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4 U.B. BUHOKYPOB IRUmEN:

Beepenne

[Tporecc mepexojia Ha 3JIEKTPOHHBIN TOKYMEHTOOOOPOT, PeATN3YeMbIil B Ha-
CTOsIIIee BPeMsi MHOI'MM OPraHU3aIdsIME, TIPEIIOIaraeT MePEeBOl JIEKTPOHHBIX
Komuit JOKyMeHTOB B X TecToBble anajoru. B IIIIK «Pockagactp» ocHOBHBIMEI
JOKYMEHTaMMU, MTOJIEXKAIMNMU PACIIO3HABAHUIO U II€PEBOJLY B TEKCTOBBIE
dopmarsl (txt, json u apyrue), sBJAIOTCS U300paKeHus TAbIIKUIL] C KAJIACTPOBbI-
MU KOOpJuHATaMu 00beKTOB. JlerekTupoBaHue TabJIUIl Ha, M300ParXKeHus X
JIOKYMEHTOB JTOCTATOYHO 3(D(DEKTUBHO PEATN3YETCs C UCIIOIb30BAHUEM CeTel
riry6okoro obyuernst YOLO [1]. He menee achdekTuBHO ¢ nCHONB30BaAHUEM
CNN, MoryT ObITH PACIO3HAHBI U OJWHOYHBIE CUMBOJIBI MAIITUHOIIICHOTO
rekcra [2]. OHAKO IIPH IUIOXOM KadecTBe OTCKAHUPOBAHHOTO JIOKYMEHTa €ro
CerMEHTAIMs ¢ UCIIOJIb30BAHUEM U CTAHIapTHBIX (Haupumep, findContours()
6ubsmorekn OpenCV [3]) u coGCTBEHHBIX METOMIOB UX OGHAPYYKEHUsI MO-
2keT npusBectu K Boigsjenuio peruonos (ROIL, Region Of Interest, anea.),
coziepzKanmx 6osee OHOTO CUMBOJIA. B 9THX CIydasix MpeJIoyKeHHbIH B 2]
[TO/IX0/T HEIIPUMEHUM: TPEOYEeTCs PACIO3HATH Ha (pparMeHTax M300parkKeHuit
HEIPEPBIBHBIE TIOCIEI0BATEILHOCTH U3 HECKOJIBKUX THdD.

ITpumep cermenToB (HparMeHToOB) M300pasKeHNsI, CONEPKAIMUX OT OFHOM
J10 Tpéx 1udp, UpuBeEH Ha pucynke 1. BoisgBieHne peruoHoB, cojiepKaimx
6ostee oiHOI MBI, KAK ITO MOKA3AHO Ha PUCYHKE 16, 00bICHIETCS HAJIMINEM
rpaJiaIuil ceporo IBeTa, KOTOpble IOPOroBas IOoACHCTeMa TpaHcdopMannm
ngeros B VIC [2| BocupuHEMaET Kak 31eMeHTHI U300pakeHus U, KaK CJIe/CTBUE,
orHOCHT X K Tekynemy ROI.
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Pucynok 1. CermeHrarusi KOOpiHAT OOBEKTA

Pemrenne 3ajaun pacnosnaBanust mudpoBbIX MMOCIETOBATEIHLHOCTEH,
DU MACCOBOM aBTOMATH3UPOBAHHOM IIPE0OPA30BAHNN OTCKAHUPOBAHHBIX
n300paskeHuil B UX TEKCTOBBbIE AHAJIOTH, SIBJISIETCSI B HACTOSIIEE BPEMSI
akTyaspHOM n 3Haunmoit s [IITK «Pockagactps.

Huxe, B pasgese 1 npuBeeHbl CyIIECTBYOINE B HACTOSIIEE BPEMSsI
IOJIXOJIBI K PACIO3HABAHUIO MOCJIE/I0BaTeIbHOCTel 1idp. Pazaen 2 mocssamén
dopmupoBanuio u ucciemoBanuio mogeneit CNN s pacro3naBaHus mocse-
J0BaTeIbHOCTEN U3 JBYX, TPEX U 4eThIpEX rudp. B pasnesne 3 onucanb
ocobennocTu BeIOOpa chopmupoBanubix Mogeseit CNN mist pacriosnaBanus
JIOKyMEHTOB C Ka/IaCTPOBBIMU KOOPJIMHATAMHI O0OHEKTOB.


https://www.geeksforgeeks.org/find-and-draw-contours-using-opencv-python/
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1. AHann3 BO3MOXHbIX nogxoaoB K peweHuo 3aga4qdn

B nacTtosimee BpeMst CyIIecTByeT JOCTATOMHO OOJIBITIOE KOJIMIECTBO PabOT,
ITOCBSIIIEHHBIX 33/[ade PACIO3HABAHUA OyKBEHHO-IIM(POBBIX IIOCIEI0BATEIHLHO-
creii. laTepec K 310l 3a/aue 00ObsICHSIIETCS TEM, 9TO PE3YJIbTATHI €€ PEeIleHust
MOT'YT OBITH WCIIOJIE30BAHBI B HETPUBUAIHHOM KOMIIBIOTEPHOM 3DEHUU C TIEJIBI0
pAacCIO3HABAHUS COJEPAKUMOrO IJIEKTPOHHBIX KOIUN JOKYMEHTOB, 00paboTKI
dopM ¢ pesyJibTaraMu OIIPOCOB, WAEHTUMUKAIINU ITOYTOBBIX UHIEKCOB U
aJIPECOB U T.II.

OnpeIeIéHHBIT NHTEPEC ¢ TOYKHU 3PEHUST MOMCKA BO3ZMOYKHOTO MOIXO-
Jla K PENIeHnIO 3a1a91 IIPEICTABISIOT METO/IbI HCCIeI0BATEILCKIX TPYIII
M3 Pa3HBIX CTPAH 10 PACIIO3HABAHUIO PYKOIUCHBIX OyKBEHHO-TU(MDPOBBIX
MOCJIEIOBATENLHOCTEH, ITpeICTaBIeHabIe Ha Mexk myHapoanoil KondepeHnun
no pacnosnasanus pykonucsoro tekcra (ICFHR) 2014 [4]. Bee atu MeTos!
MIPEIIIOIAral0T HAJUYINE 3HATUMOrO dTalla HavdaIbHON MperodbpaboTKu n300-
paxenus. Hanpumep, B nekuHcKOM MeToe u3 [4] it yhajaeHus 1nyMoB
U3 IPOCTBIX n300pazkeHuii npumensiercs Gunapmsanust Otsu [5]. st caoKHbIX
n300pazkKeHuil IPeIaraeTCs UCIoIb30BaTh JIBA MHOTOCIOMHBIX MEPCENITPOHA
[6] ¢ mocienyromeit Gunapusanueii Caysosnt [7]. TTocie npemnobpaborku
M300paXKeHMsT TEHEPUPYIOTCS MAOJIOHBI CUMBOJIOB KAH/HIATOB, KOTOPHIE 3aTEM
KJIaCCHMUIUPYIOTCA ¢ TTOMOMIBIO TOJTMHOMUAIBLHOTO KJIacCunpuKaTopa.

B manxaiickom Mmerose u3 [4] mudpbl CerMeHTHUPYIOTCS Ha OCHOBE
AJAITUBHON OMHAPU3AIMY U aHAJIM3a CBA3AHHBIX KOMIOHEHTOB. CoOCTBEHHO
KJIacCH(pUKALIIA PEATU3YeTC ¢ UCIIOIb30BAHAEM MAIINHDBI OIIOPHBIX BEKTOPOB
(SVM) [8] u camoopraunsyomuxcs kapt Koxonena (SOM) [9]. Pesysbrars:
pacCIO3HABAHUS It KAXKI0# DBl MOCIEI0BATEIBHOCTH YIOPSI0IABAIOTCS
[0 UX JIOCTOBEPHOCTH.

Cunranypckuit Meron [4] peasnsyeT IpeaBapUTENbHYIO 00paboOTKY
U300paYKEHHsl C [[eJIbI0 U3BJIEUEHNs] BEKTOPOB [OCJIEI0BATEIbHBIX [IPU3HAKOB.
st 9TOl 1es1u UCIOJIb3YeTCsl TUCTOIPAMMA OPHEHTHPOBAHHBIX IPAHEHTOB
(HOG) [10]. PacniosraBarne nndpOBBIX IOCIIEI0BATEILHOCTEN PEATH3YeTCs
peKyppeHTHO# Heitponsoit cerbio (RNN) [11].

Bpasunbckuit Metos [4] npeapapuTenbHo obpabaThiBaeT H300parKeHus
C LEJIBI0 OOHAPYKEHUs IIMPOBBIX II0CJIEI0BATEILHOCTEH, I PACIIO3HABAHUS
KOTOPBIX HMCIIOJIb3YETCsl KJIACCU(PUKATOP, COCTOSIINIT U3 MHOTOMEPHO PEKyP-
penrtHoii Hefipornoit cern (MDRNN) [12] u MAIMHBI OIIOPHBIX BEKTOPOB
(SVM) [13].

U, nakonern, amkupckuii Mmeros Tébessa I [4] ucnonb3yer crpareruto
[IPSIMOI CEerMEHTAINM, OCHOBAHHYIO Ha OPUEHTUPOBAHHOM CKOJIB3HAIIEM OKHE
[14]. PacriosHaBaHme 0CyIIECTBIISETCS € TIOMOIIBIO TIpeobpa3oBanust Paiona
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[15] B cogeranun ¢ SVM [8]. Hpyroit anamornanstii metos, Tébessa 11
[4], peasusyer Te ke meficTBusl, YTO U BbIIIE, HO C HECKOJIBKUME YIJIAMUA
OPUEHTAIMH CKOJIB3SAIIEr0 OKHA.

B [16] upesyiozken aiaropurM, KOTOpbIil 06y4aer k-paspbIiBHbIE aBTOKOEPDI
U UCIOJIb3YET UX B KAYECTBE MIPEIBAPUTEILHO O0YIEHHBIX CKPBITHIX CJI0EB
CNN. JIjs1 mocTuzkeHus BBICOKUX CKOPOCTEH pACIIO3HABAHUS TPUMEHSIETCS
TEXHUKA PA3/IBUYKHBIX OKOH.

Komb6unanus momeau ResNet [17] ¢ qByHAIPaBICHHBIME CIOAME KPATKO-
CPOYHOI naMsaTH npejyioxkena B [18]. Boicokas mpou3BouTe IbHOCTD MOJIEIIN
ResNet qis u3Bnedenus Gynkimii n3 n300parkeHnil MPUBeIa K 3HAIUTETHHOMY
YIIydIIEHIIO PACIO3HABaHN (M POBBIX HOCJIEI0BATEIBHOCTEN, OCOOEHHO IpU
paboTe ¢ MApKUPOBKOI JJIMHHBIX CTPOK.

B [19] upeancrasnena CNN 1151 MADKUPOBKE PYKOIMCHBIX CTPOK, B KOTOPOIi
JUTst 0OpabOTKY MOC/IEOBATETFHOCTEN MPON3BOIBHOM JIIMHBI CTPOKH UCIIOJIB3Y-
eTCsl TyJI MPOCTPpaHCTBeHHBbIX upamul. CermenTariust udp B CTPOKOBBIX
[I0CJIEIOBATEIBHOCTSX B 9TOI pabOTe He MCIIOIb3yeTCs.

WuTepecHast MOzesh J1st 38,129 MAPKUPOBKY OYKBEHHO-TIM(POBBIX TOCIIEI0-
BaresbHOCTel npuBeena B [20]. B ocnose monenu sexkur apxurekrypa CRNN-
CNN 6e3 memocratkoB RNN. Takast Mozesib HEMHOTO YIIydIIuIa Pe3yIbTATHI
u3 [19], B KOTOPOIii UCHOJIB30BAJIUCD JIBYHAIPABIECHHDBIE PEKYDPPEHTHbIE GJIOKU
B codyeraHun ¢ Mojesbio ResNet.

B [21] paspaborana cucreMa, B KOTOPOii JijIsi paciio3HaBaHus nudp
Ha N300PaXKEHUSIX C HU3KUM PA3PEIeHNeM UCIIOJIb3YeTCs IEeTEKTOP IeJIn
Ha yPOBHE CHMBOJIOB. B OCHOBe JeTeKTOpa IEJIH JIEXKAT KOOPAMHATHI KOHTYDA
CHMBOJIA.

B GosbInnHCTBE MIPUBEJEHHBIX BhIIE PabOTaX MCIO/Ib30BAJIACH KOMOMHA-
LUl HETPUBUAJBHBIX METOMOB IIPEJBAPUTE/LHON 06paboTKN n300parKeHust
¢ TTOCJIETYIONUM TTPUMEHEHNEM HeHpOoceTeBhIX Kiraccupukaropos. OaHako
B HACTOSAIIEE BPEMsl CYIIECTBEHHBIE YCIIEXU B OOJIACTH HEHPOHHBIX ceTei
NIPUBE/IN K TIOSIBJIEHUIO Psijia PaboT, B KOTOPBIX JIJIsi PACIIO3HABAHUS B TOM
qucsie u 6yKBEHHO-IIUMPOBBIX MIOC/IEI0BATETHLHOCTEH CIOIB3YIOTC TOIBKO
HePOHHBIE CETU TOTO MJIM WHOTO TUIIA. DTAIl IIPEJBAPUTENBHON 06pabOTKY Ujn
OTCYTCTBYeT Wi KpaiiHe HesHaunTesnen. Hanpumep, B [22] nuist obHADY KeHUsT
¥ PaCIO3HABAHUS JIEMEHTOB OYKBEHHO-TIN(POBBIX MTOCIEI0BATETbHOCTEH
NIPEJTIO?KEHO UCIIOIB30BATh MOJENb HA OCHOBE HEHPOHHOM CeTn rrybOKOTo
obyuennss (DNN) YOLO [23]. B sroit paboTe HOJHOCTHIO UCKIIIOYEHA [IPE/BA-
puTeabHast 06paboTKa U cermeHTarus n3obparkenuit, kpome Toro, YOLO
XOPOIIIO CIPABJISIETCS ¢ PACIIOZHABAHUEM JJINHHBIX MOCJIEOBATETLHOCTEN.
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ITomumo YOLO, mis pacnmo3naBaHus MOCJIEI0BATETHLHOCTEN MAITMHO-
IMUCHBIX U PYKOIMCHBIX UMD, N30JIUPOBAHHBIX U KOHTAKTHBIX, MOL'YT
Ot ncnoab3osanbl 1 CNN, HampumMep Tak, Kak 310 caejano B [24]. B sroii
paboTe MOKA3aHO, UTO PACNO3HABAHUE UUPPOBHIT NOCAEIOBAMEALHOCTEL
Mootcem. boims APPermueno peasudosano bes cyuecmeentot npedsapumenbotl
obpabomku uzobpasiceruti. Kpurudecku BaxKHBIM JJIS TAKOTO MTOJXOJIA ABJISETCSH
HE3aITYMJIEHHOCTD (I8TKOCTH) M300PasKeHNUSI.

Emié o npumep addekrusaoro ucnosb3oBarus CNN s pacnosnasa-
HUSI CTPOK PYKONUCHBIX IUdP ¢ HUSKUM paspellieHneM MpuBenéH B [25].
TTosbimenne Tounoctu paborsr CNN peanuzyercs 3a c4€T mobaBIeHUS IBYX
BBIXOJIHBIX BETBEll JIJIsT KJIACCU(DUKAINN U PErPECCUH 110 OTPAHUIMBAIONIIM KOH-
TypaM cuMBOJIOB. C IeJIbI0 Ja/IbHEHINEro MOBBIMIEHNs TOYHOCTH UCIOJIb3YIOTCS
HEKATErOPU3NPOBAHHOE IOJIABJIEHNE U TOHKAS MUHUIAKETHAS HACTPOMKA.

Ucxosis u3 cymecTByoleil B HACTOSINEE BpeMsl TEHJIEHIIMN PACIIO3HABAHUA
O6yKBeHHO-TTN(POBLIX TOCIe0BaTebHOCTEH, ncnosb3oBanne CNN ¢ Hezna-
YUTEJBHON NIPEIBAPUTEILHON 00pabOTKON M300parKeHMil 1IPE/ICTaBIIAETC S
nmoctaTodHo 3ddexTuBHbIM. B 910l paboTe ObLT BHIOPAH MMEHHO TAKOI TOIXOT
K PacCIO3HaBaHUIO IMPOBBIX II0C/e0BaTeIbHOCTeH 13 JokyMmenTos [IITK
«Pockamactps.

2. ®opmuposaHue u uccnegosatHue mogeneini CNN

Kaxk mokasaj aHajn3 pe3yjibTaToB CErMEHTUPOBAHUS TPOU3BOJIHLHOMN
BoiOOpku u3 2000 mokymentos IIITK «PockamgacTp», mocieoBaTe IbHOCTHI
u3 5-u u 60siee Mudp BCTpEUAOTCs KpaitHe peKo, pucyHok 2. VckioueHus

1000

600

Konuyectso ROI

200

180
(9%)

1 2 3 4 >=5

Lincop B ROI

Pucynok 2. Kosmmuecrso ROI B BoiGopke u3 2000 0TCKaHMPOBAHHBIX JIOKYMEHTOB

COCTABJIAIOT CUJIBHO 3alTyMJICHHBIC JOKYMEHTHI NN JOKYMEHTHI C HEIIPpUEeM-
JIEMbIM Ka49€CTBOM CKaHUPOBaHUA. ,Z[J'ISI TaKUX JOKYMEHTOB, KaK IIpaBHJIO,
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UCIIONIBb3yeTCsl PydIHOM pa3bop coxmep:kumoro. Kak ciencrsue, ObLIO TPUHSITO
peIlieHre 0 PACIIO3HABAHUY ITOCJIEIOBATEILHOCTEl, COCTOANINX He Dojiee dem
U3 IeTBIPEX THDP.

2.1. ®opmuposaHne HabopoB gaHHbIX ANst OBOy4EeHUs U TeCTMPOBaHUS
mopenei

Ha mavanproMm sTarne dopMupoBanus HaAOOPOB JAHHBIX JJId O0YIEHUST
n recrupoanust Mojesieit CNN ObLI MCIOJIB30BaH [IPEJJIOKEHHBIH B [2]
ojxo, hopMupoBanus nzobdpakenuit 1udp or 0 10 9 ocHOBHBIME ITpUdTAMEI
KaJIaCTPOBBIX JIOKYMEHTOB. Jlajiee, B 3aBUCUMOCTH OT KOJIMYECTBA Iudpp
B IIOCJIE/IOBATEILHOCTH, PEAJU3YETC UX CJIyYalHbIA BBHIOOD, ayrMEHTAIHSI,
BapbUPYIOIIasi HeOOXOIUMBIM 00pa30M yIoJl HAKJIOHA U MACIITaOMpPOBAHUE U
ciusinne n300paXkKeHuit B OHO, PUCYHOK 3.

K] [4.4,0 7,2,0] [7,7.0] .43 11.5.6] [1,8,5)

860315497350 44070710

Bl K] 4,2,3] 19.4.9 6.5,5] 19.0.3] 9] 12,86

598434325155 423 949 655 903 049

() 13 aBYX 1P (6) 3 TPEx mdp

a, [3,6.3,9] [9.4,4,1] [2,83,9] (4,4,9,4] [1,0,0,9]

A1 2839 4494

7,6,9,7] [3,3.7,0] [2,7.6,6] [5,1,3,1] [1,1,6,7] [9.1,2 4]

3310 2766 5131

(6) 13 4eTBIPEX 1UdP

PucyHok 3. Ilpumepsr chopMupoBaHHBIX H300parKeHU TOCTIEI0BATEIHHOCTEN,
CBEpPXY yKa3aHbl METKHU KJIACCOB

IIpu npoBesenny SKCIEPUMEHTAIBHBIX UCCJIEIOBAHNN, I TTOCIEI0Ba~
TeJIbHOCTEN U3 ABYX, TPEX U 4eThIPEX mudp, obuiu cpopmupoBanbl 1500,
2000 u 3000 m306parkeHwi COOTBETCTBEHHO, TAPAHTUPYIONINX I1epebop Beex
BO3MOXKHBIX 1 poBbix KomouHarmii. s o6yuerns CNN ucrosib3oBamch
70% sTux m3obparkenuit u 30% — mus Bamumanum n rectuposanus. Kommaectso
u306pazkennit mudp (KIacco) B Kaxka0# n3 1udpoBIX MOCIIEI0BATETBHOCTEH
OJINHAKOBO, KaK CJIE/ICTBUE, HAOOPBI JAHHBIX JJIsI O0yYeHNs U TECTUPOBAHUS
ABJIAIOTCS cOAJTAHCUPOBAHHBIMU.



\RUmENE PACMO3HABAHUE IIM®POBBIX MOCJEJOBATE/BHOCTEN C MCNOJIb30OBAHUEM CNN 9

2.2. ®opmuposanne mogenen CNN

DKCIepUMEHTAIbHbIE UCCJIEIOBAHUS C UCIIOIb30BaHueM si3bika Python u
6ubsmoreku Keras [26] mokazanu, aro monean CNN, obecnieunsatorye
IpUEMJIEMbIE TOTHOCTHA PACIIO3HABAHUSA IU(PPOBBIX MMOCIEI0BATEILHOCTEIN,
JOJI?KHBI OBITH ITOC/IE0BATEIbHBIMU U UMETH B JIBYX CBEPTOYHBIX CJIOSIX
Conv2D' 1o 32 duibrpa ¢ pasmepom siipa 3 X 3, MpU STOM pa3Mep BBIOOPKH
B JIByX JUCKPETU3UPYIONIUX CJIOAX C TUIOM MaxPooling2D5 JOJT?KEeH OBITH
2 x 2.

Kommmsmumst Bcex Moieseit OCyecTBIIIACh CO CAeLYIONUMI TapaMeT-
pamu: byHKIUs oTephb categorical  crossentropy *, ontumuzarop adam’® u
OCHOBHAasl METPUKA accuracy’, Jarolias IPUeMJIEMYIO OIEHKY TOYHOCTHU IJIst
cOaJIAaHCUPOBAHHBIX HADOPAX JTAHHBIX.

Bce momemn CNN nmeror ofnHaKoBbIe CBEPTOYHBIE U JUCKPETUIUPYIOIIHE
CJIOW U OTJIMYAIOTCS TOJIBKO BBIXOJIHBIMU ITOJTHOCBSI3HBIMU cJiosiMu Dense®,
KOJINYECTBO KOTOPBIX OIIPEJIEJISAETCS YUCJIOM Pacio3HaBaeMbix Mojiesibio CNN
mudp, pucyHox 4.

MaxPooling2D

Conv2D

kernel (3x3x32x32)
bias (32)

Sigmoid

Dense

Kernel (128x10)
bias (10)

Sigmoid

Dense

kernel (128x10)
bias (10)

sigmoid

Dense Dense Dense

Kernel (128x10) kernel (126x10)| | kernel (128x10)| | kernel (128x10)
eew €10 bias (10) bias (10) bias (10)

Sigmoid Sigmoid Sigmoid

Sigmoid

(a) u3 AByX nudp (6) u3 Tpéx nudp (6) U3 4eTbIPEX 1Udp

Pucynok 4. Mogenmu CNN st pacriosHaBaHus IOCJIEI0BATEIBHOCTEH

Kaxk1p1it 13 3TuX CJI0E€B BO3BpAIlaeT BEPOSATHOCTb HPUHAJIEXKHOCTU
mudps! K oagnoMy u3 10-Tu Kj1accos.

cum. onucanue Keras layers API™
cum. onucanue Keras.Losses™

cum. onucanue Keras.Optimizers
cMm. ommcanmne Keras.Accuracy metrics

URD

=W

URD


https://keras.io/api/layers/
https://keras.io/api/losses/
https://keras.io/api/optimizers/adam/
https://keras.io/api/metrics/accuracy_metrics/
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2.2.1. Uccnenosanne moneneii CNN

Pesynbrare! nccnenopannit mogesaeiit CNN u3 pucynka 4 npu 100 (omrru-
MaJIbHOE 3HAYEHHE) SI0XaxX UX 00yueHus B Buje rpadUKOB TOYHOCTH, (DyHKIUU
norepb 1 ROC-KpUBBIX JIjIsi PACIO3HABAHNS [TOCJIEI0OBATEILHOCTEN U3 JIBYX
nudp TpuUBeIEHb HA pUCYHKE 5, 6, 7.

Lncbpa 1 : 1.000 Linchpa 2 : 0.984

At 4 1

TouHocTk (Accuracy)
o
>
TouHocTk (Accuracy)
°
>

02 —— O6yuatuii Ha6op Obyuarouuii HaGop
——— TecToBbiil HaGop —— Tectoebiii HaGop

0 20 40 60 80 0 20 40 60 80
3noxa noxa

(a) Ajist IepBOM UG PHI (6) 1J1st BTOpPOIt uppbl

Pucynok 5. Tounocts pacnosnaBanus mapsl 1udp

Uncppa 1: 0.013 Unchpa 2 : 0.044
= OGyuaroumii Ha6op O6yuatouii HaGop
2 = TecToBbIii HaGOP 2 = TecToBbii Ha6op
15 15
g g,
05 05
0 0
0 20 40 60 80 0 20 40 60 80
3noxa noxa
(a) Ajist IepBOM UG PHI (6) 1utst BTOpOIt b pbl
Pucynok 6. Ilorepu pacmosnaBanust maps! 1iudp
2 ynchpbi: ROC KpuBbie MocnepoBatenbHOCTb U3 2 uudp: ROC kpusast
1 1
o 08 o 08
& ¢
2 06 2 06
g 04 § 0.4
g 3
=02 Lucpa 1 (AUC = 0.990) =02
Liudbpa 2 (AUC = 0.992) = 2 yychpbi (AUC = 0.992)
0 0
0 0.2 0.4 06 08 1 0 02 0.4 06 0.8 1
False Positive Rate False Positive Rate
(a) KaxKI0# 1udpbl (6) TIOCJIEAOBATEILHOCTH (PP

Pucynok 7. ROC kpuBble npu pacrno3HaBaHUU mapbl udp

s pacrno3HaBaHUs MOCIEI0BATEILHOCTEH U3 TPEX IMUMpP aHAJIOTUIHBIE
pe3y/IbTaThl IPUBEJIEHBI HAa pucyHKax 8, 9, 10.



TouHocTb (Accuracy)

Motepn

Lncppa 1 : 1.000

1 1
0.8 5 0.8
g
=
8
0.6 < 0.6
2
5
0.4 S 04
2
4
i <
02 O6yuatowi HaGop 02
e TecTOBBIl HAGOP
0 20 40 60 80 0 20
Snoxa

(a) IJ71s1 IepBO# U PHI
Lnchpa 3 : 0.980

PACTIOBHABAHME LUPPOBBIX MMOCJIEJOBATEJIBHOCTEN C UCIOJIb30BAHUEM CNN

3 o8

g

5

3

£ o6

2

5

8 04

2

S

3

= 02 = O6yuatouii Ha6op

TecToBbiii HaBop

4 20 40 60 80

Anoxa

(6) Ojist TpeThelt nudpol

Pucynok 8. TouyHocTb pacnosHaBaHUs TPOWKHU udp

Uucppa 1 : 0.004

—— OGyualouii HaGop

11
Uucppa 2 : 0.974
—
= OGyuasouii HaGop
TecTobiii HaGop
40 60 80
3noxa
(6) J1J1sT BTOPOIt 1 pbI
Lncppa 2 : 0.070
= OByuarolit HaGop
TecToBbiii HaGop
A

2 Tecropbiii HaGop 2
15 o 15
2
9
1 5
g 1
05 05
0 0
0 20 40 60 80 0 20

3noxa

(a) I7st epBoit T PHI
Uudbpa 3 : 0.062

—— OByuaiuii Hacop
Tecrossii Habop

15

Motepun

05

40

noxa
(6) 11 TpeTheil udpPhI

PucyHok 9.

3noxa

(6) 111 BTOPOIt 1upphI

Ilorepu pacmosnaBanusi Tpoitku 1udp



12 1. B. BUHOKYPOB \RUmEN;

3 undhpbi: ROC kpuBble MocneposarenbHocTb 13 3 unp: ROC kpusas

Linchpa 1 (AUC = 0.998)
Liuchpa 2 (AUC = 0.990)
Liuchpa 3 (AUC = 0.993) —— 3 uwdhpel (AUC = 0.993)

True Positive Rate
True Positive Rate

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 08 1
False Positive Rate False Positive Rate

(a) Kaxk 10 1udpol (6) TIOCJIEI0BATEILHOCTH UMD

Pucynok 10. ROC kpuBble mpu pacro3HaBaHUU TPOUKU 1P

Pesyabrarer pacmosHaBaHus MOCIEI0BATEIBHOCTEN U3 IeTHIPEX 1P
peJicTaBjieHbl Ha pucyHkax 11, 12 u 13.

Liucppa 1 : 0.990

Uuchpa 2 : 0.990

TouHocTb (Accuracy)
ToyHocTb (Accuracy)
°
>

02 —— O6yuarowwii Hasop OGyuaroumi HaGop

Tectossii Ha6op

~—— TecToBlii HaGop

0 20 40 60 80 0 20 40 60 80

Snoxa 3noxa
(a) Jist TIepBOM 1M PBI (6) Aj1st BTOPO# mudphbl
Ldbpa 3 : 0.982 Lucbpa 4 : 0.944

0.8

0.6

0.4

TouocTs (Accuracy)
TourocTs (Accuracy)
o
s

OByaouii HaGop

= OGyalowyii HaGo|
0.2 0.2 oo "

TecTowiii HaGop Tecrosuiii HaGop

0 20 40 60 80 0 20 40 60 80

Snoxa Snoxa
(6) miist TpeThelt nudphI (2) Wit 9eTBEPTOM UMPHI
Pucynok 11. TounocTb pacmo3HaBaHUsi Y€TBEPKHU UMD

31ech ¥ HUXKE 110 TEKCTY HaJl rpadUKaMu IIPUBEJIEHO 3HAYEHNE HCCIeLye-
MO0 TIapameTpa Ha mocieaneit smoxe obyuenus CNN.

KommaecTBo 310X 00y9YeHns ONPEIEIEHO SKCIEPUMEHTATBHO U [TO3BOJISIET
IIPOU3BECTH TOYHYIO HAaCTPOiiKy Mojesieii CNN 151 pacinosHaBaHus BCex
BO3MOXKHBIX KOMOMHANWN 1P, CreHepUPOBAHHBIX HA ITAlle MX ayMEeHTAIUN.
C 11es1b10 yCTpaHEHUsT BO3MOXKHOTO TI€Pe0OydeH s, B KA1yl U3 MoJieJieil OblI
Jobassien cioit Dropout®.

5cm. omucanue Keras layers API™


https://keras.io/api/layers/
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Unchpa 1:0.035 Undppa 2 : 0.042

—— OGyuatowii Ha6op O6yuatoumii HaGop
TecTosbiii HaGop 2

Tectosiii HaGop

3 3
§ 5
g £,
05 0.5
0 — 0
0 20 40 60 80 0 20 40 60 80
Snoxa noxa
(a) mJist TIepBOi U PBI (6) A1t BTOPO# U phI
Lundppa 3 : 0.057 Undppa 4 : 0.140
e OByuatOLYE HAGOD —— O6yuarumii Habop
2 e TeCTOBBIN HAGOP 2 s TeCTOBBIA HAGOP
g 15 g- 15
g . g .
(= =
05 05
0 0
0 20 40 60 80 0 20 40 60 80
3noxa Anoxa
(6) AJisT TPETbel U pPbI (2) [1st 9eTBEPTOM U PHI

Pucynok 12. Ilorepu pacno3nHaBanus 9€TBEPKU TP

4 yycppsi: ROC kpussie MocneaoBaTensHOCTH M3 4 Wudp: ROC Kpusas

o
®

°

3

o
>

True Positive Rate
True Positive Rate

0.4 = Linchpa 1 (AUC = 0.998) 04
Liuchpa 2 (AUC = 0.988)
0.2 Liuchpa 3 (AUC = 0.981) 0.2
LUnchpa 4 (AUC = 0.982) — 4 upchpbl (AUC = 0.989)
0 o
0 02 04 06 08 1 0 02 04 06 08 1
False Positive Rate False Positive Rate
(a) Kaxk 10 1udpol (6) TIOCJIEI0BATEILHOCTH UMD

Pucynok 13. ROC kpuBble pu pacro3HaBaHUU I€TBEPKU UMD

Hawnnyumue 3nadenust meTpuk accuracy, recall m f1°, monygyenubix
B pe3yJIbTaTe MPOBEIEHUsT SKCIIEPUMEHTAIbHBIX UCCICOBAHUN MOJIEIIel,
[IpuBeieHbl B TabsmIe 1.

TAabBmmA 1. 3HaveHUs] OCHOBHBIX METPHUK TOYHOCTHU MOZEJIen

Hudp B Otrpenbaas mudpa | IHocnenosarensuocTs 1udp
nocseoBarensHocT | (accuracy, recall, f1) (accuracy, recall, fllj)
2 (0.996, 0.984, 0.908) (0.988, 0.987, 0.897)
3 (0.989, 0.980, 0.890) (0.980, 0.984, 0.876)
4 (0.977, 0.970, 0.824) (0.912, 0.945, 0.822)

URD

Scm. ormmcanme Keras.Accuracy metrics


https://keras.io/api/metrics/accuracy_metrics/
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Uccnenosanue momeneit CNN mokaszasio BIIOJIHE 0XKUIAEMBII PE3yIbTaT —
C yBeJIMYEHNEM KOJIMYeCTBa (P B MIOC/IEI0BATEILHOCTH CHUYKAETCS TOYHOCTh
nx pacno3naBanus. Hampumep, ommbOKa pacrmo3HaBaHUsa OTAETbHON MUPPHI
B I[IOCJIEIOBATEILHOCTEN, IPUBEIEHHBIX HA PUCYHKE 36, BCTPEUIAeTCsl JAIle,
YeM B MOCJIEI0BATETHHOCTAX U3 pUCYHKA 3a 1 36. IIpumep ormuboaHOTO
PACIIO3HABAHUS [TOCJIEIOBATEIFHOCTH U3 I€THIPEX MUdP IMOKA3aH HA pUCYHKe 14.

[5.7,0,8] [4,9,6,5] [1,6,3,0] [4,5.2,3] [2,2,6,0] [3,1,4,2]

[8,5.8,2] [5,0,1,3] [4.5,8,9] [2.8,9.2]

[5. 5,7, 9]

|

Pucvyvnok 14. Omwubka npu pacro3HaBaHUU IIOCJIEI0BATEIbHOCTEH U3 YeThIPEX
nchp
OmubKN pacro3HaBaHUs He CHUYKAET 3HAYUMOCTH IOJIyI€HHBIX Pe3yIbTaTOB,
ITOCKOJIbKY OHU BCTPEUYAIOTCS KpaifHe peliko— 1 pa3 Ha HECKOJIBKO JIeCSTKOB
nokyMeHToB. B rekyieit peanusanuu MC IITIK «Pockajiacrp» ommbru
pacrno3HaBaHus MUMPOBBIX MOCIEI0BATEIHFHOCTEH HE 00pabATHIBAIOTCS.

3. Peanunsauus pacnosxasaHuns nocnegosartensHocten undp s NC

Ommcannbie Boime mogean CNN 6butn peasmzoBanst B IC ITIK «Po-
CKaJaCTP», IPEeIHA3HAYEHHON JJIs aBTOMATU3UPOBAHHOIO PACIO3HABAHMS
COJIEPYKUMOTO OTCKAHUPOBAHHBIX JIOKYMEHTOB, B TOM YHCJI€, U ¢ KOODHHATAMA
00bekTOB. Pacrosioxkerne tabiini; BHYTPU JOKYyMEHTa IETEKTUPYIOTCS C UC-
HoJb30BaHueM cetu riry6okoro obyuenns: YOLOvVSs [1]. Hasee BHyTpn Tabmmuiy
BBIABJISIOTC KOHTYPbl ROI 1 mx pasmepbl — j1j1st 9TOH eI UCIIOIb3yeTCst
crannaprHas Gyukius findContours() 6ubimmorekn OpenCV [3]. Hanpumep,
JJIsl KOOPJIMHAT, IPUBEJEHHBIX Ha pucyHKe 1, nmnamnasonsr pazmepos ROI
MIPUBEJIEHBI Ha PUCYHKe 15.

Pas6poc ROI

[ Buicora
D WvpuHa

] ]

i

20 40 60 80 100

Pucynok 15. Juanasonst 3uavenuit Bbicorhbl U mupuibl ROI

Pasmepsr ROI (B 60JbIIMHCTBE CIIy9IaeB 9TO TOJIBKO IMMPUHA) UCIIOJIB3YIOTCS
JIJ1s1 OIIEHKU KOJIMYECTBA IUMP B IMOCJIEIOBATETIHHOCTA C UCIOIb30BAHIEM
MeTozia Kiacrepusamuu k-cpenrnx [27]. Pesyibrarst kinacrepusanun ROI sTum
METOJ/IOM JIJIT KOOP/JMHAT U3 PUCYHKa 1 MOKa3aHbl Ha PUCYHKe 16.


https://www.geeksforgeeks.org/find-and-draw-contours-using-opencv-python/
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Knactepusaums ROl

100
‘ o L .. 4 uncpsl ' e
80 '
S B QS |
L3
Pt b fe.s
- |
0 @ S 1‘@“
25 26

Beicora ROI

Wnpura ROI
P
3
ede

Pucynok 16. Knacrepuzamuss ROI. KpacHbIM MOKa3aHbI IEHTPOUIBI KJIACTEPOB

CobcTBeHHO MpoIece paclo3HaBaHus 3aKaodaeTcs B nepebope Bcex ROI,
COOTHECEHUs UX PA3MEPOB C IEHTPOUIAMH YEeTHIPEX KJIACTEPOB, U BHIOODE
coorsercrBytorieit mogesn CNN, pucynok 17.

O6HapyxeHue ROI
Knactepusauus ROl
1o UX pasmepam

Mepe6op ROI cnesa
Hanpaso 1 CBEPXy
BHU3

Mepe6op ROI 3aBepLUEH?

BbluncneHne
paccTosiHuii paamepoB
ROI go ueHTponaos
4-x KnacTepos

Banxe k 1-my?

Mpumererne CNN
[iNs pacnosHasaHms
1-1 ynchpbl

Mpumerenne CNN
ANA pacnosHasaHus
2-x undpp

MpumerHeHne CNN
[N5 pacnosHaBaHms
3 umcp

MpumeHeHne CNN
[N5 pacnosHaBaHms
4x uncp

Pucynok 17. [unarpamma ocHOBHBIX 3TamnoB paborsr IC mo Bei6opy Momen CNN
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[Ipumep pacnoznaBanus: koopanuar oobekTa B IC TIITK «Pockamacrp»
NIPUBEJIEH Ha PUCYHKe 18.

[ ] Pano3HaBaHWe OTCKaHMPOBaHKbIX M3o6paxkennii
@aiin c nsobpaxeduenm:  [Usersfi.v.vinokurov/Documents/OCR/Coordinates2.png Boibpath...
®ann c Tekctom:  [Usersfi.v.vinokurov/Documents/OCR/PeaynsTatsrtxt Bribpats...
BeiGpaTe dparMeHT nactpaxeHna Tesseract OCR Pacnostasanue CNN HacTpouT...

CNN Ha 13nemeHT =>',"
CNN Ha 1 3nemeHT => '9'

CNN Ha 1 3nemenT == '1' @ © @ Pano3xaBaHWe OTCKaHMPOBAHHBIX H306paxeHnil
Kaopmwiara BaoaaTD 37602762 | 1272642,04
e 37603174 | 121263399
CNN Ha 1 2nemenT :; ‘2! e _.....___376951 39 71‘6
CNN Ha 3 snemenTa == '600" VYMEHBLINTD 376958.91 1272600,88

CNN Ha 13nemeHT =>","
CNN Ha 2 anemeHTa => '88'

OWruHanbHoe naoBpameHue Waobpaxenne Be3 nuHKUI PeayneTaTtbl

PucyHok 18. Peanuzamust pacmo3HaBaHus KOOPIUHAT 00BEKTA C UCITIOJb30BAHIEM
CBEPTOYHBIX HEHPOHHBIX CeTeit

4. [ocTtonHcTBa U HeaOCTaTKM NpeasiaraeMoro noaxoaa

K odeBraHBIM JOCTOMHCTBAM PaCIO3HABAHUS TUMPOBBIX OCIEI0BaA~
TesibHOCTEH ¢ ucnosib3oBanneM CNN, nmpumennresnpao K gokymerTam TTITK
«PockamacTpy, oTHOCATCS OTCyTCTBHE HEOOXOIUMOCTH B MIPEIBAPUTETHHOMN
06paborke n3o6pazkeHuil, Kak 3To ObIIO OTMeUeHO B [24], u gocTaTouHO
BBICOKAasi TOYHOCTDb pacHo3HaBanus. He3HadnrebHOE CHUXKEHWE TOYHOCTH
PACIO3HAHUS BTOPOH, TpeTheil 1 4eTBépToii 1udpsl (cM. pucyHok 56, 86, 112)
obbsicusiercst crpykrypoit CNN, mpuBojisitiieil K HAKOILIEHUIO TOTPEITHOCTH
pacrno3HaBaHUsl MOCJIEIYOMUX IIMP.

