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COTpYy/IHHKA HAyTHO-HCCIIEIOBATEILCKOM J1abopaTopun (u3no-
JIOTUH ¥ OMOTEXHOJIOTUH pacTeHUH Kadeapbl KIIeTOYHOM OHOIo-
TH{ 1 OMOMHKEHEPHUHU PACTEHUH OMOIOTHYECKOTO (PaKyibTeTa.
Mapus Anexcanoposena Yepnviu — Mnaani Hay4dHbIH cO-
TPYJHHUK Hay4HO-HCCIIE0BATEIbCKON J1abopaTopuu (HU3M0II0-
MU 1 OMOTEXHOJOTHH pacTeHUH Kadeapsl KIETOUYHOH Onoio-
run ¥ OMOMHKEHEPUH PAaCTeHNI OMOIOTHUECKOTO (haKyIbTeTa.
Japva Anopeesna Ilpirwcesansvckan — MIAAIIANR HayIHBIA CO-
TPYAHUK HAay4YHO-HCCIIEAOBATEIBCKON Ta00paTopun (GpU3noiIo-
T'MU ¥ OMOTEXHOJIOTHH PACTeHHH Kadeaphl KICTOYHOW OHOoIo-
UM 1 OMOMHKEHEPUH PACTEHHI OMOJIOTHUecKoro (aKysbTeTa.
Jmumpuit Bukmoposuu Konoanoe — 3amecturell JUpEKTOpa.
Anamonuii Hocugposuu Coxonux — Kanmuaat Onoirorndecknx
HayK, JOICHT; JOIEHT KadeApsl KIETOYHOH Onoaoruu u Omo-
HWH)KEHEPHH PACTCHUH OMOIOrHYeCcKOro (paKyabTeTa.

Hzopv Heanoseuu Cmonuu — xannugar OMOJOTMYECKHUX HayK,
JIOLICHT; TOLEHT Kadephl KIETOYHOI OMOJIOTHU 1 OMOMHKEHe-
puu pacTeHui OHOIOrn4ecKoro (axkyabrera.

Cepezeii Cemenosuu Meosedeg — TOKTOp ONOIOTHIECKUX HAyK,
npodeccop; 3aBeayromuii kapeapoit GU3NoIOTUH U OHOXIMUHU
pacTeHMi, 3aBeAyroUid J1aboparopuell OMONIOTUH PAa3BUTHUS
pacTeHui GHOIOrH4ecKoro (GpaxkyabTeTa.

Baoum Buxmoposeuu /lemuduux — JoKTOp OMOIOTHYECKHX
HayK, JOLIEHT; 3aBeyIOIMi Kadeapoil KiIeTouHoi Ononoruu
1 OMOMHKCHEPUH PACTeHNI OMOIOTHUECKOTO (haKyIbTeTa.
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pacTeHuil, BKIOUatonas B ceds psa Hanbonee COBPEMEHHBIX TEXHOJOTHH MOMydYeHNs M300paXKeHUH, CIIEKTPaIbHOTO,
OMOXMMHUYECKOT0, MOJICKYJISIPHOTO M I'€HETHYECKOT0 aHallu3a, a TaKk)Ke MHHOBAIIMOHHBIX METOJ0B HHPOPMATHKH, TAKHX
KaK pacrio3HaBaHHE M300pa’keHUl, KOMIIBIOTEPHOE 3peHHe M MallHHOe oOyueHue. Llenbro HacTosmeld paboTsl ObuIa
pa3paboTrka (PeHOMHOTO TPHIIOKEHHSI, OCHOBAHHOTO HA KOMITBIOTEPHOM 3PCHHH M METOAAX MANIMHHOTO OOYYeHUs, [UIs
TaKCOHOMHYECKON KIacCU(PHUKAIMK U ONpEACTICHUs] (PU3HOIOTHIECKOTO COCTOSIHUS AEKOPATHBHBIX PACTCHHH Pas3ind-
HBIX Tpynm. B pesynbrare paboTsI CO3qaHbl, KIIAaCCH(DHUIINPOBAHBI H aHHOTUPOBAHBI 0a3bl MaHHBIX Thuja occidentalis L.,
Forsythia intermedia Vahl, Heuchera micrantha Douglas ex Lindl., Syringa vulgaris L., Phalaenopsis % hybridum Blume.
Pazpaborana Mozies1b CBEPTOYHON HEHPOHHON CETH JIsl TAKCOHOMUYECKOH KiIacCU(HUKAIIMK 1 ONIpeAeeH s (PU3HOJIOT -
YECKOr0 COCTOSIHHS pacTeHuil Ha ocHoBe RGB-u300paxenuii. OOyueHne MpOBOAMIOCH HA OCHOBE 0a3 M300pa)KeHUi,
TIOJTYYEHHBIX B CTaH/IAPTH3UPOBAHHBIX YCIOBHSX IIPH MOMOIIN BhICOKOKauecTBeHHBbIX RGB-kamep. Pa3spaborannas neii-
POHHas ceTh MPOIEMOHCTPUPOBANA Kod(hbHUIHEHT neTepMuHarmy (R*) okoso 0,66 MpH onpesieNeHnnt GU3HOTOTHIECKOTO
cocTtostHAsL. TakxKe HEHPOHHAsSI CETh IT0Ka3aa BHICOKYIO 3(h()EKTUBHOCTD PACIIO3HABAHHS TAKCOHOMHYECKON MTPUHAJIICK-
HOCTH JIEKOPaTUBHBIX BUIOB pacTeHuit (okomo 90,8 %).

