI€ MU MHOZKECTBa» 6y,£(yT IIOXOZKMH. STO O3HAYaeT, YTO XapaKTECPUCTUICCKUE
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GYHKIME 3TUX <«IIPEAIIOYNTAEMBIX MHOYKECTB», TO €CTh TOYKU B KOHIIENITYyaJlb-
HOM MIPOCTPAHCTBE, TOXKE OJIM3KU, U UX MOXKHO O0BEINHUTE; TAKNE 00HEINHEHUS
OyieM Ha3bIBATh Kiacrepamu. Iloxoxue Apyr Ha Apyra ¢ TOYKU 3PEHUsT PACCTO-
anns 2Kakkapa KJIacTepbl TakKe OyIeM 00beIUHATh: ITOKa eCTh Iapa MOXOXKNIX
KJIaCTEepPOB, O6'I)€,ZLI/IIIH€1\1 X B OJHWH. ITo oxomuanum 3Toro IIponecca Ha OCHOBE
KasKJIOT'0 KJIacTePa CTPOUTCH MOJIEJIb C IIOMOIIBIO METO/Ia HAMMEHBIIINX KBaJIpa-
toB. Takum obpazom, J-Linkage mosBosisier pacro3HaBaTh HECKOJIBKO MOZEJeit
O/THOBPEMEHHO, OJIHAKO YYBCTBUTEJ/ICH K HNCKazKE€HUIO CbOpl\H)I MCKOMBIX O0ObEK-
TOB M WX HEIOJHOMY IIPHCYTCTBUIO HA M300pakeHnn (HAIpUMep, KOIa BMECTO
OKDYZKHOCTH TOJIBKO ee jyra). CMsrduTh 3T HEJOCTATKH yaajgock Marpu u
Dysussuio B 2014 roay: onn coznaiu T-Linkage [9], mopudukammio J-Linkage, B
KOTOPOit BMecTO Mepbl 2KakKapa HCIob3yeTcsa Ko duiment TaHnMoTo.

iist teTeKnuy OKPYyKHOCTeH TaKzKe UCIOJIB3YIOTCA METO/Ibl, OCHOBAHHBIE HA
MIPUMEHEHUN CBEPTOYHBIX MACOK U IIPOM3BOIHBIX 110 HAIIPABJIEHUIO (DYHKIIUU
Taycca [10]. OxHako npu HOMCKE OGBEKTOB, ONUCHIBAEMBIX OOJIBIIMM HHCJIOM
IIapaMeTPOB, CJIOXKHOCTBIO SABJISETCH TOJ0OP S/Ipa CBEPTKU.

B nanHOIt cTaThe Mpe/taraeTcss NCIOb30BATD JIJIsT JIETEKITIH JIYHOK AJITOPUTM,
B OCHOBE KOTOPOTO JIE2KUT mpeodpazoBanne Xada s okpyzxkuocreit. B Paznese
2 ommcaH UCHOJIB3yeMbIil jgartacer ¢ ¢ororpadusiMi ILUIAHIIETOB U 0OCYK/I€HBI
ero 0CcOOEHHOCTH, CYIEeCTBEHHBbIE NP BBIOOpPE MeTonoB Jerekiuu. B Pazmere
3 npuBelieHO TOAPOOHOE OObSICHEHHE AJINOPUTMA TIOUCKA JIYHOK, 8 YeTBEPTHIi
Pazen comepkut sKcIeprMeHTaAIbHBIE Pe3yabTaThl. B marom Pasnerne caemannt
BbIBO/IbI 1 HAMEYEHBI ITIyTH ,I[aﬂbHCfIH.ICFO YCOBEPINIECHCTBOBAHUA aJI'OPUTMa.

2 Wcnonb3yemsbrii matacet

HeTeknust JTYHOK MPOU3BOAMIACH HA (DOTOrpa-
dusx mwianmeros mogenu "Ilranmer MEHOrOpaszo-
BBII JIJISI IIPOBEJIEHUST CEPOJIOIMYECKUX DPeaKIIHii
mo TV 32.50.50-105-51203590-2020 ma 42 mayH-
KJ IIPO3PAYHBI OJIyIEHHBIX C IIOMOIIBIO CKaHe-
pa Epson Perfection v550 Photo. JIynku pacmo-
JIO2KeHBI B 6 Ps7I0B IO 7 JIYHOK B KayKIOM, dop-
Ma JIyHOK KpYyTIJlasi, FDAHUIIbl KOJIbIIeOOpa3Hble U
HEMHOT'O BBICTYHAIOT HaJ OCHOBHOW YaCThIO IIJIaH- Puc. 1:
mieta. Buemnuil By ntammera nokasan Ha puc. 1, [Inammer
a npumep dororpadun IUIAHIIETa, HA KOTOPOM
TIPOBOJUTCS PEAKINs, IPUBE/IeH Ha PHUC. 3a.

Onucannbie ororpacdun obIaJAI0T PIJOM O0COOEHHOCTE, KOTOPbIE Ollpejie-
JIMJIA BBIOOP METOJIOB, MCIIOJIb3YEMbIX B IIPEJIAraeMOM AJITOPUTME.

— IMockoubky Tpebyercst paco3naTh 42 ayHkd, HedPHEKTUBHO OBLIO UCIIOIh-

30BaTh aJITOPUTMBI, HE ITO3BOJIAIONTIUEC ACTEKTUPOBATH HECKOJILKO 00 BEKTOB
OTHOBPEMEHHO.

337



— Ha kapre rpanur, mocTpoeHHON M0 poTorpadun IIAHITETA, TPAHUIA KarK-
JIOi JIYHKHU HPEJICTABISeT U3 cebsi HECKOJIBKO JYI OKPYKHOCTEH: JaCTHIHO
pACIIO3HAHHBIE BHYTPEHHIOIO M BHEIITHIOI I'PAHUILY BBIYKJIOTO Kpas JIYHKU U
OIMKU Ha 3TOM Kpae. BesecTBue 3TOT0 He TOIXOISIT METO/IBI, HEYCTONINBhIE
MU TTOUCKE 00HEKTOB, IPUCY TCTBYIOMNX HA N300PAKEHUN IaCTUYIHO.

