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AHHOTaumsa. B paHHOM cTaTbe MpPEeACTaBNEHO WCCNeAoBaHWe, HanpaB/eHHOE Ha  pa3paboTKy
MHHOBALIMOHHOIO MEeTO/la aBTOMAaTM3POBAHHOIO MOACHETa U KnaccupmKalum NeiKoLuToB Ha LIMGPOBbIX
MUKPOCKOMNYECKNX N300paXKEHNAX KPOBU. [pef10XKeHHbIN NOAXOA HaleNleH Ha MPeofoneHne KYeBbIX
OrpaHNYEHNn  CYLLECTBYHOLMX METOAOB, O6ecrneynBas BbICOKYH) TOYHOCTb, YHWMBEPCA/IbHOCTb M
YCTOMUMBOCTb K BapuabenbHOCTM BXOAHbIX AaHHbIX. HOBM3HA MeToAa 3aK/H4YaeTcs B MCMOb30BaHWM
NPenMyLLECTB TPaHCEPHOr0 OOYyYeHUSt N 00BbEJVUHEHUS CBEPTOUHbIX HEMPOCETel B aHCaMb/ib, 4TO
NO3BO/MISIET  3HAYUTENBbHO MOBLICUTL TOYHOCTb PAcMO3HaBaHWS PasINYHbLIX TUMOB  NEAKOLMTOB.
Pa3paboTaHHbI anropuTM peanmsyeT TPexXaTarHblii nNpouecc 06paboTKN M306PaKEHWIA: CErMeHTaLMIo
NeKOUUTOB C MCMOMb30BaHWEM aHCambs Mofenei, NocToopaboTKy CerMeHTMPOBaHHbIX M306paXKeHWit
ANS YNYULWEHNA NX KayecTBa 1 PMHaNbHYH Knaccuumkauuio. MNpuBeaeHHbIe faHHbIe BbIYUCAUTENBHOIO
9KCMepMMeHTa  AEMOHCTPUPYIOT — 3HAYMTENbHYH)  SPMEKTMBHOCTb  MPEASIOKEHHOTO  MoAgxofja W
MOATBEPXKAAIOT ero YHMBEpPCasIbHOCTb. Pe3ynbTaTbl paboTbl MOTYT NOCAYXXWUTb OCHOBOMN ANs pa3paboTKu
HOBbIX AaBTOMATU3MPOBAHHbIX CWUCTEM [AMArHOCTMKU ANA MNPUMEHEHUS B KAMHUYECKON MNpaKTUKe,
CMOCOBHBIX MOBLICUTL CKOPOCTb M TOYHOCTb aHa/iM3a KpPoBW, YTO ABMSETCA BaXKHLIM LLUAroM Ha MyTu K
MOBBbILLEHNIO Ka4ecTBa MEANLIMHCKOTO 06CNY>XNBaHUS.

Kntouesble cnoBa: 06paboTKa N300paKeHWin, KOMMbIOTEPHOE 3peHre, MUKPOCKOMMUYECKMe 1300paXKeHms
KPOBW, MalLLMHHOE 06YYeHwMe, cermeHTauus, Knaccuukaums neiikoumTos
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Abstract. This article presents a study aimed at developing an innovative method for automated counting
and classification of leukocytes in digital microscopic blood images. The proposed approach is designed to
overcome key limitations of existing methods, ensuring high accuracy, versatility, and robustness to input
data variability. The novelty of the method lies in leveraging the advantages of transfer learning and
combining convolutional neural networks into an ensemble, which significantly enhances the accuracy of
recognizing various leukocyte types. The developed algorithm implements a three-stage image processing
procedure: leukocyte segmentation using an ensemble of models, post-processing of segmented images to
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improve their quality, and final classification. The computational experiment data demonstrate a significant
effectiveness of the proposed approach and confirm its versatility. The results of this work can serve as a
foundation for developing new automated diagnostic systems for clinical practice capable of increasing the
speed and accuracy of blood analysis, which represents an important step towards improving the quality of
medical care.
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BBegeHune

B coBpemMeHHON MeAWLNHCKOW AMarHOCTMKE KNMHUYECKWUIA aHann3 KPOBW C MOCTPOEHMEM
NeNKoUUTapHON (OopMy/bl WUrpaeT K/UYEBYH PpoJb, MOCKO/IbKY 3TOT METOZ4 MNO03BO/sAET
onpeAennTb MPOLEHTHOE COOTHOLUEHME Pas3/IMYHbIX TUMOB NENKOLUTOB B KPOBM, 4TO UMeeT
Ba)XXHOE 3HaYeHne 418 AMarHOCTUKM MU MOHUTOPUHTIa LWMPOKOTro cnekTpa 3abonesaHuii [Bonkosa,
Boposkos, 2013]. C pa3BuTnemM LUPPOBLIX TEXHONOMMIA N LUDPOBOA MUKPOCKOMUU OTKPbIIUCH
HOBble BO3MOXXHOCTM [N aBTOMaTtu3auMy 3TOro npouecca, YTo MOXKET 3HAYMTE/IbHO MOBbICUTH
ero apeKTUBHOCTb U TOYHOCTb.

HecmoTps Ha MHOrosieTHMe uccrnefoBaHus B 06/1aCTM aBTOMATM3UMPOBAHHOIO
mMoponornyeckoro aHanmsa nerikountos [Almezhghwi, Serte, 2020; Zhang et al., 2020], go cux
nop He Cyu,ecTBYeT ONTUManbHOro MeTofa, KOTopbliA MOr 6bl 6bITb MCMNOMb30BaH B KayecTBe
HafeXHOW cuCcTeMbl NOALEPXKM NPUHATUA pelleHWid B nabopaTtopusax [YepHbix u gp., 2023].
CyuiecTByloL e METOAbI YacTO CTaNKMBAKOTCA C NPo6/eMamMmm TOYHOCTU, CKOPOCTM 06paboTKM 1
cnoco6HoCcTN paboTaTh C 60/bWKUMKU O0O6bemMaMM AaHHbIX. OCO6EHHO 3TO KacaeTCA HOBbIX U
HETUMNYHbIX OaHHbIX, KOTOPble MOTYT 3HA4YUTE/IbHO OT/MYATLCA OT TeX, Ha OCHOBE KOTOpPbIX
Obl11 pa3paboTaHbl METOAbI, YTO MPUBOAUT K CHUXEHUIO UX 3PHEKTUBHOCTU N HALEXHOCTMN.

B nocnegHune roAbl HabnaaeTcsa CTPEMUTENbHbLIA POCT pPa3paboTKM W BHeAPeHus
LUMPPOBBLIX N aBTOMATU3NPOBAaHHbIX pPeLleHnld B pa3finiHble chepbl YeI0BEYECKOM LeATeNIbHOCTH,
BK/OYan 3apaBooxpaHeHne. C nosiBneHnem LMMpoBbIX Kamep B cepeanHe 1990-X rogoB ypoBeEHb
aBToMaTu3aunm UUTOMETPUN - TEXHUKM W3MEPEHUA XapakKTEPUCTUK KNeTOK - Ha OCHOBE
N306paxKeHN HEYKIOHHO Bo3pacTas. B HacTosee BpeMs N306paXKeHNA KNETOK KPOBY SBMIAOTCSA
OCHOBHbIM O0OBLEKTOM WCCNEA0BaHMA A9 MeTOA0B KOMMbIOTEPHOrO 3peHUs M MallWHHOTO
00y4YeHns, NPUMEHSIEMbIX B LM(DPoOBOA MuKpockonun [Batuuies wu ap., 2020; Chernykh,
Mikhelev, 2021]. 3Tu MHHOBALUWN, HECOMHEHHO, UMEIOT MHOXECTBO NPEMMYLLEecTB, OA4HAKO WX
BHeApeHMe TakXe MoBbIWaeT He06X04MMOCTb KOHTPONS 1 0becrnevyeHns KavyecTsa npoLeccos, B
KOTOPbIX OHW MPUMEHAIOTCA. B 4yacTHOCTW, HECMOTPSA Ha TO, YTO COBPEMEHHbIE LOCTVIKEHUS B
06nacTn cucTem NOALEPXKKU MPUHATUA peLleHUin NOo3BONSKOT YCKOPUTb TPYA0EMKWUIA npolecc
aHanm3a faHHbIX MeAULMHCKON BU3yanu3auuu, BCe ele OTCYTCTBYET 0OWMI CTaHAApT OLEeHKM
KayecTBa 0bpabaTbiBaeMblX MeAWLUHCKMX CHUMKOB [Li, Paramesran, 2016]. BaxXHO O0TMeTUTb,
UTO OLEHKa KayecTBa MEAULUHCKMX M306paKeHWUi He TOXAEeCTBEHHa OLEHKe KayecTBa
ANarHoCTUKK. TemM He MeHee BbICOKOEe KayeCTBO M306paxKeHNI SABAETCA BaXKHbLIM A1 NOJTyYeHUs
TOYHbIX pe3ynbTaToB aHanM3a, OyAb TO aHanu3, MNPOBOAWMBINA cheunanucTamm umu
aBTOMaTU3NPOBAHHbLIMU CUCTEMAMM.