K mesocraTky MOKHO OTHECTH HEBEPHYIO B PsIJie CIIy9aeB KJIACTEPHIAIHIO
ROL. IIpuunsnoit sToro sBasgercs ucnosb3oBanne B gokymentax [ITTK «Pocka-
JIaCTP» HEMOHOIMMPUHHBIX mpudToB. HeBepHas KiiacTepus3aliust MpUBOIUT
k Tomy, uto B VIC Beibupaerca momesb CNN, He coorBercTByIomast mudpoBoit
[10CJIEIOBATE/ILHOCTH.

Hampumep, nudposast mocsie1oBaTeIbHOCTh U3 TPEX €MHUIL OKA3bIBACTCS
OJmmke K IEHTPOHUIY KJacTepa JBYX IHMPOBBIX MOCIEIOBATEIHLHOCTE,
g poBast MOCJIEI0BATEIBHOCTD U3 YETHIPEX eIUHUIL OJINKE K IEHTPOUILY
KJIacTepa Tpéx mudPoBRIX MocaenoBaTeabHocTel n .. [logobHbIe cuTyammn
BCTPEYAIOTCsT KPaiHe PEJIKO, TeM He MeHee, UX IOsIBJIEHUE SIBJISIETCS BIIOJIHE
BO3MOKHBIM.
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3aknoyeHne

B pesysbrare npoBeagHHBIX nccaeqoBaHnl ObLIA pa3pabOTaAHBI MOJIEIN
CNN, no3BosiuBIINE JOCTATOYHO (P DEKTUBHO PEIIUTH 3aa9y PACIO3HABAHUS
[I0CJIeI0BATEIBHOCTEH U3 ABYX, TPEX U 4eThIpéX rudp. Maremarndeckue u
9KCIIEPUMEHTAJIbHBIE UCCIIEIOBAHUS STUX MO/JIEJIEN TOKA3AIN IIPUEMJIEMY O
TOYHOCTh PACIO3HABAHUS KAK OTJEJHHBIX UMD, TAK U UX HEIPEPHIBHBIX
[IOCJIEIOBATEIHHOCTE!.

Pazpaboranubie mozenu 6butn uctosb3osanbl B C TITIK «Pocka-
JACTp» JJIsl PEIleHus] JOCTATOYHO 3HAYNMON Ha JIAHHBIT MOMEHT 3aJa9u
peobpa3oBaHmsl OTCKAHNPOBAHHBIX JOKYMEHTOB B UX TEKCTOBBIE AHAJIOTH.
Tlo npeaBapuTeIbHBIM OIEHKAM, UCIIOJIb30BaHUE IPEJIOKEHHOTO B paboTe
IO/IXO/Ia PACIIO3HABAHMS MHN(POBBIX MOCIEIOBATEIHHOCTEH € UCITOJB30BAHUEM
CNN, 103801110 TIOBBICATDH 3(DMEKTUBHOCTD (CKOPOCTh, KAUECTBO) PACIO3HABA~
HUST KaJIACTPOBBIX KOOD/IMHAT HA OTCKAHUPOBAHHBIX JIOKYMEHTAX HEBBICOKOT'O
kadecTBa Ha 20%-40% B 3aBHCHMOCTH OT KadECTBa IOCJIEIHUX.
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FicURE 1. Segmentation of object coordinates

Introduction

The process of transition to electronic document management, currently
implemented by many organizations, involves the conversion of electronic
copies of documents into their test analogues. One of such organizations is
the «Roskadastr» PLC. In this organization, the main documents subject to
recognition and translation into text formats (txt, json and others) are images
of tables with cadastral coordinates of objects. Table detection on document
images, as it was shown in [1], is realized quite effectively using YOLO deep
learning networks. Single characters of typewritten text [2] can be recognized
equally effectively using CNNs. However, if the quality of the scanned
document is poor, its segmentation using both standard (e.g., findContours()
of the OpenCV [3] library) and proprietary detection methods can lead to
the detection of regions (ROI, Region Of Interest) containing more than 1
character. In these cases, the approach proposed in [2] cannot be used, so
there is a need to develop a new one that allows to recognize continuous
sequences of several digits in image fragments.

An example of image segments (fragments) containing from 1 to 3
digits is given in Figure 1. Detection of regions containing more than 1
digit, as shown in Figure 15, is explained by the presence of grayscale
colors, which the threshold subsystem of color transformation in the IS [2]
perceives as image elements and, as a consequence, relates them to the
current ROL.

The solution of this problem, with mass automated conversion of scanned
images into their text analogs, is currently urgent and significant for the
«Roskadastr» PLC.

Below, in section 1 the existing approaches to the recognition of se-
quences of digits are given. The section 2 is devoted to the formation and
investigation of CNN models for recognizing sequences of 2, 3, and 4 digits.
Section 3 describes the peculiarities of selecting the generated CNN models
for recognizing documents with cadastral coordinates of objects.


https://www.geeksforgeeks.org/find-and-draw-contours-using-opencv-python/
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1. Analysis of possible approaches to solving the problem

At present, there are quite a large number of works devoted to the
task of recognising alphanumeric sequences. The interest in this problem
is explained by the fact that the results of its solution can be used
in non-trivial computer vision to recognise the contents of electronic copies
of documents, to process forms with survey results, to identify postal codes
and addresses, etc.

Of definite interest from the point of view of finding a possible approach
to solving the problem are the methods of research groups from different
countries for recognising handwritten alphanumeric sequences presented
at the International Conference on Handwriting Recognition (ICFHR) 2014
[4]. All these methods involve a meaningful initial image preprocessing step.
For example, the Beijing method from [4] applies Otsu [5] binarisation to
remove noise from simple images. For complex images, two multilayer [6]
perseptrons followed by Sauvola [7] binarisation is proposed. After image
preprocessing, candidate character templates are generated and then
classified using a polynomial classifier.

In the Shanghai method from [4] digits are segmented based on adaptive
binarisation and connected component analysis. The actual classification is
implemented using a support vector machine (SVM) [8] and self-organising
Kohonen maps (SOM) [9]. The recognition results for each digit of the
sequence are ordered according to their confidence.

The Singapore [4] method implements image preprocessing to extract
sequence feature vectors. The histogram of oriented gradients (HOG) [10]
is used for this purpose. The recognition of digital sequences is realised by
a recurrent neural network (RNN) [11].

The Brazilian [4] method pre-processes the images to detect digital
sequences, for the recognition of which a classifier consisting of a multidi-
mensional recurrent neural network (MDRNN) [12] and a support vector
machine (SVM) [13] is used.

Finally, the Algerian Tébessa I [4] method uses a direct segmenta-

tion strategy based on an oriented sliding window [14]. Recognition is
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performed using Radon transform [15] combined with SVM [8]. Another
similar method, Tébessa II [4], implements the same steps as above, but
with multiple sliding window orientation angles.

In [16], an algorithm is proposed that trains k-breaking autoencoders
and uses them as pre-trained hidden layer CNNs. A sliding window
technique is applied to achieve high recognition rates.

A combination of the ResNet model [17] with bidirectional short-term
memory layers is proposed in [18]. The high performance of the ResNet
model for feature extraction from images led to a significant improvement
in digital sequence recognition, especially when dealing with long string
labelling.

A CNN for handwritten string labelling is presented in [19], which uses
a pool of spatial pyramids to handle sequences of arbitrary string length.
Segmentation of digits in string sequences is not used in this work.

An interesting model for the task of labelling alphanumeric sequences
is given in [20]. The model is based on the CRNN architecture— CNN
without the drawbacks of RNN. This model slightly improved the results
from [19], which used bidirectional recurrent blocks in combination with
the ResNet model.

In [21], a system is developed in which a character-level target detector
is used to recognise digits in low-resolution images. The target detector is
based on the symbol contour coordinates.

Most of the above works used a combination of non-trivial methods
of image preprocessing followed by the application of neural network
classifiers. However, at present, significant progress in the field of neural
networks has led to a number of works in which only neural networks
of one or another type are used to recognise alphanumeric sequences.
The preprocessing stage is either absent or extremely insignificant. For
example, in [22], a model based on the deep learning neural network
(DNN) YOLO [23] is proposed to detect and recognise alphanumeric
sequence elements. In this work, image preprocessing and segmentation are
completely eliminated, and in addition, YOLO performs well in recognising
long sequences.
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FIGURE 2. Number of ROIs in a sample of 2000 scanned documents

Besides YOLO, CNNs can also be used to recognise sequences
of typewritten and handwritten digits, isolated or contacted, for example as
done in [24]. In this work, it is shown that digit sequence recognition can be
efficiently implemented without significant image preprocessing. Critical to
this approach is the unnoised (sharpness) of the image.

Another example of effective use of CNNs for low-resolution handwritten
digit string recognition is given in [25]. The accuracy improvement
of the CNN is realised by adding 2 output branches for classification and
regression on bounding character contours. In order to further improve the

accuracy, uncategorised suppression and fine minipacket tuning are used.

Based on the current trend of alphanumeric sequence recognition, the
use of CNNs with minor image preprocessing appears to be quite effective.
In this work, exactly such an approach was chosen for recognising numeric

sequences from «Roskadastr» PLC documents.

2. Formation and exploration of CNN models

As the analysis of the results of segmentation of a random sample
of 2000 documents of the «Roskadastr» PLC has shown, sequences of 5 and
more digits are extremely rare, Figure 2. Exceptions are highly noisy
documents or documents with unacceptable scanning quality. For such
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Ficure 3. Examples of generated image sequences of 2, 3 and 4 digits. The
class labels are shown at the top

documents, manual content parsing is usually used. As a consequence, it

was decided to recognise sequences consisting of no more than 4 digits.

2.1. Generating datasets for training and testing models

At the initial stage of datasets generation for training and testing
of CNN models, the approach proposed in [2] to form images of digits
from 0 to 9 by the main fonts of cadastral documents was used. Then,
depending on the number of digits in the sequence, their random selection,
augmentation, varying the slope angle as necessary and scaling and merging

the images into one, Figure 3.

In experimental studies, for sequences of 2, 3, and 4 digits, 1500, 2000
and 3000 images were generated, respectively, guaranteeing that all possible
digit combinations were enumerated. About 70% of these images were used
for training the CNN and 30% were used for validation and testing. The
number of digit images (classes) in each of the digit sequences is the same;

as a consequence, the training and testing datasets are balanced.
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Ficure 4. CNN models for recognising sequences of 2, 3 and 4 digits

2.2. Shaping the CNN models

Experimental researches using the Python language and the Keras [26]
library have shown that CNN models that provide acceptable digital
sequence recognition accuracies should be sequential and have 32 filters in 2
convolutional Conv2D" layers with a kernel size of 3 x 3, while the sample
size in 2 sampling layers with the MaxPooling2D! type should be 2 x 2.

All models were compiled with the following parameters: loss function —
categorical _ crossentropy’, optimiser — adam®, and basic metric— accuracy’,
which gives an acceptable accuracy estimate for balanced datasets.

All CNN models have the same convolution and discretisation layers
and differ only in the output full-link Dense' layers, the number of which
is determined by the number of digits recognised by the CNN model,
Figure 4. Each of these layers returns the probability that a digit belongs

to one of 10 classes.

see the description Keras layers API*
Zsee the description Keras.Losses™

3see the description Keras.Optimizers
“see the description https://keras.io/api/metrics/accuracy _metrics/"
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FIGURE 5. Recognition accuracy of 2 digits

Digit 1:0.013

= Train set
2 = Test set

Loss

°
8

40 60 80
Epoch

(a) Recognition loss of the 1st digit

Digit 2 : 0.044

Train set

Test set

Loss

Epoch

(b) Recognition loss of the 2nd digit

FIGURE 6. Recognition loss of 2 digits

2 digits: ROC curves

0.8

0.6

0.4

True Positive Rate

02 = Digit 1 (AUC = 0.990)
~— Digit 2 (AUC = 0.992)

o
o
N

04 06 08 1
False Positive Rate

(a) ROC when each of the 2 digits is
recognised

Sequence of 2 digits: ROC curve

0.8

06

04

True Positive Rate

02
—— 2 digits (AUC = 0.992)

) 0.2 04 0.6 0.8 1
False Positive Rate
(b)) ROC in recognition of sequences
of 2 digits

Ficurge 7. ROC curves for 2-digit recognition

2.2.1. CNN models research

The results of the CNN models from Figure 4 at 100 (optimal) training

epochs in the form of accuracy plots, loss functions and ROC curves for

recognising sequences of 2 digits are shown in Figures 5, 6, 7.
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For the recognition of sequences of 3 digits the results are shown
in Figures 8, 9, 10.
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F1GURE 11. Recognition accuracy of 4 digits

The results of recognising sequences of 4 digits are shown in Figures 11,
12 and 13. Here and below the text above the graphs, the value of the
investigated parameter at the last CNN training epoch is given.

The number of training epochs is determined experimentally and allows
us to fine-tune the CNN models to recognise all possible combinations
of digits generated at the stage of their augmentation. In order to eliminate
possible overtraining, a Dropout® layer was added to each of the models.

Ssee the description Keras layers API*
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TaABLE 1. Values of the main metrics of model accuracy

Digits in
sequences

An individual digit
(accuracy, recall, f1

A sequence of digits
(accuracy, recall, f1)

2

(0.996, 0.984, 0.908

(0.988, 0.987, 0.897)

3

(0.989, 0.980, 0.890

(0.980, 0.984, 0.876)

4

(0.977, 0.970, 0.824

(0.912, 0.945, 0.822)

The best values of the accuracy, recall and f1° metrics obtained from
the experimental studies of the models are summarised in Table 1.

Ssee the description https://keras.io/api/metrics/accuracy _metrics/"
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The study of CNN models has shown the expected result — as
the number of digits in the sequence increases, the accuracy of their
recognition decreases. For example, the recognition error of a single
digit in the sequences shown in Figure 3¢ is more common than the
sequences in Figure 3a and autoreffig:inputs3. An example of erroneous
recognition of a sequence of 4 digits is shown in Figure 14. Recognition errors
do not reduce the significance of the obtained results, as they occur
extremely rarely — 1 time per several dozens of documents. In the
current implementation of the «Roskadastr» PLC IS digital sequence
recognition errors are not processed.

3. Realisation of digit sequence recognition in IS

The CNN models described above have been implemented in the
«Roskadastry PLC IS designed for automated recognition of the contents
of scanned documents, including those with object coordinates. The
location of tables inside the document are detected using YOLOv5s deep
learning network [1]. Next, ROI contours and their sizes are detected
within the tables — the standard function findContours() of the OpenCV
[3] library is used for this purpose. For example, for the coordinates shown
in Figure 1, the ranges of ROI sizes are given in Figure 15.

The dimensions of the ROI (in most cases only the width) are used
to estimate the number of digits in the sequence using the K-means
clustering method [27]. The results of ROI clustering by this method for
the coordinates from Figure 1 are shown in Figure 16.

The actual recognition process consists of enumerating all ROIs,


https://www.geeksforgeeks.org/find-and-draw-contours-using-opencv-python/
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correlating their sizes with the centroids of the 4 clusters, and selecting the
corresponding CNN model, Figure 17.
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[ ] Par OTCKaHHP X M306p: i
Mann c m3obpaxedvem:  [Usersfi.v.vinokurov/Documents/OCR/Coordinates2.png Boibpats...
Maiin c Tekctom:  [Usersfi.v.vinokurov/Documents/OCR/PeaynsTaTsl.txt BuibpaTs...
BeibpaTte parMeHT naochpaxeHus Tesseract OCR VPacnoaHaBaVHug CNN HacTtpouTe...

CNN Ha 1 anemeHT => "'
CNN Ha 1 2nemeHT => '9"

CNN Ha 1 snemeHT => '1' [ ] @ PanosHasaHWe OTCKaHMPOBaHHbIX M306paXxeHni

Koopaata _ e 376027.62 | 1272642,04
N 2 apnaies Fregaljs | 12726339
CNN Ha 1 anemeHT => '2' L IEE m.;ﬁ.%’__ 71'56
CNN Ha 3 anemenTa => '600' YMEHBIWNTh 376958.91 1272600,88

CNN Ha 1 snemeHT => '
CNN Ha 2 anemenTa => '88'

QOuruHancHoe uaobpamenue WaoBpaxetune Bea nuHui Peaynetatsl

Ficure 18. Implementation of object coordinates recognition using CNN
models

An example of recognizing the coordinates of an object in the
«Roskadastr» PLC IS is shown in Figure 18.

4. Advantages and disadvantages of the proposed approach

The obvious advantages of recognition of digital sequences using
CNN, as applied to the documents of the «Roskadastry PLC, include the
absence of the need for preliminary image processing, as it was noted
in [24], and rather high recognition accuracy. A slight decrease in the
recognition accuracy of the 2nd, 3rd and 4th digits (see Figures 5b, 8¢,
11d) can be explained by the structure of the CNN, which leads to the
accumulation of the recognition error of subsequent digits.

A drawback is that ROI clustering is incorrect in some cases. The
reason for this is the use of non-monospaced fonts in «Roskadastry PLC
documents. Incorrect clustering leads to the fact that the IS selects a CNN
model that does not correspond to the numeric sequence.

For example, a numerical sequence of 3 units turns out to be closer to
the centroid of a cluster of 2 numerical sequences, a numerical sequence
of 4 units is closer to the centroid of a cluster of 3 numerical sequences, etc.
Such situations are extremely rare, nevertheless, their occurrence is quite
possible.
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Conclusion

As a result of this research, CNN models were developed that allowed
us to solve the problem of recognising sequences of 2, 3 and 4 digits quite
effectively. Mathematical and experimental studies of these models have
shown acceptable accuracy of recognition of both individual digits and their
continuous sequences.

The developed models were used in the «Roskadastry PLC IS to solve
a rather significant at the moment task of converting scanned documents
into their text analogues. According to preliminary estimates, the use
of the proposed approach of digital sequence recognition using CNN
allowed to increase the efficiency (speed, quality) of cadastral coordinates
recognition on scanned documents of low quality by 20%-40% depending
on the quality of the latter.
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Beepenne

B nmacrosmee Bpemst aBroMaTn3aIys 3aTPOHYJIA MHOTHE aCIEKThI >KU3HU,
B YACTHOCTHU BBIPAIIIMBAHUE PA3JIMUYHBIX PACTEHUU C ITOMONIbIO CHCTEM
ABTOMATHIECKOTO yxomaa. J[Is Takux crcTeM KpaiiHe BayKHO MMETh MEXaHU3M
aHAJIM3a UX COCTOSTHUS, 9TOOBI KOHTPOJUPOBATH JAMHAMUKY POCTA, a TaAKXKe
0b6ecIIeYnTh B3AMMOJICHCTBHUE IO THITY OOPATHOM CBA3U MEXKJIY PACTEHUEM U
CHUCTEMOIA.

Haubosiee HarjsiabIM CIIOCOOOM OIIPEEIEHUsI COCTOSIHUSI PACTEHUSI
SIBJISIETCsI €r0 BU3YAJIBHBIN aHau3. 3aada BU3yaJbHOTO aHAJIN3a PACTEHU
aKTyaJIbHA M OTPakeHa BO MHOTHMX HCCJIEIOBAHUSX, TJe MPUMEHSIINCH
pasimgHble moaxonbl. B o630pHoil pabore [1] paccmarpusaiorcs: 6a30BbIe
TTOJTXO/TBI aHAIN3a 1 00pabOTKH M300parKeHuit pacTeHuil, Cper KOTOPBIX MOYKHO
BBIJIEJINTH CJIeIyFOIIUe: OlIPeJIeJIeHne HHTEPECYONX 0O'beKTOB, aHAJIN3 1IBETA,
aHaJin3 (POPMBI, AHAJU3 POCTa PACTEHUs] U AHAJIN3 TEKCTYPhl. B uTore aBTOpHI
M3JI0YKMIH OA30BBIA aJITOPUTM aHAJIM3a N300parKEeHU PACTEHUH, a TaKKe
MIPEICTABIIIN PsiJl KOHIENINI /111 OYyAyIUX MCCJIEeOBAHMIL C UCIOIH30BAHNEM
0a3 JaHHDbIX U 00JIAYHDBIX BBIYUCJICHUA.

B pabore [2] paccMaTpuBaeTcs IpUMEHEHHE MYJILTHCIEKTPAILHON cerMeH-
TAIUH, [JI€ aBTOPBI JIEJIAI0T YIOP HA CEMMEHTAINIO N300paykKeHuil, UCIoIb3yst
Pa3JIMIHbIE [[BETOBbIE TIPOCTPAHCTBA. VICIoIb30BaIach MOIUMUKAIINS TOPOTO-
BOIi CerMeHTAIuN C IPUMEHEHNEe HECKOJIbKUX MOJIEJIEll IBETOBOIO [IPOCTPAHCTBA.
Tounocts cermenTanuu B pabore gocturana 92%.

Pabotsr [3,4] TakzKe MOCBSIIEHBI OIIEHKe COCTOSIHUSI PACTEHUsI Iy TEM
aHaym3a CHUMKOB. OIHAKO B JIAHHBIX PAabOTaxX MCIOJIb3YIOTCs HEPOCTETEBbIE
TEXHOJIOTUH, KOTOPHIE MMO3BOJISIOT JOCTAYb O0JIee JOCTOBEPHBIX PE3Y/IbTATOB,
HO TpebyIoT Habopa OOyIaIoNNX TAHHBIX.

Aproper crarbu [5] pazpaborajay METOJ OIEHKU JUHAMUKA POCTA PACTEHHSI
PesyxoBunka-Tansa. B mamHOM mMccieI0BAHUN YIUTHIBAIOTCS TLIOMIA b, TIEPH-
MeTP, OKPYTJIOCTh ¥ COOTHOIIIEHNE CTOPOH pacTeHust. CTOUT OTMETUTH, 9TO
06paboTKy M300parKeHUil aBTOPHI JleIajii Yepe3 CTOPOHHEE IIPOrpaMMHOE
obecriedeHue.

B nacrosimeit ctarbe mpejyioyKeH METOJT aHaIM3a U300paKeHnit pACTeHU,
PaCCYNTAHO 3HAYEHNE CPEHEr0 apru(METHIECKOr0 B3BEIIIEHHOTO PACCTOSHUSI
(CABP) uBeroB KpoHBI K TAJOHY JJIsl IPEABAPUTEIHHON OLEHKH COCTOSIHUS
pacTeHuii Mo UX BU3YAJbHOMY OTOOPAXKEHWIO, & TAKXKE IPUBEIEHO OIMUCAHUE
9KCIEPUMEHTAJILHON YCTAHOBKH aBTOMATHU3MPOBAHHOI'O YyX0/1a 3a PACTCHUAMU,
C TIOMOIIIBIO KOTOPOil ObLIM cOOpaHbl aHAIU3UPYEMBIE JTaHHBIE.
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Ciejtyer OTMETHTD, 9TO HCCJIEJIOBAHUS U PAa3pabOTKH, IIPEJCTABICHHBIE
B HACTOSAIIEH CTAaThe, IIPOBOJIUINCH Ha pacTeHun Tomara (Solanum lycopersicum)
U OCHOBBIBAJINCH HA CJIEYIONINX 3aKOHOMEPHOCTSIX:

(1) Kpona pacrenust B HOpMaJIbHOM COCTOSTHUU MMEET €CTECTBEHHBIN 3e/I6HBbIIH
1IBET, KOTOPBINt XapaKTepeH MPaKTUIeCKN Jjisi BCEX pacTeHuil, baromaps
HAJIMYUIO 3€JIEHOTO ITUTMEHTa — XJIOpOPUIIIa. 3a HOPMAJIbHOE COCTOSTHUS
IIPUHUMAETCH TO COCTOSIHUE, IIPH KOTOPOM PaCTeHHe CIIOCOOHO PACTU U
pa3BUBaTHCH 0€3 sIBHOI'O M3MEHEHUs I[BETA JINCTHEB.

(2) Kpone pacrenust B HEHOPMAJIBHOM COCTOSIHUU XapaKTEPHO M3MEHEHUe
IIBETA JINCTHEB B CTOPOHY KEJITOro cieKTpa. Takoe cOCTOsHUE IIpexk/ie
BCEro XapakTepusyeTcd W3MEHEHHeM I[BeTa PacTeHUs, YTO MOXKeT
YKa3bIBaTh HA HEJIOCTATOYHBIN YXOJ 33 HUM: HEXBATKA MJIM U30BITOK
[IOJINBA, HEXBATKA CBETA, HECOOJIIOIEHNE TEMIIEPATYPHOTO PEXKUMA.

1. DkcnepumeHTanbHasi cuctema aBTOMAaTU3MPOBAHHOrO yxoga 3a
pacTeHusMun

Jlyist cbopa JlaHHBIX 1 HAOJIFOJIEHUS 38 POCTOM pacTeHus ObLIa pa3paboTaHa
9KCIIEPUMEHTAJIbHASI CUCTEMa aBTOMATU3UPOBAHHOIO yXo/a. B obiem cirydae
OHa, TIPEJICTABJISIET COBOKYITHOCTD ANMapATHLIX U ITPOTPAMMHBIX PEIIeHU,
HAIIpaBJIEHHBIX Ha 0OecCHevYeHre KAIleJLHOTO IOJIMBA B 3aBUCHMOCTH OT
BJIAYKHOCTH [OYBBI U JIPYTUX BHEITHUX (DAKTOPOB.

KaresipHbIi 1107IMB OCYIIECTBIISAETCA 38 CIET IIPUMEHEHNUSI HACOCOB U
KJIATIAHHO-PEJIEHHOr0 MOJIYJIst, KOTOPBIH YIIPABJIAETCS OCHOBHBIM KOHTPOJIJIEDOM.
OcHOBHOIT KOHTpOJLIED 00eciiednBaeT cOOP JAHHBIX C CEHCOPOB BJIAXKHOCTH
mo4yBHI nocpesicTBoM Wi-Fi coemuenust, a Tak»Ke yInpaBJIieHNe ITOJIHBOM C HC-
[IOJTb30BAHIEM AHAJIN3a, JJAHHBIX OT CEHCOPOB M OOMEHA, JIAHHBIMU C CEPBEPHBIM
y3i0M. I[ToMIMO CEHCOPOB BIIA’KHOCTHU IMIOYBBI, CUCTEMA MOXKET ObITH OCHAIIECHA
JATYNKAME TEMIEPATYPhl / BJIAYKHOCTH BO3/LyXa U OCBEMIEHHOCTH.

CepsepHblii y3es (cepBep) BBIOJHSIET XPAHEHNE U 00pabOTKY IIOCTY-
[TAIOMUX OT OCHOBHOT'O KOHTPOJLJIEPA JIAHHBIX C YCTAHOBJIEHHBIX CEHCOPOB.
IToMuMO YHC/IEHHBIX 3HAYEHUIT, CEpBEP TaKyKe MOXKET IOJIyYaTh U300paskKeHUsl
pacrenuii ¢ BHyTpeHHei nporpammupyemoii Wi-Fi kamepsl, KoTopasi ycTaHas-
JIMBAETCS B CIIENMAJILHO CITPOEKTUPOBAHHBIN 60Kc. Takoit 60KC ocHAIaeTCs
CHCTEMOI TIOJICBETKY, PA3BEMOM JIJIsI IOAKJIIOUYEHIsI MATUCTPAJIN [TOJIUBa, 1
BOJIOHEIIPOHUIIAEMO TKAHBIO, YJIOKEHHON B MECTO 3aCBhIIIKU I'PYHTA.

Cxemarndanoe otobpaskeHue (OyHKIIMOHUPOBAHUS SKCIIEPUMEHTATIBHO
CHCTeMBI IIPeJICTaBJIEHO Ha PUCYHKe 1.



40 A.B. CmuprHoB, E.C. IBAHOB

GYHKLMOHAN:

- KanenbHblii Nonue

- MOHUTOPUHT BI@XHOCTM NOYBbI

- MOHUTOPUHT TEMNepPaTypel M BNaXHOCTU BO3AyXa

MOBVNGHOE
- MOHUTOPYUHI OCBELEHHOCTI
- U3MEHeHWe TemnepaTypbl U BIaXHOCTX BO3AyXa |
- U3MEHEHME OCBELEHHOCTH T
- 0BMeH [JaHHbIMU C CEpPBEPOM
‘@

(o

o
—T
///\\\
—]

(DATU/K TEMNEPATYPBI W
BIAKHOCTY BOJAYXA

ATIVIK
locsEwERHOCTY F

(KOHTPONNEP NOACHCTEMbI
PEMYASILIMMA TEMNEPATYPbI /
BAXHOCTM BOJIVXA 1
OACCTEMbI ABATITUBHOM|
MOACBETKV

'BOKC [U17 TTOCATKH
PACTEHMA

Prucynok 1. Cxema GyHKIMOHHPOBAHUS SKCIEPUMEHTAIHLHOMN

CUCTE€MbI aBTOMATU3UPOBAHHOT'O yXOda

IIporpammupyemass Wi-Fi kamepa ¢ paspemeruem 1600x1200 mukceneit
YCTAHOBJIEHA Ha BEpXHE IpaHr OOKCA W HAIPABJIEHA BHU3, HA PACTEHUE.
DorocheMKa ITPOUCXOIUIIA, Pa3 B JIECATh 9acoB. [IpuMmepbl n300parkeHuit,

IOJIYYEHHBIX C KaMe€PhbI, IIOKa3aHbl Ha PUCYHKE 2.

PucyHOK 2. M306parkeHusi 0OJJHOrO pacTeHusl B Pa3Hble MOMEHTHI

BpeMeHU
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C nomoripio GOKCa U yCTaHOBJIEHHON KaMephl yJIaJI0Ch COOpPaTh pPsiJl
M300parkeHuit pacTeHus, Ha KOTOPHIX OBLIO 3adPUKCHPOBAHO €r0 COCTOSTHHIE
B pa3Hble MOMEHTBI BPEMEHH.

2. AHanu3 u3obpaxkeHuii pacTeHus

MeTO,ZL aHaJIn3a ITOJIY9CHHBIX H306pa}KeHHﬁ pacTeHusi COCTOUT U3 CJIEeyIO-
IMUX OCHOBHBIX 3TAIIOB:

« OupejiesieEne KpOHbI PACTEHUs C IPUMEHEHHEM I[BETOBOIO MPOCTPAHCTBA,
CIELab.

« KBanToBanue 1peTa KPOHBI C UCIIOJIH30BAHUEM METO/a k-OJTHyKANIITIX
coceieit.

« OmpeniesieHne Mepbl OJIM30CTH 1IBETOB KPOHBI K ITAJOHAM C MCIOJIH30Ba~
HUEM €BKJIUJIOBOI METPUKHU.

« Pacuér snauenus CABP mj1s1 OCHOBHBIX 1[BETOB KPOHBI DACTEHUSI.

VKazaHHbIE BBIIIE 3TAIBI OYIyT 60JIe€e TTOIPOOHO PACCMOTPEHBI B CJIEJTYIOITIX
IIyHKTaX HacTosIel crarbu. [[porpaMMuast peaansanus pa3paboTaHHOTO

URL

METOJIa BBITIOJTHEHA, HA SI3bIKE IMporpaMMupoBanuss Python™ ¢ ucnosp3oBaHmeM
6ubmoTeku KommboTepHOro 3pernsi OpenCV™ u 6ubMOTEKN BU3ya IM3aIIUN

undorpaduxu Matplotlib™.

2.1. OnpepeneHune KpoHbl pacTeHus

JanHast onepalusi HEOOXOAUMa JIJIsl TOT'O, YTOOBI OT/IEJIUTH PaCTEHUE
or OHA, U TO3BOJISIET IIPOBOJIUTH JIAJILHEHINNI aHAN3 HEIIOCPEICTBEHHO
YYaCTKOB M300pakeHusl, IPUHAIJIEIKAINX PACTEHUIO, & He BCEr0 M300paKeHMsI
B 1estoM. Takke Oirarosapsi Olpe/IeJIeHHI0 Pa3MePOB KPOHBI, MOYKHO BH3YaJIbHO
HAOJIIOIATH POCT PACTEHUS, 8 UMEHHO — YBEJIMIEHNE IIOMIAIN, 3AaHUMAEMO UM
Ha M300parKEeHNH.

Asroput™ ompejiesieHrs KPOHBI COCTOUT U3 5 OCHOBHBIX STAIOB:

1. IlepeBon 0O6pabaThpiBaeMOro N300parKEHUsT U3 IBETOBOIO ITPOCTPAHCTBA
RGB! B userosoe npocrpancrso CIELab?. B mserosom npocrpancrse CIELab
o ocu L mamepsierca csewiora (B auanazone or 0 go 100), orobpazkas

URL

10611_(141‘/‘1 0630p I[BETOBBIX IIPOCTPAHCTB CM. B skillbox

MuRy

2em. IIBeroBoe npocrpancrBo LAB Ha catite "CriekTpogoromepst


https://www.python.org/
https://opencv.org/
https://matplotlib.org/stable/index.html
https://skillbox.ru/media/design/rgb-cmyk-lab/
http://www.spectrophotometry.ru/lab.html
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KO3(PPUIMEHT CHEKTPAIBHOIO OTPAXKEHMSI, 110 OCU ¢ U3MEPSIETCsI KpaCHBII-
3€JIEHBIN OTTEHOK, 110 OCH b >KENTHI-cuHMiT OTTeHOK (B auamnasoHax ot -128 j10
+127) (pucyHok 3).

Lx =100

Pucynok 3. Ieerosoe npocrpancrso CIELab

Takum obpazom Kanasbl a u b (pucynok 4) npeobpazosannbix u3 RGB
B CIELab uzo6paxkenwuii OymyT cojiepkaTh 00bEKTHI, I[BET KOTOPBIX BAPHUPYETCS
OT KPACHOTO JI0 3eJEHOr0 (JjIsl KaHAJa a) U OT CHHEro JI0 YK&aroro (sisi
KaHaja b), 9To BJIAETCH UCKOMBIM JUAIIA30HOM [BETOB JJisl JE€TEKTHPOBAHMS
pacreHust.

Pucvynok 4. Busyanuzanusa xanasnos a u b 8 CIELab
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2. Tloporosast bunapusarus MOJIyTOHOBBIX N300paKeHn KAHAJIOB a U b
B mBetosoM mpocrpanctse CIELab ¢ mpumenenmem meroma Oy m1st aBroma-
THYECKOr0 BBIYMCJIEHU [opora bunapusanuu. B ykazannom meroze [6] umercs
IIOPOT, YMEHBIIAOIIUI TUCIIEPCUI0 BHYTPH KJIACCA, KOTOPAasl OIIPEIEsISIeTCs KaK
B3BEIIIEHHAsT CyMMa JIUCIIEPCHil JIBYX KJIACCOB:

ol = qi(t)oi(t) + q(t)o3 (1),

e
¢ I
a(t) =Y P@),qt) = > P(),
=1 1=t+1
_ ! 1P(3) B ! iP(7)
i) = ; a® "= z:zt;l a2(t)’
20 - N PG) o - T P(i)
oi(t) = ; [i = ()] ql(t)’UQ(t) = iz;l [i = ()] )’

rjie Beca ¢; —3TO BEPOSITHOCTHU JBYX KJIACCOB, PA3IeNEHHbIX noporoM ¢, P(i)—
rECTOrpaMMa U300pasKeHUsI

3. Brimostnenue omeparuu nobutoBoro «MJIW» nam mosydeHHBIMUI
HA TPEJIBIIYINEM Mare OHHAPHBIMU U300paKeHUsIME. Pe3yIbTaToM SIBJISIETCST
n300pakeHne ¢ KPOHOI pacTeHus, COYeTaloniee B cebe 0ObEKTHI ¢ KAHAJIOB @ U
b. Ha pucynke 5 mokazaH mpuMep TaKOro U300paKeHMUsI.

PucyHOK 5. Bunapnoe n3zobparkenne KpOHBI PACTEHUS C IIIYMOM

3em. How does Otsu’s Binarization work? B OpenCYV: Image Thresholding URL*


https://docs.opencv.org/4.x/d7/d4d/tutorial_py_thresholding.html
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4. Kourypusiit ananuz (KA) 6unaproro nzobpaxkenus KpOHbI PacTeHUsI
s yaasienns nryMoB. Ha mosrydennom panee n300paskeHUH TOMUMO CAMO
KPOHBI TaKzKe MIPUCYTCTBYIOT HEOOJIbIe (pparMeHThl 6€JI0r0o IBeTa, KOTOPhIe
He IPUHAJ/IEXKAT PACTEHUIO U SBIAIOTCS IyMoM. [t pmbrparyn moo0HbIX
myMoB ObLt puMenéH KA.

IIponenypa KA mpemanosaraer HaxoxKieHre HEKOW IPAHUILI O0HEKTA,
KOTOpas oTiesser ero or dboHa (JApyrux 06beKTOB), U BBIIOJIHAETCS [IPU
nomony byHKIUI UCIO/Ib3yeMOii 6ubmoTeKkn KoMibiorepraoro 3penus (K3).
Jlajiee BBITIOJTHSETCST COPTUPOBKA HAMIEHHBIX KOHTYPOB 110 BO3PACTAHUIO

ILIOIIA1eil, OIMCAHHBIX UM OObEKTOB.

B xo51e sKciepuMeHnTOB OBLIIO BBISIBJIEHO, IYTO KOHTYD, OIMCHIBAIONTUIT
00 beKT HAMOOJIBIIEl IO TH, ITOJTHOCTHIO OITMCHIBAET KPOHY DACTEHUSI
Ha OuHapHOM M300parkeHnu. mes Takoil KOHTYDP, MOYKHO CO3aTh KOHTYPHYIO

MAaCKy IIyTEM 3aJUBKH OOJIACTH 110/ KOHTYPOM.

[Tocse nostyuennst GUHAPHON MACKU KOHTYPA, BHOBb BBLIIIOJIHIETCS OIIEPAITHN
nobutosoro «MNJIs», TOIbKO y2Ke Ha/I ITOJIy4YEHHON MAcCKOW U OMHAPHBIM
n300pazkeHneM KpoHbl. Takum 06pa3oM, yIaaoch MOIYIATh PEe3yILTUPYIONIee
6unapHoe n306parkeHue KpoHbl pacTeHus (pucyHok 6) 6e3 mryma.

PucyHok 6. Pesyabrupyrioriee 6nHapHOe N300pakeHrne KPOHBI
pacreHust

5. Boraucienue I‘a6apI/ITHOI‘O OPAMOYTOJbHUKA KPOHBI paCTeHUd U U3~
BJIe9€HNE COOTBETCTBYIOIIEI'O d)parMeHTa N3 UCXOJHOI'O CHUMKA. ,Z[aHHaH
orepalid TakKzKe BBIIIOJIHACTCA C UCIIOJIbSOBAHUEM (l)yHKLLI/IOHaJIa OubIMOTEKN

K3. Pesysibrar onpeesieHns KpOHbI pacTeHUsl IIOKA3aH HA PUCYHKE 7.
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Pucynok 7. Kpona pacrenus

Pacuaér TounocTH MpeyIOKEHHOT0 METO/Ia, OIPeIe/IeHNsT KPOHBI PACTEHUS
3aC/Iy?KIBAeT 0COOOr0 BHUMAaHU. 3a/1a9a OIIPedeseHIusl KPOHbI BO MHOI'OM
cxoKa ¢ 3aJadeit cermenTanun m3oobpaxkenuii. [Tog cermenrarueit n3obpazkeHuit
0OBIYHO TIOIpa3yMeBaeTcsi pasoueHre n300pakeHnii Ha HeKre 00J1acT, KOTOPhIe
ABJSIIOTCSI OJTHOPOJHBIMU 10 HEKOTOPOMY TpHU3HAKy. B paMKax JaHHON!
CTATBU HAJT M300parKeHNeM PACTEHUsI BBITIOTHSIETCS OMEPAIIAs CEMaHTHIeCKO
cerMeHTauHH4 Ha JIBa KJacca: KpoHa pacrenus u ¢oH. OCHOBHON mpobemoii
OIEHKHW TOYHOCTHU CEIMEHTAIMH SIBJISIETCSI MTOWCK /TE€HEPAIIsl ITAJTOHHBIX
JAHHBIX, KOTOPBIE, B CBOIO 04Yepe/lb, 3aBUCAT OT JICTAJA3AINNA CerMEHTAIIUN.

Tem me MenHee, aBTOpaMU HACTOMAMIEH CTATHU OBLI MPEIIIPUHAT PST
MEPOIPUSITHI IO OI[EHKE TOYHOCTU Pa3pabOTAHHOIO METOA OIPEIe/IEHIS
KPOHBI pacTeHusi. B yacTHOCTH OBLIN CO3/IaHBI STAJOHHBIE JIAHHBIE, KOTOPHIE
[peCTaBIsAioT cob0il GuHapHble n300pakeHus (MacKu) KPOHBI PACTEHUS.
DTaJIOHHBIE MACKY CO3/[ABAJINCH BPYUHYIO C UCIOJb30BAHUEM IIPOTPAMMHOIO
obecrievenHust JJisi PEJIAKTUPOBAHUS pacTpoBoil rpaduku. Ha pucynke 8
[TOKA3aH IIPUMEp ITAJOHHON MaCKU KPOHBI PACTEHUSI.