— Tam, rye Ipou30ILIa ArTIIOTHHALNS (CKJIEHBAHNE SPUTPOLUTOB), BbIJIEJIseT-
Csl MHOXKECTBO T'DAHUI] BOKPYT KalleJib KPOBHU, CO3JAIONINX C TOYKHU 3PEHUS
perraemMoii 3aaun cribHBIN 1yM. [losToMmy MamoaddeKTUBHBI aIropuTMBbI,
OCHOBAHHBIC Ha CﬂyqaﬁHOM BbI60pe TOYEK UJIKN YYBCTBUTE/IbHbIC K IIyMY.

— Ha nzob6parkenun rpanuii IpUCYyTCTBYIOT JIUIIHAE C TOYKH 3PEHHUS PEIIaeMoil
3aJ1a49U JyI'U OKPY2KHOCTEH, 110 XapaKTEePUCTUKAM [TOX0XKUE Ha MCKOMBIE I'Da-
HUIIBI JIYHOK. K HHUM OTHOCATCA, HAIPUMEP, I'PAHUIIbI 3aKPYTJICHHBIX YIJIOB
mwianmera. 1'peboBasoch HayIUTHCS PeIIaTh 3Ty IPobeMy.

3 IlIpenjsaraemsbiii MeTo

AJIropuT™M JETeKIUU JIYHOK 3aKJ/II0YAeTCs B CJIe/LYIOIEeM:

1. ma dororpadun miIaHIIETa UILyTCI TPAHUIILI C TOMOIILIO jieTekTopa Kaommmu;

HaJ1 1300pakeHreM T'PAHMUIL OCYIIECTBIISIETCsT MOP(OJIOTTIeCKOe OTKPBITHE;

3. mpu nomormu rpeobpasoBanus Xada st OKPYKHOCTEN PUOJINKEHHO Jie-
TEKTHUPYIOTCS JIYHKH,;

4. moJrydeHHasl pa3MeTKa JIyHOK JIeJIAeTCS PeryJisipHOI.

o

Brauase x dororpadun mraHmera IpUMEHSIETCA aJrOPUTM IIOCTPOCHHS TPa-
HUIT KSIIHI/I [11], OCHOBAHHbBII Ha BBIYUCJIEHUN I'Ppau€eHTOB U IIPUMEHCHUU I'U-
CTEPE3UCHBIX [OPOrOB IpH O0TOOpe IPAaHUYHBIX nukcesed (cM. puc. 3b). 3arem
HaJT 1300parKeHneM IPAHUIL OCYIIECTBIISIETCST OIeparysi MOPMOIOrHIecKOro OT-
KpbiTug (3po3usi ¢ nocsenyomei qunaranueii) [12]. Oua ybupaer rpaHudHbie
(Gesble) muKcesn, B OKPECTHOCTH KOTOPBIX MHOTO IIyCTHIX (UEPHBIX) IUKCEJeii,
u, TAKUM 0611)21301\/17 YMEeHbIIaeT IMIYyM U CIJIa2KUBACT I'PAHUILBI C OCTPBIMU yIJIaMU
(cm. puc. 3d). Bosblnasg 4acTh rPAaHUYHBIX MUKCEJIEH, CTUPAEMBIX OTKPBITHEM,
[IPUXOJAUTCS Ha TOHKHE U OTCTOSIIHE JPYT OT JPyra Ha HEKOTOPOM DPACCTOSHUHI
T'PpaHUNBbI CKJICUBHINXCA IPUTPOIUTOB, a TaKzKe IIJIOXO Pa3/IMINMbIEC Ha CbOTOFpa—
dusax rpanumpr camoro mraniera. Ha nckoMble ke IDAHUIBI JIyHOK OTKPBITHE
BJINACT 3HAYUTEJIbHO MEHbIIE, IIOTOMY YTO UM COOTBETCTBYET HECKOJILKO 6JII/I3-
KO PACIIOJIO2KEHHBIX JIpYI' K APYTYy Ayl Opr)KHOCTtel7 TO €CTb IIJIOTHOCTDH 66JII)IX
HuKceJIeil B 9TUX MeCTax CyNIeCTBEHHO Bbliie. TakuM 00pa3oM, OTKPBITHE HO3BO-
JIsIeT He TOJIBKO HOBBICUTH TOYHOCTDH IpeobpasoBanust Xada st OKPyKHOCTE
[2], koTOpOE TIpUMeHsIeTCS BCJe] 38 HEM, HO M yMEHBIIAET BPeMsl ero pabOThL:
Girarofiapsl yJaJIeHUIO YacTU OeJsIbIX ITHKCeJeil COKPAIaeTcsl YHCJIO0 BapUAHTOB
OKPY?KHOCTE(l, KOTOPBIE Iepebupalorcs B peobpazoBanuu Xada.

B pa6ore ncrnosnb3yercst MoauduKaIust aaropurMa npeodbpasoanust Xada jiist
OKpy>kHOCTeil [2], mpeyiozkenHast B kuure [13] n HaspiBaemast ee apropamu Hough
gradient method, cm. asr. 1.
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YcoBeprieHCTBOBAHIE AJTOPUTMA 3aKJIOYAETCS B TOM, UTO MOWCK IEHTpA U
pajuyca OKPY:KHOCTH HE MPOCTO MPOMCXOJUT OTAEJbHO, HO CHAYAJA HILYTCS
[EHTPBI 6CeX OKPYKHOCTEM, & 3aTeM JIsl 8cer OKPYKHOCTEl OIEHUBAIOTCS UX
paauychl. JlobuThbest 9TOTO pe3yabraTa yaaeTcs OJaromapst NCIOJIb30BAHUIO WH-
dopmarmu o rpaJueHTax.