Knrwuesvie cnosa: q)eHOMHKa; MallruHHOC O6y‘lCHI/Ie; KOMIIBIOTEPHOC 3pCHUC.

bnazooapnocme. Pabora puHancupoBasiack B paMkax rnpoekra Ne 13 moanporpammer 1 « THHOBaIMOHHBIE OHOTEX-
Hostoruu — 2020» I'TT «Haykoemkue TexHonoruu 1 Texunka» Pecnyonuku benapycs, npoekra Ne 63 OHTII Pecny6mnuku
benapych «MHTpOayKIMs, 03eleHEeHHE, IKO0E30acHOCThY, TeM O0azoBoro Gunancuposanus [ TIHU Pecryonuku bena-
pych «IIpupononoap30BaHue U KOJIOTUS» M « XUMHUYECKHE TEXHOJIOTUH U MaT€PHAIIbI, TIPUPOAHO-PECYPCHBII TOTCHIU-
am» (N2 20161634 u 20161274).
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Phenomics is an interdisciplinary scientific field, the object of research of which are phenotypes, their qualitative and
quantitative parameters, as well as regularities of their formation during ontogenesis and as a result of interaction with
external factors. The methodology of phenomics is a set of approaches for the phenotyping of plants, including a number
of the most modern technologies of imaging, spectral analysis, biochemical, molecular and genetic analyses, and also
innovative informatics techniques such as image recognition, computer vision and machine learning. The purpose of this
work was to develop a phenomics application based on computer vision and methods of machine learning for taxonomic
classification and determination of physiological condition of different ornamental plants. As a result of this work, the
annotated databases Thuja occidentalis L., Forsythia intermedia Vahl, Heuchera micrantha Douglas ex Lindl., Syringa
vulgaris L., Phalaenopsis % hybridum Blume, etc. were created and annotated. The model of a convolution neural net-
work for taxonomic classification and determination of physiological condition of plants on the basis of RGB-images
was developed. The training used images obtained in standardized conditions by high quality RGB-cameras. The neural
network showed high efficiency of recognition, when analysing with taxonomic properties of decorative plants (about
90.8 %). The developed neural network also demonstrated coefficient of determination (R*) about 0.66 in the analysis of
physiological state.
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BBenenune

DEeHOTHIT — COBOKYITHOCTh MOP(OIOTHIECKHX, (PU3NOTOTHIECKIX U OMOXMMHYECKUX XapaKTePUCTHK Op-
TaHW3Ma B KOHKPETHBIX YCIOBHUSAX CyIiecTBOBaHUA. OpraHu3Mbl, HMEIOIIIE OMHAKOBBIN TeHOTHII, MOTYT TO-
pa3HOMY €ro peain30BaTh B 3aBHCHMOCTH OT BHEIIHUX YCJIOBHW. BrmsHuE CTpeccoBBIX (PaKTOPOB MOXKET
MOIU(UIPOBaTh (EHOTHII, TIOAABIISS MIPOIIECCHI POCTA M Pa3BUTHS PACTEHUH. DTO MPOSBISIETCS B CHIKCHUN
KadecTBa U KomdecTBa ypoxas [1]. [Tomyduenue deHOTHIIA C 3aTaHHBIMU CBOMCTBAMU SIBIISICTCS BaKHEHIIICH
3a/1a9eH CENEKIIMOHHOTO MPOoIecca U OONBIIMHCTBA arPOTEXHUICCKUX MEPOTIPUATHH [2].