PuUCYHOK 8. DrasoHHast U MOIydYeHHAST MACKA KPOHBI PACTEHUS

URY

4CM., Hanpumep, Semantic Segmentation B paperswithcode


https://paperswithcode.com/task/semantic-segmentation
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Hasee ¢ ucrosib3oBaHneM OMHAPHBIX N300ParkKeHNil KPOHBI PACTEHU
(3TaJIOHHBIM ¥ TIOJIydeHHBIM) ObLT paccunTan Kodhdunuent 2Kakkapa [7]—
OuHapHAsT MePa, CXOJICTBA, KOTOPasl PACCUUTBIBACTCS 110 (hOpMyJIe:

Kj=—"5
a+b—c
rIe a— KOJIUIeCTBO OeJIbIX MUKCeseit Ha MOoJydIeHHOM n300parkeHun, b—
KOJITYECTBO O€JIbIX IUKCeJell Ha 3TAJOHHOM M300parKeHNH, ¢ — KOJIMIECTBO
00X 6eJIbIX MUKCeTel N300paKeHUIA.

B Tabnune 1 npepcrapien pe3yabrar mnoicuyéra kodddurmenta 2Kakka-
pPa ¢ UCHOIb30BAHUEM STAJIOHHBIX U IIOJIYIYEHHBIX MACOK JIjIs HECKOJIBKHUX
n300pakeHuil pacTeHusl.

TabmuyA 1. PesympraT mojcuera Mepbl CXOICTBA

[Topsiaxkoserit Homep | Koadpurnment 2Kaxkkapa,
n300parkKeHnst 0
1 95.4
2 95.0
3 96.4
4 96.3
5 96.4

Ha ocnoBanun 3uatennit koaddunnenta 2Kakkapa, mMOJTyIEHHBIX BBIIIE,
CpeJIHSISI TOYHOCTD IIPEJJIOYKEHHOI0 METO/Ia OIPE/IeJIeHNsI KPOHBI PACTEHUSI
cocrapser ne Meree 95.9%.

2.2. KBaHTOBaHue LBeTa KPOHbI pacTeHus

Ksanrosanue nsera (color quantization) ucronb3yercs JJisd 10JLy YeHUsT
MAJIOrO YUCJIa XapPaKTEPHBIX IIBETOB Ha M300parKEeHWH, YTO MPUBEIET K yIIPOIIe-
HUIO IIOCJIEIYIONIErO aHAIN3a CHUMKA, B YACTHOCTH — CHU2KaeT BEPOSITHOCTH
mosiBJIeHNsT apTebaKToOB Ha CJIEIYIONEM Tare 00paboTKN. 3a/1ay KBAHTOBAHUS
B JIAHHOM CJIy4ae MOXKHO C(POPMYJIMPOBATh KaK BbIOOD 3aJIaHHOI'O KOJIMYECTBA
HAMJIYUIIHX» [[BETOB, UMEIOIINXCS B TOJHOIBETHOM HM300PaKEHNN, U 3aMEHbI
BCEX OCTAJIbHBIX IIBETOB M300PasKeHUsl TIOAXOAANIMMEI 3aMECTUTEISIMEI U3 3TOTO
CIIUCKA.

-

KBanToBaHue 1Bera MPOUCXOIUIO IIPHU IOMOIIU MeToAa k-CpegaHux”. DTo
MeTOJ, KJIaCTEPHOIO aHaJIN3a, IeJbI0 KOTOPOro SBJSETCSA pas3iesieHue m
Habsonenuit (u3 npocrpancrsa R™) Ha k KyiacTepoB, IPH 3TOM KarKI0e

=4 ..
9cM., Hanpumep, Kaacmepusayus: memod k-cpednur Ha mnopTaje 3HaHuit statisica.ru™


http://statistica.ru/theory/klasterizatsiya-metod-k-srednikh/
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HaOJIIO/IEHHE OTHOCUTCS K TOMY KJIACTEPY, K HeHTPY (IeHTPOKY) KOTOPOro OHO
6uizke Bcero. B kadecTBe Mepbl OIM30CTH UCHOJIB3YETCs €BKJINJIOBO PACCTOSIHUE

p(z,y) = llz —yll =

roe z,y € R™

Ecnm nmeercs psia nabiriogeHmii (:(:1,372, ,xm), x) € R™, TO MmeTox
k-cpennux pasgessier m Habmomenuii Ha k rpynn (mimm kiaacrepos) (k < m)
S = 51,59, ... , Sk Tak, 9TOOBI MUHUMHU3UPOBATH CYyMMAPHOE KBAIPATUIHOE
OTKJIOHEHHE TOYEK KJIACTEPOB OT IMEHTPOUIOB ITUX KJIACTEPOB:

k ‘ 5
wn 35 o]
i=1ge S,

rae ) € R™, u; € R™, u;— meHTpOuUm JJjisl Kjaacrepa S;.

st m3o06pazkeHnii KpOHBI pacTEHUsT XapaKTEPHLI OTTEHKN 3€JIEHOrO 1
JKEITOro 1BETOB. B X0/1e 9KCIepUMEHTOB OBIJIO BBISBIEHO, ITO HEOOXOIUMOE
KOJIMIECTBO I[BETOB IAJIUTPhI JJId KBAHTOBAHUsI PABHO 5. YMeHbIICHNIE
KOJINYECTBAa I[BETOB IIPUBOJUT K CJUSIHUIO HEKOTOPBIX KJIACTEPOB, B CBOIO
odepenb YBeJIMUIeHre MPUBOIUT K Pa3OUTUIO HEKOTOPBIX KJIACTEPOB, KOTOPDIE
[TOYTU He OTJIMYAIOTCS 110 OTTEHKY I[BETa.

Ucnonb3yemas 6ubInoTeKa KOMIIBIOTEPHOTO 3PEHUST HE TOJLKO MTO3BOJISIET
BBIMIOJIHUTD IPOIELYyPY KBAHTOBAHUS IIBETA, HO TAKKE ITO3BOJISET PA3JIOKUTH
PE3yAbTUPYIOIIee N300parkeHne Ha IIBETOBbIE KJIACTEPHI M OIEPUPOBATH
UMH 10 OTJEIbHOCTU. Pe3yIbTaT BBIIOJIHEHNsT KBAHTOBAHUS 1IBETa IOKA3AH
Ha pucyHke 9.

PucyHOK 9. Pesynbrar BhINOTHEHUsI KBaHTOBaHUs I[BeTa. CripaBa
HAaJIEBO: PE3YJILTUPYIOIIee U300parkeHne I0CJIe KBAHTOBAHNUS;
OT/IE/IbHBIE [[BETOBBIE KJIACTEPDI (OTTEHKH [[BETOB KPOHBI DACTEHHU )
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Ilocste BBITIOTHEHNST KBAHTOBAHMS N300parKeHNUsI KPOHBI PACTEHU, JJIst
KaXKJ[0T'0 U3 [IBETOB MAJUTPHI OBLIIO ITIOCYUTAHO €r0 IPOIEHTHOE COOTHOIIIE-
HHE OTHOCHUTEJIbHO Beeil Kponbl. Ha pucynke 10 mpescraBieHbl KPyroBbie

AuarpaMMbl, IIOKa3bIBAIOIIUE 3TO OTHOIIICHHE.

0.36

Pucynok 10. Kpyrosble fuarpamMmbl, IIOKa3bIBAIOINeE IPOIEHTHOE
COOTHOIIIEHUE I[BETOB MAJUTPHI KBAHTOBAHUS HA IIPUMEPE JIBYX

n300paskeHnit KPOHBI PACTEHUST

[IBeT cekTOpPOB, MpEICTABIEHHBIX BBINIE KPYTOBBIX JIAAIPAMM, COOTBETCTBY-
€T IBETY OT/EJBHOIO KJIACTEPA I0CIe KBAHTOBAHUS, & €0 Pa3Mep OTPAXKaeT
IIPOIIEHTHOE COOTHOIIIEHNE JTAHHOTO I[BETa OTHOCUTEJIHHO BCEHl KPOHBI PACTEHHS.
st ymobcTBa BOCIIPUSTHSI, 1IBETA B JUATDAMME IIPEJICTABJIEHBI B IIBETOBOM
npocrparcrese RGB, ognako onpenesnierre Mepbl OJIM30CTH 1IBETA K ITAJIOHY
OyJieT BBINIOJHEHO ¢ MCIOJIb30BaHueM 1BeroBoro npocrpatctsa CIELab.

2.3. CpaBHeHue C 3TaNOHHbIMUN LiBETAMMU

I/ICXO‘ZLSI U3 OIIMCaHHBIX BbIIIC IIPpaBUJI, JJisd OIIpE/IC/JIEHNs COCTOAHUNA
pacTeHus HeOOXOIMMO ITPOBECTU AHAJIU3 €ro IBeTa, TO €CTh OIPEIE/INUTD,
HACKOJIBKO OH OJIM30K K KE&aToMy win 3ejiéHomy. OHAKO U3MEPSITH Mepy
OJIM30CTHU I[BETA K UHCTO YKEJITOMY WU 3€JIEHOMY HE IeJIecO00pa3Ho, TaK
KaK I[BET JINCThEB PACTEHUS, IO HAOIIOACHUSIM, MOYXKET BAPhUPOBATHCS OT
OPaHKEBO-KEITOTO0 JI0 TEMHO-3€JIEHOr0 OTTeHKOB. CJie10BaTe/IbHO, IS
aHaJIM3a [[BeTa pacTeHUsl HeOOXOAUMO MMETh CBOU STAJOHHBIE I[BETA (OTTeHKI/I)
2KEJITOrO U 3eJIEHOr0, KOTOPBIE SIBJISLINCH ObI COOMPATE/IbHBIM IIBETAMU JIJIsI
OOJILITTUHCTBA PACTEHUIA.
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Iyt co3/1aHms STAJOHHBIX [[BETOB OBbLI BBIIOJHEH OUCK M300paskKeHmit
pacTeHuii, CXOKUX € YIACTBYIOIIUM B MCCJICIOBAHUM (TOMAT) B CETH UHTEPHET.
W3 naitmeHubIx n3006pakeHnit ObLIN BhIpe3aHbl (pparMeHThl, Ha KOTOPBIX
peobJ1a1as1 MHTEPECYOnii 1[BeT. B moc/ieIcTBum, n3 JaHHBIX (DPArMEHTOB
ObLIN CO3JAHBI BHIOOPKU JJIsI T€HEPAIINH STAJOHHBIX 2KEJITOrO U 3€JIEHOTO
nperoB. Ha pucynkax 11—12 mokasaHbI UCIIOJIb3yeMbie (pparMeHTHI.

-
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Pucynok 11. ®parmentsl, mosydeHHbIe 13 N300paKEHUT pacTe-
HU JIJIs1 TeHEPAIH ITAJOHHOTO YKEJITOTO IIBETa

lenepamnust 5TaJJOHHOTO IBETA IIpEJICTaBIIsLIa COOOM MPOIEAYPY MOy de-
HHUsT CpeaHeaprudPMeTHIeCKIX 3HATECHNN COCTABJISIONINX KOMIIOHEHT I[BETa
JJIsT KaXKJI0ro (pparMeHTa BbIOOPKH IIyTEM Iepebopa 3HaUYeHUIl ITUKcesei
B uBerosoM npocrpancrse CIELab. 3areM 110 aHagIoruu paccuuThIBAIUCH
cpeaHeapudMeTUIECKIe 3HAYEHNUs [BeTa JjIsl BCeli BBIOOPKU.
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PucyHok 12. ®parmenTsl, oJyYeHHBIE 13 N300paKEHUI pacTe-
HU JJIs] TeHEPAIY STAJIOHHOTIO 3€JIEHOIO I[BETA

Ornmcannast mporeypa OblIa TpUMeHeHa K 00eUM TOJIYI€HHBIM DaHee
BBIOOPKAM, BCJIEJICTBIE Y€r0 OBLIHN IIOJIyIeHbl STAJOHHDIH KENTHII 1 STATOHHBII
zesiéubiit 1BeTa B (popmare CIELab. st BU3yasbHON ONEHKY MOJTY YCHHBIE

nBera ObLIM IepeBejieHbl B 1BeToBoe npocrpanctBo RGB B (pucynok 13).

(a) xénTeiii, #C5B638 (6) 3enéHbIii, #669348

PucyHoOK 13. DtajnoHHbIe 1IBETA
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Pacuér mepbr 6sin30CcTH IBETOB KPOHBI MOCE KBAHTOBAHUS K ITAJTOHHBIM
[BETAM [IPOUCXOJMJI C UCIOJIH30BAHUEM €BKJINJIOBOI MeTPUKY (€BKJIMIOBA,
PACCTOSIHUA ) — PACCTOSIHAS MEXKJLy JBYMsl TOYKAMU €BKJIMIOBA IIPOCTPAHCTBA,
BbluncisieMoe 1o reopeme Iludaropa. s royex p = (p1,... ,pn) U ¢ =
(q1 - , qn) EBKJIMIOBO PACCTOSHEE OLPEIEIISETCs O cieyomeit dhopmysie

dp.q) = V1 —@1)>+ (P2 — @)2 + . +(pn—qn)? =

B kauecTBe KOOpIMHAT TOYEK MCIIOJIB30BAJIMCH 3HAYEHUSI KAHAJIOB @ U b,
KOTODPBIE OTBEYAIOT 3a OTTEHOK I(BeTa B IBeToBoM pocTtpancTtee CIELab.
Hcniosb3oBanne TOJIBKO KAHAJIOB @ U b IIO3BOJIST CHU3UTD BJIMSTHUAS OCBE-
MIEHHOCTH HAa Pe3yJIbTaT pacdyéra Mepbl OJIM30CTH, TaK KaK Ha yPOBEHb
SIPKOCTH B JIAHHOM I[BETOBOM IPOCTPAHCTBE YKA3bIBAET 3HAUEHUE KaHAJTa L.
Pacuér mepbr 6,i130CTH BBITTOTHSIJICS CO BCEMU IIBETAM IOCJIE KBAHTOBAHUS
n300parkKeHnit KPOHBI pacTeHus. Pe3ysbTaToM BBINOIHEHUS JTAHHON IIPOIE/LyPhI
ABJIAIOTCA JIAHHBIE O PACCTOSHUN MEXKJLy IIBETAMU KPOHBI U STAJOHHBIMU

IIBEeTaMM.

Jlajiee B HacTOsIIIEN cTaThe OyI€T UCIIOJIB30BATHCsT BEJIMYNHA, KOTOPas
PaCCUYUTHIBAETCS IIyTEM HOPMAJIUBAIUN [I0JIYY€HHOTO PACCTOSHUST MEXK LY
LBeTaMU 10 cjeayromeil popmyiie:

X - X~ Xuin 100

norm Xmax ~ X )
rae X — IOJIy4YeHHOe eBKJIMIOBO PacCTOsdHue, X iy — 3HAYCHIEe MUHUMAJILHOIO
paccrosinust (B JaHHOM ciryuae paBHO 0), X, ,x — 3HAUEHHE MAKCHMAJILHOTO
paccrosinust (B JaHHOM CJIy9ae PABHOE eBKJIMJIOBY PACCTOSHUIO MEXKILY TOUKAMU
¢ KoopauHaTamu (-128, -128) u (127, 127), 4ro siBjIsteTCss MUHUMAJILHBIM U
MaKCHMaJIbHBIM 3HAUEHNEM KaHaJoB a 1 b 1perooro npocrpancrsa CIELab).

B urore 6110 nostydeno uucso B guana3one ot 0 jgo 100, orpazkaroriee
JIMCTAHITHIO MEXK/Iy MCCJIeTyeMbIMI IIBETAME, HAHOOJIbIIee 3HATMEHNE KOTOPOTO
COOTBETCTBYET IIBETY, HanboJjiee OTIAJEHHOMY OT 9TaJIOHa. ITU YUCTIA UCIO b
3YIOTCA B Ka4eCcTBEe Mepbl OJIM30CTH IIBETOB KPOHBI PACTEHUS K ITAJIOHAM.
Ha pucynke 14 mokasaHbl THCTOTPpAMMBI 3HAYEHUI MEPHI OJIM30CTH I[BETOB [IJIsT
mapbl H300parkeHuii KPOHbI PaCTEHMSI.

[To mosyueHHBIM JAHHBIM MOYXKHO C/I€JIATH BBIBOJ O TOM, YTO B OOJIBIINHCTRE
CJIy4aeB I[BeTa KPOHBI PACTEHUs II0CJe KBAHTOBAHUS IOPa3io OJIMKE K ITAJOHY
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paccTosiHMe A0 3TasloHa

paccTosHMe A0 3TasloHa

uset

PucyHok 14. T'mcrorpamMMbl 3HaYEHUH Mepbl 6JIM30CTH I[BETOB
KPOHBI TI0CJI€ KBAHTOBAHUS K STAJIOHHBIM I[BETAM:

3eJIEHBIE CTOJIOIBI — PACCTOSIHUE JI0 9TAJIOHA 3€JIEHOIO I[BETA;
OpaH?KEBBIE CTOJIOIBI — PACCTOSIHHE 0 ITAJOHA YKEJITOrO I[BETA
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3€JIEHOIO IIBeTa, YeM K ITAJIOHY YKEJITOIO I[BETA. DTO CBUJIETEILCTBYET 00
aJICKBATHOM POCTE PACTEHUS M HE3HAUYUTEILHOM U3MEHEHUU €TI0 COCTOSHUS, UTO
MOZKET SIBJISIThCsI PE3YJIBTATOM pabOThI CUCTEMBI aBTOMATH3UPOBAHHOIO yXOJIa.

3. OueHka cocTosiHUA pacTeHus

Jis mpeiBapuTeIbHON OIEHKU COCTOSTHUSI PACTEHUS OBLIO PACCIUTAHO
snadenne CABP ¢ ucnosib3oBanneM moJry9eHHbIX 3HAYEHUN MephbI 6JIN30CTH
LBETOB U KX IPOLEHTHOE COJEePXKAHUE B KPOHE pacTeHus (IJist KEJITOro u
3eJ1€HOrO 1BeToB oTHebHO). Pacuér CABP npoucxonumi no dbopmyste

S wi T
Z?:l wi

rJie w; — IMPOIIEHTHOE COJiepKaHNe I[BETa B KPOHE PACTEHUSs, X; — SHATEHUE

T =

Osm3ocTH OBeTa K 9TaJIOHY.

Cwmbicst pacuéra CABP 3akmogaercst B TOM, UTO TOJIyYEHHBIE B PE3Y/IHTATE
nokaszaresn (JJis 2KEATOro U 3eJIEHOrO IBETOB) OY/LyT OTPAXKATH CTEIEHb
6JI30CTH ODINEro IBeTa KPOHBI PACTEHUST K TAJOHAM. 3Has 3HAYEHUS JAHHBIX
HoKazaTesieit, MOXKHO CZeIaTh IPEJIOJI0KEHNE O TEKYIIEeM COCTOSHUN PACTEHHUS.
Hanpumep, auskoe sunauenne CABP j1s1 srajiona »kéjiroro msera Oyaer
CBUJIETEJIBCTBOBATH O TOM, YTO JAHHBIH IBET UMEET JOMUHUPYIOIIEE [TOJIOKEHNE
B I[BETOBOM DaJjiaHce KPOHE PACTEHMs, H3-3a 9ero pacTeHue OyaeT Ka3arTbCs
bosee KENTHIM. B coOTBETCTBUM C ONPEIEIEHHBIMU 3aKOHOMEPHOCTSIMU,
IIPe/ICTABJIEHHBIME B pa3jese «BBeeHney HACTOSINEH CTAThY, JTAHHAS CUTYAIHs
MOXKET OBITh pacllieHeHa KaK YXYIIIEeHNe COCTOSHUST PACTEHUSI.

s uccmenoBanus ObLIN UCIIOB30BaHbI 20 n300parkenuit pacTeHuit
CHSITBIX IIpH ITOMOIIM crienuajibaoro bokca ¢ Wi-Fi kamepoii. [Tosydenubie
nannble 3uadennii CABP mokasanbl B Bujie TUCTOrpaMMbl Ha PUCYHKE 15.

O1eHKa COCTOSIHUS PACTEHUS IIPOUCXOIUT IIyTEM AHAIU3a MOy Y€HHBIX
naHHbIX. Ha mpotrsizkenuun Bcero uccienosanust suadenne CABP s 3enénoro
nBera 66110 HzKe, yeM CABP mist »X€j1T0r0, 9T0 B CBOIO OY€pe/h CBHUIETE b
CTBYeT O IPeobJIaJIAHIK B KPOHE PACTEHUs OTTEHKA [[BETA, OJIN3KOr0O K 3€JIEHOMY
srajiony. JlaHHasi cuTyalnus He sIBJISIETCS IIPOTHBOPEYNEM, TaK KaK CYIIECTBYET
MHOKECTBO 3€JIEHO-KEITHIX OTTEHKOB I[BETA, KOTOPHIE OJHOBPEMEHHO COIEPKAT
KaK 3€JIEHYIO, TaK U 2KEJITYIO COCTABJIAIONLYIO.

Citestyer oTMeTUTH TOT (DAKT, YTO 38 BPEMsl IIPOBEJIEHUST UCCIICIOBAHMIA,
aBTOpaM HACTOSAIIEH CTATBU He yJAJOCh 3alledaTsieTh pacTeHne (TOMAT)



54 A.B. CmvmurHoB, E.C. lIBAHOB

1077

=
)

CpenHee apudMETHYECKOE B3BEWEHHOE paccTosHue (CABP)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
NOPAAKOBLI HOMEP M306paxeHMs pacTeHns

Pucvynok 15. 3uauenus CABP uzobparkenuit KpoHbI pacTeHMIi:
CTOJIOIBI CUHETO 1BETA — JJIsI YKEJTOrO ITAJOHA, KPACHOIO IBETA —
IJIST 3€JIEHOTO 9TAJIOHA

B HEHOPMAJIBHOM COCTOSITHUU C BBICOKOU CTENEHBIO ITOBPEXKJIEHNST KPOHBI.
Cite1oBaTE/IbHO, UCIIBITATD [IPEJIOYKEHHBIN METOJ, Ha IIOJTHOM CIIEKTPE COCTOSI-
HUI PACTEHUs [P U3MEHEHUH IIBETOBOIO 0DaJIaHCa ero KPOHBI B HACTOSIIIHT
MOMEHT He IIPEJICTaBJIAeTC BO3MOXKHBIM. HecMOTpst Ha 3TO, 10 TEOPETUIECKIM
pacdéraM npu HAOJIOJAEHUH 33 PACTEHHEM B HEHOPMAJIbHOM COCTOSIHHH,
suauenre CABP s x€1Toro nsera JI0J2KHO OBITh 3aMETHO HUXKE, IeM JIJIst
3€JIEHOTO, ITO MOXKET IMOCTYKUATh HEKUM CATHAJIOM K HAYAJy MEPONPUATHI,
HAITPABJIEHHBIX Ha YJIYYIIIEHUE COCTOSIHUS PACTEHUS.

Taxum 06pa3oM, IpeaBapUTeIbHAs OLIEHKA COCTOSIHUS PACTEHMS 110 €I
M300paXKEHMIO 3aKII09aeTcsa B cpaBaHuTebHOM aHanuze CABP njs senénoro n
kénaroro nperos. Eciin 3uavenne CABP jyist xKé1TOr0 3aMeTHO HUKE, YeM
JIJTsT 3€JIEHOTO, TO OOINI ITBET KPOHBI PACTEHUsT OyIeT O/IMKe K OTTEeHKAM
2KEJITOTO LIBETa, YTO B COOTBETCTBUU C 3aKOHOMEPHOCTBLIO No2 HacTosIei
CTaThbU, CBUJIETEJILCTBYET 00 yXY/IIIEHUN COCTOSIHUSI PACTEHUSI.

IToxBomst mTOT, MOXKHO CIEJIATH BBIBOJ, O TOM, 9TO pa3pabOTAHHBII METO
OTIEHKH COCTOSTHUSI PACTEHUS BBISIBIJI OTCYTCTBUE 3HAYUTEILHBIX €r0 U3MEHEHNIA.
Tem He MeHee, TaHHBINH METOJ MOXKHO HCIIOJIb30BATh B KAYECTBE HEKOI'O CEHCOPa
COCTOSTHUSI PACTEHUsI [IPU TPOEKTHPOBAHUN CHCTEM aBTOMATH3UPOBAHHOTO
yxoa, a 3adenne CABP MoxKHO uco/ib30BaTh Kak MeTKy Jijisi Habopa JaHHbIX
pu oOydeHnn HeHPOHHBIX cereil. OHAKO CilelyeT MOMHUTH TOT (bAKT, 9TO CaM

1o cebe pa3pabOTaHHBIII METO/ MOXKET JIUINb YKa3aTh HA U3MEHEHIe COCTOSHIUS
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pacTeHus B Ty WIH UHYIO CTOPOHY, HO HE CIIOCOOEH PACIO3HATHL MPUIUHY
TAKoro m3MeHeHnus. Ha JaHHOM 3Tane MCCIeTOBAHUS OIEHKY COCTOSTHUS
pacTeHwUs, TOJIyIeHHYIO IIPU KCIOJb30BAHNN PAa3pabOTAHHOIO METOJIA, JOJIKEH
M3YYUTH IKCIEPT-O0TAHUK JIJI COCTABJICHUS CTPATETHH JAJbHENNX JTeHCTBUI.

4. 3aknio4eHne

B macrogmmeit crarbe OBLT MPeAIoyKEeH METO/T aHAIN3a N300parkKeHmi
pacTeHuil Jijisl OIpejie/ieHnsT KPOHbI PACTEHUsI U JIETEKTUPOBAHKS €€ OTIEJIbHBIX
IIBETOBBIX OTTEHKOB C HCIIOJIb30BAHUEM IIBETOBOIO KBAHTOBAaHUS. BBIMOTHEH
pacdér Mepbl GJIM30CTH IBETOB KPOHBI PACTEHUS K STAJOHHBIM IIBETAM, &
TaK>Ke IOJCINTAHO UX IIPOIEHTHOE COOTHOIIEHNE.

PaccMorpena Bo3MOXKHOCTE BU3YAJIbHON OIEHKU COCTOSIHHUS pacTeHUi
B COOTBETCTBHU C OIPEIEIEHHBIME 3aKOHOMepHOCcTSMU Ha ocHoBanuu CABP,
PaACCIMTAHHOTO ABTOPAMHU HACTOsIIEH ctaTbu. [losrygennbie B pesyabrare
WCCJIeIOBAHUSI JIAHHBIE O COCTOSTHUU PACTEHUSI MOT'YT OBITH MCIIOJIB30BAHBI
B KAYeCTBE CEHCOPHBIX JAHHBIX CHCTEM aBTOMATU3UPOBAHHOTO YXOJa 38
pacTeHUsIMU.

[IpuBesieno omncanue SKCIEPUMEHTAJIBHON YCTAHOBKY aBTOMATH3NPOBAHHO-
IO yX0Ja 33 PaCTEHUSIMH, C MMOMOIILIO KOTOPOIl ObLIM COOpaHbI aHAJIU3UPYEMbIE
JAHHBIE.
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Beepenne

Unified medical language system (UMLS) siBisieTcst KpymHeHImM cBo-
IO0M OMOMEIMITUHCKUX CIIPABOYHUKOB U CJIOBAPEil, IPUMEHUMBIX B paboTe
C HECTPYKTYPHUPOBaHHBIME JaHHBIMH [1]. Axryanbaas Bepcust UMLS (2022AB)
obecreunBaeT TEPMUHOJIOTHIECKUN 0XBAT CBBIIIE 4.6 MJIH KOHIIEITOB — YHUKAJIb-
HBIX MEXKIMCIUILINHAPHBIX MOHATHIN, KJIACCU(PUIMPOBAHHBIX 10 TEMATHIECKON
npuHaieskaocTr Ha 127 rpymi. CeManTHYecku 6IM3KNE KOHIIEIITHI COEMHEHBI
CBSA3MHU, OJTHO3HAYHO OTHECEHHLIMU K 9 OCHOBHBIM (U 2 JIONIOJHUTEIHHBIM )
TunaM u 992 yTOYHSIONMM HEOOS3aTe/IbHBIM [OATUIIAM (yTOYHEHUSIM ).
IIpakruuecku kaxprit koument UMLS cBs3an xoTst ObI ¢ OJHUM JAPYyTUAM
KOHIIEITOM, YTO HO3BOJIET IPEJICTABUTH JAHHBIA CBOJI TEDMHUHOB B BUJIE
OPHEHTUPOBAHHOTO MyJabTUrpada ¢ 98 MJIH YHUKAIBHBIX CBS3€i.

Opranuzanust JaHHBIX B Bujie IPadOBbIX NHMOPMAIMOHHBIX MOeseit
UMeeT PsiJi IPEUMYIIECTB, CPEJI KOTOPBIX CJIEYET BBIJEIUTh HAIMIne OOJIBIITIX
BO3MOXKHOCTEH JJIsI ONTUMHU3AIIY AHAJIITHIECKIX OIIEPAIINil M CYIIEeCTBOBAHUE
CpeJCTB, 00ECIIEYNBAONIUX HATJISIIHYIO HHTEPIPETAIINI0 CTPYKTYPbI 3HAHUI
Ha TIOJTb30BATENILCKOM ypoBHE [2]. OmHako B HACTOSIIEE BpEMs HE CYIECTBYET
€JIMHOIO MMOJIXO0/a K W3BJIEUYEHUI0 PEJIEBAHTHBIX 3HAHWN 13 rpadOBbIX MHGOPMAa-
uoHHBIX Mogenedt [3]. TIpuMeHenne TPOCTHIX MHCTPYMEHTOB ABTOMATHIECKOTO
uzssiedenns 3unanuii u3 UMLS (manpumep, GuibTpoB Ha THIIBI CBsi3eil U TeMaTH-
YeCcKue I'PYIIBl TEPMUHOB) HE MPUBOAUT K KJIMHUYECKH 3HAYMMOMY De3yJIbTaTy
10 IPUYWHE HEJIOCTATKA MPAMBIX CBA3€H MEXKIy KOHIIEITAMH MeTaTe3aypyca
¥ HEOJHOPOJIHOCTU CTPYKTYpbI 3HaHuil. Heobxonumo ancambiimpoBaHue
PA3HOPOTHBIX AHAJIUTHIECKIX WHCTPYMEHTOB C UCIIOJIH30BAHUEM CJIOZKHBIX
CHCTEM BECOBBIX KO3(DOUITMEHTOB, ONITUMU3UPOBAHHBIX BAJIUIUPOBAHHBIX
AHAJTUTUIECKIX WHCTPYMEHTOB W METaMOJe el — YHU(PUIINPOBAHHBIX CBOIOB
paBUJI TEXHUYECKON peain3aliu Mojeaeil 3HaHUM.

OaHUM U3 3JIEMEHTOB CUCTEMBI BECOBBIX KO MUIIMEHTOB CyITHOCTEHN
UMLS moryT crarh 3HAYEHUSI, OTPAKAIOIINE CTEIIeHb TPUHA/JIEXKHOCTH
KazKJI0r0 TEPMUHA K OTJIEJIbHBIM KJINHUIECKAM npoduiisim (IyJIbMOHOJIOTUH,
Kap/IMOJIOTUH, TACTPOIHTEPOJIOTHN ), & TAKIKE CBUIETEIbCTBYIONINE O HAJINIUN
STUOJIOTUIECKON WU MTATOT€HETUIECKO CBA3H C COOTBETCTBYOMIUMU O0JIACTSIMU.
Ka)}(}lbIﬁ IIpOde/I.Hb BKJIIOY9a€T ITaTOJIOTUYIECKUE COCTOAHULA, OTHOCAIITUECA
K OIIpE/IeJIEHHOMY KJjaccy 3abosieBanuii. Habop 1momobHbIX 3HAYEHUN 11T
OTJIEJILHOIO KOHIIENTa (POPMUPYET €ro 3THONATOreHETHIEeCKI 00pas3 — BEKTOP
HEHYJIEBBIX 3HAYEeHNN (PYHKINU TPUHAJIEXKHOCTH TEPMUHA K XaPAKTEPHBIM
KJIMHUYIECKUM TTPOQUIISIM.

Cosznanne aTnonaToreHeTuIeckoro obpasa st kounenros UMLS mosBo-
JINT OIPEJEeIATh CTEIeHb UX 3HAYNMOCTHA B KOHTEKCTE PElaeMbIX 3a/1a9 U
obecrieunBaTh 3HAUUTETHFHOE COKPAIEHNE MUPUHBI TOUCKA TP BBITOJTHEHUT
rpadOBbIX 3alPOCOB. Bhraucienne Mep 0JIM30CTH MEXKTY BeKTOpaMu (BbYyHKITUH
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MIPUHAIE?KHOCTU CYNTIHOCTEH K COOTBETCTBYIONINM METUITUNHCKUM O0JIACTIM
JIACT BO3MOXKHOCTD PAHKHUPOBAHUSI CUMIITOMOB M 3a00JIEBAHUI TIO CTEIIeHH
UX KJIMHUYECKOT'O CXOJICTBA, UTO MOYKET CTATh OCHOBOII aBTOMATHUIECKOIO
dopmuposanus auddepeHnaIbHO-IMArHOCTUIECKIX PSJIOB. ABTOMaTHIECKOE
[IOCTPOEHKE STHONATOreHeTHIecKoro obpasa repmuaos UMLS mosBosiut
CPaBHUTD CYIIECTBYIOIIE TpadOBble METPUKU U 0OOCHOBATH WX [TPUMEHEHUE
[IPU PEIeHnn 3a7a4 TIONCKa PEJIEBAHTHBIX 3HaHW. B cBOW0O ovepens, ycmenrnoe
ITOCTPOEHUE CHCTEMBI BECOBBIX KO3(D(DUIIMEHTOB [1JIsi KOHIIEIITOB MeTare3aypyca
UMLS obecrieunTt 3HaYnTEIbHOE YiIydllleHre NH(OOPMAaIMOHHO-IIONCKOBBIX
AJITOPUTMOB 38 CYET TIOBBINIEHHs] MATEMATHIECKOW KOHTPACTHOCTH MOJTY Ia€MbIX
pe3yJIbTaTOB.

I[eab HACTOSIIETO UCCIIEIOBAHNS 3aKJIIOUAETCS B IOCTPOCHUH U OT[CHKE
STUOMATOreHeTHIeCKOro obpasa KourentoB Meraresaypyca UMLS ¢ ucmosn3o-
BaHUEM T'PadOBbIX METPUK JIJIsl AHAJIU3a, CBSI3HOCTU Y3JIOB.

1. NMocranoska 3apay

Hns moctukeHus mem Bes padoTa ObLTa pasiaesieHa Ha HECKOJbKO
[IOCJIEZIOBATEIHHBIX ITAIIOB, COOTBETCTBYIONINX 3aadaM HccjeaoBanus. [lepBas
3ajiada 3aKJII09aJIacCh B IOATOTOBKE IpadOBOil MHMOOPMAIIMOHHON MOIE/IN
UMLS 1 10JKJIFOUeHIH PYCCKOSI3bIYHBIX CIIPABOYHMKOB TEPMHUHOB. Bropast
3a/la4a COCTOAJIa B CO3JaHUU CEMAHTUIECKUX U JIOTMYECKUX IIPABUJI BKJIIOYEHU
bopMyIIPOBOK 3a00JIEBAHUI B CBOJL JJIsi TIOCTPOEHUS ITUOMATOI€HETHIECKOTO
obpasa KOHIENTOB. B pamkax Tperbeil 3a1a9n OCYIEeCTBIISIINCh ITPOEKTH-
poBaHHE U IIPOrpaMMHAas PEAJU3AINS AJITOPUTMA BBIYUCICHUS (DYHKITHH
[IPUHAJJIEIKHOCTH KOHIIENITOB K KJInHUYecKUM poduism. Haxkomern, B pamkax
9eTBEPTOil 329N BBINOJIHEHBI 0030D U CPABHUTEbHAS OIEHKA PA3INIHBIX
rpadOBBIX METPHUK, TPUMEHSIBIIUXCS JIJIsi TIOCTPOEHUST STUOIATOTeHETUIECKOTO
obpa3a KOHIIENTOB-Ho30 10THit. Tak:Ke B X0jie JaHHOTO STala ObLT paspadoTaH
COOCTBEHHBIN BapUaHT IPaOBOil METPUKH, MTPETHAZHATEHHDIN /IJI OIEHKH
casnoctu Kounenros UMLS.

2. T'pachoBas nHcopmauymortas mogens UMLS

Texunueckast peasnzarius rpacdoBoii nudopmannonnoit mogean UMLS
OCYIIECTBJISIIACH C UCMOJIb30BaHneM cTanmapra Kcore. B mocrpoennn mosenn
OBbLIN 33/IeCTBOBAHBI UCXO/IHO TIEPEBEJCHHBIE HA PYCCKUI SI3bIK TEPMUHBI
u3 cupasounukoB MedDRA (Medical Dictionary for Regulatory Activities
Terminology), LOINC (Logical Observation Identifiers Names and Codes) u
MeSH (Medical Subject Headings). MedDRA 1o3BoJisier 1ocTidYb TEPMUHO-
JIOTUYECKOTO TOKPBITUsT OOJBIMMHCTBA BO3MOXKHBIX BAPUAHTOB OIMUCAHUS
KJIMHUYIECKON KapTHHBI 3a00/I€BaHNI, TAGOPATOPHBIX U WHCTPYMEHTAJIbHBIX
HaXOJIOK, UCTosb3yeMbix B npakTuke [4]. LOINC sBnsercs yHubUIMPOBAHHBIM
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CTAHZAPTOM B 00JIACTH ONUCAHUS KJIUHUKO-JIAG0PATOPHBIX UCCIIeA0Banuii [5].
MeSH comepKuT BepTHKAJbHYIO HEPAPXHIO 3ar0JJOBKOB U MX CHHOHUMOB,
[IPUMEHSEMBIX JJIsI PACIpeesIeHns] HayYHbIX CTaTell 1o IpeJIMeTHBIM pyopu-
KaM, U IIPUTOJIHBIX K UCIOJb30BAHUIO B KAIECTBE CJIOBAPS JIJIs OTTUCAHUS
GuomenImHCKUX obsacreii [6].

I'pacdoBas nndoOpMaIMOHHAS MOJEb, COAEPYKAIIAS PYCCKOS3bITHBIC
dopmynupoBku KourenToB UMLS u cBsi3u MexKly HUMH, OKa3aJach 3Ha-
YUTEIHHO MEHBIIIE MCXO/HON AHTJIOA3BIMHON BEPCUU: BCETO B IOy I€HHOM
rpade comepxaiocs 144 toic. (3.1%) xounenros u 7.9 mun (8.0%) cBaszeit
MezK1y HUMHU. Bce KOHIEeNThl OTHOCUIIUCH K OJHON MJIM HECKOJIBKUM TPYIIIaM
u3 124 (97.6%) Bosmoxkubix. OrcyrerByonme B pycckosi3branoit Bepcuu UMLS
TeMaTUYECKUe IPYIILI He UMEIOT IIPAMOTO OTHOIIEHHS K OIMHMCAHIIO BO3MOYKHBIX
BapUAHTOB KJINHUYECKUX IIPOSBJIEHUI U MHCTPYMEHTAIbHO-T1a60paTOPHBIX
METOJIOB UCCJIETOBAHUS.

JIy1st pa3sMeTK\ TEPMUHOB 1O KJIMHUYIECKAM HATIPABJIEHUSM OIEHUBAIACD
rpaoBas CBA3HOCTD WX AHTJIOA3BLIYHBIX AHAJIOTOB C KOHIEHTAMU-HO30JIOTHSIMHY,
COOTHECEHHBIMHU € KOJIAMY CIIPABOYHUKA MEKJLYHAPOJHON KiaccuduKaun
6osesneit 10 mepecmorpa (MKB-10) 8 UMLS. Vcnoibs30BaHo cOmoCTaB-
aenne komoB MKDB-10 ¢ akTyasabpHOI Bepcueil CIIpaBOYHHUKA U3 PeecTpa
HOpPMAaTHUBHO-CIIpaBodHON nudopmarun Munsapasa Poccun.

3. nOArOTOBKa nepe4yHsn HOo30Js10rnin ANA pa3MeTKun KoOHUenToB

Sajiava peBapUTEIbHON JIMArHOCTUKY HE IIPEJIIIojaraeT TOYHoi hop-
MYJIMPOBKHU JHUATHO3a, OJIHAKO IIPUBSI3KA CHMIITOMOB K HO30JOTUIECKUM
rpymmnaM Tpebyer BBeJIEHUsI OTPDAHUYEHNI Ha uX mnepederb. [lonrorosien Habop
[IPaBUJI OTCEYEHUsI, IO3BOJIUBIINX CHU3UTH KOJIMYECTBO HO30JI0TUIECKUX
€JIMHUIL JJTs ToucKa. K MX Incity OTHOCATCS HANMEHOBAHUSI, COIEPIKAIIIIE
CJIOBa, «HEYTOYHEHHBII», «KJIACCU(DUIMPOBAHHBINY, «UIeHTU(DUITPOBAHHBINLY,
«JIpyTroily, a TakxKe obue (GOPMYIMPOBKH, COJEPIKAIIIE B IIOJICTPOKAX JIPYTHE
HozoJiorndeckne eauuunnsl. Hampumep, kox «K29» — «Tlactpur u ayomenurs
MOXKHO CYNTATh U30BITOYHBIM IO MIPUYIUHE CYIIeCTBOBaHUS KOJIOB «1K29.7» —
«lactpury n «K29.8» — «/lyoneHuTs, ciyKamux Jijisi HETO MOJACTPOKAMHU.