ITpu noucke KOOPAMHAT [EHTPOB CO3/IAETCsl JIByMEPHOE aKKYMYJ/IATOPHOE PO~
crpancTBo (akKymysstop) Ace(xg,yo). CrpouTcst oHO TakuM 0O6PA30OM: €CJIM HA
UCXOJIHOM M300parKeHUU eCTh OKPYXKHOCTD (g, Yo,T):

xr =g+ 1rcosyp, (1)

Y =yo+7cosp
TO Ka)K,ZLOﬁ TOYKE (CB, y) ITOMI OKPY2KHOCTHU B aKKYyMYJIATOPE COTBETCTBYET

OKDYXKHOCTB (,y,7):

To =X — 1 COS Y,
Yo =Y — T COS P.

(2)

B npeo6pazosannu Xada, IPeIIoKeHHOM B [2], P [IOKCKE IIEHTPa OKPY KHO-
CTH B aKKyMYJISITOPE COOTBETCTBYIOIIHE €€ TOUKAM OKPYKHOCTH CTPOSITCSI TIOJTHO-
crbro. B momudukanuu [13] ke B aKKyMyJISITOpe OTMEYAIOTCs TOJILKO T€ TOYKH,
YTO HAXOALATCH B HAIIPpABJIEHUU I'DaJUCHTa U B OGpaTHOl\/I €My HallpaBJICHUU Ha
3aJJaHHBIX PACCTOSHHAX OT PACCMATPUBAEMOTO MOTEHIAILHOTO TEHTPA.

[Ipennaraemsrii MeTOJ| TakyKe MMEET DsiJ IPENMYINECTB, CHenuMUIHBIX I
uccjielyeMoil 3aJjaun JeTeKIUU JIyHOK.

— U3 koHnenTprdeckux (miu 61u3KUX K KOHIIEHTPHYIECKUM ) OKPY?KHOCTE Bbl-
6I/IpaeTCH TOJIBKO OTHA, YTO rapaHTUPyeT HETEKIUI0 Ha MeCTe Ka)K,HOﬁ JIYH-
Ki He 6oJiee 4eM OJHON OKPYZKHOCTH, HECMOTDsI Ha HAJIMYUe HECKOJIBKUX
OKPY2KHOCTEH BOKPYT KaXK/IO# JIYHKN Ha N300payKeHNN TPAHUIL.

— U3 koHnenrpudeckux (min OJM3KHX K KOHIEHTPUIECKHM) OKPYKHOCTEH,
KaK IIPaBUJIO (C TOYHOCTBIO J0 02KuaeMoit paborsl oneparopa Cobesist), Bbl-
GUpaeTcss OKPYKHOCTh HAUOOJIBIIErO PAJIMYCa, UTO MOBBIMIAET BEPOSTHOCTH
PacCIIO3HATDH JIYHKY IIOJITHOCTBIO. ZLeTeKTI/IpOBa,T]) JIYHKY HEJIMKOM BazKHO IJIsd
pelraeMoil 3aJlaun, IIOTOMY YTO PE3YJIbTATHI PEAKIIUH OIPEIEsISIOTCS TeM,
HACKOJIBKO COJIEPXKUMOE JIyHKH OJHOPO/IHO.

HenocraTkoM Ke JIJAHHOTO aJrOpUTMa, COrIacHO [13], siBiisleTcss UCHOIb30Ba-
uue oneparopa Cobess s Haxoxkaerus rpajauentos. Oueparop Cobeist Jlerok
B BBIYHCJIEHUH, HO AIIIPOKCUMUPYET IPATUEHT JOCTATOYHO P00, TIOITOMY U3-3a
HEro MOI'yT BO3HUKHYTD IIyMBbl.

Autropurm tipeobpazoBanus Xada IPUHUMAET Ha BXOJ[ HECKOJIHLKO MapaMer-
poB:

— min_rad u max rad — MEUHUMAJIbHBII U MAKCUMAJIBHBIN PaJINYChl HCKOMBIX
OKPY2?KHOCT€ COOTBETCTBEHHO;
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— min_dist — HamMenbIee IOMyCTHIMOE PACCTOSTHUE MEXKIY IEHTPAMHU HCKO-
MBIX OKPYZKHOCTeIf;

— acc_threshold — nanmMenbliiee KOJNYIECTBO TOUYEK, KOTOPOE JIOJIZKHO JI€KATh
HA OKPY?KHOCTH, 9TOOBI OHA MOIJIA CIMTATHCS JECTEKTUPOBAHHOM.

Il OLeHKM JIOIMYCTUMOTO DPaJUyca JIYHOK U
omnpesenenns min_rad u max_rad mcmomb3yercs
«CeTKa», B KOTOPYIO BIIUCAHBI JIyHKH (CM. puc. 2).
«Cerka» [14] momaercs npejiaraeMomy B JAHHOM
CTaThe AJrOPUTMY Ha BXOJ, €€ IIOCTPOeHNE He sB-
Jisiercst ero dacThio. [lomydus «ceTkyy, ajaropurm
BBIMACJSIET ee IIar: MOYTH TOPU30HTAJIBHBIE U TI0-
9TU BEPTUKAJBHBIE JTMHUU «CETKU» TPUOJIMKAIOT-
C COOTBETCTBEHHO TOPU3OHTAJIHLHBIMU U BEPTH-
KAJIbHBIMU TIPSIMBIMH, 32TEM OT/I€JIBHO HAXOUTCS
AT 10 TOPU30HTAIN U BEPTUKAJIN: BBIUUCISIOTCS Puc. 2:
PaCCTOsTHUST MEXKLy KayKJIOU apoii COCEIHUX TIPsi- «Certkas
MBIX U Oepercss MeanaHa ITUX paccTosHmit. VTo-

TOBBIi Al «CETKU» 0Eepercs PaBHBIM CPEIHEMY

MEXKJIy IaroM [0 TOPU30HTAJIN U BepTUKAIM. MakcuMasbHBI pajuyc JIyHKH
max_rad IpUpaBHUBAETCS K IOJIYUEHHOMY Iary, MUHAMAJLHBIN min rad — k
[I0JIOBUHE 3TOrO Iara, a B Kadectse min_ dist 6epercst y/BOEHHBIII MUHIMAJIb-
HBIT pajryc min _rad.