Bceeobwemmromee mudposoe uccnenoBanue (HeHOTHIIA CTAI0 BO3MOKHBIM JIUIIH B TTOCIIEAHNE TOBI C BHE-
JIPCHUEM B OHOJIOTHUIO COBPEMEHHBIX (PM3UKO-XUMHUUIECKIX METOJ0B U3MEPEHUHN, TIOAX00B OMOMH(POPMATHKA
u cucteMHoi O6monornu. CIIOXKMIOCh HOBOE HAIPaBIICHUE MCCIIEAOBAaHUI — (PeHOMHKa, 3aHUMAIOIIeecs BbI-
SIBIICHUEM 3aKOHOMEPHOCTEH (OpMUPOBAHUS U N3MECHEHHSI (PEHOTHUIIOB Ha OOIBITOM (DAKTOIOTHIECKOM MaTe-
puraje Mpu MOMOIIY HEMHBA3WBHBIX METOJOB M3MEPCHUS U OMOMH(POPMAITMOHHBIX MOAX0m0B [3]. OTmaneM
(heHOMUKH OT KJITACCUIECKIX MOP(POMETPUICCKUX U3MEPEHHUH SABISETCS aBTOMATH3alIMs PErHCTPAIAN, XpaHe-
HUS ¥ aHaju3a JIAaHHBIX, a TaKKe MCIOIb30BaHUE COBPEMEHHBIX aTOPUTMOB PAaCIIO3HABAHUS M300paKeHUN
1 paboTa ¢ KPYIMHBIMA MacCHBaMHU TpaduIecKiX JaHHBIX [4]. DeHomHas nHbopManms MEHee TTOIBEPIKCHA BITH-
STHAFO Y€JI0BEUECKOTO (haKTOpa, T. €. CYOBEKTUBHOCTH M3MepeHuit n 00paboTku manHbIX [S]. CoOcTBEeHHEIE (he-
HOMHBIE TEXHOJIOTHH Pa3BUBAIOTCS BO MHOTHX CTpaHax Mypa. B pe3ynbrare co31atoTcsi M COBEPIICHCTBYIOTCS
Tak Ha3piBacMbIe deHoMmHbBIC TUTaThopMbl (LemnaTec — B ['epmannu, Qubit — B Kanane, Phenospex — B Hu-
nepiarmax, Photon Systems — B Uexuu 1 Ap.), MPEACTABISTIONINE COOOH MTPOrpaMMHO-aMIIapaTHbIC KOMILUICKCHI
Ut (heHOTUTTUPOBaHMS pacTeHuil. OHU BKIIIOYAIOT B c€0 KaK KOMITAKTHBIE KOMIIEKCHI JISi aBTOMaTHIECKOTO
aHaJ n3a PaCTCHHUH B TaOOPATOPHBIX YCIOBHSX, TaK U MACCUBHEIC TIOJICBBIC YCTAHOBKH [6].

OpmHAM U3 TIePCTIEKTUBHBIX HANpaBICHNH B (DEHOMUKE PACTEHHUH SBISETCS IPUMEHEHHE METOA0B MaIlIHH-
HOTO O0yueHHs [7], KOTOpoe MPEACTaBIIET COOOM KTacC METOIOB MCKYCCTBEHHOTO MHTEIICKTA, OOCCIICUH-
BAIOIIUX pEIIeHNE 3a/1a9l HE HAMPSIMYIO, a B pe3yJbTaTe 00y4eHHUs IPU PEIICHIH MHOXKECTBA CXOIHBIX TECT-
3amad. J{s mOCTPOCHNS TaKUX BBIYUCIUTENFHBIX METOIOB MCTIONB3YIOTCS CPEACTBA CTATUCTUKH, YACICHHBIX
METOZIOB, METOJIOB OIITUMH3AINH, TEOPUH BEPOSTHOCTEH, TeOprH rpadoB, pa3TMyHbIe TEXHUKH PAOOTHI C JaH-
HBEIMH B 1tdpoBoi Gopme [8]. MammHHOE 00y9IeHHE UCTIONB3YET alTOPUTMBI, KOTOPEIE 001a1af0T BCTPOCH-
HOM CTIOCOOHOCTBIO PACIiO3HABaTh COOTBETCTBHSI MATTEPHOB MPY aHAIH3e OONBIINX MACCHBOB JIAHHBIX M HIC-
TTOJTB30BATh UX ISl caMooOydeHus [9]. OmHa U3 OCHOBHBIX 3a7ad MAITMHHOTO OOYYEeHHS M BEIYUCITUTEIIBHON
OHMONIOTHN COCTOUT B CO3AAHNN W MOIU(MUKAIINHU APPEKTUBHBIX TOAXOM0B JUIA TIEPEBOA CIIOKHBIX U MHOTO-
(hakTOpHBIX OMOTOTHYECKUX TAHHBIX, HAPUMEP TaKWX, KaK OMUCAHWE TeHOMOB U ()EHOMOB, B YHCIICHHYIO
(hopmy U B BUIE MOJICNICH, KOTOpbIE IPUMEHUMEBI Ha pakTuke [10].