B cBA3M ¢ BbliwWeonucaHHbIMKW npobnemamn Lenb AaHHOW paboTbl HanpaBieHa Ha
pa3paboTKy MeToja peleHns 3afjavynM CerMeHTauumm u Knaccuukauum NeKouuToB Ha
N300paXKeHUAX C WUCMONb30BaHMEM TpaHCepHOro o6ydyeHMa U aHcambnsa CBePTOYHbIX
HEelMPOHHbIX ceTeli. TpaHchepHoe 06y4yeHMe M03BONSeT 3PHEKTUBHO MCMOAb30BaTh 3HaHUS,
MONYyYeHHble MPY PELeHMU CXOXUX 3afay, YTO OCOBEHHO BaXHO MPW OrpaHNUYeHHOM 06beme
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JOCTYMHbIX JaHHbIX, a 00beANHEHNE MOJENel HEMPOHHbIX CETEN B aHCamMb/b, B CBOKO 0OYepefb,
MOXXET MOBbLICUTb TOYHOCTb W HAAEXHOCTb Pe3ynbTaToB WX paboTbl. lMpeanaraembiii NOAXOA
npussaH o6ecneunTb 6onee TOUHYH W 3MPEKTUBHYHD 00pabOTKYy LMPPOBbLIX M300parkeHWI
KNeTOK KPOBM, 4YTO B KOHEYHOM MTOre MOXET CMnoco6CTBOBaTb MOBbIWEHNIO KayecTBa
MEeAUNLNHCKON AnarHocTuKn. Kpome Toro, pa3paboTaHHbIA MeTOA MOXEeT CTaTb OCHOBOWN Ans
co3faHnsa CTaHAapTa OLEHKM KayecTBa MeAULMHCKNX M3006paXKeHnii B 061acTy remaTonorunu.

AHann3 coBpeMeHHbIX MOAXO0B K PELIEeHNI0 3a4a4n KnaccuuKaunum neikounTos

O6WNA KNNHMYECKUIA aHanM3 KPOBM 3aHMMAEeT LEeHTpalbHOe MecTO Cpeau MeTofoB
MeAULMHCKON AMarHOCTMKKM, MOCKO/IbKY [JaHHOe uccnefoBaHue AEMOHCTPUPYET MaKCUManbHO
[JOCTOBEPHYIO KapTWHY OTBETHOM peakuuyu opraHusMa Ha pasHoo6Gpas3Hble NaTtonornyeckue u
thusnonornyeckne Bo3aencTBus. bnarogaps cBoe WMHPOPMATUBHOCTM W AMATHOCTUYECKOW
LLeHHOCTWN 3TOT METO[ 4acTo CTaHOBWUTCS OTMPaBHON TOUKONM ANA AanbHelwero o6cnefoBaHus
naymeHTa.

KnouyeBbiIM 3/1€MEHTOM  KIMHUYECKOro aHain3a KpOoBW BbICTYMNaeT MCCnefoBaHue
NerKorpammbl, oTpaxarowen NPOoLEeHTHOE pacnpeseneHmne pasnyHbIX K1accoB NeNKOLUTOB U KX
KONMYECTBEHHOE CcOjJepXXaHMe B 3adaHHOM o06beme KpoBu [Bonkosa, Boposkos, 2013].
dyHAaMeHTaNbHas pPosib NENKOLUTOB, TakXe M3BECTHbIX Kak 6efble KMeTKW KPOBM, COCTOUT B
obecrnevyeHNN 3aliMTHLIX MeXaHW3MOB OpraHuM3ma OT MaTOreHHbIX (aKTOPOB U YYXepOAHbIX
areHToB, Takum 006pa3oM, [aHHble KIETKU ABAAKTCA OCHOBOMOMArakvwWwmmm 37emMeHTamu B
(hopMMpOBaHUN UMMYHHOI CUCTEMbI Yefl0BEKaA.

Hanbonee OTANYUTENbHLIMWU BHELWHWMWU MNPU3HaKaMy NIEMKOLUTOB SBAAIOTCA KPYMHbIWA
pasmep KNeTKN 1 Hannumne y Hee a4pa, a N5 BblAeneHuns 6enbiX KNeTOK KPOBU B MasKe npuberatoT
K crneuunanbHbIM MeTOoAaM OKpallMBaHWs, KOTOPOe HajensieT KeTKu LBEeTOM OT pO30BOro Ao
TEMHO-(O)MONETOBOr0. B COBpeMEHHOI remaTofiorMM pasn4yarT MNATb OCHOBHbIX K/1acCoB
NeNKOUMTOB: NMUMGOLUTLI, MOHOLUTbI, HEWTPOUNbI, 303MHOP KNI 1 6aszodunnbl. Kaxaas n3 aTux
nonynsauuii - xapaktepusyetrcs  cneyuuyeckumm  MOpPGONOTrMYECKUMM  napameTpamu,
(hM3M0NOTNYECKUMU PYHKLMAMMN U pethepeHCHbIMU NHTepBanaMmn KOTMUYECTBEHHbIX MOKa3aTeNel.

HenTpogunbl SBAAKOTCA JOMUHUPYHOLWEA nonynsauuei cpean Bcex (hopMm NeKoOLUTOB,
cocTaBnas 47-72 % obuiero ymucna 6enbix Knetok. Mx uanonornyeckas ponb 3akaroyvaeTcs B
obecrnevyeHnn 3aWnTbl MPOTUB MHMEKLMNIA, YAaNeHUN MUKPOOPraHN3MOB B o4arax BoCnaseHuin u
NOBPEeXAEeHHbIX TKaHAX. MoBbIlWeHMe Yncna HEWTPOUIOB YacTo HabnohaeTcsa NPy TePMUYECKNX
nopaxeHusx, NHMapKTax, OCTPbIX anneHauunTax n page agpyrux sabonesaHui. Mpu nposegeHUn
nccnefoBaHUs ¢ NPUMEHEHWEM OKpallMBaHMa LuTonnasMa HelTpounos npuobpetaet 6/1eHO-
CUHIOK OKpacky.

S031MHOUIbI BbIAENAKTCA HanMuMem 6ONLLIOr0 KO/MMYEecTBa rpaHyn B LUTOMIasMe,
KOTOpble MpW OKpalmnBaHUM NpMobpeTardT KPacHbI OTTEHOK, KOHTPacTUpPYHLWMiA ¢ (hM0NeToBo-
CUHeBaTbIM A4POM. [eATeNbHOCTb 303MHOMUIOB Hanpas/jeHa Ha YCTpaHeHWe Menbyanmnx
yacTuL BMpPYcOB M 6akTepuil. HopmanbHbIN gnanasoH ux cogepxxaHusa coctasnset oT 0,5 % fo
2 % oT 06WEero yncna 6enbix KPOBSAHbIX KMETOK.