ﬂﬂﬂ JOIIOJIHUTEJIbHOTO COKPaIlleHU A CIINCKa INOTEHIUAJIbHBIX HO30JIOT Uit
9KCIEPTHBIM CIOCODOOM ObLIN OTOOPAHBI KIMHUIECKIE CUMITOMBI U CUHIPOMBI,
He ABJISIONUECd CaMOCTOATeIbHbIMY 3abosieBanusamu (Hanpumep, K92.0—
«Kposasast peota ). Hanee qus Beex komos MKB-10, ¢ KOTOpeIMI COOTHECEHO
6oJtee OHOTO Y3714, OCYIIECTBIIEH OTOOP KOHIENTOB C HAUOOJIBITUM IUCIOM
MPSIMBIX CBsi3ell. YKa3aHHbIE TPOIEYPbhI TO3BOJIMIN CHU3UThH CTEIEeHb 110~
TEHIMAJILHOIO CMEIIEHUs OIIEHOK IIPUHAJIE2KHOCTH TEPMHUHOB K KJjlaccaM U
COKDPATHUTh epedeHs 3abosesanuii ¢ 11232 1o 1577. Kommenram, coorneceHHBIM
¢ xkomamu MKB-10, aBromarndeckn nprucBanBajiach METKa TPUHAIEXKHOCTH
K OIIPEJIeJIEHHOMY KJIMHUYECKOMY IIPOMUIIIO, COrIacHO Tadsule 1.
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TapmuuA 1. OcHoBHble KimHEYeCKUE TPOMUIIN, UCTIOJIH30BAHHBIE
LISl TOCTPOEHUST STUOMATOT€HeTHIecKoro obpasa koumentos UMLS

Ne | Kimacce MKB-10 u jmanason kojos | HanmenoBanue npoduiist
1 V(F 00-F99) Icuxumarpudeckuit

2 VI(G00-G99) Hespostoruueckuii

3 VII(H00-H59) Odranbpmosiornueckuii
4 VIII(H60-H95) Cypaosorundeckunit

5 IX(100-199) Kapauonoruyeckuit

6 X(J00-J99) [y 1bMOHOJIOTHUECK Ui

7 XI(K00-K93) lacTponHTeCTHHAJIBHBIM
8 XII(L00-1.99) Jepmarosiorudyeckuit

9 XIIT(MO00-M99) Oproneauaeckuii

10 XIV(N00-N99) Y pOreHUTAJIbHBII

I[.HH Pa3METKHN HE MCIIOJIB30BaJINCh COCTOAHUA, IIPEJICTaBJICHHBIC B K/IaCCaX:

I Hekoropble MHMEKIMOHHBIE U TApA3UTApHbIE GOJIE3HH,
IT moBoOoGpazoBanus,

III GosiesHn KpoBU, KPOBETBOPHBIX OPIaHOB U OTIEIbHbIE HAPYIIEHUS,
BOBJICKAIOIHE UMMYHHBIH MEXaHU3M,

IV 6ose3nn sHIOKpUHHOI CUCTEMBI, PACCTPONRCTBA IIMTAHUSL U HAPY IIEHUS]
oOMeHa BeIecTB,

XV 6epeMeHHOCTD, POJIbI U TIOCTIEPOJIOBOI TePUOT,
XVI orpenbHbIE COCTOSIHNUS, BOZHUKAIOIINE B IEPUHATAIBLHOM [IEPUOJIE,
XVII Bpoxmenuble anHOMagnu [Opoku passutusi|, nedopManum u XpoMo-
COMHBIE HAPYIIEHNUsI,
XVIIT cuMmnToMbl, IPpU3HAKY U OTKJIOHEHHUS] OT HOPMbI, BBISIBJICHHBIE [TPU
KJIMHUYIECKUX U JIAOOPATOPHBIX UCCIICJIOBAHUSAX, HE KIACCU(DUIUPOBAHHBIE
B Jpyrux pyoOpuKax,
XIX TpaBMbI, OTpaBJIEHH U HEKOTOPBIE APYTUE IIOCIEACTBUS BO3IEHCTBUS
BHEITHUX [TPUIWH,
XX BHeITHHE IPUYUHBI 3200I€BAEMOCTU U CMEPTHOCTH,
XXI dakTopsl, BIAUAIONIAE HA COCTOSTHAE 3J0POBbsl HACEJIEHUs 1 00palle-
HUSI B YIPEXKIECHUS 3/IPABOOXPAHEHUS W
XXII kompl Aj1s1 0COOBIX LieJIei.

4. Anroputm nocTpoeHus 3TuonaToreHeTuyeckoro obpasa
koHuentos-cumntomos UMLS

ITocTpoenune sTronATOreHETUIECKOTO 00pa3a Jjisi KOHIIEIITOB-CUMIITOMOB
OCYIIECTBJIAJIOCh UTE€PATUBHBIM IIMKJIOM, COCTOAIINM U3 HECKOJIBKHUX IIaroB.
IlepBsrit mar 3aK/I09YaICs B arpEraIiy BCEX TEPMUHOB, HAIIPSAMYIO HJIH KOCBEHHO
CBSI3aHHBIX ¢ KOPHEBBIM KOHIIEIITOM OJHUM WJIM HECKOJIbKUMHU U3 CJIELYIONINX
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tunos ces3eil: SIB (sibling relationships— ropusonrasbablie cBs3u MeXK Ly
6umskopozcTBennbiME KoHnentamu), RO (other relationships— Beprukasbbie
cBsa3n HecuHOHMMHUYHBIX TepMuHOB), CHD (child relationships) n RN (narrower
relationships) — BeprukasibHble CBA3M POAUTEILCKUX TEPMUHOB C JIOUEPHUMHU,
RQ (related and possibly synonymous relationships — ropusonranbubie u
BEPTUKAJIbHDIE CBA3M OJIM3KOPOJCTBEHHBIX MJIM CUHOHUMUYIHBIX TEPMUHOB) U
SY (synonymous relationships— crporo cunonumugnbie c¢ssasu). Kparkas
XapaKTEePUCTHKA OCHOBHBIX THHOB cBsizeit UMLS nana B tabuune 2 [7].

TABIMIA 2. XapaKTepUCTUKA OCHOBHBIX THUIIOB CBSI3€H MEXK 1y
kounenTamu UMLS

. IIpumep cBsizu
Knacc caseit Tun - PUMED ~
CBA3HU Kopuesoit Tepmun Komnmesoit repmun
THosicamunbrit
RO Boaw B cimne
PaJUKYJIAT
O eHUsT
RQ Boub B crinne TILY T
AccormaTusHbIE JUCKOMQOPTa B CIUHE
RL lN'unepypukemust Boss B masnbue HOrm
MarHOCTUIEeCKUN
AQ Boab B ciune A
aCIeKT
QB Huarnoctuyeckuit actieKT | Bosib B ciune
SIB Boab B ciune AprpaJirus
PAR Boub B crinme Hopconarus
Vepapxuueckue CHD Bouib B ciune Boab B nosicaure
RB Bonab B crime Boab
Bouib B BepxHeit yacTu
RN Bosb B ciune p
CIIUHBI
CuHOHUMUYHBIE SY Bosb B ciune Boub: ciuna

HeobGxomumo ormerutsb, uro uepapxudeckue casu PAR (parent relation-
ships) u RB (broader relationships) — BepruxajibHble CBsi3u JOYEPHUX TEPMUHOB
C POIUTESLCKAMHI — BEAYT K 0DOOIIAIIINM TEPMUHAM, MCKAXKAOIIAM STHOIATO-
rereTmaeckuit 06pa3. Ilo aroit npuunHe JaHHbIE TUITHI CBsI3€il He NCIIOIb30BAUCH
JUUIsl arperanuu TepMuHOB. B cBoo ouepenn, ceasu RL («like» relationships—
FOPU30HTAJIbHBIE HJIM BEPTUKAJILHBIE CBA3U MEXK/Yy OJU3KOPO/ICTBEHHBIMU
repmunamu), AQ (allowed qualifier — BeprukabHbIE CBA3U JOYEPHUX TEPMUHOB
¢ ponurensckumu) u QB (can be qualified by — Beprukasibubie cBa3u poau-
TEJIbCKUX TEPMUHOB ¢ JOYEPHUMM) HE ObLIU IPEJICTABJICHBI B CIPABOYHUKAX
tepmuaoB UMLS, nepeBeieHHBIX Ha PYCCKMIl SI3BIK.

Ha Bropowm mrare oTOMpAJIICH TEPMUHDI, IIPUHAJIEKAIINE K TEMATHICCKIM
IpYyIIaM, BXOIIIMM B Hajkace Disorders (paccTpoiicTBa) ceMaHTHIeCKO
cern UMLS. Kompl u pactuundpoBKy TPy TEPMAHOB YKA3aHHOTO HAJIKIACCA
pezictaBieHbl B Tabsmie 3. JlaHHOe MOMCKOBOE yCJIOBHE TI03BOJIMIIO HCKIIIOYNATE
IPYHIBI IPOMEXKYTOYHBIX KOHIIEIITOB, HE MMEIOIIUX IIPSAMOrO OTHOIIEHUS
K 3THOIIATOreHe3y 3a00JIeBAHUI: TAKCOHOMUYECKNE U XPOHOJIOTMYECKHE
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Tapanua 3. Temaruyeckue rpynibl TEDMUHOB, UCIOJIb3yeMbIe
JIJIsT TIOUCKA CBsideil ¢ Hozosorusimu cupasounnka MKB-10

Ne | Koxy | HammMmeHoBaHHe TeMaTHYECKOH I'DYIIIBI U aJalTHPOBAHHbBIN IIEPEBOL

1 | T019 | Congenital abnormality (BpoKIeHHBIE aHOMAJINHN)

2 | T020 | Acquired abnormality (npuoGperennbie anomasmn)

3 | T033 | Finding (k/iuHUYeCKHE HAXOIKN)

4 | T037 | Injury or poisoning (TpaBMbl WM OTPABJICHNUS)

5 | T046 | Pathologic function (maTosoruueckue pyHKIWM)

6 | T047 | Disease or syndrome (3aGoJieBaHusl WM CHHIPOMBI)

7 | T048 | Mental or behavioral dysfunction (paccrpoiicTBa MpIIUIEHHS U ICUXUKH)

s | Toa9 Cell or molecular dysfunction (kserounble nau MOJEKyJISPHBIE
HAPYIIEHNs )

9 | Tos0 Experimental model of disease (sxcnepumenTaIBHBIE MOZEIN
3ab0J1eBaHmil)

10 | T184 | Sign or symptom (IpU3HAKU MM CHMIITOMBI)

11 | T190 | Anatomical abnormality (amaTommueckme HapyIIeHus)

12 | T191 | Neoplastic process (omyxosieBble TPOIECCHI)

CYIIHOCTU, SKOHOMUKO-IOPUJIMIECKIE U TeorpaduIecKue TEPMUHbBI, a TaKKe
Y3KOCIEIATN3UPOBAHHBIE TIOHATHUS U3 OUOJIOTUN M XUMUH.

Ha Tperbem Im1are ompeiessioch 9ucjI0 HE3aMKHYTHIX IPadOBbIX IIyTei
MeXKJ1y KOPHEBBIM (CHMIITOMATUYIECKIM ) U KOHIIEBBIM (HO30JIOIMYECKUM )
KOHIIEIITAMH, CBI3aHHBIMU JIPYT C APYTroM He OoJjiee, YeM depe3 JIBa IpOo-
MEXKYTOYHBIX y3J1a, OTHOCSIIUXCST XOTsI ObI K OJTHOM TeMaTUIeCKON TpyIIe
n3 Tabiuiel 3. HeobxomMo 0OTMETHTD, ITO MTPOBEIEHHBIE PaHee NCCIIETOBAHUS
IPOJIEMOHCTPUPOBAJIM BO3MOYKHOCTD HAXOXKJIEHUS [TO/IAB/ISIIOIIEr0 OOJIBIINHCTBA,
PeJIeBAHTHBIX KOHIIEIITOB [IPH yKA3aHHON ruryOuHe roucka [8].

B xo/1e Tperbero mara U3BJIEKAIUCH HO30JIOTUYECKIEe KOHIIENTHI (COOTHECeH-
uble ¢ kogamu MKB-10) u paccuurbiBainch pasjimdHble METPUKU UX CBIZHOCTU
¢ KOpPHEBBIM y3Jji0M. [lajiee 110 KaXKI0My KJIMHUIECKOMY MTPOMUIII0 [0y Y€HHBIX
KOHIIENITOB 3HAYEHUsI IPaApOBBIX METPUK CyMMUPOBAIUCh. [lorydaeHHbIit
9HUCJI0BOH Psi/l COPTUPOBAJICS 110 YOBIBAHUIO U TIOJIBEPraJICsi MUHIMAKCHOM
HOPMAaJIM3aIliN, TJIe eJINHATE COOTBETCTBOBAJIA MAaKCUMAJIbHAs OJIM30CTH
K COOTBETCTBYIOIIEN MeJIMIIMHCKON 00/1aCTH, a HyJII0 — MUHUMAJIbHas. SHAYEHUsI
COXPAaHSLINCH B Oa3e JAHHBIX U MOLJIU MCIOJIb30BATHCS JJIsl IOCTPOEHNsS BEKTOPA,
GYHKINI TPUHAJJIE2KHOCTH STUOMATOIEHETHIECKOTO 00pa3a OTIETbHBIX
KOHIIETITOB UJTH HA0Opa KOHIIEIITOB.

5. OueHka ka4yecTBa NOCTpPoeHnsi 0bpa3a HO30M0rmiA

Jlnst mpoBeieHs] CPABHUTEILHON XapaKTEePUCTUKU METPHUK OLEHKH CBSI3-
HOCTH IIPH IOCTPOCHUH 3TUONATOIEHETHIECKOTO 00pa3a MOy deHHAs [IJIs
KOHIIEIITa MeTKa 00pa3a HO30JIOTIYeCKOll eINHHUIE CPABHIBAIAChH ¢ (baKTuHe-
ckoit (kracc MKB-10). O6pa3s cunTasicst KODPEKTHBIM, €CJIM METKa KJIacca
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MKB-10 npucyrcrBoBaja B epedHe Tpex Hanbojiee XapaKTEPHBIX KJIACCOB
B BEKTODE ITHOIIATON€HETHIECKOro 00pa3a KOoHIenTa. BayKHO OTMETUTD,
9TO 00pa3bl OBLIN IIOCTPOEHBI TOJBKO JIjIsl KOHIIENITOB, HE COOTHECEHHBIX
¢ komamu MKB-10. /Iy Ho30/10rUit 9THONMATOreHETHIeCKEe 00pa3hbl CTPOUINCH
IIyTeM CyMMUPOBaHUs 3HaUeHNN (DYHKIUN ITPUHAJJIEXKHOCTH, HAIIPSIMYIO
CBSI3aHHBIX C HIMU CHMITOMATHYECKNX KOHIENTOB. JIaHHBIN 1TOIX0/] TO3BOJINIT
MHTErpaJjbHO OIEHUTDb 3P PEKTUBHOCTD Pa3METKN HO30JIOI'MYECKUX KOHIIEITOB
1 c/eIaTh BBIBOJL O BO3MOXKHOCTH €€ IIPUMEHEHHS IIPH PEIIeHNH 33/1a49H ONCKa
HanboJIee TOIXO/ISAINNXK JUATHO30B Ha OCHOBAHUN JIIOOOIO MCXO/IHOT'O HEPeTHs
CHMIITOMOB.

JlJis1 BBITIOJIHEHUST 3AIIPOCOB ¢ DOJIBIIIUM KOJIMYECTBOM OIEPAIUil 00b-
enuHenus (B IEPBYIO OYepeb, Cross join), Jieskalux B OCHOBE pacdera
METPUK CBSI3HOCTHU y3JI0B, npuMensiiack rpadosass CYB/l Neodj. Ilpu pabore
¢ ykazanuoit CYB]] ucnosb3oBasics JekaparuBublii 36k 3anpocos Cypher [9].
st Togeunoro nouncka KouuenTop UMLS npumeHsiiach 06'beKTHO-PEIAIINOH-
nass CYBJI PostgreSQL, nemoncTpupyomas Hauydnime pe3yIbTaTbl IIPu
u3BJeYeHnn NHMOPMAINY U3 XPAHUJIAIL JaHHBIX [10].

Jlj1s1 uHTErpaIy aHAJIUTHIECKUX IPOLEAYD B €IUHbIA BBIUUCIUTEILHBIIM
AJITOPUTM IIPUMEHSIINCH OUOJIMOTEKH sI3bIKa ITporpaMMupoBanust Python:
Psycopg2 (ausa paborsr ¢ CYB/I PostgreSQL), Neodj (misa paborst ¢ CYB/]
Neodj), Scipy, Pandas u Numpy (1y1s1 peaimu3aluy BHIYUCIUTENbHBIX ONIEPAIIit
u dopmuposanus OLAP-cpesos).

6. Buabl rpacoBbIX METPUK ANS1 OLEHKN CBA3HOCTU Y3108

YHUBEpPCATBHBIM S3BIKOM Pa3MeTKU rPadOBBIX MOJIeNIell 3HAHUI SBIISETCS
Eclipse Modeling Framework (EMF)—#a6op MHCTpYMEHTOB U CTaHAPTOB,
00€eCIIeYnBAIONINX OCHOBY JIJIs B3AUMOEHCTBUS CO3IaBAEMbBIX METAMOIEeH
¢ JIpyTUMU IporpaMMHbIME TIpoayKTamu. CornacHo crangapry Ecore, ucmosib-
zyromemy EMF, B 3aBucuMocT OT CHCTEMBI TUIIA3AIANA Y3JI0B IpadOBbIe
MOJIENIN JIeJIATCA Ha JiBa KJiacca. Tak, Mojesib 3HAHUIT CYMTAETCs MOHOTHIIHOM
(one-dimensional), eciiu B rpade orcyTcTBYET AeeHue y3/a0B Ha Tunbl. [Ipn
CYIIECTBOBAHUU CIIPABOYHHUKA, COOTHOCSIIETO y3JIbl I'pada ¢ KOHKPETHBIMU
TunaMu (U3 MHOXKECTBA TIPEJCTABIEHHBIX B MOJIEIHN THUIIOB), rpad cuauraercs
muororunsabiM (multidimensional) [11]. Cremyer yTo9HATD, YTO NCXOTHO
B UMLS mnpencrapieno 127 temMaTwyecKuxX I'PYII KOHIEIITOB, KOTOPBIE
[IPABOMEPHO MOI'YT CUUTATHCH TUaMu. JIJIs MHOTOTHUIIHBIX MOJEJell 3HAHUIT
CYIIECTBYET PsiJl OOIIENPUHSITHIX TPABUJI, JOIYIIEHUN U OrPAHUYEHUI, KOTOPBIE
HEOOXOIMMO yUUTHIBATH [IPU a0CTPAKTHO-JIOrmIeckoM anasm3e. [Ipexie Bcero,
KasK/1asl CeMaHTUIECKasl CYIHOCTh (HOPMYIMPOBKA TEPMUHA) JIOJZKHA OBITH
COTIOCTABJIEHA C COOTBETCTBYIOMMM y3JioM rpada. I[Tomumo sToro, KaxKaprit
y3eJs rpada J0ZKeH IPUHAIJIEKATH XOTd Obl K OJJHOMY U3 BbIJIEJISI€MbIX



(RUmEN; TTOCTPOEHME 9THONATONEHETUYECKOI'O OBPA3A KOHLENTOB UMLS 67

B CTPYKType 3Hanuii Tunos. Hakonerr, Mex 1y Jiro060# mapoit y3108 rpada
JIOJIZKEH CYITECTBOBATH KAK MUHUMYM OJIMH IIYTh.

15T MOHOTHUIIHBIX ¥ MHOTOTHITHBIX I'PAgOBBIX MOJEJIEH CyIIeCTBYIOT pa3-
JIMYHBIE BUJIbl METPHK OLEHKY CBA3HOCTU y3J10B [12]. OHAKO BAaXKHO OTMETUTD,
YTO MHOTOTHITHAS MOJIEb BCEr/Ia MOXKeT OBbITh NIPUBEIEHA K MOHOTHUITHOM IIPH
OIyIIeHNY UH(OPMAIMU O BbIJEJIsIeMbIX THIIAX y3Ji0B. [lockosibky UMLS
IIOJIHOCTBIO YIOBJIETBOPsET TpebOBaHUAM cTaHapTa Kcore /st KIacCHIecKux
MHOTOTHITHBIX IPadQOBBIX MOJIeJIell 3HAHNUIT, B HACTOAIIEH CTaThe PACCMOTPEHBI
METPHUKH i1 000UX KJIACCOB.

BaykupiM monoHUTEIBHBIM aTPUOYyTOM IpadOBBIX METPUK SBJISETCS
HAJIMYUe WK OTCYTCTBUE HOPMAJIM3AIINY MX BBIYUC/IsieMbIX 3HaueHuii. st Bcex
HOPMAJIM30BAHHBIX METPUK HHTEPBAJI JOMYCTUMBIX 3HAYECHUN JIEXKUT B CTPOTUX
npegesax ot 0 10 1, r7e HysieBoe 3HAYEHUE METPUKU YKA3bIBAET HA IIOJHOE
OTCYTCTBUE CBSI3HOCTH y3Ja C moarpadoM, a eIuHIIHOE — Ha, JIOCTUKEHNE
MakcuMaJsIbHOM cBsi3HOCTH [13]. O4eBHIHBIM IPENMYIIECTBOM HOPMAJIU-
30BaHHBIX METPUK SIBJISETCH BO3MOXKHOCTH ITPOBEJIEHUsI CPABHUTEIBHBIX
OI[EHOK MOIIIHOCTH U BAJMIHOCTH. [[OMUMO 9TOr0, HOPMAJIMN30BAHHBIE METPUKA
MOTYT OBITH OObEIUHEHBI B €MHBIN 9KCIIEPTHBIA aHCAMOJIb JIJIsl TIOBBIICHIST
3 HEKTUBHOCTH PENTeHnsT 33/1a1 U3BJICUEHUsT 3HAHUN U3 TpadOBBIX MOJIEEN.
Tem He MeHee, HEHOPMAJIM30BAHHBIE METPUKH TaK>Ke MOTYT IPEJICTABIISITh
[PAKTHYIECKYIO 3HAYUMOCTD, OJIarojapst BO3MOYKHOCTU UX aJAlITaIlliN 10/]
UHAVBUIYAJbHBIE TPEOOBAHMS PAOOTHI ¢ OTIEIHHBIMU MPA(OBBIME MOJIEISIMA
3HAHWIL, a TaKXKe 33 CYeT JOCTYIMHOCTH WX MOJUMDUKAIINHN [IyTeM POBEICHs
HOPMaJIM3AIAN C UCIIOJIH30BAHNEM COOCTBEHHBIX AHAJIUTUIECKUX OJIXOJIOB.

Hau6osiee undopmarusabivu crpykrypamu UMLS sBistores y3isl (Tepmu-
HbI), B TO BDEM$ KAK CBA3U MEXKILy HUMU CJIy?KAT B KAUECTBE BCIIOMOIATEIbHBIX
3JIEMEHTOB, XPAHSIINX CBEJIEHUsI O IIPUPOJIE B3aUMOOTHOIIEHHUI COOTBET-
CTBYIOIUX MOHATHI. B ¢Ba3U ¢ 9TUM 0COOYIO 3HATMMOCTD MPEJICTABIISTIOT
AHAJINTHYECKIE METPUKHU, OCHOBAHHDIE HA OIEHKE CBS3HOCTH Y3JI0B B mojarpade
(rabmumna 4) [14].

Tapmuua 4. I'padoBble METPUKHU JJTsT ONIEHKU CBSI3HOCTH y3JI0B B moarpade

Ne OpurunaiabHoe CMBICJIOBOI IIEPEBOJ, Tun Hasane
Ha3BaHUeE Ha PYCCKUIi sI3bIK MOZeu HOPMAaJIU3AIAHI

1 Clustering coefficient Koaddunuenr kiracrepusarun A Ha

9 Dimensional clustering | Koaddunuenr maororumntoi B Ta
coefficient KJIACTEePHU3aIUN

Koaddumuenr runosoi
IIPpUHAJJIIE2KHOCTHU

4 Multiplex Koaddunuenr B3Bemennoit
participation coefficient | TunoBOI NpUHAIIEXKHOCTH

3 Node activity b Her

B Ha

IIpumeuanusi: A — Monorunnas rpadosas Mojesb, B — Muororunnas rpadosasi MoOAEIb

CorytacHO JIaHHBIM 13 TaBJHIEL 4, K YUCIY METPUK JJIS OIEHKU CBSI3HOCTH
y3JI0B B MOHOTHITHBIX I'Pa(OBBIX MOJIEIAX 3HAHUNA OTHOCUTCH KOIDDUIUEHT
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kiacrepusanun (KK). KK npeaycmarpuBaer HOpMAJIU3AIUIO BHIXOIHBIX
suavenuii [15] u onpeensiercs o dbopmysie
(1) KK” = (RB + RH3)2 (g: + Rws _ 1)’

n n n n
rae Cy, — koamdectBo rpadoBbix (reOMeTPUYECKUX) KOHTYPOB, B 00pa3oBaHuu
KOTODBIX yuacTByer y3es n; RE —qucio pébep (cBsizeil), BXOASIMX B y3€a n, &
R —qucyo pébep (cBsizeit), HCXOMANINX U3 Y3J1a N.

K merpukam oleHKM 3HAYMMOCTHU Y3JIOB B MHOTOTHUITHBIX IPadOBBIX
MOJIEJISIX 3HAHUN OTHOCATCSI KOI(MDMUIIUEHT MHOTOTUITHON KJIACTEPU3AINH,
KO3 DUIMEHT TUITOBOIT TPUHAIIEXKHOCTA U KOIDDUITUEHT BIBEITECHHON
THUIIOBOI TPUHA/JIE?KHOCTH.

Kosdbdurment muororunaoit kinacrepusanun (KMK) ssisiercss 0606men-
HOIt Bepcueit paccmoTpennoro panee KK s MOHOTHITHBIX MOJeeit, TakKe
paccunTbiBaercs 110 Gopmysie (1) u umeer Tpu BOSMOXKHBIX Bapuaiuu. [lepsbiit
BapuanT KMK npejmosraraer BKoueHre B pacier y3J0B TOJBKO TOIO THIIA,
K KOTOPOMY OTHOCHTCsT KOPHEBOI y3esi. Bropoit BapuanT JaHHON METPUKH
OTJIMYIAETCS OT IPEJIBIIYINEro BKIIOYEHNEM B PACYET y3JI0B UCKIIOIUTETHHO
TeX THUIIOB, K KOTOPBIM He OTHOCHTCS KopHeBoil y3es. Tperunit Bapmant KMK
He TIPEJIIIOJIAraeT BBEJICHNs OIPAHIYEHUT HA COOTBETCTBUE UJIM HECOOTBETCTBHUE
THUIIOB KOPHEBOI'O y3JIa U CBA3AHHBIX C HUM Y3JIOB.

Kosdbdurmenr tunosoit npunamrexxuocru (KTII) pasasgerca uuciy
YHUKAJIBHBIX THUIIOB Y3JI0B, C KOTOPBIMU CBsI3aH KOpPHEBOIT y3eJs. Heobxommmo
orMmeTuTh, 9T0 KTTI He mpenmoaraeT HOpMaIH3aUy 3HAYEHIH U He yIUTHIBACT
CTPYKTYPY BCTPEYAEMOCTH PA3JUIHBIX TUIIOB CBA3AHHBIX Y3JIOB.

Kosddurmenr s3semennoit Tunosoit npuaaiexuoctu (KBTII) yerpanser
pobstemsl, cBs3auuble ¢ npuMenenneM kiaccuaeckoro KTTI, u ompenensiercs
o popmyiie

_ T R, (d) + R®(d) \?
@ KBTI = 73| 1 dGZD <Rn(D) + R?(D)) ’

rye T — 9uciio YHUKAJIBHBIX TUHOB y3J10B B noarpade st ysaa n; R, (d)—
YHCII0 TIPSIMBIX CBsA3€H (MCXOISIIUX WM BXOJANIAX) MEK/y KOPHEBBIM Y3JIOM
n u apyrumu ysjaamu toro xe tuna (d); R, (D)— ducio upaMbix cBsa3eit
(MCXOMAMUX WA BXOJANIAX) MEYKy KOPHEBBIM Y3JIOM 1 W JPYTUMHA y3JIaMu
moboro tumna (D).

7. DMnnpunyecknii 3aKOH « PaHr—4acTOTHOCTb»

HeobxoumMo oTMeTnTh, 9TO CTPYKTypa cBs3eit Mex 1y koumentamu UMLS
SIBJISIETCsT HEOMHOPOIHOM. [Ipu GOJIBIIOM |uCiie TPEICTABIEHHBIX THIIOB Y3JI0B
(TemaTHUeCKUX I'PYII), & TaKXkKe MHOr0OOpa3Uy THUIIOB U ATPUOYTOB CBs3eil
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MeXK/1y TepMHUHaMA HeﬂeCOO6paBHbIN[ ABJIFAETCA IIPUMEHEHNEe HaI/I60.Hee MOIITHbBIX
MHOTOTUIHBIX HOPMAaJIN30BAHHBIX IpadOBbIX METPUK — TPETHET'O BapUAHTA
KMK u KBTII. Ilpumenenue 9Tux aHATUTHIECKAX HHCTPYMEHTOB [JIst PabOTHI
C OIPOMHBIMU MACCHBAMU JIAHHBIX MOYKET CTATh IIPUYUHOM JJINTEILHOIO OUCKA,
3HAHUI, B CBA3U C YeM HEOOXOIMMO 3aHUMATHCH HAPAJLIETLHON pa3paboTKOit
6oJiee MPOCTHIX CIIOCOOOB OIEHKU CBSI3HOCTU TEPMUHOB B CEMAHTHYECKON CETH.
K umciy Takux criocoboB ciieyeT OTHECTH IOJICUYeT YHUC/Ia MPSIMBIX CBsi3eil
MEXKJIy HCCJIe/lyeMbIM KOPHEBBIM Y3JIOM U JIPYTUMH y3JIaMU, & TAKXKe II0/ICYEeT
FEOMETPUYECKNX KOHTYPOB, B KOTOPBIX IIPUCYTCTBYET KOPHEBOU y3€JI.

IIpu nocTpoeHnr MOHOTOHHO yOBIBaIOIEN (DYHKIIUH PACIIPEIETIEHIUS
YaCTOTHI BCTPEYAEMOCTH Y3JI0B (DOpMUpYyeTCs KJaccudeckas KpuBas 1lapero
(pucynok 1) [16]. CoriacHo JaHHBIM U3 PUCYHKA, Jyis JIE0GOH TOYKYM HA KPHUBOI
MOYKHO OIpeAeauTh KosmdecTBo KoHmenToB UMLS ¢ quciom npsiMbIx cBsi3eit He
MeHee 3a7aHH0r0. [1om06HOe pacipeesieHne MmIOTHOCTH CTPYKTYPhI IPaOBBIX
9JIEMEHTOB BCTPEYAETCs P aHAJIM3e si3BIKOBBIX MOJIEJIEl 1 M3BECTHO KaK 3aKOH
HMunda [17]. Hacrosimee ncciemoBanne MOKa3bIBALT, UTO CXOXkKas 00paTHAas
3aKOHOMEDHOCTDh XapaKTepHa il rpadoBoit nHbopMarmonHoit mogesn UMLS.

] ——————— lcx01HOE pacripeieneHne
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Pucynok 1. Kpupas 3aBUCHMOCTH MHUHUMAJIBHOI'O YHCJIA IPSMBIX
cBs3eit 1 ynciia KoHrenToB UMLS ¢ COOTBETCTBYIONUM YHUCIOM
IPAMBIX CBA3€i

Maremaruieckoe BbIpakKeHUe, alIPOKCUMUPYIOIIEe OIUCAHHYIO PaHee
3aBHCUMOCTD, [IPEJICTABICHO (POPMYIIOit

(3) y=2-10% 2" 1%

TJie & — YUCJIO NMPSMBIX CBA3€H TepMUHA, Y — KOJIMIECTBO KOHIIENITOB C INCJIOM
npAMBIX cBszeil He Menee x. Kosdbdurment nerepyunamun (R?) mys ganuoro
IMIOUPUYECKOro 3akoHa coctaBus 0.939; yTo cBUIETEILCTBYET O BHICOKOM
kadecTse annpoxkcumanun (p < 0.001).
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8. B3BelweHHbIii k03chhnLmeHT KnacTepmsaumnm

BrimeynomMstHy ThIN 3aKOH MOXKET CTaTh (PyHIAMEHTaIbHOW OCHOBOM J1JIst
CO3/1aHUS HOPMAJIM30BAHHBIX METPHUK PaHKHUPOBAHUS KOHIENTOB I'PpadoBoOit
mogzen UMLS. Tlonobuble MareMaTHIeCcKe HHCTPYMEHTHBI [IO3BOJISAT YYECThb
IUIOTHOCTD [IPSIMOTO OKPY?KEHHsI KOHIIEIITOB IIPU PEIIeHUH 33,1891 IONCKA
PEeJICBAHTHBIX 3HAHUI 1 M30€KATh MOTEHIINAIHLHOTO CMEIEHUsI OTIEHOK [TPU
pamXKXUpOBaHUH y3JI0B rpada.

C ucnosubzoBanueM HopMysibl (3) ObLIO MOJIYYEHO BbIPAXKEHUE JIJIsi
pacuera B3BenreHHOro koadduimenta kiacrepusamuu repmuta (BKK) sayrpu
uzBJiekaemoro mojarpaga UMLS
Cn

(4) BKK, = R 120"

ryie C), — 9UCJI0 TEOMETPUIECKIX KOHTYPOB UJIM HE3aMKHYTBIX ITyTeil, B 00pa30-
BAHUU KOTOPBIX yUACTBYeT y3es N, R, — Iuc/Io NpsSMbIX CBA3€Hl MEXKLy Y3JI0M
7 ¥ JIIOOBIMY JIDYTHUMU BEPIIMHAMU T'pada.

Hast macmrabuposanus suavennit BKK, paccantanueix mo dopmyste (4),
HEOOXOIMMO TPUMEHUTh MUHUMAKCHYIO HOPMAaJIU3AIUIO

min(BKKN)

max(BKKN) — min(BKKN)’
rie BKK,, —3nauenne BKK ma y3na n; BKKy — Habop paccanTaHHBIX
snadenuii BKK s vabopa y3mos N, 1yt KOTOPOro HEOOXOIMMO IIPOU3BECTH
pPaHXKUPOBAHUE.

(5) BKK/, = BKK,, —

9. BapmaHTbl rpacoBbIX KOHTYPOB U UX NPUMEHEHUNE B aHaNu3e
cTpyktypsl UMLS

HeobxonmnMo 0TMETHTH, 9TO T€OMETPUIECKIME KOHTYPAMU B TEOPUH I'Pad OB
[IPUHSITO HA3BIBATH JIIOObIE 3aMKHYThIE (DUTYPhI— CTPYKTYPhI, B KOTOPBIX
OIMH W TOT K€ y3eJI SBJISeTCd KOPHEBBIM M KOHIEBbIM. Ha pucynke 2
IIPeJICTaBJIEHb HEKOTOPbIE BO3MOXKHbBIE THUIIBI T€OMETPUIECKUX KOHTYPOB
B abcTpakTHOM Hojarpade. Hanbosiee coaiaHCMpOBaHHBIM 1 ONITUMI3UPOBAHHBIM
10 BBIYUCUTEIbHBIM 3aTPATAM SIBJISIETCHA UCIOJIb30BAHUE IIONCKA IPAdOBBIX
TPEYroJbHUKOB. VIMEHHO TOT THUI KOHTYPOB PACCUUTHIBAETCH B KJIACCUYIECKITX
Bepcuax KK u KMK, paccmorpennbsix panee. B 3aBucuMocT OT KOJTUYIECTBA,
BKJIIOYAEMBIX Y3JI0B B KaXKJbIil YPOBEHH moArpada MOryT OBITh HCIIOJb30BAHBI
pa3IMYHbIe BUJIbI T€OMETPUYECKNX KOHTYPOB. B HacCTOsIIIEM nCCIIeI0BAHII
Ipe/IJIaraeTcs MCIOJIb30BATh TPU PA3HOBUIHOCTU B 3aBUCHMOCTU OT pa3Mepa U
quca cjioeB u3Biaekaemoro moarpada repmuaoB UMLS. Taxk, moacaer auncia
BHEIITHAX TPEYTOJILHUKOB (Y KOTOPBIX OJIHA BEPIINHA OOPAINEHA K KOPHEBOMY
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KOHIIEIITY, & J[Be— K KOHIIEBOMY ) I€JIECOOOPA3HO [P YCJIOBUK
(6) NBIIyTp. < NBIIELHII. b

rae Nyuyrp, — 9HCIIO KOHIIENITOB B CJIOE, PACHOJIOKEHHOM OJIHKE K KODHEBOMY
KOHIIENTY, & Npgenmr, — IMCJIO KOHIIENITOB Ha 60Jiee BHENTHEM (TePMUHAIBHOM)
CJI0€ TI0 OTHOMIEHHIO K Nyyyrp.. [lomo0Haa cuTyarus xapakTepHa 1714 noarpada,
[IPEJICTABJIEHHOI'O Ha PUCYHKE 2, IIOCKOJIbKY B €ro IIPOMEXKYTOUYHOM CJIOE
HACIUTBHIBAETCS BCEro 4 KOHIENTa, a8 B TEPMUHAILHOM Cjtoe— 7.

ITpu usMenennu 3uaka HepaseHcTBa B (hopmyste (6) Ha IPOTUBOMIOIOKHBII
PEKOMEH,TyeTCsI UCIIOJIb30BATh II0JICYET BHYTPEHHUX TPEYTOJIbHUKOB — KOHTYDOB,
y KOTOPBIX OJ[HA BEPIINHA ObpalleHa K TePMUHAJIBHOMY CJIOI0 KOHIIEIITOB, a
JiBe — K KOpHeBOMY y3i1y). Ilozcuer uncaa rpadosbix poMOOB Tiesecoobpasen
1pu npubJIN3UTEIbBHOM PABEHCTBE Pa3MEPOB CJIOEB IIPH HEOOXOIUMOCTHU yUeTa
HAJIMYUs] HEIIPSIMBIX CBsI3el MexKy TepMuHaMu. Vcroyib30BaHne BapbUpOBaHUsI
Pa3/IMYHBIX TUIIOB I'PA(OBBIX KOHTYPOB B 3aBUCUMOCTH OT pa3Mepa CJI0eB
M3BJIEKAEMOr0 IToArpada MO3BOIUT ITOBLICUTH KOHTPACTHOCTb PaCcYeTOB U
VIIYUIIUTh KAIECTBO PAHKUPOBAHUS KOHIIEIITOB.

KopueBoii konuent

TIpomeskyTouHBIE KOHIIENTHI

KoHIieBbIe KOHIIETITHI

T'padoBblii TPeyroabHUK (BHELIHHI) TpadoBblii TpeyroabHUK (BHYTPEHHHIT)

I'padoBblii pom6

PucyHok 2. BapuaHTBI reoMeTpHUYeCcKUX KOHTYDPOB

10. Pe3synbraTthbl OLEHKN KA4ecTBa pa3mMeTKu HO30/10rM4ecKkux
koHuentos UMLS

IIpu ucnosip3oBaHuy MeTPUK U3 Tabjunbl 4, a TakyKe SMIUPUYECKU
IHIOJIyYeHHOT'O B3BEIIEHHOIO KO3 UIMEHTa KIIACTEPU3AINY YIATI0Ch IOCTPOUTH
STHONATOreHeTHYeCKnit 06pas3 yisi 134 Thic. cumnromarnyeckux (93.9%)
KOHIIENTOB pyccKost3braHoi Bepcun UMLS (ocraBimmecs: KOHIENTHL HE MMeJH
NIPSAMBIX U HEIPSAMBIX cBazeil ¢ HozosmorusaMu MKB-10 npu rirybune mouncka
TPETHEro ypPOBH:I).

Hasee ¢ ucriosb3oBaHneM 06pa30B CUMIITOMATUYECKUX KOHIIEIITOB OCY-
IIIECTBJIEHA OIIEHKA KadecTBa IIOCTPOEHUsI 00Pa30B JijIsl HO30JIOIMYEeCKHUX
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KOHIIEIITOB 1P MCIOJIb30BAHUU PA3JIMUHBIX I'PadOBbIX MeTpuk (Taduuna 5).