Pacnonomelme JIYHOK Ha IIJIaHUIIEeTEe HIPeJIIoJiaraeTcd peryJisipHbIM, a UX pa3-
Mep — OJIMHAKOBBIM, II09TOMY OKPY?KHOCTH, 0OHAPY?KEHHbBIE C TIOMOIIBIO IIpeobpa-
zoBanus Xada (cM. puc. 3e), JOHOJHATEIBHO 06pabaThIBAIOTCS: PAJILYC KarK IO
13 HUX OepeTcs PaBHBIM MeJUAHE PAJINYCOB BCEX JIETEKTUPOBAHHBIX OKPY2KHO-
cTeil, TOPU30HTAIbHAT KOODJIUHATA [IEHTPA KaXKJI0i OKPY?KHOCTH NMPUPABHUBA~
€TCA K Me/[MaHe T'OPU30HTAaJIbHBIX KOOPDANHAT HEHTPOB BCEX Opr)KHOCTCﬁ B TOM
2K€ BEPTHKAJIBLHOM Psily, & BEPTUKAJIbHAs KOOPJIWHATA IEHTPA IPUPABHUBAET-
cd K MeJMaHe W3 BEePTUKAJIHHBIX KOODAWHAT IIEHTPOB OKPYKHOCTEH B TOM Ke
rOPU30HTAIBHOM psisy (cM. puc. 3f).

4 OlieHKa TOYHOCTU MeTOoa

,HJ'[H OIICHKHN TOro, HaCKOJIBKO HaI‘/JI,ZLCHHbIC AJITOPUTMOM JIYHKHU 6J'[I/13KI/I K HUcC-
TUHHBIM, HCIIOJIb3yeTcs paccrosinne PDperre, BEIYUCISIEMOE YCOBEPIIEHCTBOBAH-
HBIM criocoboM [15]. Paccrosiaue @pere — 910 paccTosiHue MeXK/Ly ABYMsl OpH-
€HTUPOBaHHBIMU JIOMaHbIMU B Ba,ZLaHHOﬁ METPpHUKe, B JaHHOM CJjIyvdae METPUuKa
€BKJINJIOBA, €JIMHUIA U3MEPEHUd — MUKCeb. J[IsT BBIYUCIEHUS 9TONO PACCTOsI-
HHUA paCCMaTPUBaIOT BCE€ BO3MOXKHBIE CHOCO6BI COBMECTUTDH TOYKH JABYX JIOMaHBIX
(BOBMO)KHO, c HOBTOpeHI/IHMI/I)7 TaKuUM 00Pa3oM, 4TOOBI COXPAHSIOCH HAIPABJIE-
Hue 06X0/1a KazKI0M JIOMaHOi (TOUKH JIOMAHBIX PACIIOJIOXKEHBI B (PUKCUPOBAHHOM
HOpAaKe, KOTOPBII HEJIb3s Hapyma'rb)7 a HavaJIbHAsI U KOHEYHAdA TOYKU OIHOU
JIOMAHOI COBIAJAJIM COOTBETCTBEHHO ¢ HAYAJIbHON 1 KOHEYHON TOYKAMU JAPYIroM.
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AnroputMm 1 Ilpeobpazosanne Xada 1151 OKpyKHOCTEH

w

o

10:
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20

Bxonmmble nanHBIe: n3obpakeHuwe ILianmiera, min_rad, max rad, min_dist,
acc_ threshold.

BriBoa: detected circums — CIHMCOK IeTEKTHPOBAHHBIX OKDPYXKHOCTEH (3azaBae-
MBIX KOODJIMHATAMHY IIEHTPA W PAJIIYCOM).

ITocTponTs KapTy rpanui edges image ¢ nomorpio ajropurma Ksnuu.
TIoncK KOOpAMHAT IEHTPOB OKPY»KHOCTEMN

Co3maTh IBYMEPHBIN aKKyMYJISITOP.

: s kakaoil ToYkn acc_point akKyMy/IsTOpa BBIIIOJIHSATH
3aBECTH CIHCOK voters(acc point), B KOTOpOM OyayT XPAHUTHCSI KOOPIMHATHL
TOJIOCOBABIIKX 3a Hee Touek edges image;

Komuerr nukia

: JIJ1a kaxkzoit Touku point kapTel rpanun edges image BBIIIOJIHATH
BBIMUCJUTH TPAAMEHT ¢ oMOompio oneparopa Cobens [16];
B aKKyMyJIsITOpe B HAIPABJIEHUN 3TOrO IPAJINeHTa U OOPATHOM eMy yBEJIMYUTh
Ha 1 3HAYEHWs] BCEX TOYEK, HAXOJSIIUXCS OT Point Ha PACCTOSTHUSAX OT
min_ rad mo max_rad; o6osHadum sTu TouKM acc_ voted(point);
I KaXkKIo Touku acc_point u3 acc_voted(point) moGasurh point B
voters(acc__point);

Kouer nmukJia

Haiitn B akkyMyssaTope JIOKaJbHBIE MAaKCUMyMbl U BBIOpDATb Te, KOTOPLIE
6osbmie acc_threshold. O6osmaumM ux centers, MIOTOMYy dYTO 3TO

[OTEHIMAIbHbIE LIEHTPBL HCKOMBIX OKPY2KHOCTEIA.

YnopsinoduTs centers Mo yObIBAHUIO UX 3HAYEHUII B aKKyMYJIATODE.

ITonck pagumycoB OKpPY2KHOCTEMH

Joist kaxx10i1 Touku center u3 centers BBINTOJIHSITH
cpey pacCTOAHUI OT center 0 KaxKJOU U3 TOYEK voters(center) OIIPpEJIEJIUTH
nanmenbiree dist  1(center) u nanGosbiee dist  2(center);
TSt KazKJI0TO PaCCTOSTHHST dist or dist_1(center)
Pite) dist_ 2(center) [IOCYUTATD, CKOJIBKO TOYeK

points number(dist, center) wu3 voters(center) HaxomsATCs Ha

STOM PacCTOSIHUU OT center;
OLIPEJIe/IUTh paccrosiHue radius, IS KOTOPOTro BeJIMINHA
points _number(radius, center) MakcuMasbHa;

Ecau mexay center m menTpoM Jr000#f M3 paHee HAIEHHBIX OKDPYKHOCTEM
paccrosiHue He MeHbIe min _dist Torga