P yHKLMOHaNbHas aKTUBHOCTb  JIMMDOLNTOB HanpaBneHa  Ha  NPOAYKLUMIO
UMMYHOT/I00Y/IMHOB X pPeryinpoBaHne MeXK/eTOUYHbIX B3auMOLeicTBUin. KonuyecTBeHHOE
cofepXaHve nonynauum nMmMGOLMTOB 3aBUCUT OT BO3pacTa: y AeTeill ux fons MOXeT AoCTuratb
50 % oT 06uWero yncna NenKouMToB, TOrJa Kak y B3pOCAbIX 3TOT MoKas3aTeNb KonebneTcs B
AnanasoHe 25-40 %.

MoHOUNTbLI NpefcTaBfeHbl Hambosiee KPYMNHbIMW MO pasMepy MpeacTaBuTensImm
NenKounUTOB, OT/IMYNTENIbHON OCOBEHHOCTLIO KOTOPbIX ABNAETCA Hanuyne 6060BUAHONO sigpa U
60nblIOro obbema uUMTOMMA3Mbl. JlaHHble KNETKM 061aAatT BblpaXe€HHOM CMOCO6GHOCTLIO
MUTPUpPOBaTb B 30HY BOCMafeHWUs, rfhe OCYLLeCTBAAKT (aroumTo3 OGakTepuanbHbIX areHToB,
BMPYCHbIX 4acTuL, U NPOAYKTOB OTMUPaHUA KNeToK. B nepudepnyeckolrt KpOBN OTHOCUTENbHOE
cofep>kaHve MOHOLMUTOB HaxoAUTCA B uHTepBane 2-9 %.

875



SkoHomuKa. NHdopmaTuka. 2024. T. 51, Ne 4 (873-886)
Economics. Information technologies. 2024. V. 51, No. 4 (873-886)

OTAnunTeNbHbIM  Mapkepom 6a30()u0B  ABNAETCA MNPUCYTCTBME B LMTOMNIa3Me,
OKpY>KatoLLein KNeTKy, KpYMnHbIX FpaHyn N0BO-CUHEro LBeTa. [JaHHaa nonynauns npeacrasnset
HaVMeHee MHOTOYUC/IEHHYO (PPakuuio NenKouuToB, cocTaBnas npubnusutensHo 0,5 % oT ux
06L1ero KonmyecTea. Aapo 6a30uNoB MMeeT XapaKTepHYH S-06pasHyto hopMy, BKIHOUAOLLYHO
B cebA Mmapy CermMeHToB. VX (hM3monormyeckas posb NPeMMyLLECTBEHHO CBfi3aHa C OTBETOM
opraHv3ma Ha annepruto. baso@uansg MoXeT CNyXUTb UHAMKATOPOM psja naTonoruii, BKAYas
rpunn, Ty6epKyne3Hyt UHGEKLMIO, BUPYC OCMbl U Apyrue 3a601eBaHus.

Py4yHOW BM3yaNibHbIA aHanW3 WUCTOPUYECKM CTan MepBbiIM YCTOABLWIMMCS METOAO0M
KO/IMYECTBEHHOW OUEHKM U augdepeHumaynm nenkoumTos, 4TO nNpeanonarano Bu3yasbHbIl
MUKpOCKonuyeckuii aHanus ot 100 go 200 neinkoumToB. STOT METOL MNO3BOMAET AeTasibHO
OLEHUTb MOP(O/IOTMI0 KNIETOK, YTO BaXKHO ANS BbISBIEHNS HE3PENbIX U aHOMaJIbHbIX IEMKOLUTOB.
OfHako Cy6beKTMBHOCTb BU3yanbHOM OUEHKKW, [eTePMUHUPOBAHHAA WHAUBUAYASIbHbIMU
OCOBEHHOCTAMM 3pUTENIBHOIO BOCMPUATUS U YPOBHEM MPO(ECCUOHANbHON KOMMNETEHLUN
cneymanucta, MOXeT NpuUBOAUTL K  BapuabenbHOCTW  pe3ynbTatoB. HepaBHOMepHOe
pacnpefefnieHVe KNeTOK B npenapate U OTCYTCTBMe CTaHAapTU3auUW [enatoT PYYHON aHann3
TPYLOEMKMM N CYObEKTUBHbIM MeTOAO0M, A5 KOTOpPOro TPYAHO u3bexatb 4efoBevyecKoro
(hakTopa, aHaIMTUYeCKNX OWMUOOK U NOrpelwHOCTM NpK NOBTOPHbIX aHanu3ax [baTtuwes v gp.,
2020]. B coBpeMeHHOM MeAMLMHCKOM aHanun3e KPoBWU Hapsay € PYYHOUW MUKPOCKOMUENR LMPOKO
MCNOJIb3YHOTCA aBTOMAaTU3NPOBaHHbIe cucTeMbl. OHU 06ecneymBatoT 60/1ee BbICOKYH TOYHOCTb
pe3ynbTatoB W CKOPOCTb BbINOMHEHWMA aHanm3a [Li, Paramesran, 2016; Ma et al., 2020].
C MOMeHTa MNOsABMEHUA LUMPPOBOA MWUKPOCKONUU YBENNUYMBAETCA KOMYECTBO MOMbITOK
aBTOMaTU3MpPOBaTh MUKPOCKOMMYECKUIA aHaNN3 Ha OCHOBE LM(POBbLIX N300paXXeHUn. YyeHble No
BCEMY MMpPY pa3pabaTbiBalOT HOBble MOAXOAbl, UCMOb3YyA MeTOAbl KOMMbIOTEPHOI0 3pPEHUSA ©
MaLUMHHOro 06yuyeHus.

TaK, B KOHTEKCTE 06 EeNPUHATON METOAONOMMN Knaccuukaumm UngpoBbiX N306paxeHnin
NenKouuToB, BK/IKOYaKOLWen 3Tanbl nNpefobpaboTkM, cermeHTauuu, OOHapyXXeHus 1
Knaccugmkaumm, uccnegosaHne Rosyadi T. [Rosyadi et al., 2016] 6blno HanpaefeHO Ha
onpegeneHve MOpPHOMETPUYECKUX MapaMeTpoB, obecneymBaloWMX MaKCMManbHYK TOYHOCTb
Knaccugmkaumm. PesynbTaTbl UCCnefoBaHNS NPOLEMOHCTPUPOBAIN, YTO HaMBbICLLMIA NOKa3aTe b
ToyHOCTU (67 %) AocTuraeTcsd Npu MCMNOMb30BaAHWWM MapameTpa OKPYrj0CcTU, B TO BPeMs Kak
NPUMEHEHVe TMOKasaTens IJKCLUEHTpUCMTETa XapakKTepu3yeTcs MUHUMANbHOMN TOYHOCTHIO,
cocTasnatoulen 43 %.

Di Ruberto C., Loddo A. go6unuce [Ruberto, Putzu, 2014] TouHocTun ot 94,1 % a0 99,7 %
Ha pa3nMyHbIX Habopax AaHHbIX. OHWM MCMONbL30BaNW MO3TanHbI NOAX04, 06beAUHAS MOAY/N
npeaBapuTenbHOM 00paboTKM M306paXKeHUn AN HaXO0X/AEHUS MAaCOK KMeTOK, CermMeHTaLum
NyTeM HaxOXAeHWa rpaHul, BOAOpas3fenoB U Knaccuukaumm (obvegnHeHne SVM-
KNnaccugpmnkaTopos).