Hawnbonee gacto aHanu3upyeMble ¢ UCMOIB30BAHUEM TEXHUKH MAIIMHHOTO OOYYEeHHS OpTaHbl PACTECHHS —
KOpeHb M JNCT. [I[pumMepaMu yCIienrHoro ananu3a JJMCTOBBIX IJIACTHHOK C MCTIOIb30BAaHHEM METOI0B MAaITIH-
HOTO OOYUYECHHS SBIISIOTCS padOTHI, BRITONHEHHBIE Ha Triticum durum, Zea mays, Hordeum vulgare, Arabi-
dopsis thaliana 1 HEKOTOPBIX APYTUX BUAAX BeICIINX pacTeHuit [11]. Ha 6aze MmamuaHOTO 00yYEHUS CO3TaHbBI
TEXHOJIOTHUH KOJIMYECTBEHHOTO aHaJIN3a TUIOIIA N JINCTHEB U pocTa moberos [12], pazpaboTaHa JuHAMUIECKAS
MOJIENTb Pa3BUTHS PO3ETKH UIA U3YUCHUS Pa3BUTHS JIUCTA, OIEHEH BKJIAJ TeHoTuna B popmupoBanue (heHo-
THTIA TO0eTa Ha PAHHHUX CTAIUsAX OHTOTeHe3a [13], BBIABICHBI 3aKOHOMEPHOCTH U3MEHEHHUS (ITyOPECIICHIINN
xjopodriia Mpu BO3AEHCTBUN BKHEUIINX MATOreHOB [14], moKa3zaHa B3aWMMOCBSI3b MEKIY YBEIHMUCHUEM
TIJTOTIIA U TIOBEPXHOCTH JINCTA M HAKoTUIeHHeM onomaccsl [15] u mp. s ananm3a KopHEeBOH CHCTEMBI cO3aHa
KOMITBIOTEpHAA TTporpamma s 3D-MoaennpoBaHust ee apXUTEKTyPhl B ISTATBHOTO aHAIHM3a MPOIIECCOB pa3-
Butws [16]. Ha 6a3e KOMITBIOTEPHBIX MOEIEH OCYIIECTBICHO BBISABICHNE POIM HEKOTOPBIX TECHOB, HAIIPUMEDP
TeHa KaJIbIIUEBBIX PEIICIITOPOB, B PETYIISAIINN Pa3BUTHS KOPHEBOM cUCTEMBI [ 17]. Takxke n3ydeHa crmocoOHOCTh
MHOTHX BHJIOB PacTEHWH K BBDKHBAHMIO B YCIOBHAX HeJOCTaTKa Biard [ 18], moka3aHbl W3MEHEHUS KITIOYe-
BBIX (DM3HONIOTHYECKUX TTapaMeTpoOB, 00yCIOBIECHHBIE CTPECCOBBIM COCTOSTHHEM ITOJ] IEUCTBHUEM ITaTOTEHOB
niu repounmnos [14]. Llupoko pactpocTpaHEHBI MTOJIEBBIE UCCIICTOBAHIS HAM3EMHBIX JaCTEH paCTCHUS U HX
aHaJM3 C UCIIOJIF30BaHNEM CUCTEM MAaITMHHOTO 00ydeHu [ 19], a Takke n3ydeHne UX peaKIluu Ha CTPecce B yC-
JIOBUSX 3acoyieHns U 3acyxu [20]. AKTUBHO aHaTU3UPYIOTCS TCHETHUECKH 00YCIIOBICHHBIC BapHAITUH B POC-
TOBBIX XapaKTEPUCTUKAX IMIIEHUIIB U JAPYTHX 3€PHOBBIX KYJIbTYp KaK OTBET HA HHU3KHE TeMIieparypsl [21].
Kpowme Toro, mosneBbie nCCIeoBaHUS TIPOBOSATCS C IENBI0 YAYUIINTE CEIeKIIMOHHBIE TTPOIECCH T KOPMO-
BBIX KYJIBTYp W Ta30HHBIX TpaB [22].

Cpenn METOIOB MAITHHHOTO OOyYCHUS, TPUMEHSIOIINXCS I 00paOOTKH OOJBITNX MAacCHBOB H300pa-
JKEeHHH, B TIOCJIETHIE TOBI BCE OOJBIIYIO MOMYISIPHOCTH MPUOOPETACT TEXHOIOTHS CBEPTOUYHBIX HEMPOHHBIX
cereii [23]. Ona obecneunBaeT WUCKIIOIUTEIHHO BBICOKYIO TOUYHOCTh W ACTAIM3AIMIO aHAIM30B B CIIydac
(heHOTHTIIMPOBAHUS pacTeHUl. PaboTa cBepTOYHON HEHPOHHOW CETH OOBIYHO MHTEPHPETHPYETCS KakK Iepe-
X0 OT KOHKPETHBIX 0COOCHHOCTEH M300pakeHUsT K Oojiee aOCTPAaKTHBIM NETasIM M Jajiee — K erme Ooiee
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abCTpaKTHBIM JIETAJISIM BILJIOTH JIO BBIIETICHUS MOHATHUN BBICOKOTO ypoBHS. HeliponHas ceTh BhIpabaThiBaeT
HEOOXOAMMYIO MEPapXHI0 MPHU3HAKOB (IIOCIEI0BATEIBLHOCTH KapT MPHU3HAKOB), OTCEHMBAET MaJOBAXKHBIE JIe-
Talld U BBIESET CYIIECTBEHHBIC [24]. ABTOMAaTH3UPOBAHHBIN aHAN3 M300pAKCHHUI C TIOMOIIBI0 HEUPOH-
HBIX CeTel MOXET OBITh MCIIONB30BaH ISl KiacCu(UKAIIMK PACTEHHHU 10 MX BHUIaM, (PU3HOJIOTHIECKOMY CO-
CTOSIHUIO, HAJIMYHIO CHMIITOMOB 3200JICBAaHHS HITH U3MEHEHHIO MOP(OIIOTUUECKUX TTApaMeTPOB MTPU BHEITHUX
W BHYTpeHHHX (hakTopax [25].