CYNTATH OKPY?KHOCTH C JIAHHBIM IIeHTpOM center u pajuycom radius JieTex-
THPOBAHHOII, 00aBuTh ee B detected circums;
Komner yciioBus
: Konen nukJja
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Puc. 3: IIpumep paboThl ajropuT™Ma JIETEKINH JIYHOK
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st Boraucsenust paccrostans Operre paccMaTpUBAIOT BCE BO3MOXKHBIE CIIO-
COOBbI COBMECTUTH TOUKH JBYX JIOMAHBIX (BO3MOXKHO, C IIOBTOPEHMSIMU), TAKUM
06pa30M, ITOOBI COXPAHSIIICS MOPSIIOK 00X0/[a TOUEK KaKI0H JIOMaHOI, a HAvua b
Hasl M KOHEYHAsT TOYKN OJHON JIOMAHOM COBITA A/ COOTBETCTBEHHO C HATATHHOM
1 KOHEYHOI Toukamu Jpyroit. KaxKapil yIoB/IeTBOPSIONINil STUM TPEOOBAHISIM
crrocob 0bo3HaunM 4epes comb. st Kaxkaoro HaiigeHHOro crocoba comb BBI-
YUCHISIOT paccTostHust dist(i, j) MeXK/Ly BCeMH IapaMH COBMEIEHHBIX TOYeK 1 U j
U BBIOMPAIOT HAUOOJIbIEE U3 ITUX PACCTOSHUIA. 3aT€M BBIOMPAIOT HAUMEHbBIIIEE
W3 TIOJIY 9€HHBIX HAMOOJIBITNX PACCTOSHMIA, 3TO U ecTh paccrosuue Dperre:

Frechet dist = min(max(dist(i, 7))
comb 1,j
B KJ1accrmIecKoM aJrOpuTMe HAXOKJICHUS paccTosaus Pperne HCIoIb3yeTcs pe-
KYPCHBHOE BLIUHUCJICHUE PACCTOAHUI MEK Ly BCEMHU BO3MOXKHBIME HapaMU TOYEK,
rjie OJHa TOYKa HPHUHAJJIEXKUT NEepBOil JIOMaHOi, a Jpyrasd — BTOPOii. Ycosep-
LIEHCTBOBaHUe, IIpeJIoyKeHHoe B [15], 3akiouaercss B TOM, 9TOOBI 3HAUUTEb-
HO COKPATHTL YHCJIO0 BBIYHCIAEMBIX PacCTOsHUil Garogapss ocoboMy MOPAIKY
PACCMOTPEHHs Tap TOYEK, KOTOPDIH MO3BOJISET ¢ IOMOMIBIO y¥Keé MOCYUTAHHBIX
PACCTOSAHUI OIpeesIaTh, KaKue U3 ellle He BLIYUCJIeHHBIX MOXKHO He HAXOIUTD.

B npensiaraemoM metojie st BbruucieHus paccrogaus Dperre MexIy HUC-
THHHBIMU U JI€TEKTHPOBAHHBIMI JIYHKAMH, OKPY?KHOCTH IIPEJICTABJISIIOTCSA B BU-
Jie JIOMAHBIX C TIOMOIIBIO TIePeX0/ia K MOJISIPHBIM KoopauHaTaM. st Kaxkaoit u3
HaJIEHHBIX OKPY2KHOCTEN PACCMATPUBAIOTCS T€ UCTHHHBIE OKPYKHOCTH, [IEHTPBI
KOTOPBIX JIE?KAT BHYTPH Hee, U JIJIsT ITUX OKPYKHOCTEH CUMTAETCS PACCTOSTHIE
Operre. Ecin paccrosraue Pperrie MexK 1y HalIEHHON U UCTUHHON OKPYZKHOCTS-
MU MEHBIIe TIOPOrOBOT0 YHUCJIa IPOIEHTOB OT PaJINyca MUCTHHHON OKPYKHOCTH,
TO JIETEKTHUPOBAHHAsT OKPY?KHOCTb CINUTAETCST PACIIO3HAHHONW KOPPEKTHO.

ITpumep 1pOBepKHU HAiJIEHHBIX OKPY?KHOCTEl (IOPOroBoe 3HaYeHHEe KOPPEKT-
HocTu pacrosHaBanusi — 10% or pajuyca HCTHHHON OKPYZKHOCTH) IIPHBEJIEH Ha
puc. 4. B Tabn. 1 mpesicTaB/ieHbl YUC/IEHHDBIE PE3YABTATHI PAOOTHI AJTOPUTMA
(paccrosinue ®perie yKazaHO B NPOIEHTAX OT PaJINyCa UCTUHHBIX JIYHOK).

5 3akJiro4deHue

BoamoxkHOCTD aBTOMATHYIECKH 00pabaThIBATE PE3YJIBTATHI AHAJI30B TI0 OIpe-
JIeJIEHUIO IPYIIILI KPOBU sIBJISIETCs aKTyaJbHOU U BaXKHOI 3a1aqeii. [jis ee perre-
HUsT HEOOXOMMO yMETh JIeTeKTUPOBATh HA N300DarKEHUSX MEIUIIMHCKUX ILJIAH-
[eTOB JIYHKH, B KOTOPBIE HAJMBAIOTCS KPOBb M DEAreHTHI. B JAHHON cTraThe
MPEJIOKEH METOJI, PEIIeHUsl TON MOA3a/1a9u JIJIsl IIAHIIETOB C JIyHKAMU KPYT-
Jioit popmbl. OBOCHOBAH BBIOOP MCIIOJIB3YEMOIO AJITOPUTMa U TPUBEIEHBI UNC-
JIEHHBIE PE3YJIbTATHI, HOATBEPXK amonme ero 3bdeKTHBHOCTD.