HecTaHfapTHas MeToAMKa CerMeHTaunmn neikoumMToB Oblna nNpefcTaBieHa B UcCCnef0BaHnm
Wang W. n Su. P.Y. [Wang, Su, 2012]. ABTOpbl UHTErpnpoBanm anropuTMbl akTUBHOIO KOHTYypa
ANS OeTeKUUW TrpaHuL, KNeTOYHbIX CTPYKTYp M UX agep. Knaccudukauma ocyuiecTBnsnach
nocpefcTBoM SVM Ha 0CHOBE TEKCTYPHbIX MPU3HAKOB M NapaMeTPOB HACbILWEHHOCTH, 06ecneyns
TOYHOCTb Knaccupmkauumm 89,6 %. HecmoTps Ha TO, 4to SVM cumTaetca TpaguLUOHHBLIM
WHCTPYMEHTOM B 061acTv Knaccudukaumm MeauuMHCKUX W300paXKeHWn, [aHHbIi MeToq
XapakTepusyeTcsd  MOBbIWEHHbIMW  TPebGOBaHMAMM K  BbIYUCAUTENIbHbIM  pecypcam U
LEMOHCTpUpYeT 60/ee HU3KYH TOYHOCTb B CPaBHEHUM CO CBEPTOYHLIMU HEWPOHHBLIMW CETAMU
(CNN) [lbrahim et al., 2019].

B pa6ote Almezhghwi K. wun Serte S. [Almezhghwi, Serte, 2020] npegcrtasneH
BCECTOPOHHUI aHannM3 MPOM3BOAUTENBHOCTU  Pa3/IMYHbIX KNacCU(UKATOPOB /IeAKOLUTOB.
WccnepoBaHmne BKIHOYaNno OLEHKY pasHoobpasHbix KoHdurypauum CNN B coyeTaHum ¢
npumeHeHnem GAN (reHepaTMBHO-COCTA3aTe/IbHbIX CeTeil) M pacLIMpPeHHON ayrmeHTauuei
JaHHbIX. MeTogonorusa 6asupoBanacb Ha npeaBapuTenbHO 006Pab0TaHHbLIX M300PAXKEHUAX C
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nocnegyrowmm N3B/IEYEHVEM  XapaKTepHbIX NPY3HaKOB. Pesynbrarsl BaMgaLnn
NpPoAEMOHCTPUPOBAIM MaKCUManbHYH TOYHOCTL B 98,8 %.

WcenepoBaHme Lin L. m Wang W. A [Lin, Wang, 2018] npeactaBuio HernapameTpuyeckuii
MOAXO[ K BblAeNIeHNI0 TEKCTYPHbIX XapaKTepUCTUK, 6a3npyroLLMXCa Ha anropuTMe pacLimpeHuns
obnacteli n mean-shift knactepmusaunn. [aHHblii CerMeHTAUWOHHbIA METOA peannsyeT aHanus
NMPOCTPaHCTBEHHO O6/IM3KUX MUKCeNlell OTHOCUTENbHO MCXOAHbIX TOYeK A5 OnpefefieHnus Ux
NMPUHAANEeXHOCTU K efMHOW obnacT. Bepugmkaumns apheKTMBHOCTU NPESI0XKEHHOI0 noaxona
ocyulecTenanacb nocpecTsom SVM-knaccmukaymm, npogeMOHCTPMPOBaB TOUHOCTL 97,96 %.

NHHOBAUMOHHBLIA NOAXO0A K CermMeHTauuu eikouuToB W WX Afep NpefcTaBfieH B
nccnegosaHun Zhang C. u gp. [Zhang et al., 2020]. Pa3paboTaHHasa apXUTeKTypa UHTerpupyer
COCTA3aTe/IbHYK0 CeTb, CBEPTOYHbIEe CNOM W TUCTOrpamMMmy Hanpas/ieHHbIX rpajuWeHToB AnA
n3BNeYeHns npusHakos. lMpefnoXKeHHas MOfLe/Nb OCYLLeCTBASET MYy/bTUMAacWTabHbIA aHanu3s
KNeTOUYHbIX M306paXKeHUidi ¢ nocneayrouwein SVM-knaccudukauneii nenkountos. Banupaums
MeTOL0N0rMn Ha Habope 5 TbicAY M300paXKeHU NokKasana TOYHOCTb 0T 85 % Ao 95,9 3% no Tpem
pasIMYHbLIM METPUKAM OLLEHKMW.

AHanu3 Hay4yHOW nuTepaTypbl MOKa3blBaeT, 4YTO METOAbl KONUYECTBEHHOW OLEHKU W
AvhdepeHurauny  neikKouMTOB pasBuBaloTCA 60nee nosyBeka. IBONKOLUA METOLOMNOMNN
BK/IIOYAeT Mepexof OT PYYHbIX TEXHWK K aBTOMATU3MPOBAHHbLIM CUCTEMAaMm, OCHOBaHHbLIM Ha
MPOTOYHbIA  LUMTOMETPUM U anroputmax KOMMbHOTEPHOro  3peHus.  CyuiecTBylolme
aBTOMaTU3NpOBaHHbIe MeTOofbl  Kfraccuukauum, HEeCMOTPA Ha BbICOKYHD TOYHOCTb B
KOHTPO/IMPYEMbIX YCNOBUAX, AEMOHCTPUPYIOT OrpaHUyeHHY 3h(PeKTUBHOCTb Npu 06paboTke
PasHOPOLHbIX M306paXKeHnin. CoBpeMeHHble aBTOMATU3NPOBAHHbIE CUCTEMbI XapaKTepu3yrTCs
BbICOKO CTOMMOCTbIO M XXEeCTKMMM TPeboBaHUAMUN K Ka4eCTBY BXOAHbIX [aHHbIX.

B cBA3W C BblWEN3N0XeHHbIM Npo6ieMa pa3paboTKy AOCTYMNHbIX METOA0B OnepaTUBHOW
KO/IMYECTBEHHON OLEHKN U KacCuuKaumm nemkKouMTOB Ha MUKPOCKOMUYECKUX LUGPOBbIX
n3006paxeHnax, obecneynBarowmx KAVMHUYECKU NPUEMIEMYIO TOYHOCTb, OCTAeTCA aKTyaslbHOWA.
Takxe MCxo4s U3 TOro, YTO CO3[aHue [aHHOro MeToja fBAeTCA OLHOW M3 MepBOCTENEHHbIX
3afay B 06nacTy nNpoBefeHUS aBTOMATUM3MPOBAHHOIO KJ/IMHWYECKOr0 aHann3a KpoBW, LeSb
[JaHHOro nccnefoBaHna - paspaboTka yHMBEpPCasbHOro M 3PPeKTUBHOIO MeTofa A5 peLueHuns
3aflaun Knaccugpmkauum neikounToB Ha LUGPPOBbIX MUKPOCKOMNYECKUX CHUMKAX KNeTOK KpOBU
NMoCpesCTBOM PasBUTUA CYLLECTBYIOLLNX NOAXOA0B K €e PELUEHUIO.

OnucaHue npegiaraemMoro noaxoga

B pesynbTate nNpoBeAeHHOr0 aHanv3a COBPEMEHHOr0 COCTOSHWUA MOAXOLOB K PeLleHUto
3aflayn  Knaccumkaumm NemnkouMToB Ha LUPPOBLIX WN306paXKEHUAX KNeTOK KPOBM Obln0
YCTaHOB/IEHO, YTO 4151 AOCTUXKEHMSA Hanbonee TOYHOTO pe3y/ibTaTa peLleHne 3a4a4um NPoUCXoanT
B HECKONbKO 3TanoB, CpeAu KOTOpbIX Haubonee 4acTo BCTpeyawTca: npeaBapuTesnibHas
06paboTKa n306paxkeHns, cerMeHTaUns N 0B6HapYy>XeHne NeNKOLUNTOB, N3B/IEYEHNE MPU3HAKOB U3
0OHapy>XeHHbIX KMeTOK, a 3aTeM - MX Knaccugukaums. Mpepnaraemblii NoAXo4 COCTOUT U3 TpeX
3TanoB paboTbl C UCXOAHLIM MUKPOCKOMUYECKUM CHUMKOM: CermeHTaumu, noctobpaboTkwm,
Knaccugmkaumu.