TasmunA 5. CpaBHUTeNbHAS XapAaKTEPUCTUKA PE3YJIbTATOB
kyaccudukanuy Hozosorundeckux Kouuentos UMLS (n = 1577)

Tun rpadoBoit MmeTpuku Tun rpacoBEIX KOHTYPOB P
raMHJIBTOHOBBI | HEraMHUJIGTOHOBBI

Kosddunpent xnacrepusanun (KK) 63+£1.2 64+1.2 0.361

Koaddurment MHOrOTUIIHOM 79492 744992 0.297

kiacrepusannu (KMK)

Kosdument Tunonoit 24 4 2.4 24424 0.965

npunagexkaocru (KTIT)

Kosddunuent B3BemeHHoM TUIIOBOM

npunaiexkHocra (KBTII) 84£16 88+ 1.6 0.024

Baemenusbtit kKoaddurpent 86 + 1.7 91+ 1.4 0.009

knacrepusarmu (BKK)

B sueitkax Tabauibl mpeicTaBiaeHbl 3Hadenus aosteit koumentos MKB-10,
JJIst KOTOPBIX STAJOHHAS METKA IIPUCYTCTBOBAJIA B IIEpEeYHE Tpex HanboJiee
XapaKTEePHBIX KJIACCOB B BEKTODPE ITHOIATON€HETHIECKOro obpasa (p + m,
rae p—3uadenue jposu, m— 95% nosepurenbubiit uarepsas). CorsiacHo
JIAHHBIM, IPEJICTABICHHBIM B TaOJIUIE, HAWIYUIIAN PE3yJIbTAT TOKA3aJl IIOXOI
¢ ucnoJib3oBanneM smvrupudeckn nosydennoro BKK. 3nadenne merpukn
KadecTBa Kjaaccudukanuu coctasmio 86 + 1.7% npu uCIob30BaHAE TOJBKO
raMUJIBTOHOBCKUX I'PAOBBIX KOHTYDPOB (CO CTPOro He HOBTOPAIOIIIMICS
rpaugmu) [18]. cnonb3oBatue HEraMUJIbTOHOBCKUX IMPAGOBBIX KOHTYPOB (C
BO3MOXKHOCTBIO TIOBTOPEHUsI OJHUX U T€X YK€ IPaHeil B KOHTYPe JIBaXKIbI)
[TO3BOJIUJIO CTATUCTUYIECKN 3HAYNMO MTOBBICUTH KAYMECTBO KJIACCH(MUKAIIN U
nobuTbes 3HaYeHnit MeTpukn kadectsa B 91 + 1.4% (p = 0.009).

Kinnudeckas mHTEpIpeTaIus 3TUONATOIEHETUIECKOr0o 00pa3a TepMu-
uoB UMLS moxker ObITH ITPOJEMOHCTPUPOBAHA Ha CJIEIYIONIEM ITPUMEPE.
Tak, 1151 KOHIENITAa-CUMIITOMa, C PYCCKOSI3BITHOM (hOPMYyTMPOBKOiT «OO0JIH
B CIIMHE» IIPH HUCIIOJbL30BAHUH AJTOPUTMA KJIACCU(MUKAIINN, OCHOBAHHOTO
Ha IPUMEHEHNU B3BEIIEHHOI0 KO3hdUINEHTa KIACTEPU3AIIUHT, ObLI 1101y IeH
cyleyromuil sTHonaroreHerndeckuii obpas: [«Opronenuaeckuii mpoduIIb» :
1.000, «Hesposorugeckuit npoduiss: 0.921, «Kapaunonorudeckuit npodusbs:
0.652, «¥Yporeuurasubublii npoduib»: 0.560]. Yka3aHHbI TepMUH nMeeT
HanboJiee BBIPAYKEHHYIO CBSA3b C MATOJIOTUAME KOCTHO-MbIedHoi (1.000)
u mepsuoii (0.921) cucrem, ceppeuno-cocyaucrbivMu marosorusmu (0.652)
u 3abosieBaHusiME yporenntaibHoro rpakra (0.560). Ilomyaennstit o6pa3
COTJIACYETCsI C COBPEMEHHBIMU JIAHHBIMU 00 3THOIIATOTeHe3e OOJIM B CIINHE
[19-21]. CBs3b ¢ OpTONIEIMIECKAM ¥ HEBPOJOTHIECKAM TPOMUIIIMEI MOKET
yKa3bIBaTh Ha HAJU4Ue HecHenuduuecKux (JeCTPYKTUBHBIX, AUCDYHKIMOHAIb-
HBIX WJIA JACTPOMUIECKUX ) U3MEHEHUI OLOPHO-IBUTATEIHLHOIO allliapaTa
C BO3MOXKHOCTBIO BTOPUYHOIO TIOBPEXKIEHUS] CMEXKHBIX CTPYKTYP mepudepu-
“ecKoil HepBHOI cucreMbl. CBsI3b ¢ 3a00JIEBAHUSMHE CEPIETHO-COCYIUCTOMN
CUCTEMBI 3aKJI0YAETCs B BOSMOXKHOCTH BO3HUKHOBEHUs O0JI C mppajualueit
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B CIIMHY IIPU OCTPOM HMHAAPKTE MHUOKap/a, KOraa 60Jb MOXKET OTJaBaTh
B CIIMHY IO/ JIEBYIO JIONIATKY WJIM MeXK1y Jonarkamu. Hakowen, 60/ B crinme
MOZKET BO3HHUKATDH IIPU HEKOTOPBIX 3a00JIEBAHUSX IIOYEK U IIPOSIBJISATHCS
B BHJIe cUMITOMa [lacTepHanKoro, 9To Mo3BOJISIET CIUTATH HOJIyIE€HHBIH 00pa3
KOPPEKTHBIM.

3aknoyeHne

Bormpoc 0 BO3MOXKHOCTH KCIIOJIb30BaHUsT I'PAMOBBIX NH(MOPMAIHOHHBIX
mogzeneit B cucremax [IIIKP xapakTepusyercsa HU3KOHN CTEEHBIO HAYIHOU TPO-
paborannoctn [22-25|. Peammsaius nadopMamoHHON TOAIEPKKA TPHHSITUS
KJIMHUYECKUX PEIeHnil ¢ UCIoJIb30oBaHneM Meraresaypyca UMLS Tpebyer
[IPUMEHEHNs METPHUK OIEHKU CBSI3HOCTH KOHIICTITOB JIJIS UX PAHKUPOBAHUS
II0 CTeleH! 3HAYNMOCTU B KOHTEKCTe pertaemoil 3ama4du. I3iaeuenue pe-
JeBaHTHBLIX 3HaHuit 13 UMLS MoxKeT cTaTh BOSMOXKHBIM IIPU pa3paboTKe
CHENUaIN3NPOBAHHBIX AHATUTUIECKAX METPUK U CO3/IAHUN CHCTEMBI BECOBBIX
K03 DUIUEHTOB B CTPYKType rpadoBoii HHPOPMAIMOHHON MOJIEIH.

B HacrosinieM ucciie[0BaHUU IIPOBEJIEHa CPaBHUTE/IbHAST XapaKTEPUCTUKA
rpadOBBIX METPHUK IIPU PEIIEeHNN 33291 TOCTPOEHUsT ITHOMATONeHETHIECKOTO
obpaza kourenToB meraresaypyca UMLS. Cpenn HaliieHHBIX B JUTEPa-
Type METPHUK OIEHKU CBSI3HOCTU y3JIOB B rpade JIOIMYyCTUMbIE Pe3YIbTaThl
mokazajan Ko3MUIMEHT MHOTOTUITHON KJIACTEePU3anuu U KO3MOUIIHEHT
B3BEIIEHHOW TUIIOBOM MpUHAIeKHOCTH. Jlo/IM COBIIaIeHnit METOK aJrOpUTMa,
¢ hakTyeckuM Kjaccom 3abosieBanus u3 crpaBounnka MKB-10 cocraBuan
72-74% n 84-88%, coorsercTBenHO. Hamnydmniee kKa1ecTBO KIaccuuKanum
[IPOJIEMOHCTPUPOBAJI ABTOPCKUil B3BEIIEHHBIH KOI(DMUIIMEHT KJIacTepU3aIiun
(86-91%), ocHOBaHHBI HA UCIOIBL30BAHUU SMIIMPUIECCKU [OJIYYeHHON dDyHKIMY
pacpe/ieIeHusT IJIOTHOCTU CTPYKTYPBI IPSIMBIX CBsideil y3710B. Otpejeerne
YUCJIa HEraMUJIBTOHOBCKUX I'PAOBBIX TPEYTOJIbHUKOB, 00PA30BAHHBIX IieJIe-
BBIM KOHITEIITOM, ITO3BOJISIET C BBICOKOI CTEIEHBIO TOYHOCTU OCYIIECTBIATH
OIIEHKY CTEIEeHN IIPUHAJIE’KHOCTH JII00Oro KoHIenTa merarezaypyca UMLS
K COOTBETCTBYIOIIUM KJIMHUYIECKUM HAITPABJICHUSIM.

Wcxomst 3 pe3yabraroB MHOTOKJIACCOBOI KJIACCU(DUKAIIMN HO30JIOT U
MKB-10 mo KJINHIIECKHM HAMPABICHUSIM, OBLIT CIEIAaH BBHIBOI O BO3SMOXKHOCTH
HCIOJIb30BAHUS B3BEIIEHHOIO KO3(M@MUIIMEHTa KJIACTEPU3AIUN JJIS Pellle-
HHUs 3a1a9 pasMerkn koumentroB UMLS. B manbmeiiniem mpeamosiaraeTcs
HCIIOJIb30BAHUE TIOJIYIEHHBIX 00PA30B CUMITOMATHIECKNX KOHIIEIITOB IIPU
nuddepeHIuaabHONl TUarHoCTuKe 3a00/IeBaHNl Ha OCHOBAHUU JAHHBIX,
MIOJIy9a€MBIX I3 HECTPYKTYPHPOBAHHOIO TEKCTA, C UCIIOJB30BAHIEM AJITOPUTMOB
U3BJIEYEHNS UMEHOBaHHBIX cylHocTeil. CoorHecenne hOpMyIUPOBOK U3 TEK-
CTOB C KJIUHUYECKN pa3MedeHHbIME KoHrentamMu UMLS mozBomuT cTponTh
YHUKAJIbHBIE STHOIATOT€HETHIECKIE BAPDUAHTHI 00PA30B 110 KIMHUYIECKOM
KapTHHE U COMOCTABJISITh UX C OOpa3amMu 3a00JIeBaHUIA, UTO CeIaeT BO3MOXK-
HBIM OCYIIIECTBJIEHNE KAIECTBEHHOI PabOThl MH(MOPMAITMOHHO-TIONCKOBBIX
AJITCOPUTMOB.
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Introduction

The Unified medical language system (UMLS) metathesaurus is the
biggest set of biomedical terms applicable to unstructured text analysis.
The latest version of UMLS includes 4.6 million interdisciplinary concepts
classified into 127 different thematic groups. Semantically close concepts
are connected by relationships uniquely assigned into nine main (and two
additional) types with 992 optional clarifying attributes. Almost each
UMLS concept is connected with at least one concept. That is why this
metathesaurus is able to be presented as oriented multigraph with about 98
million different relationships.

The approach to organizing data as graph informational models offers
numerous advantages, including significant opportunities for optimizing
analytical operations and the flexibility to choose various tools for data
visualization. This approach enables the creation of user-friendly program
modules for interpreting the structure of knowledge. However, currently,
there is no unified method for the meaningful aggregation of data from
graph informational models. The use of simple analytical options, such
as filters on relationship types or thematic groups of concepts, does
not yield clinically significant results. This challenge is attributed to
the heterogeneity of the UMLS Metathesaurus structure and the lack
of directed relationships between clinically relevant concepts. Therefore,
it is crucial to develop ensembles of different analytical algorithms and
combine them with complex systems of weight coefficients. Additionally,
the utilization of optimized and validated tools and metamodels, which are
unified sets of rules for the technical implementation of knowledge models,
is essential.

One of the key elements of the weight system for UMLS can be
values indicating the fuzzy membership degree of every concept in clinical
branches (such as pulmonology, cardiology and neurology). These values are
intended to demonstrate strength of etiologic and pathogenetic relationships
between concepts and branches. The set of values described above forms an
etiopathogenetic image, which is a vector with nonzero values indicating
the degree of concept membership in clinical branches.

The creation of an etiopathogenetic image for UMLS concepts enables
us to quantify their significance within a specific task context. This
process ensures a reduction in the breadth of information search when
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conducting graph queries. Calculating the distance between etiopathogenetic
image vectors of different UMLS concepts allows us to rank symptoms
and diseases based on their clinical proximity. This approach can be
employed for automatically generating lists of diseases for differential
diagnosis. Furthermore, it is important to compare various graph metrics
and scientifically validate their usage in the aggregation of clinically
relevant data from the UMLS graph model. Additionally, computing
etiopathogenetic images for UMLS concepts enhances information retrieval
algorithms by increasing the precision of mathematical contrasts.

The aim of this study is to compute and estimate etiopathogenetic
image of UMLS metathesaurus concepts using metrics for graph nodes
connectivity analysis.

1. Research phases

We have identified sequential key stages in our study. The first stage
includes deploying the UMLS graph model and implementing Russian
clinical thesauruses. The second stage involves creating semantic and
logic rules for extracting atomic formulations. The third stage implies
designing and technically implementing algorithms for calculating the
membership degree function values for clinical branches of UMLS concepts.
Finally, the fourth stage includes reviewing and comparing graph metrics,
using nosological concepts as an example, and computing etiopathogenetic
images. Additionally, during this stage, we developed a graph metric for
evaluating the connectivity of UMLS concepts.

2. Graph model of UMLS

UMLS graph information model has been deployed using ECORE
standard and all initially Russian translated concepts. They are presented
in MedDRA (Medical Dictionary for Regulatory Activities Terminology),
LOINC (Logical Observation Identifiers Names and Codes) and MeSH
(Medical Subject Headings) terminological systems. MedDRA is a semantic
tool for the majority of common clinical findings and symptoms coverage [4].
LOINC is a unified standard for different variants of medical tests
describing [5]. MeSH includes vertical heading hierarchy and their
synonyms for clinical articles labeling and rubricating. That is why MeSH
is applicable for medical text analysis as atomic formulations thesaurus.
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UMLS graph model with Russian translated concepts is significantly
smaller than the original metathesaurus. In total, our graph model includes
144 thousand (3.1%) concepts and 7.9 million (8.0%) relationships between
them. All concepts belong to 124 (97.6%) thematic types. The three
missing concept thematic types are not clinically significant UMLS groups.
They may never be applicable in describing clinical presentations or used
for diagnostic tests in patients.

The matching of UMLS concepts with various clinical branches have
been performed by calculating the connectivity of graph nodes. It has
been based on a density analysis of relationships between non-nosological
concepts and nosological concepts, which are uniquely mapped to ICD-10
(International Classification of Diseases, 10th Revision) codes in UMLS.
In turn, ICD-10 has been mapped to its Russian translated version from
the regulatory and reference information register of the Russian Ministry
of Health.

3. Preparation of diseases list for data labeling

Early diagnostic tasks do not require the formulation of a medical
diagnosis. Nevertheless, mapping symptoms to diagnoses requires the intro-
duction of restrictions on the list of diseases. In the current research, a set
of rules for filtering out irrelevant nosological concepts has been formulated.
These concepts include atomic terms with lemmas such as “unspecified”,
“classified”, “identified”, “other”; or terms that contain any diseases as
substrings. For example, the code “K29” — “Gastritis and duodenitis” is
redundant because there are codes in the Russian version of ICD-10, namely
“K29.7” —“Gastritis” and “K29.8” —“Duodenitis”, which are substrings of it.

Then, for additional filtering of nosological concepts, UMLS nodes
matched with ICD-10 and interpreted as symptoms or signs but not as
unique disorders by expert way have been removed from diseases list (for
example, “K92.0” — “Hematemesis”). Only concepts with the highest count
of directed relationships are used for ICD-10 codes mapped with more than
one UMLS concept. These procedures have resulted in a reduction in the
length of the diseases list from 11232 to 1577. These measures are important
for reducing potential bias in the calculation of clinical branch membership
degree values. UMLS nosological concepts mapped with ICD-10 codes
have been automatically associated with their clinical branches, as shown
in Table 1. There were not used in concepts labeling several ICD-10 classes:
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TaBLE 1. Clinical branches used in computing of etiopatho-
genetic image for UMLS concepts

Ne | CD-10 class (with codes diapasons) | Clinical branch name
1 V(F00-F99) Psychiatry

2 VI(G00-G99) Neurology

3 VII(H00-H59) Ophthalmology

4 | VIII(H60-H95) Surdology

5 1X(100-199) Cardiology

6 X(J00-J99) Pulmonology

7 XI(K00-K93) Gastroenterology

8 XII(L00-L99) Dermatology

9 | XIII(MO00-M99) Orthopedy

10 | XIV(NO00-N99) Urology and sexology

I certain infectious and parasitic diseases,
II neoplasms,

IIT diseases of the blood and blood-forming organs and certain disor-
ders involving the immune mechanism,

IV endocrine, nutritional and metabolic diseases,
XV pregnancy, childbirth and the puerperium,
XVI certain conditions originating in the perinatal period,
XVII congenital malformations, deformations and chromosomal abnor-
malities,
XVIIT symptoms, signs and abnormal clinical and laboratory findings,
not elsewhere classified,

XIX injury, poisoning and certain other consequences of external
causes,
XX external causes of morbidity and mortality,

XXI factors influencing health status and contact with health services
and

XXII codes for special purposes.

4. Algorithm for UMLS concepts etiopathogenetic images
computing

The computation of etiopathogenetic images for UMLS symptomatic
concepts has been implemented using an iterative cycle that includes
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TABLE 2. Brief semantical describing of basic UMLS relation-
ships types

Relationship class = Type An example of relationship
Root concept Leaf concept
RO Back pain Lumbar sciatica
RQ | Back pain Discomfort in the back
Associative RL Hyperuricemia Pain in the toe
AQ | Back pain Diagnostic aspect
QB Diagnostic aspect | Back pain
SIB | Back pain Arthralgia
PAR | Back pain Dorsopathy
Hierarchical CHD | Back pain Lumbar back pain
RB Back pain Pain
RN | Back pain OPfa g;éi upper part
Synonymous SY | Back pain Pain: back

several mathematical steps. In the first step, we have collected all
graph nodes related to the targeted concept by considering SIB (sibling
relationships), RO (other relationships, — largely, vertical relationships
between non-synonymous concepts), CHD (child relationships), RN
(narrower relationships, — vertical relationships between parent and child
concepts), RQ (related and possibly synonymous relationships), and (SY
(synonymous relationships). A brief description of UMLS relationship types
is presented in Table 2.

It is important to note that hierarchical PAR (parent relationships) and
RB (broader relationships— vertical relationships between child and parent
concepts) connect clinical concepts with non-specific UMLS nodes. Use of
them skews results of etiopathogenetic images computing. That is why
those relationships types were not used in concepts searching. In turn, RL
(like relationships— different horizontal and vertical relationships between
semantically related concepts), AQ (allowed qualifier— technical vertical
ascending relations) and (QB (can be qualified by — technical vertical
descending relations) did not appear in Russian translated UMLS sources.

In the second step, we have separated concepts non-related to the
“Disorders” semantic group in the UMLS network. Thematic types and
their names including in the “Disorders” group are described in Table 3.
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TaBLE 3. UMLS thematic groups used for aggregating of rela-
tionships with ICD-10 nosological concepts

Ne | Thematic group code (tui) | Name of thematic group

1 T019 Congenital abnormality

2 T020 Acquired abnormality

3 T033 Finding

4 TO037 Injury or poisoning

5 T046 Pathologic function

6 T047 Disease or syndrome

7 T048 Mental or behavioral dysfunction
8 T049 Cell or molecular dysfunction
9 T050 Experimental model of disease
10 T184 Sign or symptom

11 T190 Anatomical abnormality

12 T191 Neoplastic process

This limitation allows us to eliminate concept groups that are not related
with diseases etiology and pathogenesis. These include economical, juridical,
taxonomic and chronological concepts, geographic objects and specified

biochemical terms.

In the third step, we have calculated count of graph path between root
(symptomatic) and leaf (nosological) concepts related by not more than 2
other nodes mapped with groups in table 3. According to the results of our
early studies, this graph path length is sufficient to achieve a relevant

concept searching sensitivity of 90% [8|.
We have collected nosological UMLS concepts (mapped to ICD-10) and

calculated values of different graph metrics. Then their values have been
summarized for each clinical branch and were normalized data between 0
and 1 range by using the feature scaling (min-max normalization). Maximal
value 1 corresponded to the maximum proximity to the corresponding
medical area, and zero corresponded to the minimum. All calculated values
have been saved in database and were used for etiopathogenetic images

computing for UMLS concepts then.
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5. Estimation of etiopathogenetic images quality

In current study, estimation of graph metrics efficiency based on nodes
connectivity analysis in etiopathogenetic images computing. Received labels
for nosological concepts have been compared with ICD-10 class (actual
labels). According to the research condition, the computed image is correct
if ICD-10 label is present in top-3 clinical labels for corresponding disease
in its etiopathogenetic image vector. It is important to note that images
have been computed for non-mapped with ICD-10 concepts only. For
concepts mapped to ICD-10 codes we summarized values of membership
function for directly related clinical nodes in UMLS graph model. It
provides the integral images estimation for nosological concepts to make
conclusions about their applicability in multipurpose symptom checkers
development.

Queries with union operations (cross-joins) that underlie node con-
nectivity calculations have been performed by the graph DBMS Neo4;.
The declarative query language Cypher is used for Neo4j interaction [9].
However, the object-relational DBMS PostgreSQL is more effective
in handling specific queries. That is why this DBMS has also been used for
data aggregation from UMLS.

Analytical procedures have been integrated into a single script using
Python libraries: Psycopg2 (for executing queries in PostgreSQL DBMS),
Neo4j (for executing queries in Neo4j DBMS), Scipy, Pandas, and Numpy
(for data processing and statistical analysis).

6. Metrics for connectivity analysis of graph nodes

The Eclipse Modeling Framework (EMF) is a set of tools for unifying
the development and deployment of metamodels. According to the Ecore
standard used by EMF, there are two types of graph models based on node
typification. A knowledge graph model is one-dimensional if there is no
system for node differentiation by type. Otherwise, the graph model
is multidimensional [11]. To clarify, the current version of the UMLS
Metathesaurus contains 127 concept types. There are a set of rules,
limitations, and assumptions that need to be considered in the abstract-
logical analysis of multidimensional graph knowledge models. First and
foremost, each semantic entity (atomic formulation) must be associated
with the most appropriate graph node. Additionally, each graph node must
be mapped to at least one type. Lastly, there must be at least one path
between each pair of graph nodes.
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TABLE 4. Graph metrics for subgraph nodes connectivity analysis

Ne | Original name Using graph model Values normalization

1 | Clustering coefficient monodimensional +

9 Dlmen.swnal clustering multidimensional I
coefficient

3 | Node activity multidimensional —

4 Multiplex multidimensional +

participation coefficient

Different one-dimensional and multidimensional graph metrics have
been described for analyzing node connectivity in previous research [12].
However, it is important to note that multidimensional graph models can
be interpreted as one-dimensional if the distribution of node types is not
considered. The UMLS Metathesaurus fully complies with the Ecore
requirements for multidimensional graph knowledge models. That is why
we have reviewed graph metrics for both model classes in the current
research.

One of the most significant attributes characterizing graph metrics is
value normalization. As a rule, normalized metrics involve scaling values
in the range from zero (minimum node connectivity) to one (maximum
node connectivity) [13]. One distinct advantage of normalized metrics is
that they can be compared and validated, making them more effective than
metrics without value normalization. Additionally, normalized metrics can
be integrated into a single expert ensemble to improve the quality of data
aggregation. However, unnormalized metrics have practical significance due
to their adaptability for specific graph model analyses. They are also
applicable for modification and integration into analytical algorithms.

Nodes are the most significant knowledge sources in UMLS, while
relationships are addiction elements that contain data about the semantic
nature of concepts’ connection. For this reason, there is a great interest
in graph metrics for the estimation of node connectivity in graphs
(Table 4) [14].

According to the Table 4, one of the nodes connectivity metrics for
monodimensional graph models is clustering coefficient (CC). It provides
values normalization [15] and is calculated using expression

2-Cy
(R + Reh) - (Rig + Ryt = 1)

(1) Ccn =
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In the Equation 1, C), notes the count of graph contours included the node
n; RIM is the count of relationships directed to the node n, and RO" means
the count of relationships directed from node n.

Multidimensional graph metrics considered in the current study
include dimensional clustering coefficient, node activity and multiplex
participation coefficient.

The Dimensional Clustering Coefficient (DCC) is a generalized
version of CC for one-dimensional models. It can be calculated using
expression 1 in three different variants. The first variant involves using
nodes whose type coincides with the root graph node. The second variant
of DCC is the opposite of the first because it requires nodes whose type
does not coincide with the root graph node. The third type of DCC has no
limitations on the types of graph nodes.

The Node Activity (NA) is calculated as the count of unique types
of nodes directly related to the root in the graph. It is important to note
that NA is an unnormalized metric that does not take into account the
frequency of occurrence of different node types.

The Multiplex Participation Coefficient (MPC) does not have any
issues related to NA. It can be calculated using the expression

T R, (d) + Ro"t (d) \?
2 MPC,, = —— |1 — n .
? tT-1 2 <Rn<D)+Rz“t(D)
de D
In the expression 2, T notes the count of unique types which include
graph node n; R, (d) is the count of direct relationships between root
node n and nodes that type coincides (d) with n; R, (D) means the count

of direct relationships between root node n and any nodes regardless (D)
of their types.

7. Empirical law “rank-frequency”

It should be noted that the UMLS semantic network, which includes
clinical concepts, is heterogeneous. Given the presence of 127 types of nodes
and 992 relationship attributes in UMLS, the most suitable approach is to
use multidimensional normalized graph metrics, specifically the third
variant of DCC and MPC. The application of these analytical tools for big
data analysis has the potential to result in lengthy knowledge aggregation.
Therefore, the development of graph tools optimization ways becomes an
essential task to address before implementing knowledge bases in hospital
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Original distribution
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Fi1GUurRE 1. Approximation for UMLS concepts direct relation-
ships count and count of nodes with no less neighbors

information systems. This entails the creation of simplified metrics for
estimating graph node connectivity, which may involve counting direct
relationships of the root node and the number of graph contours involving
the root node.

We determined the number of direct relationships for each Russian-
translated UMLS concept and constructed an approximation of the number
of concepts that have such node neighbors in the graph model. This
monotonically decreasing function follows a Pareto distribution [16].
According to Figure 1, it is possible to calculate the count of UMLS
concepts with a direct relationship count no less than the corresponding
value. The same distribution is characterized, as empirical Zipf’s law applies
to the frequency table of words in a text or corpus of natural language [17].
In the current study, we have discovered the application of this law
in UMLS graph model analysis.

According to Figure 1, the observed empirical regularity is similar to
a Pareto distribution. This pattern is also observed in Zipf’s law, which is
applicable to semantic models.

This mathematical pattern is statistically significant and highly
determined (R? = 0.939, p < 0.001) by the following mathematical
expression:

(3) Y =2-10%. X 1290

In the expression 3, X is the number of graph contours that the
appropriate graph node is included in and Y is the actual value of the
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concept significance degree. The R-Squared (R?) for this empirical law is
0.939, indicating the high quality of our approximation function (p < 0.001).

8. Weighted clustering coefficient

The aforementioned empirical law can serve as the mathematical
foundation for normalized graph metrics used in ranking UMLS concepts.
These analytical tools take into account the density of the graph structure
when measuring concept relevance. This is important for reducing bias
in metric values when ranking graph nodes.

Using equation 3, we have created a mathematical expression for
calculating the Weighted Clustering Coefficient (WCC) used in ranking
concepts within the aggregated UMLS subgraph:

Ch

Rn1.290

(4) WCC, =

In the expression 4, C), is the count of subgraph contours or subgraph
paths with node n, R,, is the count of direct relationships between node n
and any graph nodes.

WCC (calculated with expression 4) values scaling is carried out with
minimax normalization application:

min (WCCN)
max (WCC N) —min (WCCN)
In the equation 5, WCC,, denotes the WCC value for node n; WCCy is
the set of WCC values for ranked set of nodes (N).

(5) WCC!, = WCC,, —

9. Kinds of graph contours and their usage in UMLS structure
analysis

Graph theory maintains that graph contours are any closed geometric
shapes, which implies that the root node is also a leaf node in these graph
structures. Figure 2 illustrates various types of graph contours. Among
these, the most mathematically balanced and computationally optimized
are graph triangles. This type of contour is used in the CC and DCC graph
metrics described earlier in this study. There are different types of contours
that can be used in graph metrics calculations, depending on the number
of nodes at each subgraph level. In this study, we have presented three
types of graph contours and provided recommendations for their usage.
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Root concepts layer

Intermediate concepts layer

Leaf concepts layer

Graph triangle (internal)

O

Graph rhombus

Graph triangle (external)

FI1GURE 2. Kinds of geometrical contours

Specifically, it is advisable to aggregate external triangles (those with 1
vertex in the internal nodes layer and 2 vertices in the external layer) from
the graph if the following condition is met:

(6) Ninternal < Nexternal

In the inequality 6, Niyternal— count of nodes in internal layer (that is
closer to root node), Nexternal— count of nodes in external layer (that is
closer to leaf node). This condition is met for Figure 2 because in the
intermediate subgraph layer, there are only four concepts, while there are
seven in the terminal (external) layer.

In the opposite case, we recommend using the count of internal
triangles (those with 1 vertex in the external node layer and 2 vertices
in the internal layer) for graph metric calculations.

Counting the number of graph diamonds is advisable when the
subgraph layer sizes are equal or when it is needed to shortest indirect
paths searching between concepts. Utilizing variations of different graph
contour types depending on the size of the extracted subgraph provides
increasing of mathematical contrast of calculated values and ranking
quality of concepts.

10. Quality estimation results for etiopathogenetic images
of nosological UMLS concepts

Using metrics from Table 4 and empirically obtained WCC, we have
computed an etiopathogenetic image for 134 thousand Russian translated
symptomatic (93.9%) UMLS concepts. Other nodes are not connected with
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TABLE 5. Comparison of nosological UMLS concepts classifica-
tion results (n = 1577)
Type of graph metric Types of graph contours p
hamiltonian | non-hamiltonian
Clustering coeflicient (CC) 63+ 1.2 64 + 1.2 0.361
Dimensional clustering coefficient
(DCC) 72422 74+2.2 0.297
Node activity (NA) 24424 24+2.4 0.965
Multiplex participation coefficient
(MPC) 84+1.6 88+£1.6 0.024
Weighted clustering coefficient
(WCQ) 86 £ 1.7 91+14 0.009

ICD-10 concepts by direct relationships and indirect paths with length less
than 4.

Then we have estimated the quality of etiopathogenetic images
calculated by different graph metrics usage for nosological concepts
(Table 5).

There are percentages (p £ CI95%) of concepts for which the basic
clinical label (ICD-10 class) is present in the list of the three most inherent
classes in the etiopathogenetic image vector presented in Table 5. According
to Table 5, the best results have been identified using the empirically
obtained WCC. The classification quality metric reached 86 + 1.7% when
only Hamiltonian graph contours (with non-repeating edges) were used [18].
The use of non-Hamiltonian graph contours (allowing for the possibility
of repeated edges in the contour) statistically significantly improved the
classification quality to 91 &+ 1.4% (p=0.009).

Clinical interpretation of the etiopathogenetic images for UMLS
concepts can be demonstrated using the following example. There is
a beforehand computed etiopathogenetic image vector calculated for
symptomatic concept “back pain” using WCC in our database: ["Orthopedy":
1.000, "Neurology": 0.921, "Cardiology": 0.652, "Urology": 0.560]. Thus,
the specified concept is most strongly related with musculoskeletal pathology
(1.000), neurological disorders (0.921) and a little poor with cardiovascular
pathologies (0.652) and urogenital diseases (0.560). Based on this we can
conclude that the calculated image aligns with contemporary data on the
back pain etiopathogenesis [19-21]. Back pain association with orthopedic
and neurology may be explained by the presence of this symptom in patients
with nonspecific (degenerative, dysfunctional, or dystrophic) changes



ENZRY COMPUTING OF UMLS CONCEPTS ETIOPATHOGENETIC IMAGE USING GRAPH METRICS 91

in the musculoskeletal system. Also back pain may be associated with the
secondary damage to some structures of the peripheral nervous system.
The association with cardiovascular diseases may be explained by back
pain presence in patients with acute myocardial infarction when it can refer
to the back under the left scapula or between the shoulder blades. Finally,
back pain may be related to some kidney diseases, which are manifested by
this symptom. That is why the etiopathogenetic image automatically
calculated for this UMLS concept is quite correct.

Conclusion

The lack of knowledge about the possibility of using graph information
models in clinical decision support systems (CDSS) is an actual issue
[22-25]. UMLS Metathesaurus integration into CDSS requires the
application of graph metrics for concepts significance estimation in the
specific task context. Clinically relevant UMLS knowledge extraction may
become feasible with the development of specialized analytical metrics and
automatically calculated weight coefficients system.

In the current study, we have estimated graph metrics in computing of
etiopathogenetic images for UMLS concepts. The acceptable results have
been taken by the dimensional coefficient and the multiplex participation
coefficient described in early studies by other research teams. The
percentages of relevant clinical labels for nosological concepts were 72—
74% and 84-88%, respectively. The best classification quality has been
demonstrated by the weighted clustering coefficient (86-91%), based on
the use of an empirically obtained density distribution function of nodes
direct relationships. That is why the calculation of non-Hamiltonian
graph triangles included root node may be used to relate concepts to
the corresponding clinical branches with high quality. Based on the
results of multi-class ICD-10 concepts classification, we have concluded
that the weighted clustering coefficient could be used for UMLS concepts
marking and in particular etiopathogenetic images computing. In the
future, it is anticipated that these images will be used for differential
diagnosis of diseases with the use of named entity recognition. Text
mapping with UMLS clinical concepts provides generation of disease
semantic profiles applicable to their integration into CDSS intended for
relevant data aggregation.



92 PaveEL A. ASTANIN, SVETLANA E. RAuzINA, TAT’YANA V. ZARUBINA ENZRY

References

[1] P.A. Astanin, L. V. Ronzhin, S. E. Rauzina, T. V. Zarubina. “Semantic analysis
algorithms for data processing and possibilities of their usage in medical
information systems development”, Cifrovaya statistika. Novye zadachi i
traektoriya dvizheniya — 2022, Materialy IV S”ezda medicinskix statistikov
Moskvy (21-23 sentyabrya 2022 goda), 2022, pp. 6-9 (in Russian). 7

[2] V.V. Kukarcev, Z.A. Kolmakova, O.L. Mel'nikova. “System analysis
of possibilities to retrieve essentials using text mining technology”, Perspektivy
nauki, 120:9 (2019), pp. 1820 (in Russian). |

[3] M. Berlingerio, M. Coscia, F. Giannotti, A. Monreale, Pedreschi D. .
“Multidimensional networks: foundations of structural analysis”, World Wide
Web, 16 (2013), pp. 567-593. d =

[4] D.L. Klabukova, M. V. Davydovskaya. “Implementation of the MedDRA
international terminology base into the pharmacovigilance practice Russia”,
Moskovskaya medicina, 35:1 (2020), pp. 6469 (in Russian). 170

[5] A.G. Kuz’min, M. F. Umarov. “Integration of modern medical informa-
tion technologies”, Vestnik Vologodskogo gosudarstvennogo universiteta. Seriya:
Tezxnicheskie nauki, 12:2 (2021), pp. 32-35 (in Russian). 179

[6] I. M. Zaczman, O. V. Zolotarev, A. X. Xakimova, Gu Dunsyao. “Model and
technology for discovering new terms in medical texts”, Inform. i eyo primen.,
16:4 (2022), pp. 80-86 (in Russian). d 7

[7] F. Mougin, N. Grabar. “Auditing the multiply-related concepts within the
UMLS”, Journal of the American Medical Informatics Association, 21:e2 (2014),
pp. €185-193. 4

[8] P.A. Astanin. “Application of automated analysis of the UMLS semantic
network to solve the problem of searching for current knowledge about
rheumatic diseases”, Matematicheskoe modelirovanie sistem i processov, Sbornik
materialov Mezhdunarodnoj nauchno-prakticheskoj konferencii (g. Pskov, 9-11
noyabrya 2022 g.), Pskovskij gosudarstvennyj universitet, Pskov, 2022, 1SBN
978-5-00200-102-6, pp. 6—12 (in Russian). &3

[9] S.A. Yamashkin, M. A. Skvorczov, M. V. Bol’shakova, A. A. Yamashkin.
“Comparative analysis of approaches to database management for organizing
a repository of neural network models”, Sovremennye naukoemkie texnologii,
2021, no. 6-1, pp. 108-113 (in Russian). d = {s4

[10] Eliseeva E.A., Goryachkin B.S. , M.V. Vinogradova, M.V. Chernen’kij.
“Estimating search execution time in NoSQL and object-relational databases”,
Dinamika slozhnyz sistem — XXI vek, 23:2 (2022), pp. 44-51 (in Russian). d

[11] A.P. Eremeev, E. R. Muntyan. “Development of an ontology based on graphs
with multiple edges of different types”, Iskusstvennyj intellekt i prinyatie reshenij,
2021, no. 3, pp. 3-18 (in Russian). d = s4

[12] V. Nicosia, V. Latora. “Measuring and modeling correlations in multiplex
networks”, Physical Review E, 92 (2015), id. 032805. d = 115

[13] F. Battiston, V. Nicosia, V. Latora. “Structural measures for multiplex
networks”, Physical review E, 89 (2014), id. 032804. d = a5


https://doi.org/10.1007/s11280-012-0190-4
https://doi.org/10.14357/19922264220412
https://doi.org/10.1136/amiajnl-2013-002227
https://isbnsearch.org/isbn/978-5-00200-102-6
https://isbnsearch.org/isbn/978-5-00200-102-6
https://doi.org/10.17513/snt.38706
https://doi.org/10.18127/j19997493-202202-05
https://doi.org/10.14357/20718594210301
https://doi.org/10.1103/PhysRevE.92.032805
https://doi.org/10.1103/PhysRevE.89.032804

ENZRY COMPUTING OF UMLS CONCEPTS ETIOPATHOGENETIC IMAGE USING GRAPH METRICS 93

[14] G. Szarnyas, Z. K&vari, A. Salanki, D. Varro. “Towards the characteri-
zation of realistic models: evaluation of multidisciplinary graph metrics”,
Proceedings of the ACM/IEEE 19th International Conference on Model Driven
Engineering Languages and Systems (Saint-malo, France, October 2-7, 2016),
ACM, New York, 2016, ISBN 978-1-4503-4321-3, pp. 87-94. d = Ts5

[15] M. C.V. Nascimento, A. C. P.L.F. Carvalho. “A graph clustering algorithm
based on a clustering coefficient for weighted graphs”, Journal of the Brazilian
Computer Society, 17 (2011), pp. 19-29. d = 755

[16] I.S. Pul’kin, A.V. Tatarincev. “Sufficient statistics for the Pareto
distribution parameter.”, Russian Technological Journal, 9:3 (2021), pp. 88-97
(in Russian). d = a7

[17] V.Yu. Sinicyn, V.S. Kashparova. “Frequency properties of the lexis of scientific
texts and Zipf’s laws of higher orders”, Vestnik RGTU. Seriya: Informatika.
Informacionnaya bezopasnost’. Matematika, 2022, no. 4, pp. 75-91 (in Russian).
d 187

[18] E. Ghaderpour, D. Morris. “Cayley graphs on nilpotent groups with cyclic
commutator subgroup are hamiltonian”, Ars Mathematica Contemporanea, 7:1,
Special Issue Bled’11 (2011), pp. 55-72. ¢ = Too

[19] A.E. Karateev. “Chronic back pain as a spinal osteoarthritis manifestation:
rationale and practice of symptomatic slow acting drugs for osteoarthritis use”,
Sovremennaya revmatologiya, 16:4 (2022), pp. 88-97 (in Russian). d = 190

[20] H. Higuchi, T. Harada, J. Hiroshige. “Evaluation of the usefulness
of costovertebral angle tenderness in patients with suspected ureteral stone”, J.
Gen. Fam. Med., 24:1 (2023), pp. 56-58. d = 190

[21] L. Se, Ch. Du, Ch. In, Ya. Vej. “Acute aortic dissection with right-sided chest
and back pain accompanied by left-sided limb dyskinesia”’, Kardiologiya, 62:6
(2022), pp. 74-76 (in Russian). d¢ = oo

[22] S.V. Duga, A.I Trufanov. “The knowledge graph concept of decision support
system in preliminary investigation”, Bezopasnost’ informacionnyx texnologij,
27:3 (2020), pp. 5465 (in Russian). d¢ = 191

[23] O.P. Mosalov. “Edge embedding of ontology graphs as a tool for analysis and
generation of new data”, Informacionno-texnologicheskij vestnik, 27:1 (2021),
pp. 93-101 (in Russian). o1

[24] E.A. Anan’eva. “Levels of presentation of passenger transport route networks
in the form of graph models”, Colloquium-Journal, 35:11-1 (2019), pp. 63-68
(in Russian). fo1

[25] E.A. Bliznyakova, A. A. Kulikov, A. V. Kulikov. “Comparative analysis
of methods for finding the shortest distance in a graph”, Arzitektura, stroitel’stvo,
transport, 2022, no. 1, pp. 80-87 (in Russian). d = o1

Received 30.03.2023;
approved after reviewing 05.05.2023;
accepted for publication 18.06.2023;
published online 07.10.2023.