[IpeacraBiieHHBIN aJrOPUTM OCHOBAH Ha IpHMeHEHWH peobpasoBanus Xada
7 TIO3BOJISIET JETEKTUPOBATE JIYHKH CO cpeHeit Toanocthio 96%. Cpeanee Bpems
paboTbl ajropurMa cocrasiiseT 12.03 ceKyHIbI.
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Puc.4: Tlpumep

IIPOBEPKU  BO3BPAIlEHHBIX aAJITOPUTMOM

OKPY2KHOCTEH
Ne|pazmep, nukc.|mopor, %|TounocTs | mosiHOTA|p. Pperne, %|Bpemsi, ¢
1| (2538, 3052) 10 1.00 1.00 6.91 12.13
2| (3060, 4211) 10 1.00 1.00 3.39 11.33
3| (3060, 4211) 10 1.00 1.00 4.62 11.44
4| (3060, 4211) 10 1.00 1.00 4.48 12.17
5| (3060, 4211) 10 0.93 0.93 6.06 10.88
6| (3060, 4211) 10 0.91 0.91 6.37 12.25
7| (3060, 4211) 10 1.00 1.00 3.22 11.48
8| (2538, 3052) 10 1.00 1.00 3.06 11.60
9| (3060, 4211) 10 1.00 1.00 1.84 12.30
10| (3060, 4211) 10 0.86 0.86 7.44 12.85
11| (3060, 4211) 10 1.00 1.00 5.21 10.81
12| (3060, 4211) 10 0.81 0.81 7.88 12.20
13| (3060, 4211) 10 1.00 1.00 4.08 14.09
14| (3060, 4211) 10 1.00 1.00 3.19 12.85

Tabauna 1: PesyabraTsl paboTs! aaropurMa st 14 ¢pororpa-
Gwuit mraHIIeToB.

B crosbie «paszmep» ykaszaH pasmep ¢ororpadun B MUKCEIIX; B
CTOJIOIE «IIOPOTr» — MPOIEHT OT PAJINyCa UCTUHHOM JIyHKH, GOJIbIIe
KOTOPOT'O HE MOXKeT ObITh paccrosinne Dperie MexK1y UCTUHHON u
JIETEKTUPOBAHHOI JIyHKaMU, eCJIU JIYHKA JIETEKTUPOBAHA KOPPEKT-
HO; B crosbne «p. Operres — cpejHUil MPOIEHT OT pPajAyca WC-
THHHBIX JIYHOK, KOTOPBI cocTaBiisieT paccrosinue Pperre 1o Tem

JAETEKTUPOBAaHHBIM JIYHKaM, IEHTPbI KOTOPbLIX HaXOAATCHA BHYTPH
COOTBETCTBYIOIINX UCTUHHBIX JIYHOK; B CTOJ’I6H6 «BpeMd» — BpeMd
paGOTbI aJiIroOpuTMa B CEKyHIaX.
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Cpennee paccrosiane @Operrre MeXK/ Ty T€TEKTHPOBAHHON M MCTUHHON JIyHKaMUI
B IIPOIEHTAX OT PaJUyca COOTBETCTBYIONIEH NCTUHHON JiyHKu pasusercs 4.84%.

B nasnpHeiieM maHUpyeTCsl HOBBICUTh TOYHOCTD JIETEKIINN KPYIVIBIX JIYHOK:
MOIIBITATHCs HaliTh aHasor oneparopy Cobeiist, 9T00bI TOUHEE MPUOIIHZKATD IPa-
JAEHTH! 0€3 CYIIeCTBEHHON IIOTEPU CKOPOCTH BLIYHUCJIEHUSI: YMEHBIINTD BEPOAT-
HOCTBb PACIIO3HABAHUS JIMITHAX OKPY?KHOCTEN U YBEJIHYNTh BEPOSITHOCTH PACIO-
3HABaHUs HYKHDIX, & TAKKe pa3paboTaTh aJrOPUTM JI€TEKINH OBAJIbHDIX JIyHOK.
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Annoranusa KanbupHanysh KOPOHAPHBIX apTepHil SBJISIETCS BaYKHBIM
daKTOPOM PUCKA CEPAECTHO-COCYAUCTHIX 3a00IEBAHNI 1 MOXKET OBITH OIIpe-
JleJIeHa 110 JIAHHBIM KOMIIbIOTepHO# ToMorpadun. C pacTymmM YUCIOM
HCCJIe/IOBaHMI BO3PACTaeT aKTyaJbHOCTb METO/0B aBTOMAaTUIECKOI pas-
METKHU MEJUIMHCKUX n300paykenuii. B c¢Ba3u ¢ stum Bcraér Bompoc o6
X MHTEPIPETUPYEMOCTH U MPUMEHNMOCTH B KJIUHUYIECKUX YCJIOBUIX. B
3TO# paboTe MbI IIPeJIaraeM MeTOJ, ABTOMATUIECKOTO CKOPUHTa WHJIEK-
ca ArarcrToHa C UCIOIB30BAHUEM MYJIBTUKJIACCOBOW cermentanuu. OH
IIO3BOJIAET HE TOJIBKO IIOHATH CTEII€CHb Ka..HBIH/I(i)I/IKaIH/II/I KOPOHapPHBIX ap-
TEpUil B I€JIOM, HO M BOBJIEUEHHOCTH KaXKJIOW apTEPUU IO OTIAETHLHO-
cru. KadecTBo ajiropurMa OleHUBAETCs HA BHIGOPKE, COCTOSINEH U3 MpU-
MEpOB, OTJIMYAIOMINXCS CTEMEHBIO KAJbIMMUKAINNT U HAJIUINEM HUCKYC-
CTBEHHBIX CTPYKTYD, KOTOpPbIE ObLIN pa3MedeHbl HECKOJIBKUMY BpadaMu-
PaaMOIOraMH.

KuarouyeBblie ciioBa: [ybokoe oOydeHne, MeIUIIMHCKAsT BU3YaJIU3AIMS,
KaJIbIU(pUKAUs KOPOHAPHBIX apTepuil, CEMAHTHIECKAs CErMEHTAIUsI,
MYJIBTUKJIACCOBAS CETMEHTAIUS.