CermeHTauunsa. Llenb HayanbHOro atana - W3BnedYeHWe ob6nacteld ¢ npegnonaraembiMu
nemkoumMTaMu M3 BXOLHOrO M306paXKeHUs OTHOCUTENbHO 06Wero (oHa M ApYrux OObLEKTOB.
B pesyfnbTate cpaBHEHMA CYLLECTBYHOLWMX METOA0B CErMeHTaL MM MUKPOCKONMNYECKUX 0OBbEKTOB C
Lefbio onpegeneHns Hambosnee 3(PPEKTUBHONO U YHUBepPCasibHOro, ObI1I0 MPUHATO peLleHue
MCNOMb30BaTh CBEPTOYHYH HEMpPOHHOW ceTb apxuTekTypbl U-net [Ronneberger et al.,, 2015] ¢
MCMONb30BaHNEM TEXHUKMN TpaHCHEpPHOro 06yyeHns, KoTopas NO3BOMSAET NOBLICUTL €€ HaYa/bHY0
TOYHOCTb NYTEM NPUMEHEHMNSA Y)XKe 0OYUYEHHOW ANS peLleHns 04HOW 3aj4a4un Mogenb AN peleHmns
LOPYTON LeneBoii, 3a4acTyto 60nee y3Koi, 3agaum [Tamang et al., 2022]. B gaHHOM Habope Hamu
ObII0  BbIMOMHEHO AOMNONHUTENbHOE 06yuyeHue U-net Ha 6ase OONbLWIMX apXUTEKTYP
InceptionResNetV2 u [AByx pasnuyHbiXx mogenein cemeinctBa EfficientNet, koTopble Obiin
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npeaBapuTenibHO 06y4yeHbl Ha Habope AaHHbIX ImageNet, Bkaovarwwmx B cebs 6onee 14 maH
N306paXXEHNIN OT MHOTUX ThiCAY KnaccoB. C LeNbi0 ONTUMM3aLMM TOYHOCTU CErMeHTauumn B Xone
[OMOMHUTENbHbIX 3KCMEPUMEHTOB 6blN0 pa3paboTaHo peLleHne, 0CHOBAHHOe Ha KOMOVWHMPOBaHUM
Tpex 00yYeHHbIX Mofenei B efuHbIA aHCcambb, KOTOPbIA OCHOBAH Ha MPUHLMME B3BELUEHHOrO
ro/10COBaHMA: NMPOrHOCTUYECKNE BbIXOAHbIE 3HAYEHUSA KX L0 MOLENN NOABEPraldTCA YMHOXEHWIO
Ha COOTBETCTBYIOLMI BECOBON KOIMPULMEHT, Mocne Yero NpPOU3BOLUTCH pacyeT UX CPefHero
apuMeTNYeCcKoro, KOTOpoe W MpeAcTaBnsieT COO0M WMTOroBbli pe3ynbTaT PaboTbl aHcam6b/s
[Ganaie et al., 2022]. ®uHanbHbIM pe3ynbTaTOM 3Tana CermMeHTauuu SBASeTCA YepHo-6enoe
n3obpaxeHme (6uHapHas Macka), rae 06n1acTuv, cogepkaline NeriKouUTbl, 0TOOPaXKeHbl GenbiM
LLBETOM, a BCe OCTaNbHOe - YepHbiM. CriefyeT OTMEeTWUTb, 4YTO JasibHelillee WCNOJb30BaHWe
HeobpaboTaHHOW OGWHAPHON MackyM Ha MOCNeAyrLWMX 3Tanax MOXET MPUBECTM K CHUKEHUIO
3(h(heKTUBHOCTN Knaccumkaumm mn3-3a BO3MOXHOIO MPUCYTCTBUA apTeakToB U  JI0XKHO
06Hapy>XeHHbIX 06beKTOB. Ha puc. 1 NnpofeMOHCTPMPOBaHbl pe3ynbTaTbl CErMeHTauuMn ana psga
BXOAHbIX M306paxeHnin. HabniogaeTca 3amMeTHOE MNOBblWEHWe TOYHOCTU CermMeHTauuMm npu
MCMo/b30BaHWM aHCcaMb6/1d MOZeNeli: MOXHO 3aMeTUTb, YTO MenKue apTeakTbl, NpeacTaBnfoLLme
HebO/bLLME IOXKHOMONOXMUTENbHbIE 0061aCTN, NMPUCYTCTBYIOLWNE B pe3y/bTaTte paboTbl OTAENbHbIX
mMozenei, a(eKTUBHO YCTPAHAKOTCA HA UTOrOBOM 3Tarne CermMeHTaumu 6narogaps B3BeLLUEHHOMY
YCpeAHEHUIO pe3ynbTaToB. OTO CBUAETENbCTBYET O CMNOCOOGHOCTM aHcam6/1eBOro noaxopa
KOMMEHCUPOBaTb OLUIMOGKN N 0CO6EHHOCTU PaboThl COCTABASIOLLNX €ro MOAENei.

Puc. 1 lMpymMepbl pe3ynbTaToB CerMeHTauun OTAeNbHbIMUA MOLENSAMI U UX aHCamb/1em
Fig. L Examples of segmentation results by individual models and their ensemble

a- UcxofHble n306paxeHns; 6 - cermeHTaums EfficientNetB2; B - cermeHTauus EfficientNetB7;
r - cermeHTaums InceptionResNetV2; o - cermeHTaums aHcambiem Mogenei
a - original images, b - EfficientNetB2 segmentation, ¢ - EfficientNetB7 segmentation,
d - InceptionResNetV2 segmentation, e - segmentation by the models ensemble

MocTtobpaboTKa. Pe3ynbTarbl CermMeHTaLMm, He3aBUCMMO OT MX KayecTsa, MOABepralTcs
AONONHUTENbHOW 06paboTKe nepef nojaveit Ha BXoa KnaccuumkaTopa. STOT 3Tan HanpasneH Ha
MWUHUMU3ALMIO MOrPeLHOCTe CerMeHTaLum v NOLrOTOBKY M306paXKeHNI OTAe/bHbIX KNeTOK ANs
nocnegyrouwen knaccugukauum. Mpouecc 06paboTKM pelaeT fBe OCHOBHblE 3afayM: OYUCTKY
pe3ynbTaToB CErMeHTaLUnmM OT apTeakToB U BblAe/IeHNe MHANBUAYaNbHbIX K/IETOYHbIX 06bEKTOB.
ANropuTM BKIOYAeT Cregytowue Lwaru:

1 Ncnonb3oBaHue onepauunin maTemaTU4eCcKo MOPgooruy Aas 0O4MCTKM N306paXKeHns oT
WYMOB, YBENMYEHUA CrNaXWBAHWUA W HapalMBaHUS rpaHuy. [MpPOMeXyTouHbIli pe3ynbTat
[AAHHOTO Wara NPoOUINKCTPUPOBAH Ha PUCYHKE 2.

2. MapKknpoBKa CBA3HbIX 06nacTelt NUKCeNein n pacyet UX naowagen ana nocnegyroLLero
aHanu3sa.

3. dunbTpaumns 06bLEKTOB Ha OCHOBE WX MOWAAWN: BblYMCNEHWE MEAUNAHHOI0 3HayeHus
nnowagm Kak OLEHKW cpefHero pasmepa nermkouuta B TeKylwem macwTabe, C nocnefyloLwmm
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yaaneHnem obnacteil, 3HaYNMTENbHO OTK/IOHSAKOLWMNXCS OT 3TON OLEHKMN B BOMbLIYIO UAN MEHbLLIYIO
CTOPOHbI. PUCYHOK 3 HXE UNMCTPUPYET OTANYMSA UCXOAHON GUHAPHOW MAacKM OT Macku, Ans
KOTOPOW BbINOMHEHO YAaNeHNE NMULIHNX 00bEKTOB.