Recommended by PhD. Ya. I Guliev


https://isbnsearch.org/isbn/978-1-4503-4321-3
https://doi.org/10.1145/2976767.2976786
https://doi.org/10.1007/s13173-010-0027-x
https://doi.org/10.32362/2500-316X-2021-9-3-88-97
https://doi.org/10.28995/2686-679X-2022-4-75-91
https://doi.org/10.26493/1855-3974.280.8d3
https://doi.org/10.14412/1996-7012-2022-4-88-97
https://doi.org/10.1002/jgf2.581
https://doi.org/10.18087/cardio.2022.6.n1818
https://doi.org/10.26583/bit.2020.3.05
https://doi.org/10.31660/2782-232X-2022-1-80-87

94 PavEL A. AsTANIN, SVETLANA E. RAuzINA, TAT'YANA V. ZARUBINA ENZRY

Information about the authors:

Pavel Andreevich Astanin

postgraduate student of the medical cybernetics and
informatics department named after S. A. Gasparyan,
data analyst of the Laboratory for semantic analysis
of medical information, (HDTI, RNRMU). Research
interests: natural language processing (NLP), graph
theory, databases, fuzzy logic, CDSS development. An
author of more than 45 scientific papers

0000-0002-1854-8686

e-mail: med_ cyber@mail.ru

Svetlana Evgen'evna Rauzina

phD, docent of the medical cybernetics and informatics
department named after S. A. Gasparyan, Head of the
Laboratory for semantic analysis of medical informa-
tion (HDTI, RNRMU). Research interests: medical
informatics, HIS designing, CDSS development. An
author of more than 50 scientific papers includes 1 class-
book, 2 monography chapters, 4 certificates confirming
the result of intellectual activity, 3 toolkits

0000-0002-9535-2847

e-mail:  rauzina@mail.ru

Tat'yana Vasil'evna Zarubina
phD, professor, head of the medical cybernetics and
informatics department named after S. A. Gasparyan,
member of RAS, head of HDTI, chief specialist of the
Russian Ministry of Health on CDSS. An author of more
than 270 scientific papers includes 2 classbook, 5 mono-
graphs, 10 certificates confirming the result of intellectual
activity
0000-0002-4403- 8049

e-mail: t_zarubina@mail.ru

The authors declare no conflicts of interests.


https://orcid.org/0000-0002-1854-8686
mailto: med_cyber@mail.ru
https://orcid.org/0000-0002-9535-2847
mailto: rauzina@mail.ru
https://orcid.org/0000-0002-4403-8049
mailto: t_zarubina@mail.ru

\RUmEN; IIPOTPAMMHBIE CUCTEMBbI: TEOPU S U ITPNJIOZKEHN A ISSN 2079-3316

HAYUHAA CTNAMBA MH®OPMALIMOHHBIE TEXHOJIOTMM B MEJIMLIMHE

VK 004.932.2:616-073.75
d 10.25209/2079-3316-2023-14-3-95-113 1)

WNcnonb30Banne HEPOHHBIX ceTell Jijisl TIONCKA HapYIIEeHU
YKJIQJIKM HallieHTa Ha peHTreHorpaMMax OpPraHOB I'DYTHOM
KJIETKU

.
Anexcannp Anekcangposunu Bopucos!™, FOpuit Anexcanaposuu Bacuines?,
Anron Bsuecnasosuuy Biagzumupckuii’, Osbra Bacuibesna OMesistHCKast,
Cepadum Cepreesna CemeHoB®, Kupuan Muxaitnosua A p3amacoB®

1 Poccniickuii HaymoHanbHbI nccnegosaTensckuii MeagnunHckuii yuusepcutet um. H. U. Muporosa, Mockea,
Poccus
1-6 HayuHo-npakTuyecknii KNMHNYECKINA LEHTP AMArHOCTUKN 1 TeNeMeANLNHCKIX TexHonoruii Jenapramenta
3apaBooxpaHeHus ropoga Mockebl, Mockea, Poccusi

Maleksandrborisovl 0650Q@gmail.com

AHHOTauus. B paboTe mpe/ICTaBIeHbl PE3y/IBTATLI TPUMEHEHUs TPaHChepHOTO 06y deHust
MIyGOKUX CBEPTOYHBIX HEHPOHHBIX CETEH /1 3a/1a9u MOUCKA PEHTIEHOIPAMM OPraHOB
IPYJHON KJIETKH C HAPYIIEHUSIMHU YKJIAIKU U MO3UIMOHNPOBaHus naruenTa. OneHnBaeMble
HelpoceTeBble apxXUTEKTyPHl: InceptionV3, Xception, ResNet152V2, InceptionResNetV2,
DenseNet201, VGG16, VGG19, MobileNetV2, NASNetLarge. st 06y4eHus: u TeCTUPOBaHUS
HCIIOJIL30BAJINCH PEHTTEHOIPAMMBI IPYAHON KJIETKHU, IOJIyI€HHbIE U3 OTKPBLITHIX HAOOPOB
JaHHBIX 1 EauHOrO painoorndeckoro nHgOpMaIlnoHHOro cepsuca ropoga Mocksbl. Bee
[IOJIy Y€HHBbIE MO/JIEJI UMEJIM METPUKH JIUArHOCTUYeCKON TouHoCTH Bbie 95%, npu sToMm
Mozesn Ha ocHOBe apxuTeKTyp ResNet1l52V2, DenseNet201, VGG16, MobileNet V2 nmenn
CTATUCTUYECKU 3HAYUMO JIy4Illne METPUKHU, YeM Japyrue mozenu. Hawmrydmume abcosorabe
3HAUEHHs METPHK HoKasasa Mogenb ResNet152V2 (AUC =0.999 ,ayscrBuTensHOCTE=0.987,
crenuduanoctb=0.988, obmasa Bamugaocts =0.988, F1 mepa = 0.988). Moaens MobileNetV2
[OKa3aJ1a HAWLY4IIyI0 CKOPOCTb 06paboTKu ozxHoro ucciaenosanus (67.8 £ 5.0 ms). ITupokoe
HCIIOJIb30BAHKE IOJIyYEHHBIX HAMU AJTOPUTMOB CIHOCOOHO OBJIErYUTh CO3/anue Oosbmx 6a3
JAHHBIX KAYECTBEHHBIX MEUIMHCKUX U300PaKeHUi, a TaK»Ke ONTHUMH3UPOBATH KOHTPOIb
KadeCTBa IIPY BBIIOJHEHUN PEHTTEHOrpadUIeCKUX UCCIIEJOBAHM OPraHOB I'PYIHON KJIETKHU.

KntoyeBble cnosa n ¢pasbl: HEAPOHHBIE CETH, IITyOOKOE 00yUYeHUEe, KOHTPOJIb
KadecTBa, PEHTTEH OPraHOB TPYIHON KJIETKH

BnarogapHoctu: Crarbst noarorosiena B pamkax HUMOKP "Paspaborka
1aTHOPMbI OArOTOBKYM HAOOPOB JAHHBIX JIYYEBBIX JMAIHOCTUIECKUX UCCIIEI0BAHMI"

(Ne ETTICY: 123031500003-8)

Onsi untuposanusi: Bopucos A. A., Bacunbes FO. A., Baragzumupckuii A. B.,
Owmensiackast O.B., Cemenon C. C., Apsamacos K. M. Hcnoavzosarue HetiporHvix
cemeti 0AA NOUCKA HAPYWEHUT YKAGOKYU NAYUEHNA HQ PEHMZEHO2PAMMAL OP2AHOE
epyodnoti kaemxu // IlporpaMmMubie cucreMsr: Teopust n npuitozkenns. 2023. T. 14.
Ne 3(58). C.95-113. https://psta.psiras.ru/read/psta2023_3_95-113.pdf

© Bopucos A.A., Bacusbes FO. A., Baagsumupckuii A.B., Omensinckas O.B., Cemenos C.C.,
Apszamacos K. M. 2023 (IO


psta.psiras.ru
https://creativecommons.org/licenses/by/4.0/deed.ru
https://crossmark.crossref.org/dialog/?doi=10.25209/2079-3316-2023-14-3-95-113&domain=pdf&date_stamp=2023-10-07
http://scs.viniti.ru/udc/
https://doi.org/10.25209/2079-3316-2023-14-3-95-113
https://rsmu.ru/
https://rsmu.ru/
https://telemedai.ru/
https://telemedai.ru/
mailto: aleksandrborisov10650@gmail.com
https://www.mos.ru/dzdrav/documents/department-acts/view/288805220/
https://www.mos.ru/dzdrav/documents/department-acts/view/288805220/
https://mosgorzdrav.ru/ru-RU/document/default/view/2041.html
psta.psiras.ru
https://psta.psiras.ru/read/psta2023_3_95-113.pdf

96 A. A. Borucos, IO. A. BacunbeB, A. B. BJIAIBUMUPCKUIT U [IP.
Beepenne

KatecTBo BBIMOIHEHHOTO PEHTTE€HOIOTHIECKOrO UCCIIEIOBAHNS HAIPSIMYIO
BJIHsET Ha OUATCHOCTHUKY U JI€UeHNe 3a00/I€BAHNI U SIBJISIETCS OMPeesIsio-
IIHM IOKa3aTesIeM IPHU IOCTAHOBKE JUATHO3a U BLIOOPE TAKTUKU BeIEHUSI
nmanuenta [3]. MakcumasbHas HHGOPMATUBHOCT HCCICIOBAHMIS MOXKET
OBITH JOCTUTHYTA TOJBLKO IIPU COOIONCHUN BCEX YCTAHOBICHHBIX KPUTEPHUEB
kavecrsa [1].

OpanM U3 BaXKHEHINUX KPUTEPUEB KAYECTBA, JIJII PEHTIE€HOJIOTTIECKOTO
HUCCJICIOBAHUS IBJISIETCS TPABUILHOE IOJIOYKEHUE TarumenTa. Bo BpeMs
VKJIQJIKU ¥ [TO3UIMOHUPOBAHNS TTAIIMEHTa [P TPOBEIEHUN PEHTTeHOrpadun
OPraHOB I'PYJIHON KJIETKU HEOOXO/MMO YUUTHIBATH PACIIOJIOXKEHUE BEPXYIIeK
Jlerkux, pebepHo-uadparMaibHbIX YIJIOB U JPYTUX I'PAHUIL JIETKUX, ITOOBI
OBITH YBEPEHHBIM, UTO OHU OYJyT IIOKa3aHbl Ha peHTreHorpamme [1]. (cm.
pucyrok 1) OTcyTcTBHE JAHHBIX AaHATOMUYECKUX 30H HA PEHTTEHOTDAMME
MOXKET CKPBITh TaKue IIPUCYTCTBYIONINE Y HAIMEeHTa [1aTOJIOIMYeCKrue COCTOAHN
KaK IJIEBPAJIbHBIN BBIIOT, THEBMOTOPAKC U THIPOTOPAKC, 0OPA30BAHUS U
BOCIIAJICHHE B IPUIPAHUYIHBIX 30HAX JierkKux [2]. OrcyTcTBre 1e10CTHBIX
TpaHUIL JEIKNX Ha PEHTTeHOI'DAMMe CHIKAET JIMArHOCTHYECKHEe BO3MOYKHOCTHU

KaK Bpadya — PEHTTEeHOJIOra, TaK U IPOrPAMMHOIO 0OeCIeveHnsl Ha OCHOBE

\

TEeXHOJIOTUN UCKYCCTBEHHOI'O MHTEJIJIEKTA.

(a) 06pe3aHbl YaCTh PABOTO JIETKOTO 1 (6) obpe3aHbl BEPXYIIKH JIETKUX
pebepHO-anadparMaibHbIe CHHYCHI

PucyHok 1. PentrenorpamMmbl OpraHOB IDYIHON KJIETKH C HAPY-
IIEHUEM YKJIAIKI

Ha ceromusamumii JieHb JUCTAHIIMOHHOE OTMCAHUE PEHTTEHOJOTMIECKIX
UCCJIEJIOBAHUI CTAJI0 HEOTHEMJIIEMON JaCThIO JUArHOCTHYIECKON MPakTukn [4].
IIpu Takoit opranu3anum JUarHOCTHIECKOTO MIPOIECCca PEHTTeHOTa00PaHThI BbI-
MOJIHAIOT CKAHUPOBAHNE HAIMEHTOB 0€3 BO3MOXKHOTO KOHTPOJISL U KOHCYJIbTAIINI
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€O CTOPOHBI Bpaueli-peHTTeHOJIOr0B, YTO JeIaeT KauecTBO UCCIeI0BAaHU IOIHO-
CTHIO 3aBUCUMBIM OT KBaJU(DUKAIMI CPEIHEr0 MEJUIMHCKOrO IIepcoHaa [5].
Hapsny ¢ aTuMm, KondecTBO TPOBOUMBIX JTUATHOCTUYIECKUX MCCJIEIOBAHMIT
HEIPEPBIBHO PACTEeT, YTO YBeJUYUBaeT HAI'DYy3Ky Ha Bpadeii-peHTIeHOJI0TOB
U PEHTreHOJa00PaHTOB U CHUXKAET BPEMs, yJIeJIseMOe OIleHKe KadecTBa
HOJIy9eHHBIX n300pazkenuii [6]. ABromMaruzaius KOHTPOJIA Ka4ecTBa CIIOCOOHA
COKPaTUTb YUCJIO UCCJIEI0OBAHUN ¢ HapyllleHueM KpUTepHUeB KadyecTB, YTO
OyJIeT CrIocoOCTBOBATD CHUYKEHHUIO HAIPY3KH HA MEJIUIINHCKAN IEPCOHAJ U
MIPETOTBPAIIEHNIO JOTIOTHATEIBHON JTyIeBOi HArPY3KN nanueHTa [7].

AsropurMbl 1y1y60KOro 00yUYeHusI AaKTUBHO IPUMEHSIOTCS B 3aJa9aX
KJaacCuUKAIUYA JIyIEBbIX JUAIHOCTUYECKUX n300pazkenuii [8]. OcHoBHBIM
[PENSTCTBUEM JIJIST TIPUMEHEHUs TTyOOKOro OOy UeHUsT SIBJISIETCsT OTPaHUIeHHA
JIOCTYIHOCTH OOJIBIINX U KAYECTBEHHBIX HADOPOB JAHHBIX MEIUIMHCKAX M300pa-
ennit [9]. Pemennem mpo6siemMbl JOCTYIMHOCTH MeUIMHCKAX JAHHBIX SBJISETCS
TpancdepHoe 00yueHre, 10 Ipa3yMeBaIoIee UCIIOJIb30BAHNE [IPEIBAPUTEILHO
OOYIEHHBIX HA HECIEeNPUIECKNX N300ParKEHUIX CBEPTOTHBIX HEHPOHHBIX
cereit ¢ j1000yueHreM Ha crienudUIecKnX MeJUIMHCKUX n300parkenusx [10].

Hesbro mannoro ucciemoBanus ObLIO cpaBHeHUE IDMOEKTUBHOCTH TPUME-
HeHUs1 TpaHCHEepHOTro 00yUeHNsT PA3TUIHBIX TUOB TJIyOOKUX CBEPTOUHBIX
HEPOCETEBBIX CTPYKTYP JJIsl [IOUCKA HAPYIIEHU YKIIAIKI U TO3UIINOHIPOBAHUS
MAIMeHTa Ha PEHTTeHOTPAMMAX OPTaHOB I'PYIHOM KJIETKH

1. Marepunansl n metoapl
1.1. Bbibop apxutekTyp

B nammom mcciemoBanum 18 cpaBHEHUS WCIOJIB30BAJIACH HefipoceTe-
BbIE apXUTEKTYPHI, JOCTYIIHBIE JJIsI CKAIUBAHUS CO CKBO3HOM I1aT(OPMBI
MAIIIIHHOIO 06YY€eHNs C OTKPBITBHIM HCXONHBIM KojioM TensorFlow 2%, Bcee
apXUTEKTYPHI, IIPeJCTaBIeHHbIe Ha IIaTdopMme, ObLIN IPEIBAPUTETHHO
00y4YeHbI HA OTKPBITOM HADOPE JTAHHBIX AaHHOTHPOBAHHBIX N300parKeHUit
ImageNet, comepzkamum Ha JaHHBIH MOMEHT 0ojiee 14 MUITHOHOB N300paKEeHNUIA.
Takzke st KarXK a0 MOJIe I n3BeCTHBI okazareynn Torn-1 Tounoctu u Tor-5
TOYHOCTH TIPX TECTHPOBAHNN HA BaJIHUIAIIMOHHOM Habope maHubix ImageNet™.
Tor-1 TOYHOCTH TOAPA3yMeEBAeT JIOJII0 TPABUIBHBIX MIPEICKA3AHUN MOJIEIH.
Tom-5 TOYHOCTH PACCUNTHIBACTCST AHAJIOTUIHO, HO CAUTAETCS, 9TO MO/JIEJb
cJiesiajia BepHOe IPeJICKa3aHne, €CJIU UCKOMBIM KJIaCC HAXOJINUTCS Cpesn b
HanboJIee BEPOSITHBIX KJIACCOB IIPU Ipejckazanuu mojean. Merpuka Tomn-5
TOYHOCTB JJIsI OIeHKH 3 (PEeKTUBHOCTH MOJIEJIN HAM He ITOJXOIUT, TaK KaK


https://keras.io/api/applications/
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MBI pelaeM 3aJa49y OMHAPHOI KJaccuUKAIUN, TI09TOMY IIPU 0TO60pe MbI
OPHEHTHPOBAJINCH Ha MOKa3aTes b 1om-1 TouHocTs. [ TecTnpoBaHms HaMUI
6bLT oTOOpanbl 9 HeltpoceTeBbIX apxuTekTyp. Kpurepuem orbopa ABISLIOCH
MaKCHUMAaJIbHOE 3Ha4YeHNe Ioka3aress 1om-1 TOYHOCTb Ccpenn IpeJicTaBuTeIeit
JIAHHOT'O THIIA apXUTEKTYphl 10 JanubiM TensorFlow Keras Applications™:

InceptionV3: danuas apxurekTypa paspaborana B 2015 rojuy u siBjisiercs
Pa3HOBUIHOCTHIO HEHpOoHHBIX cereil Inception. Ona comepxxkurt 23.9
MUJIJIHOHA TTapaMeTpoB, nMmeeT riryouny 189 cioeB u Tom-1 TounoCTH
77.9%. OcobeHHOCTLIO JAHHOM apXUTEKTYPhI ABJISCTCS PA3JIOXKEHUE
OlIepaIlNy CBEPTKU C PA3MEpOM sifipa 1 X 1 Ha HabOp omepanuii CBepTKH
¢ pa3mepoM sipa 1 X n u n X 1, 9T0 MO3BOJISIET JOCTUYD YIVIyOIeHuUs,
yBeJINIeHNs] HEJIMHEHHOCTU CeTH M YCKOPeHUsl Bbraucyenuii [11].

Xception: lannas apxurekrypa paspaborana B 2016 rogay u siBisiercst
YCOBEPITIEHCTBOBAHHBIM aHAJIOroM ceTu InceptionV3 3a cuer BBeseHusA
pazessieMoii 1o riyoune cBepTtku. OHa comep:KuT 22.9 MUJIMOHA
napameTpoB, umeer riryouny 81 cioit u Ton-1 rounocrs 79% [12].

ResNet152V2: Apxurekrypa ResNet pazpaborana B 2015 rogy u cmoriia
pemuTh IpobJieMy UCYE3A0INEro rpaJueHTa Mpu 00yJYeHnn IiryboKuX
HeliponubIx cereil. OcobeHHOCTRIO sABJIsieTCst 3DDEKTUBHOE COETMHEHUE
BBIXOIHBIX JAHHBIX PA3HBIX CJIOEB, YTO IMO3BOJIAET JIyUIlle U3BJIEKATH
MHOTOMEpHBIE XapakTepucTuku n3obparkenus. ResNet152V2 comepkur
60.4 mmunona napamerpos, umeet riryouny 307 ciaoeB u Tor-1 TounocTh
78% [13].

InceptionResNetV2: lannast apxurekrypa paspaborana B 2016 romy u
SABJISIETCS YCOBEPIIIEHCTBOBAHHBIM aHAJIOroM ceru InceptionV3 c mobasite-
HUEM CBsI3eil MeXKJ1y BBIXOJIHBIMU JaHHBIMU Pa3HbIX cjioeB Kak y ResNet.

Omna comepxkut 55.9 MuUIMOHA apaMeTpoB, uMeer Tybuny 449 cioes u
Tom-1 Tounocts 80.3% [14].

DenseNet201: Apxurekrypa DenseNet siBjisieTcst TOTOMKOM apXUTEKTYPbI
ResNet. Ee ocobennocrpio siBiisieTcst 60stee “nutoTHas” CBA3b MEXKILY
CJIOSIMU, TIPU KOTOPO# KAXKJIIBIi CJI0M OObeINHSIET BXOIHBIE JTAHHBIE
BCeX IPEbIIYIIUX CJIOEB U IIePeIaeT BBIXOJHbBIE JIAHHBIE KAXKJIOTO CJIOSI
BceM mocaeayiomuMm ciosiM. DenseNet201 comeprxkut 20.2 Muainona
napamerpos, umeer riayouny 402 ciog u Ton-1 Tounocts 77.3% [15].

VGG19 uw VGG16: Apxurekrypa VGG nossuitacs B 2014 roxy. Ee ocoben-
HOCTBIO SIBJISITIOCH 3aMeHa 60JbIMX (BUJIBTPOB CBEPTKHU Ha OCJIEI0Ba~
TeJIbHBIE CBEPTKU ¢ MajieHbKuMu (usibrpamu (3x3), 9T0 3HAUUTEHHO
yrpormaiao maremarndeckue serancienus. Y cereit VGG19 u VGG16
onuHaKoBas 3asBiaenHasa Tor-1 Toanocts — 71.3%, mosToMy MBI TIpOTE-
CTUPOBAJIM B HaIE 3ajade 00e apxXuTeKTyphl. Koam4ecTBo napaMerpos
143.7 u 138.4, xommuectso cioes 19 u 16 coorsercrBerHo [16].
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MobileNetV2: Apxurekrypa MobileNet mosiBusacs 8 2018 roay u mpoussena
dypop, CyIECTBEHHO CHU3UB KOJIMYECTBO MAPAMETPOB U BeC HEHPOHHOI
CeTH, TI03BOJIUB AKTUBHO UCIOJb30BATH HEHPOHHBIE CETH Ha MOOMJIBLHBIX
mwiardopmax. OrimanrenpHoit ocobenrocThio 0T MobileNetV1 sBisiercst
Hajuaue CBEPTKU 1x1 ¢ JmHelHON dyHKIUeH aKTUBAIUN, KOTOPas
MOHMKaeT ducyio KanayioB. MobileNetV2 comepxkur 3.5 musimona
napamMerpos, umeeT riyouny 105 cioes u Ton-1 Tounocrs 71.3% [17].

NASNetLarge: Apxurektypa NASNetLarge ucronb3yer MeTos1, oncka
¢ TMOJIKPEIJIEHneM, ITOObI HANTH JIydine KOH(MUTYDAITUH APXUTEKTYPHI.
Ona COCTOUT M3 PEIYIUPOBAHHBIX W HOPMAJIBHBIX CJIOEB CBEPTKHU.
Ciion peayKinuu — 3T0 A9efHKU CBEPTKU, KOTOPLIE BO3BPAIIAIOT KapTy
NPU3HAKOB ¢ ee JAByKpaTHbiM yMmenbinenuem. NASNetLarge comepykur
88.9 Mmmunona napamerpos, umeer riryouny 533 cioe u Tor-1 TouHOCTH

82.5% [18].

1.2. Moaroroska gaHHbIX

st moobyUueHrsi BLIOPAHHBIX apXUTEKTYP HCIIOJIb30BAJICS HAOOD TaHHBIX
u3 10734 penrrenorpamm opranos rpyauoii kiaerku (PIN OT'K). U3 nux 5182 PT°
OT'K 6e3 mapymenust yraaaku u 5552 PIT OT'K ¢ pazianaabivMu HapymnieHusMu
yKaaaku. s TecTupoBaHus MOJeeil UCIo/Ib30BajIcs Habop JTaHHBIX u3 2347
PT" OT'K, u3 nux 1096 PI" OI'K 6e3 napymenust ykiajaku u 1251 PI' OT'K
C Pa3JINYHBIMU HAPYIIeHnAMA yKaaakn. s dopMupoBanus yKa3aHHBIX
HabOPOB TAHHBIX HCIIOJIb30BAJINCH OTOOPAHHBIE BPYYHYIO PEHTTEHOI'DAMMBI
u3 OTKPBITHIX Habopos nanubix CheXpert™ [8], Chest X-rays®™, PadChest™
B KoJimdecTBe 6682 peHTreHOrpaMM, a TaKzKe PEHTTeHOIPaMMbBI BBITPYKeH-
Hble u3 EauHoro paanosiornteckoro nHGOPMAITMOHHOTO cepBuca Emunoit
MeIUIMHCKON NH(MOPMAINOHHO-aHAJTUTHIECKON CUCTEMBI TOpoia MOCKBBI
(EPUC EMUAC) u xousepruposannbie u3 (popmara DICOM B dopmar PNG
B KonmiaecTBe 6399 peHTreHOrpamM.

1.3. Ycnosus oby4eHns n tectuposaHus

st 00bEKTUBHOIO CPABHEHUsT PA3IUIHBIX aPXUTEKTYP OBLIO pelire-
HO CO3/IaTh OJIMHAKOBBIE YCJIOBUsI Jjisi 00y4eHus. Bbutn cpOpMUPOBaAHBI
OIMHAKOBBIE 110 HAIIOJTHEHUIO TECTOBBIE W BAJIMIAIMOHHBIE HAOOPHI JTAHHBIX
711 KazK0i Mozesin. J1jist Bcex apXuTeKTyp ObLIM BHIOPAHBI: KOJIUIECTBO
sm0x oby4enus -20, pa3zmep 6aTya — 64 n300parkeHusi, pa3Mep BXOIHOTO
nzobpaxkerus 244x244 nukcessi. Y KaxKI0#l apXUTEKTYPbl 3aMOPaKMUBAJINCH
BHYTPEHHIE BeCa, YIAJIsICsd KIACCUMDUKAINOHHBIN CI0i1 1 100ABISIICS €IUHBII
JI7IS BCEX apXUTEKTyp OJIOK KJaccupruKaImm:


https://stanfordmlgroup.github.io/competitions/chexpert/
https://www.kaggle.com/datasets/raddar/chest-xrays-indiana-university
https://bimcv.cipf.es/bimcv-projects/padchest/
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soipasuuBaromuit (Flatten) csoit

ITOJTHOCBA3HBIN cJ10it n3 512 weitponos ¢ dyukiueit aktuanun ReLu

cyioii uckinogenus (Dropout), obuysatomnuii 20% Becos

TTOJTHOCBSA3HBIN cJ10it n3 512 HeitponoB ¢ dyHukIiueit aktuanun ReLu

cyioii ucksnouenus (Dropout), obuysatomnuii 20% Becos

[IOJIHOCBA3HBIN cJ10#t n3 1 HefipoHa ¢ dyHknumeit akruBauu sigmoid

OO6yt1eHne U TeCTUPOBAHUE TTPOBOIUINCH HA [IEPCOHAJIBHOM KOMITBIOTEDE:
OS Windows 10, CPU: Intel Core i7-10875H (8 suep), RAM: 16 Gb, a3bik
nporpammvupoBanus Python 3.8, cpema: Jupyter Notebook.

KauecTBo paboThl 00y4eHHBIX MOJIE/Iel OIEHMBAJIOCH HA dTalle 00yJIeHUst
[IpU [IOMOIIUA METPUK: 00Ias BaJuJIHOCTD (accuracy), 4yBCTBUTEIbHOCTD
(recall), TTLIIP - nporHocTHYecKas IEHHOCTD IIOJIOZKUTEIBHOIO PE3YIILTATa
(precision), ¢byHKIMHI TOTEPh OCHOBAHHON Ha GUHAPHON Kpocc-sHTponmu. st
00BEKTUBHOI OIEHKU 00yUeHHBbIE MOJIEIN TAK¥Ke OIEHUBAJM HA TECTOBOI OTJIO-
JKeHHO#i (He ydacTByomieil B 00y4enun) BEIOOPKHU IIPU MOMOIIU CTAHIAPTHBIX
METPHK JUArHOCTHYIECKON TOYHOCTHU: IyBCTBUTEJIHBHOCTD, CHEIU(MUIHOCTD,
o0I1[asi BAJIMIHOCTD, IJIOMAJb [0/l XaPaKTEPUCTUIECKON KPUBOI C pacueToM
95% nosepuTenbHLIX MHTEpBAIOB MeTogoM DelLong. ITopor orcevenus js
OUHApU3AIUN BBIOUPAJICS TIPU TIOMOIIN MaKcuMu3anuu uHaekca FOpena.
JlaHHBIE METPUKY ITOJIyYEHBI C UCIIOJIb30BAHUEM OTKPBITOIO OTE€YECTBEHHOIO
nacrpymerta ROC-anammsza nz I'BY3 HIIKIL /luT JISM™. Tlomumo 3Toro, mjist
KaXKJI0i1 MOJIeJIn PacCIuThIBaIach F'1 Mepa u ompenessioch Bpems 00paboTKu
1 wccemoBaHus U3 TECTOBOI BHIOOPKU B (popMaTe cpeaHee apudmeTndeckoe +
CTaHIAPTHOE OTKJIOHEHHUE.

Pemenue o mocToBepHOCTH PA3INYMil MEXKIY 3HAYEHUSIMEI METPHUK KJIACCH-
duKanyUu pa3HLIX MOjeJIell olpeleIsIoch Ha OCHOBaHUH He nepecedenus 95%
JIOBEPUTEILHBIX HHTEPBAJIOB COOTBETCTBYIONINX METPUK. Y TBEPKJICHUE O TOM,
9TO OJIHA MOJEJIb CIIPABIIIACH C 3a/adeil KiaaccuUKaIN JydIle, YeM Ipyras
IIPUHUMAJIOCh, €CJIA CYIIECTBOBAJIM JOCTOBEPHbIE PA3/INYMs 110 HECKOJIbKUM
WJIK BCEM METPUKAM KJIACCU(DUKAIIUU MEXKY JTAHHBIMHA MOJIEJISIMUA.

2. Pe3ynbratbl

Bce BuiOpanmbie apxXUTEKTYPbl OBLIH PA3BEPHYTHI Ha IIEPCOHAILHOM
KOMITbIOTEpe 1 OOyUeHBbI Ha ITOJArOTOBJIEHHOM Habope JlaHHbIX. HuxKe Jiis
KaXKJI0il MCCiIelyeMoil apXUTEeKTYPhl IPUBEIEHBI METPUKY JIUATHOCTUIECKOM
TOYHOCTH, TOJIydeHHbIe Ha dTane obydenuss 1 ROC-KpuBble, MOy YeHHBIE
Ha T€CTOBOM HabOpe JAHHBIX.


https://roc-analysis.mosmed.ai/
https://roc-analysis.mosmed.ai/
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InceptionV3: Mogenb nipornuia obydenue B redenue 20 snox. Merpuku,
OJTyYeHHBIE Ha 00yJatoreil Beibopke: GyHKIms moreph: 0.2217, obmas
BasuauocTh: 0.9109, ayBcrBuTensHocTh: 0.9038, IILIIIP: 0.9224.

Xception: Mogenn nporuia ooydenue B Tederue 20 smox. MeTpuku, 1mosry-
qeHHbIe Ha 00ydJarorieil Bbioopke: dyHukus morepsb: 0.1160, obmas
BasingHOCTD: 0.9555, ayBcTBUTebHOCTE: 0.9570, ITIITP: 0.9570.

ResNet152V2: Mopesb nportuia obydenue B Tedenne 16 snox. [Tocse 16
SIIOXU IOIILIO IEPEOdyIeHNEe MOJEIIN, IO3TOMY OBLIN COXPAHEHBI BECA
rocJiegHel sroxu. Merpuku, mojiydeHHble Ha, 00yJarolieil BEIOOpKe:
dyuxius norepsb: 0.0999, obmas BamugrocTh: 0.9633, TyBCTBUTEIBHOCTD:
0.9625, IITIITP: 0.9664.

InceptionResNetV2: Mopnenb npornuia obydenue B Tedenue 20 smox. Mer-
pUKH, OJy9YeHHbIe Ha 00yJaomnieil Bbioopke: dyukmus norepsb: 0.1867,
obmmas BauaHOCTh: 0.9259, uyBcTBUTEebHOCTD: 0.9277, TIIIIIP: 0.9289.

DenseNet201: Mogenn nponuia obydenue B Tedenue 19 smox. ITocse 19
SIIOXU IIOIILIO TIEPEOOydeHNe MOJEIIN, II0O3TOMY OBLIIH COXPaHEHBI BECA
rocJiegHel sroxu. Merpuku, mojiydeHHble Ha, 00y varoiieil BEIOOpKe:
dyuxmusa norepn: 0.0671, obmast BamuarocTh: 0.9733, 1yBCTBUTEIBHOCTD:
0.9775, IIIIIIP: 0.9710.

VG G16: Mopens npomia obyuenne B Tedenne 13 smox. ITocse 13 smoxu
TOIILIO TIepeobydeHne MOJIEIIH, TOTOMY OBLIN COXPAHEHBI Beca MOC/Ie THel
snoxu. Merpuku, mojryueHHble Ha OOydJarolieil BBIOOpKe: (byHKIHs
morepsb: 0.0897, obmas Bammanocts: 0.9651, ayBcrBuTebHOCTE: 0.9663,
[IIIITP: 0.9663.

VGG19: Mopens npomia obyuenne B Tedenue 10 smox. ITocse 10 smoxu
HOIILIO TIepeobydeHne MOJIE/IH, TOTOMY ObLIN COXPAHEHBI Beca MOC/Ie THel
snoxu. Merpuku, mojiydeHHble Ha oOydJarolieil BBIOOpKe: (byHKIIHS
morepb: 0.1490, obmast Bammanocts: 0.9415, gyBcrBuTenbrocTs: 0.9502,
TIIIIIP: 0.9375.

MobileNetV2: Mogens nponuia obydenue B Tedenue 20 smox. Merpuku,
oJTy YeHHbIe Ha 00y4aoreil Boibopke: pyukims morepsb: 0.0684, obimas
BasinTHOCTD: 0.9723, uyBcTBUTebHOCTE: 0.9684, TIIIIIP: 0.9777.

NASNetLarge: Monens nponura obydenue B Tedenne 20 snox. MeTpukwn,

[oJIyYeHHbIe Ha 00y4Jaiorieil Bbibopke: dbyHKImsA noTephb: 0.1482, obias
BasmgHOCTD: 0.9419, yyBcTBUTebHOCTE: 0.9385, TTIHITP: 0.9486.

Ha Bropom sraiie 6bLI0 IIPOBEIEHO TECTUPOBAHUE PaHee 00y YeHHBIX MOjIeIei
Ha OTJIOXKEHHOM TECTOBOM HabOpe JIAHHBIX C IIEJIbI0 OOBEKTUBHON OIEHKH
3¢ PeKTUBHOCTU pernenust 3aaa4u Kiaaccuduranuu. CBOIHbIE PE3YIIBTATHI
TECTUPOBAHUs Ha TecToBOM Habope jaHHbIX u3 2347 PI' OI'K upecrabiienbr
B Tabsuie 1.



TABIUUA 1. MeTpuku AMArHOCTUYECKOH TOYHOCTH HA TECTOBOH BBIGOPKE (KUPHBIM MPUDTOM BBIIEIEHBI

MaKCHUMaJIbHbIC SHAYCHUA Ka)K,ZI;OfI MeTpI/IKI/I)

Mogenn AUC F1 score Eg:;:BHTenb- S;Ci}ind)w{- J?:;iiijBa- ]6301;?(1:1511 1?0605)12:
JAOBaHUA

InceptionV3 ?6?99;9;0.994] ([)6?295458;0.962] ([Jd?;397;0.961] Fd?95475;0.969] ([)6?2)5434;0.961] 73.6 £ 8.7 ms
Xeeption ([)6?99;4;0.997] ?6?5(34;04975] ?d?;566;0.976] ([)6?976;0.98] ?d?;(io.gm] 121 422 ms
ResNet152V2 %.%gg;l.o] ?6%285;0.992] ([36?5871;0.993] %.%22;0.995] %.%23;0.992] 153.249.9 ms
InceptionResNetV2 ?6?99931;0.996] ([)6?96671;0973] ?6?2?53;0.972] [06?976;0.98] ([)6?5558;0972] 359 £ 30 ms
DenseNet201 ?6?99;7;0.979] ?6?5;0.989] %324;0.995] ?6?97678;0.986] ?(5%87%);0.9889] 131 6.6 ms
VGGI6 ?6?99987;0.989] ([)6?5717;0‘986] ?6?9778;0‘9886] ?6.998724;0.989] ?6%%4;0.9886] 90 4 3.5 ms
VGG19 %%9942;0.986] ?d?gé;o.g?] ([)0'%351;0.972] %%6554;0.976] ?6?55?5;0.971] 10+5.1 ms
MobileNet V2 ([36?99987;0.999] ([)6?97783;0.982] ?6?59872;0.988] [0(5?97(;56;0.985] ([)6?97782;0.984] 67.8 £ 5.0 ms
NASNetLarge ?6?99829;0.994] ?6?557;0.963] ?d?;352;0.957] ?6?976;0.98] ?6?5478;0.965] 371429 ms
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CorutacHo pe3yJbTaTaM, MOJIyIeHHBIM Ha TeCTOBOW BBIOODKE, apXUTEKTYPhI
ResNet152V2, DenseNet201, VGG16, MobileNetV2 mo Bcem mim psijty MeTpuk
mpeBocxoaaT apxuTekTypsl InceptionV3, Xception, InceptionResNetV2, VGG19,
NASNetLarge (p < 0.05). Mexkty co60it METPUKH, 10Ty 4EHHBIE APXUTEKTYPAMU
ResNet152V2, DenseNet201, VGG16, MobileNetV2, crarucTudecku 3HAIAMO
He pazimu4aiorcs (p > 0.05), Ipu 9TOM MOZEJb Ha OCHOBE apXUTEKTYPbI
ResNet152V2 nokaspiBaeT TEHAECHINIO K 60j1e€ BBICOKAM abCOTIOTHBIM 3Ha-
genussM ROC AUC, F1 mepsl, crenuduaHOCTH U O0IIEH BAJUIHOCTH, a
MOJIesTh Ha ocHOBe apxuTekTyphbl DenseNet201 mokasbiBaeT TeHIEHINIO K HoJee
BBICOKOMY a0COJIIOTHOMY 3HAYEHHUIO 1yBCTBUTEIbHOCTH. OTHAKO, OJIHOM U3 BaXK-
HEWINX XapaKTEPUCTUK I TIyOOKMX HEHPOHHBIX CeTell siBISIeTCS BPEMs,
3aTpadeHHOe Ha, ITal BhIBOJA JAHHBIX. B HaIlleM WCC/IeI0BaHUN HAWILY YIllee
BpeMsI BBIBOJIa TTOKa3aJjia MoOJe b Ha ocHOBe apxuTeKTypbl MobileNetV2. TIpu
sToM MobileNetV2 TparuT BpeMenu Ha Inar BbIBoJa JaHHLIX Ha 24.6% MeHblie
gem VGG16, na 48.4% menbme yem DenseNet201 u va 55.7% menbime gem
ResNet152V2.

3. Obcyxaetnne

Harme nccnenoBanue nmokasasio, 9ro TpancdepHoe obyteHue riyOoKux
HEHPOCETEBBIX APXUTEKTYP CIIOCOOHO € BBICOKOIT TOYHOCTBHIO KJIACCUDUIIPOBATE
PEHTI'€HOJIOTMYECKHEe N300PaKeH sl, B TOM IHCJIE€ PENIUTD 33/1a4y Olpe/le/IeHus
HapYIIEHUH YKIIQIKN NAIMEeHTa Ha PEHTTEHOIPAMMAaX OPIaHOB IPY/IHON KJIETKH.
Bce nostydennble HaMu MOJIE/ I IMEIOT METPHUKHU JIMATHOCTUYIECKOH TOYHOCTH
Boime 95%, 9TO NPEBBINIAET YCJIOBHBIN IIOPOT IS JOIYCKa K KJIMHUIECKOH
pasmgarmn B 81% [19]. DdbdexTuBHOCTL HEHPOCETEBBIX ADXUTEKTYD, TIOJIY-
YUBIIUX B HAIIEM HCC/IeI0BaHn Hanaydie mokasarean (ResNet152V2 u
MobileNetV2), noarsepzxiaercs 3apyGesKHBIMU KOJJIETAMHU, UCTIOIb30BABIIUMI
UX B paMKax CBOMX HccaenoBaHuii [20-23].