HenocpencTtBeHHO cBepTOYHBIE HEHMPOHHBIE CETH HCIONB3YIOT C LENbI0 CO3/aTh CIENHaIN3UPOBAHHOE
MporpaMMHOE o0ecriedeHne sl BHICOKOTIPOU3BOAUTEIBHOTO (DeHOTUNTUPOBaHUS [26], 4TOOBI pemuTh pas-
JIUYHBIE 33]]a4i: OT aBTOMATHYECKOTO aHaJlM3a JIaHHBIX MUKPOCKOMUH [27] U OIIEHKH ITOCEBHOTO MaTepuaia
JUTSI CeJIeKITHH [28] 10 MUpOKOMACIITAOHBIX TIOJICBBIX UCCIICIOBAHUN, PUMEPOM KOTOPHIX CITy’KaT padoTa 1mo
OTCIICKUBAHUIO IIBETECHUS XJIOTKA [29] min aHaIu3 BEreTUPYIOIINX OPTaHOB MIIICHHUITH C MPUMEHEHHUEM adpo-
¢dororpaduii [30]. CBeprouHble HEHPOHHBIC CETH MCIIOIB3YOTCS KaK MOJYJIH WM OTACIbHBIC IPOTPaMMHbIC
MIPOAYKTHI TIPH ONpEeNICHNH BUIOB, COPTOB U (PU3MOIOTMYECKOTO cOCTOSHUS pacTtenuit [31]. B nexoparus-
oM 1BetoBojicTBe CLIA, Hunepnannos, ['epmannn mporpaMMHbIe TPOIYKTHI HA OCHOBE MAaIlIMHHOTO 00y4e-
HUS UCTIOIB3YIOT B CEJIEKIIMHU TIOJIBIIAHOB, OpXUAeH U T. 7. Kpome Toro, MeTo/ sl MalllMHHOTO O0y4eHUs TPH-
MEHUMBI JUISl OTIPEIeICHNS OTINYUN MEXTy COPTaMH U TeHETHYECKUMH JINHUSAMHU KyJIBTYPHBIX pacTeHuit [32].
JlJ11 HEKOTOPBIX MCCIENOBAaHUN CO3AaI0TCA CIOKHBIE M KOMIUIEKCHBIE MTPOrpaMMHBIE TIPOTYKTHI, HAIPUMeEp
JUTS TIOMCKA HA M300paKEHUH M OLIEHKH XapaKTepUCTHK COIBETHH puca [33], CKpUHMHTA pacTeHUNA KyKypy3bl
0 IIEJIOMY CIIEKTPY MapaMeTPOB C MPUMEHEHHUEM aJITOPUTMOB CerMEHTaIuu [34], a Takke npu uaeHTudu-
Kal[ii MEXaHU3MOB XJI0P03a COH, BEI3BAHHOTO JIC(PHUIIUTOM JKelie3a, B IMOJIEBBIX YCIOBHSX C HCTIONB30BAaHUEM
noaxoaoB RGB-umumxunra [35].

B nacrostiiee Bpemst B CHI™ oTcyTCTBYIOT cucTeMaTndeckre paboThl B 00JIaCTH BRICOKOTIPOM3BOUTEIBHOTO
(EHOTUNMPOBaHMS PACTEHHUH, OJIHAKO MMEETCS PsiJi IPUMEPOB HCIONB30BAHMS MOIXOM0B (PEHOMHKH ISl pe-
IIeHUS y3KUX 3a/1a4 (pu3uonoruu pactennii. Hampumep, paspaborana KOMIbIOTEpHAas IporpamMma, Mpou3BOAs-
I1as1 aBBTOMaTHYECKUH TIOICYET 3€PEH B KOJIOCE U OMpeeristtomnas ux pasMep [36]. B ymoMsiHyTEIX TrocyaapcTBax
OTCYTCTBYIOT MPWJIOKEHHSI HA OCHOBE HEWPOHHBIX CBEPTOYHBIX CETeW IS aHalM3a CEepUHHBIX M300pakeHui
npyu GEHOTHITUPOBAHUM pacTeHUW. B cBs3M ¢ 3TMM Hamu ObLIA TMOCTaBIICHA IENb pa3padoTaTh M UCTBITATh
CBEPTOYHYIO HEHPOHHYIO CETh, CIIOCOOHYIO pacro3HaBaTh TAKCOHOMUYECKYIO MPUHAIJICKHOCTh U BaXKHBIE
(U3NOIOTHYECKHE COCTOSIHUS psijia JICKOPATHBHBIX PACTEHHM, BKIIIOYAsS JIPEBECHBIC U TPABSIHUCTBIC (OPMBI.
PaGora Obuta chokycrpoBaHa Ha MCMOIB30BAaHUM OJHON M3 Hanboiee 3QHeKTUBHBIX MojeNeil HEHPOHHBIX
ceteil — MobileNet, oTimryaroreiicst BRICOKOW Ha/IGKHOCTBIO M MPOCTOTON. BBIOOP pacTHTENBHBIX 0OBEKTOB
OB IPOJIMKTOBAH WX CJIa00H U3yUYECHHOCTHIO C MO3UIINK (PEHOMHUKH, a TaKKe TeM, 4TO paboTa ¢ BocTpebo-
BaHHBIMHU B MUTOMHHKOBOJACTBE BHJIaMH MMEET OOJIbIIOE TPUKIIaHOE 3HAUeHHE, JOMUHUpYIolIee B Oeio-
pYCCKOM HayKe.