Puc. 2. Pe3ynbTat 06paboTKM C MOMOLLLIO Onepawuii MaTemaTnyecKoi Mopthonorum
Fig. 2. The result of processing using mathematical morphology

a- mucxogHas buHapHaa Macka; 6 - pe3ynbTaT NPUMeHeHWs onepawuy pasmblKaHUs;
B - pe3ynbTaT NPUMeHEHMS NOCNeAYHOLLEN onepaummn 3amblKaHns
a original binary mask, b - result of the opening operation, ¢ - result ofthe closing operation

Puc. 3. Pe3ynbTar 04MCTKM BUHAPHOI Macku OT HepeneBaHTHbIX 06BHEKTOB
Fig. 3. The result of clearing the binary mask from irrelevant objects

4. Wcnonb3oBaHue anroputma Watershed pgns  pasgeneHua  CAUMWAXCA WK
NepeKkpbIBaOLNXCA KNETOK Ha OTAE/bHbIe 00BLEKTbI.

5. MopcyeT KONMYECTBa BblAe/IEHHbIX 00bEKTOB, COOTBETCTBYHOLMUX KPUTEPUIO CpefHel
naowaan, n NoCTpoeHne NPAMOYTrO/bHbIX KOHTYPOB BOKPYT npeanonaraeMbix NeriKoUUTOB ANs
nocneayroLWero N3BneYeHns 3Tux o6nacTein U3 NCXOAHONO LLBETHOIO N30OpaXKeHUS.

PucyHoK 4 unnoCTpupyeT K/HOYEBbIE 3Tamnbl OMMCAHHOrO npouecca nocrtobpaboTkn. Ha
NTOTOBOM M306paXeHUn AeMOHCTPUPYeTCS YCNeLHOoe BblAe/IeHNne KNeTOK Pa3/IMyHbIMUN LBeTaMu,
B TOM YMC/ie B CAyYasaX UX HaNOXEHUA WU CKIENBaHWUA.

Segmentation result Processed Watershed segmentation, cells 14

IXEnNn txm wXx1l

Puc. 4. inntocTpaums NpoMeXyTOUHbIX pe3ynbTaToB 3Tana noctobpaboTKy GMHAPHON Macku
Fig. 4. lllustration of intermediate results of the binary mask post-processing stage
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Knaccupumkaymns. Kaxgblil cermeHT MCXOAHOrO M306paxKeHWs, UAEHTUPULMPOBAaHHBbII
KaK neiKouuT, MoABepraeTcsa nNpoueccy knaccmgukaumm no NATM OCHOBHbIM Knaccam. B Tabnuue
1 npeacTaBneHbl MTOrOBble 3HAYEHWA TOYHOCTM PaboTbl MOAENEN PasNYHbIX apXUTEKTYP,
06y4YeHHble MO TEXHWKe TpaHC(epHOro obyyeHMs. Ha OCHOBaHMM MONYYEHHbIX Pe3yNbTaToB
apxutekTtypa InceptionResNetV2 6bina BbibpaHa B KayecTBe LiefeBOW modenn Ans
MCMNONb30BaHWA B MPEANIOKEHHOM MeTOAe, MOCKOMbKY OHa MPOAEMOHCTPMpPOBana Hauay4liune
nokasartenu.

Tabnuua 1
Table 1

CpaBHUTENbHbIA aHa/IM3 TOYHOCTU Knaccuukauum neikounTos
Pas3/IMYHbIMU apXUTEKTYpPaMmn HEMPOHHbIX CeTel
Comparative analysis of the accuracy of leukocyte classification
by different neural network architectures

Ne n/n ApXUTEKTYpa HeliPOHHOW ceTu TO4YHOCTb paboTsl
1 Xception 90,11 %
2 VGG16 92,79 %
3 VGG19 89,73 %
4 InceptionV3 92,31 %
5 InceptionResNetV2 92,69 %

Mpouecc knaccugpumkaumm  peannsyeTcsd  MOCPeACTBOM — MOAYAS,  WMCMNOJb3YHOLLEro
apxutekTypy InceptionResNetV2. Ha BXxoj kjnaccuukatopa nocTtynawT M3006paxeHus
BbIp€3aHHbIX NENKOLMUTOB, a UTOFOBbIM Pe3y/bTaTOM ABNAETCA OnpeAeseHne nx NpUHaaIeXxXHoCTH
K OAHOMY 13 NATU AU HepeHUNPYyEMbIX K1acCos.

[ns obyyeHUs mogenein cerMeHTauumn n Knaccuukaumm obiinm NoLrOTOBMEHbI OTAENbHbIE
Habopbl JaHHbIX COOTBETCTBEHHO. B CBOIO 0Yepe/pb, Kaxaas U3 Mofeneil cermeHTaunm, BXoAAWMX
B aHCambnb, TakXe Oblna 06yyeHa OTAeNbHO. CpaBHUTENbHbIA aHann3 pe3ynbTaToB 00yyeHus
Mojeneil cerMeHTaunm 1N KnaccuuKaLmm BbISBU/, YTO UCMO/b30BAHWE HECKOJ/IbKUX [aTaceToB
AN 00yYeHMs CyL,eCTBEHHO MOBbIWAET YCTOMYMBOCTb MOAENM K HOBbIM TUMaM AaHHbIX, TEM
CaMbiM YBe/MYMBAA ee MPaKTUYECKYK 3HauyMMOCTb. BaXHO OTMETUTb, 4TO 00befuHeHue
HEeCKONbKNX HabopoB [aHHbIX B eAWHbIA AataceT NpeaocTaBnfeT paf NPeMMyLLecTs, BKAKOYas
yBeNuyeHne pasHoobpasva [AaHHbIX, CHUXeHWe pucka nepeobyyvyeHWs M MNOBbIWEHME 06LLel
ycTonumsoctT Mogenn. OfHaKo 3TU MpenMyLLecTBa peasnsyoTcs B MOAHON Mepe TONbKO npu
cobnoeHNN onpefeneHHbIX YCN0BUIA: faTaceTbl LO/MKHbI UMETb CXOXYH CTPYKTYpY, MMETb
CXOXWIA 00bEM fAaHHbIX W YHU(DUUUPOBAHHYK CUCTEMY aHHOTauuin. [Ana peweHus 3agad
cerMeHTauuy n knaccupukauum 6bi11M CHOPMUPOBAHBI [BA COCTaBHbIX AaTacera, KaXAbli u3
KOTOPbIX BKAOYan B ce65 TpU pasnyHbIX Habopa faHHbIX.

[ataceT gna obyyeHus mogeneii cermeHtaymm cogepxxan 6onee 9500 nap mM3obpaxeHwi, n3
KoTopbiX 90 % wucnonb3oBanncb Ans obydveHus, a 10% - ANA OLEHKM TOYHOCTM. ITOT AaTaceT
BK/IOYan B cebsa cnefytowme Habopbl gaHHbIX: Jiangxi Tecom Science Corporation n CellaVision
[Zheng et al., 2018], Ba3a paHHbIX LISC [Acevedo et al., 2020]. Ha pucyHkKe 5 npefacTaB/ieHbl
npuMepbl 0byyarowmnx nap 418 MOAen CerMeHTaummn "LBeTHOe n306paxeHme" - "buHapHas macka'.