Hawm ymasocs ymydmuTh Haiu cOOCTBEHHBIE PE3YJIBTATHI IO OIpee-
JIEHUIO HapyIIeHUs! YKJIAJIKA U IO3UIMOHnpoBanus manuerTa Ha PTT OT'K
MIPSIMOIT TIPOEKITAHN, TIOJIyIeHHbIE paHee, [24] 3a cYeT UCIoJb30BaHMUs, MO-
MUMO OTKPBITBIX HAOOPOB JAHHBIX, JIOKAJIbHbIE JIAHHbIE (PEHTTEHOIPAMMBI
BBII'PY2KEHHBIE U3 EInHOTO pagnoIornaeckoro nHGOPMAIMOHHOIO CEPBUCA,
Enunoit MeunmuHCKOM nHMOPMAITMOHHO-aHAJIUTUIECKON CUCTEMBI TOPOJIa
Mockser). IIpu 9TOM MBI HCTIOIB30BAIN MEHbIIee KOJMIECTBO U300payKeHUI
qst obyuenns - 10734 PT' OI'K nporus 13580 PI" OI'K. Dto cBumerenscTByer
0 TOM, 9TO H& TOYHOCTH OOYy4YeHHOro nporpaMmMmuoro obecnedenus (I10)
H& OCHOBE TeXHOJIOrnu ncKyccrseHubiii uaresiektr (TU) MoryT cuibHO
BJIMSITH pa3HooOpa3ue JAHHBIX, UCIIOJIB3YeMbIX IIPU pa3paboTKe. ITO MOTyT
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OBITD: JieMorpadudeckne 0COOEHHOCTH UCCIEYEMOT0 HACETEHUsT, HACTPONKH
JIMArHOCTUIECKON allapaTyphbl, KIMHIYECKU MPOMUIb yIPEK IeHNsT B KOTOPOM
[TOJTy YeHbI N300paKeHusI, CIocOObl KOHBepTaIyu (pOpMATOB, HOPMATU3AINNA 1
sKBasm3anuu n3obpakenuit. Hamm BBIBOIBI COTJIACYIOTCS € YTBEPXKIACHUAMU,
BoyIBUHY TEIMU EBponefickum ObmiectBom Pasmosoros [26]. Tak Mbl mokaszadm,
uro AUC, noJiydeHHbIi B X0/ HAIIErO TPEIbIIYIIEro UCCIEOBAHUS JIJIst
Mozesin Ha ocHoBe apxuTeKTypsl ResNet152V2 6b11 mosbrmen ¢ 0.866 mo 0.999,
9TO FOBOPHUT O CYIIECTBEHHOM YJIyUIEHUN KJIACCUMPUKAIIMOHHON TOYHOCTH
Mogienu (eM. Tabsumy 2) [24]. Obobmaromas ciocoGHOCT (reHepaIn3yeMoCTh)
agropurMa B cocraBe 110 ua ocuoBe TUU Oymer Bbie, yeM mmupe Bapu-
ATUBHOCTb MEJUIMHCKUX YCTPONCTB U OPTaHU3AINN, UCIOIb3YEMbIX IPU
dopMupoBaHuE HAOOPOB JAHHBIX.

TabsuiA 2. CpaBHeHNE METPUK JAUATHOCTUIECKON TOIHOCTH
st mogiesin ResNet152V2 ¢ pa3HbIMU MCTOYHUKAME OOy IaIONIAX
JIAHHBIX

Ha KOM6I/IH&U,I/II/I OTKPBbI-
HNCKJIIOUUTEJIbHO Ha

Mogenb obyuena
OTKPBITBIX JIAHHBIX

ThIX JaHHBIX W JaHHBIX

n3 EPVIC EMIAC

AUC 0.866]0.779;0.954] | _ 0.999[0.998;1.0]
Yyscreurensrocts | 0.750[0.560;0.940] 0.987[0.981;0.993]
CrienpprarocTs 0.852[0.763;0.941] | 0.988[0.982;0.995]

OO61mas BaJIuIHOCTD

0.827[0.745;0.910]

0.988[0.983;0.992]

F1l-mepa

0.682[0.566; 0.779]

0.988[0.985;0.992]

Hamm pe3ysbraThl MCHIOIB30BAHUS TVIYOOKUX CBEPTOYHBIX HEIPOHHBIX
ceTell i OUpPe/ieIeHnsT HApYIIeHnus YKJIaIKA U [TO3UIIMOHNPOBAHUS ITAINEHTA
Ha PT' OI'K B upsiMoii IpoekIuy IIpeBOCXOIsT Pe3yibrarsl ajropuryma Whaley
¥ COABT., OCHOBAHHOI'O HA OIPEJIEJICHUN NeOMETPUIECKNX XAPAKTEPUCTUK
Ha n300pakeHnu. B cBOeM MCCIIeIOBAHUN OHU CTOJIKHYJIACH C HA3KOM CIIEIn-
(DUIHOCTHIO, TOJIYIEHHOTO AJTOPUTMA, OMUCHIBABIIEr0 OOJbINE J1e(DEKTHBIX
ucciefoBanuii, YeM TexHosora [25].

CosiaHHble HAME MOJIETN MOYKHO HCIIOJIb30BaTh KaK JIJIsi aBTOMATHIECKON
pa3meTku n300paxkenuil mpu GOPMUPOBAHUU OOJIBITNX HADOPOB JAHHBIX, TAK U
B Ka4eCTBE CPEJICTBA MOJJIEPKKI TPUHSITUSI PEIeHUil peHTreHo1abopanTa,
OIIOBEINasi ero O HAJIMYUK HAPYIIEHUs YKJIAJIKA U [TO3UIMOHNPOBAHUSI HA UC-
CJIEIOBAHUU, YTO MO3BOJIUT €MY C YIETOM JOIyCTUMOI JI030BOIl HATPY3KH
BBIMOJTHATE UCCJIEOBAHNE TIOBTOPHO, /IO HAIPABJIEHHS €r0 BPAdy-PEeHTIeHOJIOTY
HA OINCAHUE.
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3aknoyeHne

Hamu npoBesieno Tparcdeproe obydenne u TecTupoBanue 9 HENPOCETEBBIX
aApXUTEKTYP JJId IOMCKa HAPYIIEHHUH YKJIAIKHI AIMeHTa Ha PEHTIeHOrPaMMax
OpraHOB I'PYIHOM KJIeTKU. Bce mo/lydeHHbIe HAMU MOJIEJIA UMEIOT METPUKHI
JIMArHOCTHYECKOil TounocTH Bbime 95%, 9To MO3BOJISIET UCIOJIb30BATh UX
B KJIMHUYECKOM npakTuke. [1o pe3ysibraraM HAIEro MCCIeI0BAHUS MOYKHO
BBIJIEJINTH 2 HAWIYYIINE apXUTEKTYPhI JIJIs PEIIeHrs] TIOCTABICHHON 3aaqu:
B YCJIOBUSX OIPDAHUYEHHOI'O BPEMEHHU Ha 0OPabOTKY MCC/IEIOBAHUII CTOUT
HCIoJib30BaTh apxuTekTypy MobileNetV2, umeromniyto HanMeHbIee BpeMst
Ha mar BeiBoJa JaHHbIX (67.8 £ 5.0 ms), B yCIOBUIX HEOIDAHUYEHHOTO BPEMEHU
CTOUT MCHOJIH30BaTh apxuTekTypy ResNet152V2, nmerormyto Hanbosbimme abco-
JoTHble 3Hadenus MeTpuk KadectBa (AUC =0.999  juyscrBuTessrHOCTH=0.987,
cuneruduanoctb=0.988, obmas BamuaHocts —0.988, F1 mepa = 0.988).
IITupokoe ucroIb30BaHKE MTOJIyIEHHBIX HAMHU AJITOPUTMOB CIIOCOOHO O0JIErYUTh
co3zanne OOJIBITNX HADOPOB JAHHBIX KAIECTBEHHBIX MEIUIIMHCKUX N300pa-
JKEeHUM, a TaKyKe ONTUMU3UPOBATH KOHTPOJIb KAYECTBa, IIPU BBIIIOJTHEHUN
penTrenorpaduIecKux UCCAEIOBAHUN OPraHOB IPY/IHOMN KJIETKH.
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Abstract. The paper presents the results of the application of transfer learning
of deep convolutional neural networks for the task of searching for chest X-rays with
errors of patient styling and positioning. Evaluated neural network architectures:
InceptionV3, Xception, ResNet152V2, InceptionResnetV2, DenseNet201, VGG16,
VGG19, MobileNetV2, NASNetLarge. For training and testing we used chest X-rays
from open datasets and the unified radiological information service of the city of Moscow.
All the models obtained had diagnostic accuracy metrics above 95%, while models
based on the ResNet152V2, DenseNet201, VGG16, MobileNetV2 architectures had
statistically significantly better metrics than other models. The best absolute values
of metrics were shown by the ResNet152V2 model (AUC =0.999 , sensitivity=0.987,
specificity=0.988, accuracy=0.988, F1 score = 0.988). The MobileNetV2 model showed
the best processing speed of one study (67.8 & 5.0 ms). The widespread use of the
algorithms we have obtained can facilitate the creation of large databases of high-quality
medical images, as well as optimize quality control when performing chest X-ray
examinations. (In Russian).
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Pa3znable HeOJIOKMpyeMble caMOMapHIPy TU3UPY€EMbIE
CUCTEMHBIE CETU C NPAMbBIMU KaHAJIAMU
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BuxkTop Cepreesuu ITomiiazoB
NHecTuTyT npobnem ynpasnevus umenn B. A. Tpanesnukosa PAH, Mocksa, Poccus
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AxHoTaumsa. PaspaboTaHbl Tpu HOBBIX BapHUaHTa HEOJOKUPYEMO CAMOMAPIII-
PYTH3UPYEMO CEeTH C MPAMBIMHA KAHAJAMH, B KOTOPOM KOH(JIUKTHI TAKETOB
OOHADY?KUBAIOTCA U PA3PEINAIOTCs Ha BXOJE B CeTh. 3a0JI0KUPOBAHHBIE B KOH(IMKTAX
[TAKeThI IOBTOPHO [I€PEIAIOTCS NCTOYHUKAMU C MAUHUMAJIbHBIMU 3ajiepKKaMu. B ceTb
106aBJIEHbI CKBO3HBIE IEITH 00PATHOM CBSI3M JJ1si OBICTPOro O0HAPYKEHUS KOH(MIUKTOB
nakeToB. Hasmune neneit 0OpaTHOil CBA3M IIO3BOJISIET OCYNIECTBJIATH IPOU3BOJIBHBII
Tpacduk 6e3 nmorepu nakeros. Ceru paspaboranbl B 1-, 2-, 4-, u 8-KackaHOM
BapUaHTaX C MacCIITaOMPOBAHUEM UYHCJIA KAHAJIOB OT HECKOJBKUX COT JIO MHOTHUX
MUJIJIMOHOB C OIEHKOM JIOCTUraeMOro OBICTPOJICCTBHUS ceTell Ha IepeCTaHOBOYHOM
Tpaduke. [IpakTraeckass opueHTaINsST TPEJIOKEHHBIX CETel —3ITO CHCTEMHBIE CETH
¢ mepemadeil MapIIpyTHOM MHMOPMAINN B 3ar0JIOBKAX MAKETOB C MCIOJIb30BAHIEM
B KaXKJIOM KaCKaJle yIpaBJIsioneil mapiipyTaoit nadopmarmu. IIpenmoxennnie
CeTH BBIIOJIHEHBI B PACIIMPEHHOM CXeMHOM 0a3uce, COCTOSIIEM U3 KOMMYTATOPOB,
MYJIBTHILIEKCOPOB H JIEMYJIBTUILIEKCOPOB. B paboTe mpe/icTaB/IeHbl XapaKTEPUCTUKI
IIOCTPOEHHBIX CeTell U JaHa MX CPaBHHUTE/bHAs OlleHKa. HoBM3HA paspaboTaHHBIX
ceTeil COCTOUT KaK B caMOM (paKTe WX IMOCTPOEHWSsI, TaK U B HCIIOJIb30BAHHON
CTPYKType ceTeil 1 X XapaKTEePUCTUKAX.

Kntouesble cnosa v ¢pasbl: npsiMble KAHAJIBI, [yAJbHBIA KOMMYTATOD, ITAKETHbII
KOMMYTaTOp, MYJIBTHIIEKCOPBI B JIEMYJIBTHUILIEKCOPBI, MHOI'OKACKa/IHbII KOMMYTATOD,
0ecKOHMINKTHAS MapUIPYTU3aIHs, HEOJOKUPYEMBIII KOMMYTaTOP, CTATHYIECKAST
CcaMOMAapIIpyTH3aIlUsl, KBA3UIIOJIHBIN Oprpad, CJI0XKHOCTb U OBICTPOJIEHCTBIE

Ona untuposanus: Tlogmazos B.C. Pasnvie Hebaokupyemvie camomapiu-
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Beepenne

B crarbe npomoskena pabora [1, 2] 110 perennio KiIaccuueckoii KOMMyTa-
IIMOHHOM 33/[a491 ITOCTPOEHNs HEOJIOKAPYEMOI0 CAaMOMAaPIIPY TU3UPYEMOTO
pacIIpeie/IeHHOTO KOMMYTATOPa C JeIeHTPAJIN30BAHHBIM YIIPDABJIEHUEM 1
npaMbiMu Karajgamu. OH o6pa3yer CHCTEMHYIO CETh TMAKETHONH KOMMYTAIUN
C IIUPOKON MaCIITaAdMPYEMOCTBIO JIJIsi MHOTI'OIIPOIECCOPHBIX BBIYUC/IUTETBHBIX
CHUCTEM, B LIEPBYIO OYepeb Jisd (GOTOHHBIX KOMIILIOTEPOB [3] U KOMIIBIOTEPOB
spatial data flow [4]. Dra 3amaga 10 cux MOpP HE UMEET MOJHOTO PEIIEHUsT
OIITUMAJIBHOTO 10 OBICTPOIEHCTBUIO U CXeMHOM CJIOXKHOCTH. B pabore pac-
CMaTpUBAETCHd TPU HOBBIX PEIICHUs ITOU 33Ja4U C PA3HON OIITUMU3AIEH
10 CJIOXKHOCTHU U OBICTPOIEICTBUIO.

IIpssmoit Kamasr MeXK Iy JIIOOBIM MUCTOTHUKOM W JIFOOBIM ITPUEMHUKOM,
COJIEP2KUT TOJIBKO KOMOWHAIIMOHHBIE 3JIEMEHTHI M HE COJIEPYKUT IJIEMEHTOB
TaMSITH, UCITOIb3YEMbIX OOBITHO I Oydepu3anun KOHMINKTHBIX TaKeTOB, 1
109TOMY OOECIIeYMBAET MeHbIIlee BpeMsl JOCTaBKU MTAKeTOB 10 cetu. KombuHa-
[IHOHHBIE JIEMEHTHI B KaHaJe 00Pa3yoT M-KaHAJbHbIE KOMMYTATODBL 1M X 1M,
JIeMYJIBTUIIEKCOPDI 1 X m 1 MyJIBTUILIIEKCOPBI M X 1. OHHM OCYIIEeCTBIISIIOT
MapIIPYTU3AIMIO TAKETOB HA OCHOBE MaPIIPYTHOH nHMOPMAIH, TTIepe1aBaeMOit
B 3ar0JIOBKE [IAKETa BMECTE C JIAHHBIMU, U JIEJIAIOT 3T0 €3 TAKTOBBIX 33[EPIKEK —
Ha JIeTy. DTO BCerja MOXKHO CJejiaTh B KOMOWHAIMOHHOM CXeMe.

B paccmarpuBaeMbIx peleHnsIX UCIIOIB3YeTCs CTATUYECKasi MapIIpy TH3a-
U TaKEeTOB, IIPU KOTOPOil KaKJIbIil ICTOYHUK IOPOXKJIaeT MapIIPYyTHYIO
nHAOPMAIHIIO, 33AIONLYI0 I[yTh 9ePe3 CeTh K MPUEMHHUKY HE3ABUCHMO OT
JPYTUX UCTOYHUKOB. Ha1Ue TOBOPS, 1O caMOMAaPIIPYTH3aIueil TOHUMAETCsT
«MapHIPYTU3aIUA OT UCTOTHUKA», IIPU KOTOPOI NCTOYHUK B 3ar0JIOBKe IIaKeTa
3aJ1aeT ero IyTh Yepe3 ceTh, & He aJIpPec MoJIydaTesid.

TepMun HEGIOKUPYEMBI KOMMYTATOP UCIOJIb3YeTCs B ureparype [5,6]
JIJIsI TIEPECTAHOBOYHOTO TpaduKa, ITPU KOTOPOM KaKJIbIIf UCTOYHUK TIepe/IacT
OIIMH TMAKET TOJILKO OJHOMY HpueMHuKy. HebaoKupyemblii KOMMYyTaTOp
OCYTIECTBJIAET NapaJsljiesIbHYIO IlepeJady IaKeToB OT BCeX UCTOYHUKOB KO
BCEM MpUEMHHUKaM 0e3 IMOTepH IAaKEeTOB BCJIEACTBHE UX KOHMJINKTOB, U
Takas 1epejada OCyIIeCTBJIAeTCs Jjld IPOU3BOJILHOI IIepeCTaHOBKHU IIaKEeTOB.
B nureparype ucnosib3yercst Tak»ke TEPMUH YCJIOBHO HEOJIOKUPYEMbIil HJIH
[IepeCcTPanBaeMbIii KOMMYTATOP, KOTOPBIN OCYIIECTBIIACT OECKOHMINKTHYIO
nepejiady TOJIbKO IIPU HAJWYHUU 3apaHee COCTABJACHHOI'O PACIUCAHUA JJIs
KaxKJI0lf epeCTaHOBKU.

Bo3MoXKHOCTE TTOCTPOEHUST MHOTIOKACKA/THOTO HEOJIOKUPYEMOTr0 KOMMY-
raTopa nokasana eme Kiozom [6,7]. OgHako Jis TaKOro KOMMYTaTOPa
He MMeeTCs IIPOIEeAyPhl NapaJsuiesbHoil camomapipyTusanuu. [lostomy on
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Ha IPaKTHKe He UCIIOJIb3YETCs BCJEICTBUE €10 OOJIBIIel CII0KHOCTH, HO KOTOPast
MOYKET CJIy2KUTb OCHOBOI JIJIsi OIEHKU CJIOYKHOCTHU APYTUX HEOJIOKUPYEMBIX
KOMMYTaTOPOB.

B mepecrpanBaeMbIix KOMMyTaTOpPax CAMOMAPIIPYTH3AINS HCIIOIB3YETCs
6e3 cocraBjieHnst 6eCKOHMJINKTHBIX PACIUCAHNI, YTO TPUBOIUT K IIOTEPE
[IAKETOB IIPH BOBHUKHOBEHUH UX KOH(MJIIMKTOB HA IIPOM3BOJIBHBIX II€PECTAHOBKAX.
IToTepsruble TAKETHI MOBTOPHO MEPEIAIOTCS UCTOYHUKAMHI CO 3HAIUTETHHBIMI
3a/Iep’KKaMU BO BPEMEHU, CBA3aHHBIMU C IIPOTOKOJIBHBIMU OXKUIQAHUSMU
[TOJITBEPK ICHUSIME UX JOCTABKK IpreMuukaM. [Ipm 9ToM Kaxkiast HOBTOpPHAS
rnepefada KOHMJIUKTHBIX [TAKETOB COIIPOBOXKIAETCH YKA3AHHBIMU 331 PK-
KaMH, UTO CHUXKAIOT OBICTPO/ENCTBHE IIePECTPANBAEMBIX KOMMYTATOPOB
Ha MIEPEeCTAHOBOYHOM Tpaduke.

ITosToMy mpaBOoMOYHA IOCTAHOBKA 33/]a4¥U O CO3JaHUN HEOJIOKNPYEMOI'o
KOMMYTATOPA C MEHBIIINMHU 33/I€P2KKAMU Pa3peIieHns KOHMIUKTOB, I€M
y HepecTpanBaeMoro KOMMYTAaTOPa, M CO CJIOKHOCTBIO He DOJIbIEl CII0KHOCTH
HebIoKupyemoro kommyraropa Kitoza. 9ra 3a/ada MoXKeT pernaTbest oCpe]i-
cTBOM 00JIee paHHEro OOHAPYKEeHUsT KOH(MIMKTOB IMAKETOB, PACIapasIe TNBaHNs
IIPOIETy Pl UX OOHAPYXKEHUsT U YMEHbBITICHUS 33JIeP2KEK MOBTOPHBIX Iepeiad
KOHMJINKTHBIX [TAKETOB IIOCPEICTBOM HCIIOJIH30BAHUS TIeleil 0OPATHON CBA3M.

B pabore BBOAUMTCs TIOHSITHE MUPOKOI HEOJIOKUPYEMOCTH KOMMYTaTOPOB
B CMBICJIE OTCYTCTBHUS MOTEPDh MakeToB. Ha 0CHOBE 3TOT0 MOHSATHST ONEHUBAIOTCS
CpeiHTe 3aJIePXKKHU [ePEeIadn TaKeTOB Ha MePEeCTAHOBOYHOM M €r0 MarKOPH-
PYIEM KBa3HIIEPECTAHOBOYHOM Tpadukax. B pabore npejjaratorcs Tpu
HOBBIX DEIEHUs 33291 OCTPOeHUs HEOJOKIPYEMOTO KOMMYTATOPA C PA3HOI
orrruMu3aImeil Mo OpICTPoIeiicTBUIO U cyIokHOCTU. [lepBoe perenne obamaer
HaMOOJIBIITUM OBICTPO/IEHCTBIEM U HAMOOJIBITEH CXeMHOMN CJI02KHOCTHIO. BTopoe
pellieHne MOCTPOEHO TIOCPEICTBOM HCIIOJB30BAHNUS CeTell ¢ OOMEHHBIMU CBSI3SIMH,
B KOTOPBIX HOM€epa OJIOKOB M KAHAJIOB CMEYKHBIX KACKaI0B OOMEHUBAIOTCS
3HaYeHnSIMU. BO BTOPOM peIeHnr OIEHUBAIOTCS CPEJIHIE 3aJePXKKH TepeIadn
KOH(JIMKTHBIX ITAKETOB Ha IIEPECTAHOBOYHOM Tpaduke. B TperbeM pemrenun
OJTHOKPATHBIN MMPUEM U3 BTOPOTO PEIIeHUs TPUMEHSIETCST KACKa IHO, ITO
[IPUBOJUT K YMEHBIIEHUIO CJA0KHOCTH KOMMYTATOPA.

IIpenaraemble pelrreHns OCHOBBIBAIOTCS HA MCIIOJIB30BAHUU JIyaJIbHOIO
[TaKETHOT'O KOMMYTAaTOPa, JyaJbHOCTH KOTOPOI'O COCTOUT B COYETAHUU IIMHHOI'O
U MYJIBTHILJIEKCHOT'O CIIOCODOB paspelneHusi KOH(MJINKTOB makeTos. [pu mmuHHOM
crrocobe KOHMIIMKTHI Pa3PeIraioTcs IIOCPEICTBOM PA3/IBIKEHNs TAKETOB BO
BPEMEHU, a IIPU MYJIbTUILIEKCHOM CII0CO0E — ITIOCPEJICTBOM PAa3BEIeHUs UX
110 Pa3/JUYHbIM KaHaJlaM.
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Pemenust I (I =1,2,3) onenusatorcs 1o kpurepuio Ny = Sy /T npousse-
JleHnsi CJIoKHOCTH ST HA OBICTPOJIEICTBIE [JIsi TIPOU3BOJIBHBIX [T€PECTAHOBOK,
3a/1aBasi OBICTPOJAEHCTBIE KAK BEJIMIUHY OOPATHYIO CPETHEMY UHCILY HOBTOD-
HbIX Iepenad 1} . Pa3nble pemenus [ 1 J cpaBHUBAIOTCA IO OTHOIIECHUIM
pr.g = N7/

B nepBom paszjesie crpouTcss HEOJIOKUPYEMbBIIT KOMMYTATOD HA OCHOBE
KaCKa[MPOBAHUsI KOMMYTATOPOB € TOHOJIOIHEH KBa3UIOIHBIX oprpados [8],
HEOJIOKUPYEMbIX Ha, IPOU3BOJILHBIX IIEPEeCTAHOBKAX MMaKeToB. Bo BTOpOM
pas/iesie pacCMaTpPUBAIOTCA KOMMYTATODBI IIEPBOrO pasjesia ¢ J00aBIeHHBIMI
B HETO IeNsiMu 00paTHOM ¢Bsi3n (KaHAJIAMU U CXeMaMU) U OIEHUBAIOTCS UX
XapaKTePUCTUKN Ha KBa3UIIEPECTAHOBOYHOM Tpaduke. B Tperbem pasmesie
paccMaTpuBaeTCs KOMMYTATOP BTOPOTO pa3zesia B COUYETAHUU C CETAMU
¢ OOMEHHBIME CBA3SIMHU. TaM Ke OIEHMBAIOTCS €r0 XapaKTEPUCTUKK Ha [epecTa-
HOBOYHOM TpadUKe U CPABHUBAIOTCH C XaPAKTEPUCTUKAMU KOMMYTATOPOB
BTOpOro pazzesna. B derseprom pasiesie pacCMATPUBAETCS KOMMYTATOD
C KaCKaJIHBIM MPUMEHEHUEM CeTeil ¢ OOMEHHBIMU CBS3SIMH, OIEHUBAETCS
€ro XapakTEePUCTUKU HA KBA3UIIEPECTAHOBOYHOM TpPapUKe U CPABHUBAIOT-
Csl C XapaKTEePUCTUKAMU KOMMYTATOPOB BTOPOTO paszesa. B 3ak/oueHnn
CYMMUPYIOTCS TIOJTyYeHHBIE PEIeHUsI.

1. Hebnokupyemsbie cetn Hambonbliero obicTpoaeiicTens

B nanmom pazzese cTposaTcs HEOJIOKHPYEeMbIe CAMOMAPIIPYTU3UPYEMbIE
pacrpeaeleHHbIe KOMMYTAaTOPHI Ha 6a3e KOMMYTATOPOB C TOIIOJIOTHEH KBa-
BUIIOJIHBIX OprpadoB [8], He UCIOJIB3YIONIKE IOBTOPHBIX IIepeIad IIaKeTOB,
T.e. obJagarone HAanOOJbIINM ObIcTpoaeiicTBueM. JIjIsd HIX BO3MOXKHA
JI0bast CTereHb MACIITAOUPOBAHUS UUCJIa KAHAJIOB IIOCPEJCTBOM BJIOZKEHHOTO
KaCKaIUPOBAHUSI.

Haunem ¢ 2-mepHOTro runepky6a, IOCTPOEHHOTO U3 M-KaHAJILHBIX KOMMY-
taropoB m X m. Ha pucynke 1 npuoauTcs npuMep JByMEpHOIO IunepKy6a
Kak rpada u oprpada.

B oprpade (pucynox 16) KazKiuplil y3es COAEPKUT M-IIOPTOBOrO abOHEHTA
(Kpyr) U m-KaHAJIBHOIO KOMMYyTaTopa m X m (KBaJpar), KOTOPbIE CBI3aHHBI
M BXOJHBIMU U 71 BBIXOJHBIMH JyTaMU. B TAKOM IPEJICTAaBIEHNN 2-MEepHBIH M-
WYHBIA THIEPKY6 MOYKeT GBITH IPeICTaBIeH KaK JABYI0abHbI oprpad ¢ N = m?
y3JIaMU B KaxKJI0#i JoJie (PUCYHOK 2), KOTOPBI UMEHYeTCsl KBA3UIIOJIHBIM
oprpadom. CoeuHeHnsa B HEM 3aJIAI0TCS PA3HBIMUA TAOJUIAMA HHITAIEHTHOCTH

I JIyT OT abOHEHTOB U ayr K abonenTaM (Tabimns 1 u 2).
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(6) KaK oprpad

(a) KaK rpad

~-WY9HBIA TUTIEPKYO 11pu m = 3

-MEepHBII M

Pucvaok 1. 2

o

R

W

Vb

I/
A

4
%

3x3

Pucynok 2. Ksazunosnsrit oprpad mpu m = 3

Tabmuna 1. Tabsmia MHIMIEHTHOCTH [/ KBA3UIIOJIHOTO oprpada

opu m =3

Jyru xk abonenram

Jyru or aboHeHTOB

KomMmmyTaTopst




TabmyA 2. Tabsuna UHIMAECHTHOCTH JIjIsI KBA3UIIOJHOINO oprpada Ipu IIPOU3BOJILHOM 1M

Kommyraropst Hyru or aboHEHTOB Jyru xk abonenTam

1 1 2 m 14+m 14+ m(m—1)
2 1 2 m 24+m 24+ m(m —1)

1 2 m
m 1 2 m m+m m+m(m —1)
m+1 m+1 m+ 2 m+m 1+m 1+m(m—1)
m+2 m+1 m+ 2 m+m 24+m 2+ m(m —1)

m—+1 m 4 2 m+m
m+m m+1 m+ 2 m+m m+m m+m(m — 1)
2 -m+1 m2—m+1|m?—m+2 m? 14+m 14+ m(m—1)
.. m2—m+1|m2-—m+2 m? 24+m 2+ m(m —1)

m? —1 m2—m+1|m?—m+2 m?
m? m2—m+1|m?2-—m+2 m? m+m m+m(m — 1)

0ct

goevuroll 'D'g
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PucyHok 3. KommyTaTop ¢ Tomostorneit KBa3umosHoro oprpada
upu m = 3

IpenmosaraeTcsi, UTO M BXOJHBIX M BBIXOJHBIX IIOPTOB KaKJIOro 1-
HOPTOBOTO abOHEHTa CO3JAeTCs HOCPEICTBOM HX IOICOSIHHEHHS Tepes
JIeMYJIBTHILIEKCOPBI 1 X 1M U MYJIBTHILIEKCOPBI M X 1 cOOTBeTCTBeHHO (pucy-
HOK 3).

CeTb B BHie KBA3UIIOIHOTO oprpada ABjIgeTcsa HeOIOKIPYEMbIM CaMOMAPIII-
PYTH3HPYEMBIM pacIpeIe/eHHLIM KOMMYTATOPOM. B HeM MapIIpyTH3aIuI
OCYIIECTBJIAETC OT UCTOYHMKA 110 ajipecaM (HOMepaM) BBIXOJHBIX OPTOB
JIEMYJIBTUATIIIEKCOPOB U KOMMYTATOpPOB. BeckoHMIMKTHAS 11epeiada MakeToB
Ha ITPOM3BOJLHON UX IepecTaHOBKE OCYIIECTBJISETCS MO IMPSMBIM KaHa-
JIaM 32 OJWH CKAMOK OT HCTOTHHKOB K IPUEMHHUKAM, T.€ C MAKCHMAJILHBIM
OBICTPOIENCTBHEM.

O6osnasmM Ny = m 9HCI0 KaHATIOB KOMMYTATOPa 1M X 11 M ONEHHM €ro
coxHoCTh Kak Sy = 2m? * 2NZ touex xommyTarunu'. Toraa KoMmyTaTop
K; ¢ Tomosorueit kBasunosnoro oprpada umeer Ny = NE = m? xanajios u
OYEBHUJIHO €ro CJIOXKHOCTH 3aj1aercs opmystoit (1)

(1) Sy = Ni(So +2m) = 2(m* + m?) =2 (N12+N13/2) .

Moo nocrpoutsh kKommyTarop Ko ¢ Tomosorueit KBasumo/iHoro oprpada
Ha ocHOBe KoMMyTaTopa K; u mymnbrunsekcopos M X 1 u eMyJIbTHILIEKCOPOB
1 x My ¢ M; = N; = m?, KOTOpble IMEIOT CJIOXKHOCTb §1 = M; Touek
kommyTarmun. Oun nmeer Ny = N7 = m? kanasos, cioxunocts S = No(S1+2s1)
U 110 IIOCTPOEHUIO COXPAHAET HEOJIOKUPYEMOCTh U CAMOMAaPIIPY TU3UPYEMOCTh
rKomMyTaropa Kj.

Ecmu nemynprumrekcopst 1 X M7 n mynbrumrekcopbl My X 1 ¢cTpouTh Kak
JIEPEBbs U3 JIEMYJIBTUILIEKCOPOB 1 X M U MYJIBTUILIEKCOPOB M X 1, TO ux

13a6eras BIIEPE/I, BBEJIEH MHOXKUTEJb 2 KaK (hakTop cbopa KOMMYTaTOpa U3 JABYX
KaCKa/I0B JIEMYJIBTHUIIIIEKCOPOB MYJIBTHIIIIEKCOPOB (PUCYHOK 4).
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CJI0YKHOCTB COCTAaBHUT §1 = M2 + M TOUeK KOMMYTAIIHH, I OITOMY CJIOKHOCTD
koMMyTaropa Ko 3ajaercs dpopmyuioit

(2) S2 = 2m® +m® +m® +m®) =2 (NF + 2N, + N*).

Takke, MOXKHO IIOCTPOUTH KOMMyTaTop Ky ¢ TomoJiorueii KBasuioJ-
HOro oprpada Ha ocHOBe KoMMmyTaTopa Ko u mysbruiiekcopos My X 1 u
neMyIbTHILIeKcopoB 1 X My ¢ My = Ny = m* co croHOCTBIO S9 = My ToUuex
kommyTar. On nveer Ny = N2 = m® kanasos, cioxuocts Sy = Ny (S2+2s2)
U COXpaHsieT HeDJIOKUPYEMOCTh M CAaMOMAapIIPYTU3UPYEMOCTh KoMMyTaropa K.

Ecnu pemynprumiekcopsr 1 X My u mynbrumiekcopbl Ms X 1 crpouts
B BUJIE JIE€PEBLEB U3 JEMY/IbTUILIEKCOPOB 1 X m 1 MyJIbTHILIEKCOPOB 1M X 1, TO UX
CJIO?KHOCTBH COCTABUT S = m251 +51 = m* 4+ m3 4+ m?2 +m rouex KOMMYTalluu,
U TI0 TIOCTPOEHUIO CJIOXKHOCTb KoMMyTaTopa K,y 3amaercst (hopmysioi

Sy = Ny(Sy + 2s9) = 2(m' +2m*2 + m'2 + m + m!0 +m?) =

3 ;
®) =2 (NF+ 3N + N/ 4 N N

Hakonern, moxxHO mocTponts KommyTarop Kg ¢ Tonosorueit KBa3uiosHoro
rpada Ha OoCHOBe KoMMyTaTopa K4 m mynbruiiekcopoB My X 1 u gemyabTu-
maekcopoB 1 x My ¢ My = Ng = m® co cimoxmocTsio so = My On umeer
Ng = N2 = m!6 xananos, cioxmocts Sg = Ng(Sy + 254) TOIeK KOMMYTAIIHH
U COXpaHsieT HeDJIOKUPYEMOCTh M CAMOMAaPIIPYTU3UPYEMOCTh KoMMyTaropa K.

Ecau pemynprumiekcopsr 1 X My u mynasrunsiekcopsr My X 1 crpouts
B BUJIE JIE€PEBLEB U3 JEMYJ/IbTUILIEKCOPOB 1 X m ¥ MyJIbTHILIEKCOPOB 1M X 1, TO UX
CJIO?KHOCTBH COCTABUT Sy4 = m452 +859 = me+m +mS+mP+mr+mc+m2+m
TOYEK KOMMYyTaIuu. 1orma cjaoKHOCTh KoMMyTaTopa Kg Mo mocrpoeHuto
3ajtaercs hOpMyJIoit

(4) Sg = Ng(S4 + 284) =
:2m16(m16+3m12+m11+m10+m9+m8+m7+m6+m5
+m* +m? +m? +m) =

— 2<N82 + 3N87/4 _|_N827/16 _|_N826/16 _|_N825/16 +N;/2 _|_N823/16 +N811/8 +N821/16+

+N85/14 +N819/16 +NZ/8 +N817/16) —

N;/4 _ N817/16
m—1 '

=2 <N82 + 3N, +

B Tabsure 3 npencTaBiieHbl YUCIa KAHAJIOB ¥ KOMMYTAI[IOHHBIE CJIOKHOCTH
HEOJIOKUPYEMBIX CAMOMAPIITPYTU3UPYEMBIX KOMMYyTaTOPOB Ko—Ksg.



Tasmuua 3. Ilapamerpsr Hanbosee OBLICTPHIX HEOIOKUPYEMBIX CAMOMAPIIPYTU3NPYEMBIX KOMMYTATOPOB

m[No| So | Ni]| S No So Ny Sy Ng Ss

2 [ 2 [ NG| a4 [ NPT| 16 | N3 256 NP? | 65536 | N2
303 [N o |NP®| 81 | NP 6561 NP2 | 43046721 | N2
4| 4 [ N 1e | NPPP | o256 | Np'® | 65536 | NpOO | 4,29E +09 | N304
505 [ N*® | 25 | NPPT| 625 | N2 | 390625 | N7 | 1,53E 411 | NZ™
6 | 6 | NP | 36 | NP | 1206 | N2 | 1679616 | N | 2,82E +12 | N3O
707 [ NP | a9 | NPPU| 2401 | NJM| 5764801 | NI | 3,32B 413 | NJO®
8 | 8 [ NZ*® | 6a | NP | 4006 | N2 | 16777216 | NP | 2,81E 4+ 14 | NJ?
9 | 9 [ NP | 81 | NP | 6561 | N2 | 43046721 | N3P | 1,85E+15 | Ng*?
10| 10 | NZ# | 100 | NPT | 10000 | N3O | 1E 08 | NJO* | 1E+16 | NZ?
11| 11 | N 121 | NP'O | 14641 | NJO® | 2,14E 408 | N7O | 4,59E 416 | Ng©?
12 | 12 | N2 | 144 | NP'O | 20736 | N3O | 4,3E+08 | N7* | 1,85E 417 | Ng°
13| 13 | NZ?7 | 169 | NP'® | 28561 | N3O% | 8,16E +08 | N7°** | 6,65E 417 | Ng'°
14 | 14 | NZ%0 | 196 | NP | 38416 | N3O | 1,48E +09 | N;O* | 2,18E +18 | NZ?
15 | 15 | NZ%6 | 225 | NP | 50625 | N3O7 | 2,56E +09 | N;O* | 6,57E +18 | N2
16 | 16 | NZ% | 256 | NP | 65536 | N3O7 | 4,29E +09 | N;%% | 1,84E +19 | N2

NULED AIHNALOUD HIANIAIUEULAIITIdVINOINVD HIINEAdUMOLr9d -

€cT
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Buiao, 9T0 C/I0KHOCTH OBICTPBIX KOMMYTATOPOB OKA3BIBAETCsT HOJIbIITE
KBaIPATUIHON, UTO JelaeT UX MAJIO IMPUEMJIEMBIM JIJIsT TPAKTUIECKIX
NIPUMEHEHN, KpoMe KaK JJIs BHYTPUKPUCTAJIBHBIX Peaanu3aliuii, Halpumep,
kak B kommyTtarope YARK [9], umeromero crpykrypy kommyTaropa Ky npu
m = 8.

2. Hebnokupyembie ceTn Ha KBa3MnepecTraHOBOYHOM Tpachuke

B manrOM pazmesne B KOMMyTaTOPBI BBOISTCS I OOPATHON CBS3U
(KaHAJBI U CXEMBI), YTOOBI CIeJIaTh X HEOJIOKUPYEMBIME B IIUPOKOM CMBICIIE
(6e3 moTepb MaKkeTOB B pedyibrare KoH(MKTOB). Paziesn crpourcs Ha ocHOBe
M-KaHAJIBHOTO IYaJIbHOIO MAKETHOI'O KOMMYTATOPA C IENsIMI OOPATHO CBS3M.
Buepsble 0H 6bLT UCIIO/IB30BaH B pabdore [1] [l HOHMKEHUs! CJI0XKHOCTU
HeOJIOKMPYEMOr0 KOMMYTATOPA OCPEICTBOM MMOHUKEHUs ero ObICTPO/IeHCTBUS
(yBenmmueHust 3a/1eprKeK U3-3a MOBTOPHBIX II€PEIad KOH(MDIINKTHBIX TAKETOB).
OO6muit Bu TAKOrO KOMMYTATOPA IIPEJICTABIIEH PUCYHOK 4 11t m = 4 B AByX
BapHaHTaX — B UCXOIHOM U obmieM Bujax. VIcXomHbIil BApUAHT — 3TO JlyaJIbHBII
naketabiit kKommyTarop (JIITKm) m X m, cocraB/eHHbIH U3 KACKaJIO0B 110 1M
BXOJHBIX JIEMYyJIBTHILIEKCOPOB 1 X m ([Im) u myabrumiekcopos m X 1 (Mm),
COeJIMHEHHBIX 0OMeHHbIMU CBsi3siMu. B obmem Bapuante (OIIKm) x JITKm
J106aBiIeHbl eny (KaHaJbl 1 cxeMbl) obparnoit csasu (OC), obo3nadeHHbIE
nyaktupom. B OIIKm aemyssrumiekcopst Jdm u3z JIITKm 3amensitoTcst Ha mapb
Idm u M'm OC, oboznadyennsie Kax JIMm. AHagorndHo, MyJIbTUILIEKCOPBI
Mm u3 OIIKm 3amensitorcs Ha mapbl Mm u Im OC, obo3HaueHHBIE KAK
M Im.