1 Bgsenenue

Umemmaeckast 601€3Hb cepiia 3aHIMAET IEePBOe MECTO CPEIU MPUYIUH CMEepPT-
Hocru B mupe [8]. Cpexn KT-ncciieioBannii ckaHupoBaHue IPy/IHO KIETKU siB-
Jisiercst caMbiM dacTbiM. B kaxkipom KT rpynHoii KjleTKu Beerja BKIIIOYaeTcst
cep/ie, a 3HAYINT BCe KOpOHapHBIe cocyabl. [lockombKy ckannpoBaHie KOpOHap-
upix aprepuii ¢ KaabieMm (CAC) 6bLI0 HHTErPUPOBAHO B OIEHKY PHUCKA aTEpO-
CKJIEPOTHIECKUX CEPJEeTHO-coCyaucThIX 3abosesannii (ASCVD) y Geccumirom-
HBIX MAIMEHTOB ¢ BKJIIOYEHNEM B MHOTOYHMCJIEHHBIE PYKOBOJICTBA, TO HOSBUIACH
HeOOXOIMMOCTh aBTOMAaTU3NpoBaTh nporecc oneaku CAC.

Insa kommaectsennoi onenku CAC B 1990 romy 6bu1 BBeleH uHiaeke Arar-
crona (AS) [1], u ¢ Tex mop OH CTas OOGIIENPUHSITHIM CTAHJAPTOM JJIsi U3Me-
peHnii. DToT NOKa3aTE]b PACCIYUTHIBACTCS C UCIOJIb30BaHKeM uH(MOpMAIUu 00
WHTEHCUBHOCTU BOKCEJIell U OTparkaeT OOIIYIO IIOMA/(b OTJIOXKEHH KaJIbIAs 1
HUX IJIOTHOCTD.
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AS = % Z chc(icc) : Scc (1)

0,if max(i..) < 130
1,if 130 < max(i..) < 200
Weelice) = { 2,if 200 < max(ice) < 300 2)
3,if 300 < max(ice) < 400
4,if max(ic.) > 400

ITepBoe cymMMHUpOBaHUE IPOUCXOJUT MO0 AKCHAJBHBIM CPE3aM, BTOPOE - MO KOM-
[IOHEHTaM CBSI3HOCTH (cc), HafiJleHHBIM B Cpese, i, - WHTeHCUBHOCTH BOKCEJI,
usmepennast B HU, w,,. - Beca KaxKJI0i KOMIIOHEHTBI, onpejiejeHnbie B (2), Se. -
pa3Mep KOMITIOHEHTHI, W3MepeHHbIi B MM2. Dopuyita B [1] yrasana ams meceno-
BaHI/IIl/JI./ B KOTOPBIX PACCTOAHUE MEXK/Y aKCHaJIbHBIMU CPpe3aMU PaBHACTCA 3 MM.
B mameit pabore oo pasHo 1 mm, mosromy AS HOpMasm3yercs.

JIjist craHIapTU3AIMN OMCAHNST HAXOJOK 110 KAJIbIIMHAIINN KOPOHAPHBIX ap-
Tepuii mmpoko ucnosssyercs cucrema CAC-DRS [2], pekoMenyemasi K 1puMe-
nenuio OBIIECTBOM KapAMOBaCKyJ/IPHOI KoMmIbioTepHoii Tomorpacdun (Society
of Cardiovascular Computed Tomography - SCCT). ITomumo KosmdecTBEeHHON
OIIEHKH CTEIIeHN PUCKA U CTPATH(UKAIMN IAIMEeHTOB Ha I'PYIIILI PUCKa Ha OC-
HoBe uHjekca Ararcrona (1), B [2] npeyaraercs Tak:ke OIEHUBATH YUCJIO BO-
BJICUEHHBIX apTepuii. Enunas nmudpa 1y aHAIN3a BCETO KOPOHAPHOTO KAJIBITHS
MOXKET J[aTh HEIIPAaBUJIbBHYIO TPAKTOBKY CTEIICHU TAXKECTHU IIOPazKeHUdA COCY10B
[0 CPABHEHWIO C YYeTOM DPAa3JIMYHBIX COCYJOB M CTEIeHH UX BOBJIEYEHHOCTH B
aTepockiepoTudeckuii mporecc. [loaromy pazpaborka Moen, CiocoOHOM ¢ TOU-
HOCTBIO 10 KOHerTHOfI apTepun ykKa3aTb JIOKaJIM3AaIlUI0 KaJIbIIMHATOB, MMEeT
0COOYIO TPAKTUIECKYIO TIEHHOCTb.

CymiecTByeT MHOXKECTBO paboT, IejIb KOTOPBIX - ABTOMATUYECKUN CKOPUHT
KaJILIIMHAIIMYA KOPOHAPHBIX aprepuii. OHU MOTYT OTJIMYATHCS

1. mcronp30BaHMEM JIONOJHHUTETBHOTO MOJIYJIS I CETMEHTAINN CepAlla B Ka-
YeCTBA IOJI'OTOBUTEIHLHOTO ITAIIA

2. UCIOJIb30BAHUEM JIBYXMEPHBIX WU TPEXMEPHBIX JAHHBIX HA BXOJE

3. BBIOOpKAMU, WCIOJIL30BAHBIMU B IKCIEPUMEHTAX ¥ ITOJIYIA€MBIMHU C MIOMO-
IBIO Pa3HBIX HACTPOEK TOMOTrpada

HawuGosee Giuskoii k Hameil pabore siBistercst [6], TakKe UCHOIB3YIOMIAs
rIyOOKIe CBEPTOYHBIE CETH [JIsI MYJILTUKJIACCOBOIM CErMEHTAIMH KaJIbI[ITHATOB.
Hecmorpst Ha Bbicokoe (Cohen’s k = 0.89) kauecTBO paGOTHI Ha HCCJIEIOBAHY-
Ax, BemoaHenHbx ¢ K -cuaxponnsammeit 3, MpemIoKeHHbIH B [6] aaropuTM
nemoHcTpupyer Huskoe Kadectso (Cohen’s k = 0.52) Ha apyrux moasbIGOpKax,
B34TbIX C IIOTOKOB Pa3HbIX KJ/IMHUK. ILHS{ CKpUHHHUHI'a KapJIUOJIOTHICCKUX 3&60—