MaTepI/IaJ'II)I U METOAbI HCCJICAOBAHUSA

OObeKTaMu HCCIIEIOBAHUSI B HACTOSIIECH padoTe SBISUIMCH KYJIBTYPHI JIEKOPATHBHBIX PACTCHUM, BBIBE-
NeHHBIX ex vitro (Forsythia intermedia Vahl, Heuchera micrantha Douglas ex Lindl., Syringa vulgaris L.,
Phalaenopsis x hybridum Blume), u pactenus, nojay4deHnble mytem depenkoBanus (Thuja occidentalis L.).
OHHM YacTO UCIIONB3YIOTCS TIPH O3€JICHEHUH TOPOIOB M B JIEKOPATHBHOM IIBETOBOICTBE. Forsythia interme-
dia Vahl, Heuchera micrantha Douglas ex Lindl., Syringa vulgaris L. KyTbTUBUPOBAJIUCH HAa arapu30BaHHON
cpene WPM (Woody Plant Medium, Duchefa Biochemie, the Netherlands), nomonnenHoi 3 % caxapo3oid,
2 % aktuBupoBaHHBIM yreMm, 0,9 % arapom (pH 5,8). Ilpu xynsruBupoBanuu Phalaenopsis x hybridum
Blume ucnone3oBanack cpena Orchimax (Duchefa Biochemie), nononnenHas 3 % caxapo3oit, 2 % akTUBH-
poBauHBIM yriieM, 0,9 % arapom (pH 35,5). PacTeHns KyasTUBHPOBATINCH B CTAHIAPTU3UPOBAHHBIX YCIOBUAIX:
HCKYCCTBEHHOE OCBeIIeHHUE IKIIamMu 16/8 (cBeT/TemHoTa) ipu Temiiepatype (26 * 2) °C u naxxknoctu 70—80 %.
[Ipn KynbTUBUPOBAHUH in Vitro TMPOBOIMINCH PETYISIPHBIC TEPECcaJki Ha HOBYIO NMUTATeNbHYO0 cpeny. Korma
MOJTHOCTBEO OBUTH CPOPMHUPOBAHBI 5—6 JTHCTHEB H I0OCTATOYHO Pa3pacTaIMCh KOPHH, PACTECHHS MTEPECaKUBATIHCH
B IPYHT.

B kauecTBe cyOcTpara Juist BRIBEJICHUSI PACTCHUH ex Vitro clielyeT MIPUMEHUTh CMECh TOP(] — MEeCOK — Bep-
MUKYJIUT B COOTHOIIEHUH 2 : 1: 2 (110 06bemy). IIpeanouTuTensHbl KPyMHO3EPHUCTBIA BEPMUKYIIUT C TPaHy-
JaMH pa3MepoM He MeHee 5 MM M BepxoBod Top¢ ¢ mokazarenem pH He Hibke 5,6 (PBIXJIBIA, KOPUYHEBOTO
1[BETa), IOMyCKAETCsl Hajaudhe (parMeHTOB APEBECHHBI U KOopHeH. [Ipu KyJabTUBHpOBaHMH YepEHKOB 1/uja
occidentalis L., MOTy4eHHBIX C MaTOYHBIX TUTAHTAINH, B KAY€CTBE CyOCTpaTa peKOMEHIyeTCsl NCTIOJIb30BATh
cMech Topda ¢ BEpMUKYIIUTOM B COOTHOIICHUH 1 : 1.

Hnst oOydeHus: HeHpOHHOW ceTH OBUIM CO3laHbl 0a3bl JaHHBIX UPPOBBIX H300pKEHHUH, PErHCTPALUs
KOTOPBIX OCYIIECTBIISIACH B JIA0OPATOPHBIX YCIOBUSX MPH IOCTOSHHOM OCBEIIEHHH, C YEThIpeX MO3MIUN
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U B TMOJICBBIX YCJIIOBUSX B PAa3JIMYHOE BPEMs CYyTOK JIJIsl TOTO, 4TOOBI HEHPOHHAsS CeTh CMOIJIa PAcliO3HABATh
BUJ 1 (PH3UOJIOTHIECKOE COCTOSIHUE PACTSHHI BHE 3aBICHMOCTH OT BHEIIHHUX YCIOBUH. MeTonKa perucrpa-
WU N300pakeHHit OTM3Ka K SKCIIEpUMEHTaM, onicaHHbIM B [37]. Kaxknoe mudpoBoe nzodpaxeHrue aHaIu3u-
POBANIOCH CTIETIHATTUCTaMH, KOTOPBIE BHICTABIISUIN OIIEHKY, XapaKTepU3YIONIyI0 (DU3HOIOTHYECKOEe COCTOSHIE
pactenus or 0 g0 1 (0 — moruGiee pacrenue, 1 — MONHOCTHIO 310poBoe). [loMrMO ATOTO, M300paKESHHUS
pacTeHmit ObUTH CTPYIITUPOBAHBI 110 BUIOBBIM XapaKTEPUCTUKAM IS BOZMOXKHOCTH OOy4YeHUST HEHPOHHOU
CETH ONpEJIEIICHUI0 TakcoHa. PacTeHus OB TpoaHaAIM3UPOBAHBl Ha Pa3HBIX CTAJIUAX KU3HEHHOTO IUKIIA
JUTsl 00eCTIieYeHNs] BO3MOXKHOCTH Paciio3HaBaHUsI 00BEKTOB BO BPEMs OHTOI'CHETHYESCKUX M3MECHEHHU.