[atacet gna o6yyeHuns knaccmukartopa coctosn u3 6onee yem 18000 n306paxkeHU, Takxke
pasfefieHHbIX Ha obydatowyto (90 %) u TectoByto (10 %) BbiGOpKKU. B ero coctaB BOLWN: YacTb
Habopa aHHOTUPOBAHHbLIX OAMHOYHBLIX KneTtok [Zheng et al., 2018] (6e3 wucnonb3oBaHUs
OMHapHbIX Macok), pgataceT w3 peno3uTopua Mendeley, pas3me4yeHHbIi Habop CHMMKOB
nerkounToB ¢ nnatdopmbl Kaggle.
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Puc. 5. MprMepbl 00y4aroLLIMX N300paXKeHWA 1 MX MAcOK CEerMeHTaLum
Fig. 5. Examples oftraining images and their segmentation masks

OueHKa KayecTBa MOLEe/IN HEWPOHHON CeTU ABNSETCA KPUTMUYECKUM acneKTOM B npouecce
ee 00yyeHMs AN pelweHUs 3afjay  CerMeHTauum mn306paxeHUin, 0COO6EHHO B KOHTEKCTe
MeAMLUUHCKUX CHUMKOB, e TOYHOCTb MMeeT MepBOCTENEHHOe 3HayeHne. B faHHOM KOHTeKCTe
Hanbonee peneBaHTHOW METPUKONM BbiCTyNaeT "KoahuumeHT Xakkapa", TakXXe W3BECTHbI Kak
loU (Intersection over Union). 3TOT KO3(hpULMEHT NpeacTaBnseT cob0i CTaTUCTUYECKYO Mepy,
MaTemMaTU4eCKn Onpefenstowmii OTHOLEHME MIOWaaM MepecevyeHnss MHOXECTB K Mnowanm ux
06beanHeHnsA. [laHHas MeTpuka OCOBGEHHO LeHHa B 3ajayax CermMeHtauum MeguLUMHCKUX
n30bpaxkeHnin Gnarogaps cBOE CMNOCOOGHOCTM YUYUTbIBATb KaK BepHble, TaK M OWMWBOYHbIE
pe3ynbTatbl. 3Ta 0COOEHHOCTb NMpUOBpeTaeT KPUTUUYECKOe 3HAYeHUe Mpu aHanmse 0OLEKTOB,
3aHUMaLWMX UWb  Hebonbly 4YacTb O06Weid naowagnm  um3obpaxeHus. Bbicokas
YyBCTBUTE/IbHOCTb MHAEKCa K OWKNOKaM Ha rpaHuuax O6LEKTOB WrpaeT K/HUYeBYH po/b B
obecneyeHNN TOYHOCTU MeAULUHCKOW ANarHoCTUKY, NO3BONAA BbIABNATL JaXe He3HaYUTe/IbHble
OTK/NOHeHUs nccnefyembix CTpykTyp [Zheng et al., 2020].

Ons oueHKn 3(PGeKTUBHOCTM pa3paboTaHHOro MmeTtoda Obl NPOBeAeH KOMMIEKCHbIN
BbIYUCUTENbHbIA 3KCNEpUMEHT. B KayecTBe TeCcTOBOro Habopa Mcnonb3oBanach fecaTas YacTb
MCXOA4HOro Habopa flaHHbIX, KOTopas He 6blfla MCNOb30BaHa A5 06y4veHnsa. Huxxe npefcraBeHbl
pesyfnbTaTbl CErMeHTauun Ha TeCTOBOW BbIOOpPKe ANA KaXKLOW MoAenn, 4bs 3PEPEKTUBHOCTb
oLleHMBanacb Yepes ncnosb3osaHue loU MeTpuKu:

» EfficientNetB2 = 0.99210113;

« EfficientNetB7 = 0.9941689;

e InceptionResNetV2 = 0.9921921;

» AHcambnb moaeneii = 0.9948523.

MonyyeHHble JaHHble CBUAETENbCTBYHOT O BbICOKON 3()(heKTUBHOCTM 0BYyUYEeHUS MOfenei,
LEeMOHCTPUPYA TOYHOCTb CermeHTauuMm Ha yposHe 99 % u Bbiwe. [MpumeyatenbHo, 4TO
06benHeHNe Moaeneli B aHcaMb/b NPUBENO K AasibHelileMy NOBbILWEHNIO TOYHOCTKU A0 99,48 %.
3TO0  yAy4ylleHMe  MOXHO  OOBACHWTL  CMOCOBGHOCTBHO  aHcamb/na  KOMMNEHCUpPoBaTh
NHAMBMAYaNbHbIE HELOCTATKN OTAENIbHbIX MOAeNeid, yCpeAHATb UX MPOrHO3bl U, TaKMM 06pa3om,
MUHUMWU3NPOBATb  BAMAHWE  CAyYalHbIX  OWWOOK. [laHHbIA  pe3ynbTaT MNOATBepXAaeT
3 (PeKTUBHOCTb MPEAI0XKEHHOr0 NOAX04a WCMONb30BaHWA aHcaMbna mofeneid Ans 3ajayu
cermeHTayum nemKounToB.

TOYHOCTb KfnaccuukaTopa, MNOMYYEHHOro nyTeM TpaHcdepHoro obyyeHns Ha 06ase
apxuTekTypbl InceptionResNetV2, coctaBuna 0.92699210 (npu6am3utenbHo 93 %) Ha TeCTOBOW
BblGOpKe. [N OUEHKW YCTOWYMBOCTU M CNOCOOHOCTM MOAenu K 0606ueHn0 6bi1 NpoBefeH
JONOMHUTENbHBIA 3KCMEPUMEHT C UCMONb30BaHMEM 27 MU300paXKeHU OJMHOYHbLIX NEeRKOLMTOB
pas/IMYHbIX KMaccoB, MOMYYEHHbIX W3 OTKPbITbIX WCTOYHWKOB B CeTU WHTepHET. 3Tu
N300paXeHns OT/INMYMNTE/IbHbI BbICOKON BapuabesbHOCTbI0 C TOYKW 3PEHUS OCBELLEHHOCTH,
LLBETOBOM raMMbl, KOHTpacTa K1eToK U ()0Ha, a TakXKe HAaCbIWEeHHOCTU, YTO NO3BOINIO OLEHUTH
NPOU3BOAUTENIbHOCTb MOLENN B YCNOBUAX, MAKCUMa/IbHO NPUGIMIKEHHBIX K peasibHbIM.

Pe3ynbTaTbl AaHHOI0 3KCNepuMeHTa, NpefCTaB/ieHHble Ha PUCYHKe 6, NOKasblBalT, 4TO
TONbKO 50 % CHUMKOB 6bIIN KaccUmumMpoBaHbl KOPPEKTHO, YTO YKa3blBaeT Ha Onpene/ieHHble
OrpaHnyeHns MoJenn Npu paboTe ¢ N306PaKEHMAMM, OTANYAOLLMMNCS OT 06y4atoLLero Habopa,
M nofyepkmBaeT HeoOXOAMMOCTb AaibHellwein paboTbl Haj MOBbILEHWEM YHUBEPCATbHOCTM
KnaccugumkaTtopa.
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Puc. 6. AHa/IM3 TOYHOCTU KnaccudurkaLmm Ha Habope 0TOBpaHHbIX N306paXKeHNI
Fig. 6. Classification accuracy analysis on a set of selected images

[ns 6onee geTanbHOro aHanmsa NPON3BOAMTENILHOCTY Knaccugukaropa bbiia NocTpoeHa
maTpuua Oowmnb0oK, npeAcTaBieHHas Ha PUCYHKe 7. AHanu3 3HayeHWUi MaTpuubl NO3BONAET
caenatb  cnefylouwme  BbIBOAbI:  MOAeNb  AeMOHCTPUPYeT  HepaBHOMEPHYH  TOYHOCTb
Knaccuukauum NS pasinYHbIX TUMNOB NIEWKOLMTOB, UTO OTpPaXkaeT CNOXHOCTb 3afauu.
Haunb6onblwine TpygHOCTU Yy MOAeNN HabnwogalTca npu aHanmse 6a3ounoB, YTO MOXET ObITb
CBSA3aHO C HU3KMM YMCNIOM MX 06pa3LoB B JaTaceTe M3-3a eCTECTBEHHOro agucbanaHca: 6asoubl -
Hanbonee peako BCTpevalLWmMiics Knacc NekouuToB. [aHHad npobnema TUMU4YHA AN4
HecbanaHCMPOBAHHbIX  [aTaceToB  MeAMLMHCKMX  3afgad. HeWtpodunbl, HeCcMoTps Ha
npeo6nafaHne nx obpasuoB B 06yuvarolleM Habope, TaKXKe 4acTo KnaccuunumpyoTcs HEBEPHO,
4YTO MOXeT YyKa3blBaTb Ha Npobnemy CMOXHOCTM UX AuddepeHumaunn unm nepeobyyeHne
mogenu. Takxe HabnogaeTcs 3HaYMTENbHOE KONMYECTBO OWMOBOK Mexay MOopdponornyecku
6/M3KUMKN  Knaccamn, TakKMMW KaK 303MHOMUAbI U HEWTPO(MUAbI, UYTO OTpaxaeT peasbHble
TPYAHOCTW aHann3a, ¢ KOTOPbIMU CTaNIKMBAKTCA 3KCNEPTHI.