JIK4
4_,
<
<
<
Hcxoaubii

Pucynok 4. Jlyanbable makeTHbIE KOMMYTATOPBI pu m = 4

ITo muausm n cxemam OC B OIIKm mepemaiorcst CUrHAJIBI «CBOOOI-
HO» min «3aHsaToy. B OIIKm mapasrensro kaxkomy Bbixogaomy Mm
BrJIrouaercst Bxoauoit JImOS, u oun obpazyror napy M /Im. B 3Toit nape
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nemysbruiiekcop JImOS nmepBoHavaibHO II€peIaeT CUTHAJ «CBOOOIHO.
Amnajiornyno, nmapaJuieabHo BxogHomy m Briodaercs Boixoxnoit MmOS, u
onu obpasytor mapy JAMm. B sroit nape mynbrumiekcop MmOS nepenaer
CUT'HAJI «CBODOIHO» B TOM M TOJIBKO B TOM CJIydae, €CJIM OH UMEeTCsl Ha BCeX
ero BxoJlax. B mpoTuBHOM cjiydae OH PACIIPOCTPAHSIET CUTHAJ <3aHATO»
¢ J1I00Or0 BXOJIa Ha, CBOM BBIXOJI.

Kazkaplit ICTOYHNK IPU HAJIMYUU CUTHAJIA «CBOOOIHO» OT CBOEH Imapbl
JLMm MoxKeT BeCTHU Iepejiady IMaKeTa JaHHBIX.

[Ipur Bo3HMKHOBEHNN KOH(DINKTA B BBIXOAHOM M m OIWH MaKeT MpOIycKa-
€TCsl Ha BBIXOJI, & OCTAJbHbIE KAHAJBI OTKJIFOUAIOTC OT Bbixoaa. OmHOBpEMEHHO
sror Mm mopoKjjaer nepejgady curtaja «3ausato» B JImOS coeil mapbi
M Hm no xanatam OC, ogHOMMEHHBIX KOHMIUKTHBIM KaHagaM. [Ipu srom
CHUT'HAJI «3aHSATO», KOTOPBI HoCTyIaeT Ha Bxoi BxogaHoro JImOS usshe,
PACIIPOCTPAHAETCS Ha BCE €r0 BLIXOAbI. KarKIblii MOJIyYUBIINA CUMHAJ «3aHATO>
UCTOYHHUK IMIPEKPAINAeT Iepeaady nakera. Kaxkabiit Berxomuoit Mm mopoxaer
repejady CUTHaJIa «CBODOIHO» 110 BceM KaHaJjaMm BxogaHoro JImOS cpasy
[IOCJIe TOrO, KaK IepelaBaeMblil IaKeT IOJIHOCTBIO IpoiiaeT Ha Bbixox Mm.
ITo curnajty «CBOOOIHO» KaXKJIbIil HCTOYHUK CPa3y IIOBTOPHO HAYMHAIOT
nepezady KOH(MJINKTHBIX IAKETOB ¢ MUHUMAJbHBIMU 3a/1ep>KKaMi. B pesysbrare
JII0001 KOH(JIUKT Pa3peInaeTcsi MAKCUMYM 3a BpeMs T TOCIeI0BATETbHOMN
repeiadu m MakeToB, T.e. Ipu 1o < M.

ITo nocrpoennio cxemuas ciaoxkuocts OIIKm onennsaercs xkax Sy = 4m? =
4N TOUeK KOMMYTAIIUU, U OH SABJIFETCA HEOJIOKUPYEMBIM KOMMYTATOPOM
Ha IepecTaHoBoYHOM Tpaduke, B KoropoM enn OC He HCIOJIb3YIOTCS, T.€.
To=1.

Bysem HasbIBaTh I1I€peCTAHOBOYHBIN TPApUK KBASUIIEPECTAHOBOYHBIM,
ecim ero oOpa3yrT MMaKeThl IEPECTAHOBKU, HO aJ[PDECOBAHHBIE C PABHOM
BEPOATHOCTBIO Ha J11000i1 ajsipec. B aToM Tpadurke KOHDIMKTHBIE TAKETHI,
aJIPeCOBAHHBIE PA3HBIM IIPUEMHUKAM, MEXKIy coboit He KoHbmKTyIOT. KoH-
GIUIMKTHI TAKUX [TAKETOB Pa3peIIalTcs [MOCPEICTBOM UX ITOBTOPHBIX IEpenad,
OCYIIECTBJ/ISIEMbBIX HAapAJIJIEIbHO. B pesysbrare Bce KOH(MJIUKTHI PA3PEIIAOTCs
3a BpeMs pa3perneHnst KOHPINKTa HanOOJIbINeil KpATHOCTH.

Jljist KBa3UIIepeCTAHOBOYHOIO TpaduKa MOXKHO OLEHUTH CpejlHee 3HAYEeHUe
Tp, T.e. 3Hadenne 7] Ha MHOXKeCTBe IPOM3BOJIBHBIX KBa3HUIEPeCTAHOBOK. Jlema-
ercst 3TO cieytomumM obpasom. [Topoxkaaercst cirydaiiHas KBa3UIEPECTAHOBKA,
Mexay Bxogamu u Bbixomamu CIIK M. B Heil onpenensiercss pacupeeieHue
KOH(JIMKTOB 10 BBIXOJAM U CPEJIM HUX BBIIEISIeTCsS KOH(MIUKT HANOObIIEH
KpaTHOCTH ¥, KOTODBIil pa3pelnaercs 3a BpeMsl [10CJIe[0BATeIbHOI epegadn T
[IAKETOB. DTO BPEMS U 33J1a€T CIyIalHyIO 3aJepPKKY Iepeladn IaKeTOB
B JIAHHOW KBa3UIIEPECTAHOBKE. 3aTeM OCYIIIECTBJISIETCS YCPEIHEHUEe STOM
BEJIMYUHBI Ha, MHOYKECTBE IIPOM3BOJIbHBIX KBa3UIIEPECTAHOBOK. 1losyueHHOE
cpejiHee 3HavYeHNe U 3ajaeT 3a1epxkKy T (tabmauia 4). 91o 6610 crenano
[TOCPEJICTBOM YHCJIEHHOIO MOJIEJIMPOBAHUS JJIst MAJIBIX Ng = m.
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Ha ocuoe OITKm MOXKHO HOCTPOUTH OJHOKACKAHBIHA OOIIHA KOMMYTATOD
¢ ronoJiorueii kpazunosHoro oprpada— OIIK; N (pucynok 5 npu m = 2 u
Ny =4).

OIIK{ N7 numeer N1 = NO2 kanajos, cocrout u3 Ny OIIKm u N7 BHemHux
map IAMm u M m n aBisiercs HEOJOKMPYEMBIM CAMOMAaPIIPY TH3UPYEMbIM
KOMMYTATOPOM Ha IPOU3BOJILHON IIEPECTAHOBKE IMAKETOB. B Hero mobaBieHb
auanu n Beixonable Mm OC ot Bxonos OITKm no sxomos OIIK;N; n
Bxogabie JIm ot Beixogos OIIKm g0 soixomos OITK; Ny OC (myakTup
na pucytke 4). Cursaj «3aHsaTo», KOTOPbIii nocrynaoT #a sxox 1, OC
U3BHE, PACIPOCTPAHSETCsT HA BCe ero BeIxoJbl. Cxemuas cioxuocts OITK; Ny
onenuBaercs Kak S; = Np(Sp + 4m) = 4N? + 4N13/2 TOYEK KOMMYTAIUH, U,
KaK IIOKa3aHO B pazfesie 1, OH sBJisgeTcs HEOJOKUPYEMBIM KOMMYTATOPOM
Ha TIepecTaHoBOYHOM Tpaduke, T.e. T1 = 1.

OIIK2

OIIK2

OIIK2

PucyHok 5. OmHokackaaHbIA 4-KaHAJIbHBIA OOIIMIA MAKeTHBIA
kommyTaTop (OITK:4)

JLst KBa3uIepecTaHOBOYHOrO TpaduKa ObLIO OIleHEHO cpejiHee 3HadeHue 17,
T.€. 3HadeHNe 1] B IPE/IIOIOKEHIH PABHOM BEPOSITHOCTH JIIOOBIX MapIIPYTOB.
DT0 OBLIO CIEJAHO OIIATH K€ IIOCPEICTBOM YHCJIEHHOIO MOJIETUPOBAHUS JJIs
Maseix m i Ny = m?2. TlosyueHHble 3HAMECHNS T} upencraBiieHbl B TabJIHUIE b.

Ananornunsie onenku onum caenannl A1 OITKo Ny u OITK4 N4 ¢ unciaom
kanayioB No = m* u N, = m®. Buavenus cpeguux 3anepxkek ITym Ty
st HuX npencrasienbl B Tabsmie 6. Cxemuble caoxkuoctu OIIKoNo u
OIIK4N, onenupaercst o dbopmynam (2) u (3) aust Sy u Sy usz pasmena
1 ¢ ynBoenabiMu KoadPurimenTamu. Kommyraropsr OITKy Ny u OITK, Ny
SIBJIAIOTCS HEOJIOKUPYEMBIMIA KOMMYTATOPaMI Ha TEPECTAHOBOTHOM TpaduKe,

T.C. T2 = T4 =1.



TabiuuA 4. Cpennue 3azepKkn (B nakerax) paspernenus kKondumkros miusa OIIKm Ha xBasumepecTaHo-
BOYHOM Tpaduke

No 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Ty | 1,49 | 1,89 | 2,13 | 2,29 | 2,41 | 2,51 | 2,60 | 2,72 | 2,75 | 2,82 | 2,88 | 2,93 | 2,99 | 3,03 | 3,08

TaBaulA 5. Cpeanue 3anep:xku (B makerax) pasperenus kouduukros qs OIIK; N1 #a xkBasunepecra-
HOBOYHOM Tpaduke

m 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
N1 4 9 16 25 36 49 64 81 100 | 121 | 144 | 169 | 196 | 225 | 256
77 | 2,12 | 2,68 | 3,08 | 3,38 | 3,61 | 3,79 | 3,96 | 4,10 | 4,23 | 4,34 | 4,45 | 4,54 | 4,62 | 4,70 | 4,77

TaBnUA 6. Cpennue 3anepKku (B nakerax) paspemienust KoHGKToB juist OITKy No u OTIK 4 Ny
Ha KBa3HUIIEPECTAHOBOYHOM TpaduKe

m 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Ny | 24 34 44 54 6 74 84 94 10% | 114 | 12% | 13% | 14* | 15% | 16
Ty | 3,08 | 4,11 | 4,77 | 5,27 | 5,65 | 5,98 | 6,26 | 6,47 | 6,67 | 6,87 | 7,04 | 7,21 | 7,32 | 7,44 | 7,56
Ny | 28 38 48 58 68 78 88
Ty | 477 [ 6,64 | 7,55 | 8,37 | 9,01 | 9,65 | 10,10

NULED AIHNALOUD HIANIAIUEULAIITIdVINOINVD HIINEAdUMOLr9d -

L2T1



128 B.C. IToanazoB

Meron nosnyuenus suavenuit T, (i = 1,2,4) aHaJOrHYeH METOAY MOJLyYe-
Hud 3HadeHnit 77. OH OCHOBBIBaeTCA HA TOM, YTO KOH(MIUKTHBIC IAKETHL,
aJIPeCOBAHHbBIE PA3HBIM IPHEMHUKAM, MEXK/Iy co0Ol He KOH(MIUKTYIOT. DTO CBO-
CTBO SIBJISIETCSI CJIEJICTBUEM TOTO (haKTa, 9TO PAcCMATPUBAEMbIE HEOJIOKHPYeMbIe
KOMMYTaTOPBI UMEIO CTPYKTYPY BCTPEUHBIX JIEPEBBEB AEMYIbTUILIEKCOPOB
1 X m u MynpTHIIIIEKCOPOB M X 1, COeIMHEHHBIX Yepe3 CJIOH KOMMYTaTOpPOB
m x m. IlosTomy KOH(MDJIMKTHBIE TAKETHI HE MOT'YT UMETh pa3Hble aJpeca.
B pesysnbprare Bce KOHMDIMKTHI HA JIO00H KBA3UIEPECTAHOBKE PA3PENIAIOTCs 3a
BpeMsI pa3pelienust KOHMIINKTa HAauOOJIbIeil KpATHOCTH.

B nmansOM pasiesie paccMOTpeHBI HEOJIOKUPYEMBIE B ITMPOKOM CMBIC/IE
MHOT'OKACKA/IHbIE KOMMYTATOPBI CO CKBO3HBIMU IEISAMU ODPATHON CBA3M, JJIs
KOTOPBIX OIIEHEHBI UX CXEMHBIE CJIOXKHOCTH U CPeJTHHE 3aJePXKKU ITepeIadn
[TAKETOB HA KBAa3UIIEPECTAHOBOYHOM TPadUKe.

3. Hebnokupyembie ceTn NpoMeXXyTOYHOW C/I0XKHOCTU

B ocnose sToro pazmesnma jsexkar HEOJOKHpPyEMbIe HA MTPOU3BOJILHOM
rpacduke nakerabie KommyTaTopbl OIIKm n MHOroKackaHble KOMMYTATOPBI
OIIK, N,, (r = 1,24, 8) u3 upeaplaymero paseia.

Ha ocrose OIIKm, nmeronieM Ny = m KaHAJOB U CJIOKHOCTb Sg = 4m? =
=4N¢, MOYXKHO TIOCTPOUTH HOBBIl 2-KACKaJIHbBII COCTABHOI KOMMYTATOD
CIIK, M, B Buze cetu ¢ OOMEHHBIMU CBS3SIME U ¢ M7 KaHaJaMu, [IpeICTaBjIeH-
Hoit Ha pucyske 6 st m = 2 u Ny = 2. On cocrout uz Ny OIIKm B xaxaom

OIIK2 OIIK2

OIIK2 OIIK2

PucyHOK 6. JIByXKacKaJHBIH COCTABHON 4-KaHAJIbHBIN TaKeTHBIH
rkommyTaTop CIIK 4

Kackaze u nmeer M; = N = 2m? xananos. Kommyrarop CIIK, M, sBiasercs
CaMOMAapIIPYyTU3UPYEMBIM KOMMYTAaTOPOM Ha JiroboM Tpaduke. [lo mocrpoenuto
cxemuas ciaoxkuaocts CIIK; M, 3amaerca dopmystoit
(5) $1 = 2NpSo = 8N3 = 8M,".

3aJIepKKU IepeCTAHOBOYHOIO TpaduKa OINEHUBAIOTCS CJIEIYIONIM 00Pa30M.
HOpO)K;[a.eTC?I MHO>KECTBO CﬂyqaﬁHbIX IIepeCTaHOBOK Me)K,ZLy BXOJ/JlaMU M
Beixogamu CIIK; M. Tlo kaxkmoit cirygaiiHoil mepecTaHOBKE OIPEIeIsieTcst
pacipesieieHre MapIlIpyTOB Ha BBIXOJAaX 1-ro KacKala U CPelnd HUX BbIIe-
JISIeTCsI 3HaUYeHne HanbOJIbINell KPATHOCTH, MOPOXKIAIOIIENH HAMOOJIBIITY IO
3aJEPKKY. 3aTeM OCYIIECTBISETCS YCPeIHEHNEe STUX 3HAYEHNIH 110 MHOYKECTBY
[IPOU3BOJIBHBIX IIEPECTAHOBOK.
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[raBHuoit ocobennoctrbio KommyTtaTopa CIIKy My siBiistercst To, 9TO pacrpe-
JIeJIEHUsT MapIIpyTOB Ha BBIXOAAaX 1-TO KackKaJja 00pasyoT IOC/IeI0BaTe IbHBIN
HAOOD PA3PEKEHHBIX [IEPECTAHOBOK. JDTHU [IEPECTAHOBKY HEePEeIA0TCs depe3 2-if
KackaJ, 0e3 JIOIOJIHUTEIHHBIX 3aJIEPXKEK, T.K. 110 ITOCTPOEHUIO OH COCTOUT
u3 HeOsoKupyeMbix kKommyTaTropos OIIKm.

SajtepKK1 paspenrennsi KOH(MINKTOB JIJIsl TeEPECTAHOBOYHOIO TpaduKa
una OIIK; M; npencrasiens: B Tabiuie 7, a i KBA3SUIIEPECTAHOBOYHOTO
Tpacdurka— B Tabsure 5, cuntas My = Nj.

Amnajyiornano Ha ocHoBe OITK; N7 MOXKHO IIOCTPOUTH HOBBIH 2-KaCKaHBIN
cocraBuoit kommyTtarop CIIKo M, B Buzie cetu ¢ 0OMEHHBIMU CBsi3siMu 1 ¢ Mo
KaHaJaMu, IpeICTaBJIeHHON Ha pucyHke 7 mjist m=2 u N1 = 4. On umeer
My = M12 = 2(m4 kaHaJioB, cocrouT u3 My OITK; M7 B nmepBoMm Kackaje u
u3 My 6sokoB KomMmyTaTopoB OIIKm, KaxKaplif 3 KOTOPBIX cOCTOUT U3 N
koMmmyTaropoB OITKm, Bo Bropom kackamne. Kommyraroper OIIK; Ny u
6s10ku KomMmmyTaTopos OITKm mmeror paBHOE KOJIMYIECTBO BBIXOJOB M BXOJIOB,
10 KOTOPBIM U OCYIIECTBJISIOTCS OOMEHHBIE CBSI3U.

Kommyrarop CITKs M siBiisieTcst caMOMapIIpy TU3UPYEMBIM KOMMYTATOPOM
Ha jroboMm Tpaduke. [lo mocrpoenuto cxemuas ciaoxuocts CIIKy My 3amaercs
dopmyitoit

(6) Ty =M (Z1 + NoSo) = m2(4(m* +m®) +4m3) =AM, + 8M,/".

Brok

OIIK 4 U3 2
— OlK2 ——
— Biok [
—__| OlIK4 w2 [
— OIIK2 ——
— Biok ——
— OIK 4 w2 [
E— OIlK2 ——
- Bioxk [
] OIIK,4 w2 [
— OIlK2 ——

PucvyHOK 7. JIByxKackaIHbIl COCTaBHON 16-KaHAJIBHBIN aKeTHBIN
kommyTaTop CIIK>16

Samepxkku nepecranopounoro rpaduka miss CIIK, My onenusarorcest
takxKe Kak u st CIIK; My, a nx 3madenus npeactaBiaensl B Tadaure 8. [lpu
9TOM 3HAYEHUS 3aJIePKEK Jisi KBazuiiepectaHoBounoro Tpaduka Ha CITK, M,
pejicrapiieHbl B Tabsuie 6, cantas Mo = No.



TabpuUA 7. Cpexnue 3azep:xku (B makerax) paspemtenus koudukTos s CIIKy M Ha mepecranoBouHOM
Tpaduke

m 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
M; | 22 32 42 52 62 72 82 92 102 | 112 | 122 | 132 | 142 | 152 | 162
Ty | 1,30 | 1,97 | 2,35 | 2,67 | 2,94 | 3,16 | 3,33 | 3,49 | 3,64 | 3,77 | 3,91 | 4,02 | 4,12 | 4,22 | 4,30

Tabiuna 8. Cpennue 3aepxkku (B makerax) paspentenns KougukTos s CIIK, My va mepecranoBoanOM
Tpaduke

m 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
My | 24 34 44 54 64 74 84 94 104 | 114 | 12¢ | 13% | 14* | 15% | 16
Ty | 2,34 | 348 | 4,30 | 4,87 | 5,35 | 5,71 | 6,04 | 6,31 | 6,51 | 6,72 | 6,91 | 7,09 | 7,24 | 7,36 | 7,50

0¢T

dgoeviulol] "D'g
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Tenepp nHa ocHoBe OIIKs Ny MOXKHO HOCTPOUTH HOBBIN 2-KaCKaIHBII
cocrasroit kommyTtarop CIIK4M, B Buje cetn ¢ 0OMeHHBIMU CBsA3siME U ¢ M)y

kananamu. On mveer My = M3 = m8

KaHAJIOB 1 COCTOUT 3 Mo KOMMYTATOPOB
OIIK3; N> B mepBoMm kackaje u My 6510k0B KommyTtaropos OITKm Bo BTopom
kackajie. IIpu aToMm Kaxplit 6510k cocrout u3 M /Ny kommyraropos OTIKm.
Kommyraropsr OITKy Ny u 6ok kommytaTropos OITKm nmeror pasHoe
KOJIMYIECTBO BBIXOJIOB M BXOJOB, II0 KOTOPLIM M OCYIIECTBJIAIOTCS OOMEHHbIE

CBA3U.

Kommyrarop CITK4 My siBisieTcst caMOMapIpy TU3UPYEMBIM KOMMYTATOPOM
Ha Jiobom Tpaduke. Cxemuast cioxkuocTs CITK, My onennBaercs Kak BeJMYHHA,
34 = M5(2S + M1Sp) Touek KoMMmyTanuu, rie 3HadeHue Sp Gepercs
u3 dopmyssl (2) paszena ?77.

Sauepxku nepecranoBouroro Tpaduka mst CITK4 M, oneHuBaoTCS TakkKe
kak u s CIIK; Ms, a ux 3madenus: npeacrasiennl B Tadbsuie 9. Ilpu stom

Tabimuna 9. Cpenane 3a7ep:kkn (B TAKETAX) PA3PEIICHUST
roudumkTOB s CIIK4 M4 ma nepectanoBouHOM Tpaduke

m | 2 3 4 5 6 7 8
My | 256 | 6561 | 65 536 | 390 625 | 1 679 616 | 5 764 801 | 16 777 216
Ty | 430 | 6,30 | 7,49 8,35 8,99 9,53 10,14

3HAYEHNS 3aIepKEK IS KBA3UIIEPECTAHOBOYHOI'O TPapUKa, IIPEICTABICHEI
B Tabsure 6, cantas My = Ny.

Haxomnern, na ocaoe OITK4N4MOKHO IIOCTPOUTDH HOBBIN 2-KaCKaJHBII
cocrapuoit kommyTtarop CITIKgMg B Buje ceru ¢ OOMEHHBIMU CBSI3SIMU KU
¢ Mg xamagamu. Ou nmeer Mg = Mf = m!% kanasoB, cocrosT uz M,
OITK4N, B tepBoM kKackajze u u3 My 6siokoB kommyTaTropoB OITKm Bo
BropoM Kackage. [Ipu srom Kaxupiit 610K cocrout u3 My /Ny KOMMyTaTOpOB
OITKm. Kommyraropsr OITK, Ny u 6510k kKommyraropos OIIKm umeror
paBHOE KOJIMYIECTBO BBIXOJIOB U BXOOB, 110 KOTOPBIM U OCYIIECTBJISIOTCS
OOMEHHDBIE CBSI3H.

Kommyrarop CITKg Mg siBiisieTcst caMOMapIIPy TH3UPYEMbBIM KOMMYTATOPOM
Ha JiroboM Tpaduke. CxemHas cioxkuocTh CIIKg Mg onenunBaercs: Kax BeJIMYnHA
Ss = My(254 + M3Sp) Touek KoMMmyTanuu, rie 3Hadenue Sy Gepercs
u3 opmyinst (3) pasneia 1.

Sasepxkku nepecranopoanoro tpaduka st CIIKgMg orenuBatorcst
takxke Kak u st CIIKo My, a ux 3HadeHus: npejcrapiieHbl B Tabsuie 10.
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Tabiuia 10. Cpemame 3a/1epKKu(B MAKETaX) PA3PEIICHUST
koHpukToB ayisa CIIKs Mg Ha mepecTaHOBOYHOM Tpaduke

m 2 3
Mg | 65 536 | 43 046 721
Tg 7,48 10,35

CpasHenue 3a/1epKeK Ha [MePeCTAHOBOYHOM (Tabymnbl 7— 9) U KBa3u-
repecTaHoBOYHOM (Tabuuipl 5— 6) Tpadukax IOKa3bIBAET, YTO IIOCJIEIHUI
MasKOpUpyeT CBepXy IepBHIi. EamucTBeHHOe Hapymenue mas N, = 88
YKJIAABIBAETCS B CPEIHEKBAAPATUIHOE OTKJIOHEHHE. DTOT (PAKT HCIOJIb3YETC
B CJIEYIOIIEM pa3Jieie.

B rabimne 11 mig NpoU3BOJILHBIX IEPECTAHOBOK IPUBOLATCS PE3YJIbLTATHI
CpaBHEHHsI OBICTPOTO U MPOMEKYTOYHOI'O KOMMYTATOPOB 10 KPUTEPUIO
OTHOIIIEHUS CJIOKHOCTU K CpeIHUM 3ajepxKKaM. CJI0KHOCTH OBICTPBIX KOM-
MyTaTOpOB OepyTcs Kak S; u3 Tabuuibl 3, a Kpurepun Kak N; = 3;/T; ¢
T; = 1. C02KHOCTH IIPOMEXKYTOUHBIX KOMMYTATOPOB— 3TO PACCMOTPEHHBIE
BBIIIIE Y.;, KOTOPbIE IIPUBEJEHbI B Tabiauie 11 B IIoKa3aTeJbHOM BUJE, a
kpurepun — 310 X; = X; /T ¢ T u3 tabmun 7— 10. CpaBHeHNe NPOBOIUTCS
10 OTHOIIIEHUSAM KPUTEPUEB, T.€. 110 3HadYeHusM p; = %, /(T;7S;), Gosbiiee
3HaYEeHNE KOTOPBIX 33JaeT IIPEBOCXOJICTBO 110 Kpureputo. I1o Tabaume 11
BUJIHO, YTO TPOMEKYTOYHBIE KOMMYTATOPHI UMEIOT MTPEUMYIIECTBO TOJBLKO PU
OOJIBITIOM YHUCJIE KAHAJOB M TeM OOJIbIliee, IeM OOJIBINe TUCTO0 KAHAJIOB.

Tasiuia 11. CpaBrenne GBICTPOTO M MTPOMEXKYTOIHOTO KOMMYTa~
TOPOB 110 KpuTepuio N;

m| X D) P g P P2 Pa P8
2 | MPO | M2 MR | Mg ® | 058 [ 0,80 | 1,9 | 17,2
3| MP | My® | M0 | M 051 | 1,15 | 65 | 317
4 | MPP | My®? | Myp® | Mg®® | 0,53 | 1,65 | 17,1
5
6
7
8

MPY | My T | M| MO | 0,56 | 2,29 | 37,4
MPO® | My ™| MOt | Mg | 0,60 | 3,03 | 72,1
M2 | My | M0 | Mgt | 0,63 | 3,89 | 126
MO | My | My | Mg | 0,68 | 4,84 | 202

B HEKOTOpPOM CMBIC/IE TPOMEXKYTOYHBIMU CBOMCTBAMEU 00JIAIA0T U HEDJIO-
kupyembie ceru Kioza [4,5]— qokazaHo ux CymecTBOBAHUE M U3BECTEH CIOCOD
IIOCTPOEHNUsI, HO HET HUKAKO IIPOLEIyPhl HapaJjule/IbHOM cCaMOMapIIPy TH3AIMH.
OTHU ceTH MMEIT JIEMEHTHYIO 0a3y n3 KBaJIpaTHBIX KOMMyTaropoB N X N u
TpanernueBuTHbIX KoMMyTaTopoB N X 2N u 2N X N.
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st moceryIomux CpaBHEHMIA OIEHIM CJI0KHOCTD H-KaCKaIHOTO KOMMYTa-
topa Kuo3a, nocrpoenHoro Ha 6aze kommyraTropa YARK [9] ¢ Ny = 64
KaHAJIAMI U KOMMYTAIIMOHHON CJIOXKHOCTEIO Sg = 642. [l peaymzanuu
TpannenueBuJIHOI0O KOMMYTaTOopa 32 X 64 HUCIIOJIb3YyeTCsA OJUH KOMMYTaTOpD
YARK, u oH 2Ke UCHOJIb3yeTcs JJisl pean3alui 2-X KBaPATHBIX KOMMYTaTOPOB
32 x 32.

B 3-kackagmnom BapuanTe HEOJIOKHPYEMOro KOMMYTATOPa BXOJIHONW U
BBIXOJIHOM KacKaJ bl cojiepzkar N1 = 32 TpallelueBuIHbIX KOMMYTATOPOB,
xpeber copepKuT 2N7 KBaJIpaTHBIX KOMMYTATOPOB, BCE OHU COZEpKaT 10 32
komMmyTaropa YARK. 3-kackaubiii BapuanT umeer N3 = 1024 kaHajoB u
KOMMYTAIMOHHYO CJIOKHOCTH S3 = N; 86

B 5-kackagnoM BapmaHTe BXOIHOI M BBIXOIHONW KACKAILI COMEPKUT N3
TPAaIeUEeBUIHBIX KOMMYTATOPOB, a xpeber comepxkuT 2N 3-KacKaIHbIX
rKomMyTaTopoB Kioza. 5-kackaaabplii BapuanT uMeeT N5 = 32 678 KaHaIOB U
KOMMYTAIIMOHHYIO CJIOXKHOCTEL S5 = 2N350 + 2N1S53 = N51’67.

Takum obpa3om, TeopeTudecKnit HeOJIOKUpyeMbIit KomMmyTaTop Kitoza
IpU CPABHUMOM 4HCJIe KaHasoB (cM. Tabuuity 11) uMeeT cOmocTaBUMyIO Wiin
GOJIBIITYIO CJIOYKHOCTD 10 CPABHEHUIO C HEOJOKUPYEMBIMU KOMMYTATOPAMI
CIIK4 N4 u CIIKgNg Tosbko ipu m < 3 u m = 1 coorBercrBerHo. IIpm aTom
OH mMeeT OoJIbIlee OBICTPOAEHCTBIE, HO MPAKTUIECKHN HE Pean3yeM M3-3a
OTCYTCTBHS IIPOTIEIYPhI TAPAJLIETBHON CAMOMAPIIPY TH3AIIAN.

B mamnom pasmesie pacCMOTPEHBI TPOMEXKYTOIHBIE KOMMYTaTOPBI, IO~
JIy9I€HHBIE TTOCPEICTBOM PACIIUPEHUsT OBLICTPHIX KOMMYTATOPOB BTOPOTO
pasiena pacllnpeHHble CeTIMU ¢ OOMEHHbIMU CBA3saAMH. OIEHEHbI CXeMHbIE
CJIOXKHOCTH W CpeIHHe 3aJEePrKKHU IePeIatdn MaKeTOB B TaKUX KOMMYTa-
TOpax Ha MepPecTaHOBOYHOM Tpaduke. [TokazaHo, 94TO 1O CJIOKHOCTU OHU
COTIOCTaBUMBI ¢ HEOJIOKUPYEMBIMU KOMMyTaTopamu KJjo3a, a mo Kpurepuro
CJIOKHOCTD /33I6P?KKA, B HECKOJIBKO Pa3 MPEBOCXOMAAT OBICTPBIE KOMMYTATOPBI
Ipu OOJIBIIIOM YHUCJIE KAHAJIOB.

4. Hebnokupyembie cetn masnoii C/IOXHOCTN

KommyTaTopsl 9T0r0 pasjesia cTposTCs Ha OCHOBE M-KAHAJBHOTO COCTAB-
Horo kommyTaTropa CIIK; M, (pucyHOK 3), pACCMOTPEHHOIO B IIPEJIbILYIIEM
paszese. I3 Hero cTpouTcs 2-KaCKa HbIi KOMMYTATOP ¢ OOMEHHBIM CBSA3SIMU
OCIIK2A3 ¢ Ay = M? = m* kamanavm. Kaxxplit Kacka 1 cocTout u3 M
koMmyTaropoB CIIK M, cBa3aHHBIX OOMEHHBIMUI CBABAMH. CH?)KHOCTB
OCIIKy Ny cocrasisier Benmuauny Zo = 2M 3, = 16]\4;/2 = 16A;/4 TOYEK
KOMMYyTaIuy. SHAYEHUsI CPEJIHUX 3aJIeP:KeK To% MOrYT OBITH OIEHEHBI TOJIBKO
JIsl KBa3UIlepecTaHOBOYHOro Tpaduka, rmockoiabky CIIK;M; Bo Bropom
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Kackajge umeer 17 > 1, 94TO 3aTPyIHSAET OLEHKY JJIA II€PECTAHOBOYHOIO
Tpacduka. [IpoBemennblie 3a/epKKU MPEICTABICHbI B TadHUIE 6.

U3 kommyraropa OCIIKsAy cTpouTes 2-KacKaHbI KOMMYTATOP ¢ OOMEH-
ueiM casazavun OCTIK Ay ¢ Ay = A2 kanamamu. Kaxiplii Kackaji COCTOUT U3
As kommyTaropoB OCITKoAs, cBsa3aHHbIX 00MEHHBIMU CBsI3MU. CJI02KHOCTH
OCIIK A4 cocrapisier Beauuuny Zy = 2M9 7, = 1 32N;/4 =1 321\/':/8 TOUYEK
kommyTarmn. [lpn 9ToM 3HaUeHNs CpenHuX 3aepKeK 1, s KBa3HIEPECTAHO-
BOYHOTO TpaduKa IPEICTABIEHBI TaKXKe B Tad uIe 6.

Ananornano n3 kommyraropa OCIIK A4 crpouTcs 2-kackajiHast ceTh

c obmernnbiM casazavu OCIIKgAg ¢ Ag = A2 = m!6
cocrout u3 Ay kommyraTropoB OCITK4A,, cBsi3aHHBIX OOMEHHBIMU CBSI3SIMU.

KaHajaMu. Kaxxbiit kacka

17
Caoxuocts OCIIKgAg cocrasuster Besmtuny Zg = 2A4Z4 = 1 64A, o —
17
1 64A4 16 pogex koMMyTarmu. IIpn sToM 3HaYeHUsA CpeAHUX 3alepiKeK 1§ IIda

KBa3UIIEPECTAHOBOYHOTO TpaduKa IIPEICTaBIeHbl B Tadmiie 6.

TAB/IMUA 12. paBHEHHE OGBICTPOrO U MAJIOTO KOMMYTATOPOB
110 Kpurepuio N;

m | Z Zy Zy Zg p1 b2 Pa s
2 | NPO L AZE AP A | 0,58 | 0,61 | 3,3 274
3| NP AYEE AP AP0 051 | 1,2 | 30,9 | 64 986
4 | NP LAY APt AP*® 053 ] 22 | 181
5
6
7
8

NP LAY | AP | Ag?? | 0,56 | 3,7 | 712

NPOS A | AY3T | Ag®! [ 060 | 5,7 | 2330
NPO3 T AO | AP | Ap®® [ 063 | 84 | 6223
NP AP AP | Ap™® | 0,68 | 11,7 | 14773

Heobxomumo ormernTh, 9To ciaoxkuocTu KomMmyTaTopoB OCITK A4 u
OCIIKgAg mpubimKaoTcst K CIOKHOCTSIM MHOTOKACKAHBIX [IEPECTPANBAEMBIX
cereii [5] ¢ conoCTAaBUMBIM YMCIOM KAHAJIOB U [IPU BIIBOE MEHDLIIEM YHUCJIe
KACKaJI0B.

Kommyraropsr OCITK A4 u OCIIKgAg eMOHCTPUPYIOT TPEUMYIIECTBO
110 OTHOIIIEHUSIM P4 ¥ Pg B CPABHEHUHU C OBICTPBIMU KOMMYTATOPAME B BADUAHTAX
¢ GOJIBIIIIM YUCJIOM KAHAJIOB. [Ipu 93TOM MX MPENMYIIECTBO OKA3bIBACTCS
3HAYUTEIBHO OOJIBINE, Y€M ¥ TPOMEXKYTOUHBIX KOMMYTATOPOB MPEIbIIYIIErO
passesta. s mepectaHoBOYHOrO Tpaduka OTMEUIEHHOE [IPEUMYIIECTBO HE
YMEHBIIATCS.



\RUmENE HEBJIOKMPYEMBIE CAMOMAPIIPYTU3UPYEMbBIE CUCTEMHBIE CETH 135
3aknoyeHne

B pabore npejio:keHo0 KOMMYTATOPBI C IPSIMBIMEA KaHAJIaMU CHaOXKaTh
CKBOBHBIMU TTelisiMu 00paTHo# cBsa3u. [locsenne mo3BOIIOT 00HAPYKUBATD
JII00OBbIe KOH(MIINKTHI TAKETOB U JIEJIATh 3TO B CTAPTCTOITHOM PEXKHUME JIJIst
IMAKEeTOB C OJMHAKOBOH aapecalneil U B IapaslyIeIbHOM PeXKUMe JJIA IaKeTOB
C pa3Hoil ajipecarueii. 9TO MO3BOJISET pa3penrarb KOHMINKTHI TaKeTOB
IIOCPE/ICTBOM UX IOBTOPHOM Ilepefadn ¢ MUHUMAJIbHBIMU 33JepKKaMU B TeX
2Ke peKnmMax.

st KOMMYTaTOPOB C IPSIMBIME KaHAJIAMU IPEJIIOYKEHO PACITUPUTH
OHATHE HEOJIOKUPYEMOCTH /IO BO3MOXKHOCTH II€PEe/Iadn MAKeTOB 0e3 moTeph
Ha KaHaJbHOM ypoBHe. [Ipu TakoM pacrimpeHnn KOMMYTATOPBI ¢ IPAMBIMEI
KaHaJIaM{ U C IEMsIMU 0OpPaTHO CBSI3U CTAHOBSATCS HEOJIOKUPYEMBIMU Ha JTIOOOM
Tpaduke, HO C pa3HBIMU 33JIeP:KKAMU TepeIatin NCXOIHOT0 Habopa MaKeToB.

Boimn mocTpoeHbl KOMMYTATOPBI € MPSAMBIMU KaHAJAME PA3HON CJIOKHO-
CTHU U C Pa3HBIMU 3a/IeP?KKaMU Pean3alliil IIPOU3BOJIbHBIX II€PeCTaHOBOK.
KomMmyTaTopsl mpoMeKyTOYHOM CJI02KHOCTHU IIPU OOJIBIITIOM YUCJIE KAHAJIOB
COTIOCTaBUMBI TI0 CJIOYKHOCTU C HEOJIOKUPYEeMbIM KOoMMyTaropoM Kitoza, HO
uMeroT O0Jbinue 3ajepkKu. [Ipu 3rom oHE, B oTyimume oT KomMyTaropa Kiosa,
peaJyin3yeMbl He TOJIBKO TE€OPETUYECKU, HO U MPAKTUYECKU.

IlocTpoeHHbIe KOMMYTATOPBI MAJIOH CJIO?KHOCTU COTIOCTABUMBI IO CJIOYXKHO-
CTHU C TIePEeCTPANBAEMBIMU CETSIMU C OJMHAKOBOH d1eMenTHOM 6a3oit. [Ipu
9TOM OHU MMEIOT MEHBIINE 33/IePKKH BCJIEJCTBUE UCIIOJIb3YEeMbIX PEXKIMOB
OOHADPY2KEHUsT U pa3pelieHnsi KOHMIMKTOB TOJIBKO Ha KAHAJIHLHOM yYPOBHE
10 CPABHEHUIO C OOJIBIIUMU IIPOTOKOJIBHBIME 33/I€PXKKAaMU OOHAPYKEHUSI
KOH(JIMKTOB B II€PECTPANBAEMBIX CETSX.

JI1s1 BceX TTOCTPOEHHBIX KOMMYTATOPOB 3aJIEPKKH TIepeIadn ObLIN OTIEHEHBI
JITsl TIPOM3BOJIBHOTO [IEPECTAHOBOYHOIO M KBA3UIIEPECTAHOBOYHOTO TPA(UKOB.

PasHble KOMMYTATOPBI OBLIN COIIOCTABJIEHBI 110 KPUTEPHIO CII0KHOCTD/3a-
J€ePKKa. BbLIO BBISBJIEHO, UTO 10 3TOMY KPHUTEPUIO OBICTPBIE U CJIOXKHBIE
KOMMYTATOPBI yCTYIAOT 00Jiee IPOCTHIM U MEJJIEHHBIM KOMMYTATOPAM TOJBKO
B BapuaHTaX C OOJIBIITUM YHCIOM KaHAJIOB.
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Abstract. Three new versions of a non-blocking self-routed network with
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and resolved at the entrance to the network. Collision-blocked packets are
retransmitted by sources with minimal delay. End-to-end feedback loops have
been added to the network to quickly detect packet collisions. The presence
of feedback loops allows for arbitrary traffic without packet loss. Networks are
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from several hundred to many millions with an assessment of the network speed
achieved on permutation traffic. The practical orientation of the proposed
networks is system networks with the transmission of routing information in packet
headers using control routing information in each cascade. The proposed networks
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