Pe3yJ'[I)TaTI)I U UX 06cyme1me

PacripocTpaneHHas apXUTEKTypa CUCTeM MaIlMHHOTO oO0y4eHns MobileNet ucrmonp3oBangach Kak OCHOBA
HeliponHo# cetr [38]. Ona sBisiercst oqHOH U3 Hanbomnee 3 (HEeKTUBHBIX IS pelIeHHs 3a1a4 00padOTKH U300-
paxenwuii. [Ipu pa3zpaboTke HEHPOHHOHN CETH TaKKe MPUMEHSIIIUCH BCITIOMOTaTeIbHBIC METO/IBI, TIO3BOJISIONINE
MOBBICUTH TOYHOCTb aHAJIN3a U JOOUTHCS Oosiee OBICTPON «CXOOUMOCTH» BO BpeMsi oOyueHus. Cpenn HUX —
ReLU (Rectified Linear Unit), naunmanu3anus Xavier, Batch Normalization u qononaenue o0yvaromiero Ha-
oopa aedopmupoBaHHbIME JJaHHBIMU. Tensorflow u Keras ncrnonb3oBanuch Uis peain3aniy MOJIeNid Ha 6a3e
MobileNet. DT HHCTpYMEHTBI 00€CIIEUUBAIOT IIOMOILb B ONMCAHUU, 00YYeHUH U 00CITy>)KUBAHUN HEHPOHHBIX
cereii [39]. ApXHTEKTypa HEMPOHHOM CeTH TpencTaBicHa Ha cxeme (puc. 1).

Toueunsble cBepTku (1 x1)
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Puc. 1. Ananus n3o6paxxeHHH pacTeHUH ¢ UCIONB30BaHNEM CBEPTOUYHON HEHPOHHOW CeTH

Fig. 1. Plant images analysis using a convolutional neural network

Paspaborannas mporpamMa BKIIIOUAeT B ceOsl psijl 3TAloB, B KOTOPBIX HEMPOHHAS CETh MPUHUMAET U300-
pakeHHe pacTeHUs B Ka4eCTBE BXOMHBIX TAHHBIX, aHATU3UPYET ero U coznaetr 1024-mepHoe Briokenne. SVM
(MeTox OTIOPHBIX BEKTOPOB) NPUHUMAET BIOKEHHE H300paKEHHUS U OTHOCHT €T0 K M3BECTHOMY JAEKOPaTUBHO-
My Buy [40]. Tak kKaKk BIO)KEHHUS MOTYT OBITh TMUHEHHO Hepa3AensieMbl, B KauecTse sapa SVM ucnonb3yercs
RBF (Radial Basis Function) [41]. [lonoaHATENBHBIN CTIOH HEWPOHHOI ceTH nMpruHUMaeT Ha Bxon 1024-mepHoe
BJIOKEHHE M TEHEPUPYET BBIXOIHOE 3HAYCHHUE, OTIMChIBaIONIee (PU3UOIOTHIECKOE COCTOSTHIE PACTeHNUs B IMa-
na3oHe ot 0 10 1. [ToyueHHbIe HEHPOHHOM CEThIO PE3y/IbTaThl CPABHUBAIUCH C PE3YJbTaTaMU CIIEIIUAIUCTOB-
6uosoros. Kosddumment nerepmunanuu (R*) onpenesneHus pU3HOIOIHYIECKOT0 COCTOSHUS cocTaBmi 0,66
(puc. 2). CTouT OTMETHUTD, 4TO KOID(DUIMEHT, MTOTYYSHHBI MEX/Y OIIEHKAMH JIBYX I'PYIIl CIEIHAIUCTOB,
pasusuics 0,85. [lokazarens cranmaptHoro oTkioHeHUs (p = 0,019) cBUIETENBCTBOBAI O IOCTOBEPHOCTH I10-
JYYEeHHBIX PE3YJIBTaTOB.

Heiiponnas cets ObUTa criocoOHa KITaCCH(PHUITMPOBATH BXOAHOE U300paKEHHE C PAaCTCHUEM U COOTHOCHTD
€ro ¢ y)e M3yuYeHHBIMHU TpyIIaMy BUAOB pacTeHuil. OO0yueHHas HepoHHas ceTh (pHC. 3) IEMOHCTpUpOBaa
BBICOKOE Ka9eCTBO PACIIO3HABAHUS TAKCOHOMUYECKHUX 0COOEHHOCTEH Pernpe3eHTATHBHBIX JIEKOPATUBHBIX BU-
1oB (90,8 %).