1 - I I i

bas eos lym mon neu
Predicted label

Puc. 7. Matpuua ownboK npon3BoanTeNbHOCTM MOAENN KnaccugukaLmm
Fig. 7. Classification model performance ~*n”~sion matrix

[ns noBblWeEHNA TOYHOCTU KnaccuukaTopa MOXXHO pacCMOTPETb CRefytoLne noaxoabl:

1 Wcnonb3oBaHWe TeXHUKM 6GanaHCUPOBKM KNaccoB npu 06yveHWu, Hanpumep,
oversampling peaknx Knaccos, npeanonaratLnin yBennyeHme yncna npuMepoB peaKknx Knaccos
NMyTemM CMHTETMYECKON reHepauuy HOBbIX npumepos, unm undersampling gns npeo6nagarowmx
K/1acCcoB Yepe3 yMeHbLUeHNe KonnyecTsa NpYMepoB B Npeo6iajaroLmx Knaccax.

2. TpuMeHeHWe MNPOABUMHYTbLIX MeETOAO0B ayrMeHTauuu [AaHHbIX A1 YBeNUYEHUS
pa3Hoo6pasna obyyvaloLwmx NnpuMepoB, 0COBEHHO ANA PeAKUX K/1acCOoB.
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3. Vcnonb3oBaHMe TEXHUKW perynapusayuv Aas CHUXEHUA pucka nepeodyyeHus u
NOBbILWEHNA CMOCOOHOCTN K 0606LLEHNI0 Y MOAENN.

4. 3apeiicTBOBaHME 00Mee CNOXHbIX METOA0B aHCamb6AMpOBaHUSA MOJenei, Hanpumep,
CTIKWMHT - MCNOMb30BaHUe NpefAckKasaHUii HECKO/IbKMX 0a30BbiX MOAENeill B KauyecTBe BXOLHbIX
JaHHbIX AN MeTa-MOfenn, KoTopas feflaeT OKOHYaTeNnbHOe npefAckasaHue, wWan BGYCTUHT -
nocnefosatefibHoe 06y4yeHMe cnabbiXx MoOfAene, Kaxjasd U3 KOTOPbIX HamnpaBieHa Ha
ncnpasneHne oWmn60K NpeablayLnX.

5. NccnepoBaHme BO3MOXHOCTU NMPUMEHEHUS METOLOB WHTEPNPeTUPYeMOro MallUHHOro
06yyeHUs ANA Nydwero NOHMMAHMA npouecca NPUHATUSA peleHuiA MOAeNbid U BbISB/IEHUA
KNHOYEBLIX MPU3HAKOB, WCMOMb3YeMbIX A4 Knaccugukaumm, 4TO0 OCOBEHHO BaXHO B
MeAMLUUHCKUX  npunoxeHusx. Hanpumep, LIME (Local Interpretable Model-agnostic
Explanations): 06bAcHAeT npeAckasaHWs CAOXHbLIX MoAeNneld MalWHHOTO 06y4YeHUs nyTem
CO3JaHNsA JIOKaSIbHON NIMHENHON annpoKcumauum noBeLeHUS MOAENN BOKPYTr KOHKPETHOro
aksemnnsapa gaHHbix, a SHAP (SHapley Additive explanations) mcnonb3yetr KOHUENUMWIO K3
TEOPUM KOOMNEepaTUBHbLIX UrP ANS OLEHKWM BKNafa KaXAoro npusHaka B npepckasaHue MOAENW,
obecrneynBas CcoOrnacoBaHHOe W TeopeTU4yeckn 060CHOBAHHOE pacrnpefeneHne BaXHOCTU
NPW3HAKOB 415 KaXA0ro OTAe/bHOro NPOrHo3a.

3aKyeHue

MpenctaBneHHoe B fJaHHOW paboTe wuccnegoBaHWe [LEeMOHCTPUPYET 3PEHEKTUBHOCTb
NPeaNoXeHHOro nogxofa K cermMeHTauuMm u Knaccuukauum neriKouuToB Ha M306paxeHmsax
KNeTOK KpoBuW. Pa3paboTaHHbIA MeTOA Ha OCHOBE TPAaHCHEPHOr0 06yYeHMa 1 aHCaMbna Moaenel
CBEPTOYHbIX HEWPOHHbIX CeTel MoKasan BbICOKYH TOYHOCTb cermeHTtauumn (99,48 %) n xopoluue
pesynbTaThl B pelleHnn 3agaun knaccudunkaumm - 93 % Ha TeCTOBOM Habope, HO HECMOTPS Ha
370, 3KCNEPUMEHTbI C M300paXKEHUAMMU U3 BHELWHUX WUCTOYHWKOB BbIABAAKOT OrpaHWYeHUs B
CMOCO6GHOCTN MOJEeNn K 0000LLEHNIO HA AaHHbIX, OTAMYAOLLIMXCA OT 06yuvarollero Habopa, 4To
npeAcTaBNsieT CYLW,eCTBEHHbIV BbI30B A1 BHEAPEHUS CUCTEMbl B KIMHWUYECKYH NPakTuKy, rae
pasHoobpa3me 06pasLOB MOXET ObiTb 3HAYMTENbHbIM. AHanM3 MaTpuubl OLWWOGOK MO3BOAWN
NAEHTUHOULMPOBaTL K/tOUeBble MPo6/eMbl, CBA3aHHbIE C AMUcbBanaHCOM KNacCoB W CMOXHOCTbIO
Knaccuukauum Mophonornyeckm CXOXUX TUMNOB KNETOK. BbiBNEHHbIE OrpaHUYeHuns
OTKPbIBAKOT MEPCMeKTUBHbIE HanpaBneHus AN  JaibHeAWwnx uccnefoBaHuidi, BKAOYas
pa3paboTKy MeTOAOB ajantauum MOAeNn K pas/IMyHbIM MCTOYHMKAM [aHHbIX W yny4lleHue
Knaccuukauum MopgoNornyeckn CXOXMUX TUMNOB KNeTOK. Peanumsaums npeanoXeHHbIX
peKOMeHJaunii MOXEeT 3HauyMTeNlbHO MOBLICUTb YHWBEPCANbHOCTb W HafeXHOCTb CUCTEMbI,
npubnun3ne ee K Tpe6OBaHNAM peasibHON KIMHUYECKON MPaKTUKN.

HecmMOTps Ha BbISIB/IEHHbIE OrpaHMYeHnsa pa3paboTaHHbIi METOL AEMOHCTPUPYET BbICOKUIA
noTeHUnan [fNs aBTOMaTU3aLUM aHanM3a MUKPOCKOMUYECKUX uccnefoBaHnin. [danbHelwee
pasBuMTMe W COBepLUEHCTBOBaHWE MoAxXo4a MO3BOAUT TMPUIATM K CO3L4aHMI0  HafLeXHbIX
NHTEpPNpPeTUPYyeMbIX aBTOMaTU3MPOBaHHbLIX 3KCMEPTHbLIX CUCTEM [MAarHOCTUKW, MO3BOJSAIOLLNX
CYL,ECTBEHHO MOBbLICUTb 3PPEKTUBHOCTb, TOYHOCTb, CKOPOCTb W KayecTBO remMaTo/IorMyeckmnx
nccnefoBaHWin 1, cnepgoBaTeslbHO, CNOCOOCTBOBATb MOBBILWEHUID KayecTBa MeAMLMHCKOro
06CcnyXXMBaHMS.
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