JIeBaHUl HaI/I60.Hee BBICOKYIO ITPAKTHUYIECKYIO HNEHHOCTb HECET KadeCTBO pa6OTI)I
3 ImoMoraeT CHU3UTHh HETraTUBHOE BJIMAHUE IIYJIbCAllUN HA Ka9eCTBO I/I306pa)KeIH/IH, TeM

CaMBbIM YyIIponiast pa60Ty paauoJsiora uJan aBTOMAaTHYIECKOI'0 aJI'OPpUTMa
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Ha, MCCJIeIOBAHUSIX, BRIMOMHEHHBIX 0e3 DK -cuHXpoHU3aImy, TOCKOIBbKY NMEHHO
OHU COCTABJIAIOT OCHOBHYIO JOJIIO MCCIENOBAHUN, IPOBOAUMBIX B MEIUINMHCKUAX
YUPEXKIeHUAX. XOpolnasi paboTa Ha TaKOil BBIOOPKE SIBJISIETCSI OTIMYUTEIHHOM
0CODEHHOCTBIO TIPEJTIOKEHHOIO HAMU METO/IA.

2 Jlanubie

1st 06y aeHms 1 TeCTUPOBAHUSI NCIIOIH30BaIach BbiOopKa n3 88 KT-n300parkennii.
Kaxmoe KT paszmeueno aBymsa uiau 60jiee BpadaMu-pajuosoraMu. B pasmerke
YYIACTBYIOT 5 KJIACCOB:

— Kaspuunanus sieoit nepesneii nucxongameit aprepun (LAD);
— Kagpuunanus sieoit orubatomeii aprepun (LCX);

— Kanpnunamnus npasoii koponapuoit aprepun (RCA);

— Kasbnunanust CTBOPKOK KJTallaHa;

— CreHTHI.

CTeHTBI IPEJICTABIIAIOT CODOM MeTaUInIecKie UMILIAHTBI U HEPEJIKO CTABST-
cst Ipu psifie 60JIe3Hel CepAeIHO-COCYIUCTON CUCTEMBI.

Kaxknaprit 06bexT mgaracera cocrout 3 KT-n3o06parkenusi, pasmep KOTOPOro
512 x 512 X z, Tzie z - 9TO YUCJIO AKCUAJIBHBIX CPE30B, U PA3METKH HECKOJIbKIX
Bpaueil (puc. 1).

17151 9KCIepUMEHTOB MBI JIeJIaeM CTPATH(MUIIMPOBAHHOE Pa3/ieJIeHne Ha 3 da-
cTh: 00yIaIOoNast, BAJINIAIIMOHHAs U TecToBast. MeTKH, NCIoIb3yeMble JIJIst CTPa-
TUMDUKAIMN, BKIIOYIAIOT HHMOOPMAIUIO O I'PYIIIE PUCKA, HAJUIUH CTEHTOB U KaJIb-
mudukanun KiaanaHos. s oOydenust mcmosib3oBagoch 45 KT-uzobpazkenwmit,
IS BaJnganuy - 15 u gjda Tecra - 28.

Pacnpenesenne no rpynmnam prucka u 1o HAJIHMYHIO JIAHHOTO KJIACCA B Pa3MeTKe
KT-uz06parkenns npezacrasieHo B Tabaumax 1 u 2.

Tabmuna 2: Conep:kaHne 0O0bEKTOB

Tabmuna 1: Pacupenenenue gamabix Pa3HbIX KJIACCOB B IIPUMEPAX JaTa-
10 TPYIIAM PUCKA cera

CAC-DRS Copep2kat

0 (Her xasbius)|22 KasbIimHanmio LAD |56

1 (AS 1-100) 31 xampruaanmo LCX |44

2 (AS 100-300) |11 kasbiuaammo RCA |34

3 (AS >300) |24 KaJIBIUHAIMIO KJIalaHoB|39

Bcero 88 CTCHTBI 17

Bcero 88
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a 9

Puc. 1: O6bexT maracera. pOHAPHBIN KaJbIUHA OTMEYEH KPACHBIM, KaJIbIUH Ha
CTBOPKaX KJIAIIaHA - YKEJTBIM, CTEHTHI - 3€JIEHBIM.

OrpannvyeHus

Kak u /m060it apyroit aJaropuTM KOMIIBIOTEPHOI'O 3PEHHUs, IIPEJJIOYKEHHBI Me-
TOJ[, OTPAHUYEH B IIPUMEHEHUN OCOOEHHOCTSIMU JIAHHBIX, UCIOJb30BAHHBIMU [IPU
ero obyuenuu. B cuiy pasmepa naracera M aHOHUMU3UPOBAHHOCTH HCCJIEI0BA-
HUU HEBO3MOXKHO CTAHIAPTU3UPOBATH BHIOOPKY IO BCEM BO3MOXKHBIM JEMOTpa-
(bUUECKIM IPYIIaM HAIUEHTOB, a TaKXKe PAa3HOOPA3UTDH €€ MCCJICIOBAHUSIMU C
PACIPOCTPAHEHHBIME B MEHBIIEl CTerneHn aHaTroMudeckumu ocobennocrsimu. C
TexHn4eckoit ctoponbl, KT-uccienoBanus, ncmob30BaHHbIE B 9KCIIEPUMEHTAX,
ObLIN BBIIOJIHEHBI ¢ UCIOJB30BAHUEM CTAHJAPTHOI 03Bl OOJIyYCHUs] U MSTKO-
TKAHHBIX KEPHEJIOB U 0e3 UCIIOJIHb30BaHUs KOHTPACTA, UTO 3aBEJIOMO CTaBUT Ka-
9eCTBO PabOTHI AJITOPUTMa Ha BBIOOPKAX, MOJTOTOBJIEHHBIX C HUCIIOJIH30BAHUEM
JPYTHUX PAJIMOJOTUIECKUX IIPOTOKOJIOB, IO BOIIPOC.

3 Mogaenb

3a ocroBy mojenu B3aT UNet [3]. IIpu 9T0M OGBIMHbBIE CBEPTOYHBIE CJION 3aMe-
uenbl Ha Residual blocks [4]. Biiok-cxema Mozesn mpejicTaBiieHa Ha PHCYHKe 2.
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