CoBpeMeHHBIE aJITOPUTMBI MAITMHHOTO O0Y4eHHs, TaKUe KaK HEHPOHHBIE CETH, 00J1a/1al0T CIIOCOOHOCTHIO
CaMOCTOSITeTILHO HaXOAWTh HEITMHEHHbIE 3aKOHOMEPHOCTH B JaHHBIX, YTO JIeJIaeT MPUMEHEHHE CTaTUCTHYIe-
CKo 00paboTKU U30bITOUHBIM [42]. Tak Kak TeCTUPOBAHHE CBEPTOYHBIX HEHPOHHBIX CETeH HEOOXOAUMO MPO-
BOAWTH HAa OOJBIIOM KOJIMYECTBE HUCCIEMYEMBIX OOBEKTOB, TO JJIs MOBBIMCHUS d(Hh()EKTHBHOCTH HEHpoceTH
ncnonb3yeMas 0aza JaHHBIX He Oblila pa3zaesieHa Ha BEIOOPKH, U, KaK CJICACTBUE, B JAHHOW pabOTe CTaTUCTH-
YECKUW aHAJIU3 HE TTPOBOJIUIICS.
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(M3HOIOrHYECKOr0 COCTOSIHUS PACTCHHUIT, BRICTABICHHBIMU YEIIOBEKOM
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Fig. 2. Example of detecting a correlation between the estimates
of the physiological state of plants, exposed by human
and neural network (linear regression)
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Puc. 3. Cniennduyeckue BUIOBbIC IPU3HAKU PACTEHHUH, BBISIBICHHBIE C HCIIOIb30BaHUEM
CBEpPTOUYHOI HElpOoHHOU ceTH Ha Oa3e anroputmMa UMAP

Fig. 3. Specific species characteristics of plants identified
by convolutional neural network based on the UMAP algorithm

Taxkum 0Opazom, B pe3yibTare MPOBeIEHHBIX paboT Ob110 pa3paboTaHo PEeHOMHOE IPHIIOKEHUE, OCHOBAH-
HO€ Ha METO/IaX KOMIBIOTEPHOIO 3pPEHUS M MAIIMHHOTO OOYy4eHUs, Uil TAKCOHOMUYECKOH KiacCu(pUKaluu
U onpezaeneHus (GU3noIOrHYecKOro COCTOSHHUS AEKOPATUBHBIX PACTCHUH Pa3IMUHBIX Ipymil. TOYHOCTH Tak-
coHommueckoro kinaccuduraropa (90,8 %) ObuTa OIM3KOM K MTOTOOHBIM XapaKTEPUCTUKAM, OITUCAHHBIM B JIH-
teparype. Hanpumep, HelipoHHas ceTb, pa3paboTanHas B [25], onpenensionas BOCEMb TUIIOB OMOTHYECKOTO
1 aOMOTHUYECKOTO CTPECCOB MO N300PaKEHUSIM JINCTHEB COM, AaBajia TOYHOCTD onpeneneHus B 94,1 %. Cxoxuit
KJ1accu(UKaTOp, ONPEACISIIOIINA TAKCOHOMUYECKYIO IPHUHAMIIEKHOCTE, AeMoHcTpupoBai 90 % [43]. [omy-
YEeHHBIN B HAacTOsIIEH paboTe KodQPHULIMEHT AeTepMUHALUH (pu3nonoruyeckoro cocrosuus 0,66 (cm. puc. 2)
030K K KO3 PULIMEHTaM, pacCUNTaHHBIM B [44] 111 HEHPOHHON CeTH, HACHTUPHULINPYIOLIEH BO30yInuTeNneH
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3aboneBanuii pactennii (R* = 0,5). HekoTopble HCTOYHMKH YKa3bIBAIOT, YTO Y MOAOOHBIX TIPOIPAMM, HCIIONb-
3YIOIIUX METO/Ibl MAIMHHOTO 00y4YeHus1, kK03()OUIIHMEHT JeTepMUHALINN ONpeIeIeHus] (PU3HOIOTHYECKOTO CO-
CTOSIHUSL B cpefiHeM cocTaisieT okono 0,7 [45].

Pesynbrarom mpozaenanHoit pabotsl sBisiercst nepBoe B CHIT kommbloTepHOE TpHiokeHne 1uist heHoTunm-
POBaHUS ICKOPAaTUBHBIX PACTEHHH HAa OCHOBE aJITOPUTMOB MAIIMHHOTO OOYYEHHs, B YaCTHOCTH CBEPTOYHBIX
HelpoHHBIX ceTeld. [Ipu ee ncnbiTaHuy ObLIa MPOJEMOHCTPUPOBAHA BHICOKAs TOUHOCTH OMPEACICHHS BUA0BOH
npuHauiexHocTu Thuja occidentalis L., Forsythia intermedia Vahl, Heuchera micrantha Douglas ex Lindl.,
Syringa vulgaris L., Phalaenopsis x hybridum Blume (90,8 %). DTo cpaBHUTEIILHO BEICOKHIT TIOKA3aTeIb IS I10-
noOHBIX cucteM. [lokazaHa Takxe BbICOKas cTerneHb koppesiuuu (0,66) Mex 1y OleHKaMH KU3HECIOCOOHOCTH
JCKOPAaTUBHBIX PACTEHUH, TIOlyYEeHHBIMH OT UCCIIEA0BATENS-CIICIIMAINCTA, U HEHPOHHON CETHIO.
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