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Pedepar. OGocHOBaH aKTYalIbHOCTh BHEAPEHHS HCKYCCTBEHHOTO HHTEILIEKTA B CENBCKOE XO3SHCTBO [T ONTHMHU3AIIHH OPOILIe-
Husl. (Lens uccredosanust) JJath oT4eT 0 IpOrpecce, JOCTUTHYTOM B IPUMEHEHHU UCKYCCTBEHHOTO MHTEILIEKTA JUIS ONTHMHU3a-
UM OPOIICHHUS CENBX03KYIBTYp. (Mamepuanwt u memoosr) O630p choKycupoBaiu Ha HauOoee XapakTEePHBIX (aKTaX U BAXKHOM
Hay4YHO# HH(OPMAIIMHK O BHEAPEHNN MCKYCCTBEHHOTO HHTEIICKTA B PACTEHUEBOACTBO. VICTOMB30BaIHN pasinyHbie 0a3bl TaHHBIX
(Google Scholar, PubMed, Science Direct, SciFinder, Web of Science, PUHLI) u onnaitn-ucrounuku (Research Gate, Springer
Nature Open Access, Wiley Online Library). Uccnenoany HHTErpaiuto MoJeNielil MallTMHHOTO 00y4YeH¥Hs, KOTOpbIe MOTYT obecrie-
YHTH ONTUMAIIBHOE YIPABICHUE PEIICHISAMH 10 UPPUTALlK. PaccMOTpeny TeHACHIMY UCCIeIOBAHUI M IPUMEHUMOCTh METOJIOB
MAIIFHHOTO 00YYEHHS, a TAKKE PasBEpPTHIBAHIE Pa3paOOTaHHBIX MOJETeH MAIMHHOTO 00YYeH S IS HCIIONB30BAHUS (hepmepa-
MU B [EJISX YCTOHYMBOTO YIPABICHIS OpotueHueM. (Pesyiomamor u 06cyscdenue) [lokazanu, kak MOOWIBHBIC 1 BEO-IIIAT(OPMBI
MOryT O6CCHCIH/ITI> YIPaBICHUC MHTCIICKTYaJIbHBIMU MPOLECCAMU OPOIICHUS. Mamunnoe o6yquI/Ie — OJIHa U3 IEHTPAJIbHBIX
TEM HCKYCCTBEHHOTO HHTEILIEKTA, [IOMOTAOIIAs HCCIE0BATENIM paboTarh Ooiee TBopueckH u addexruHo. OTMerrmn mpodie-
MBI BHEJIPEHHUS NCKYCCTBEHHOTO MHTEIICKTA B PACTCHUEBOJICTBO U Oy[yllee HAPABICHUE UCCIICIOBAHMI B 00IaCTH BHEPEHUS
MaIIMHHOTO 00YYeHWs M penIeHuH 171 M poBoro 3emienenus. (Bvi6o0w) Jl0kazaan akTyalbHOCTh HHTEIUICKTYTbHON CHCTEMBI
B UPPUTALMY U YIIPABICHHHN BOJHBIMU PECYPCAMU JUIS YCTONUMBOTO CENBCKOTO X035HCTBA. BEIBIIIM, 4TO, HECMOTPS Ha OOIIHp-
HYIO IOCTYITHYIO JIATEPATy Py, MOJCIUPOBAHIE MAIIMHHOTO 00YYCHHUS TS YIPABICHHS HOMMBOM CEIBXO03KYIBTYp BCE €IIle HAX0-
JMTCS B CTA[IUU CTAHOBIICHHUS, & TUAUPYIOT B 310l 0bmactu Kuraii, CIIIA u ABctpanus.
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Abstract. The relevance of artificial intelligence in agriculture is substantiated for irrigation optimization. (Research purpose)
To report on the progress made over the past few years in the application of artificial intelligence to optimize crop irrigation.
(Materials and methods) The review focuses on the most salient facts and important scientific information on the application of
artificial intelligence in crop production. The review is based on Various databases (Google Scholar, PubMed, Science Direct,
SciFinder, Web of Science, RSCI) and online sources (Research Gate, Springer Nature Open Access, Wiley Online Library). It is
shown how the integration of machine learning models can provide intelligent irrigation management. The review reports on the
research trends and applicability of machine learning methods, as well as the deployment of developed machine learning models for
sustainable irrigation management. (Results and discussion) Mobile and web platforms are shown to be able to facilitate intelligent
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irrigation management. Machine learning proves to be one of the central areas of artificial intelligence helping researchers to work
more creatively and efficiently. The review notes the problems of introducing artificial intelligence in crop production and specifies
the future research areas in the machine learning implementation and digital farming solutions. (Conclusions) The relevance of the
intelligent system in irrigation and water management is proved for sustainable agriculture. It is revealed that, despite the extensive
literature available, machine learning modeling for crop irrigation management is still in its infancy. The countries leading in this

area are China, the United States and Australia.

Keywords: precision irrigation, machine learning, mobile application, web application, smart agriculture, digitalization, crop

irrigation optimization.
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€JIbCKOXO3SIICTBEHHEIH ceKTop moTpedisiet 85%
JOCTYIIHBIX PECYPCOB IPECHOM BOBI BO BCEM MHU-
pe. UIx cokparenue Hen30exXHO 13-3a U3MEHCHU S
KJINMAaTa, OBBIMICHHSI TEMIIEPATyPHl BO3IyXa M YMECHb-
IICHHS KOJIMYeCTBa 0CaAKoB. OTpaHUYEHHOCTh BOJHBIX
PeCYpCOB IIpH yBEIIMYCHUH HACETICHHS M CIIPOCa Ha TIPO-
JIYKTBI MUTaHUS BBI3BIBAET HEOOXOUMOCTH B Ooee 3¢-
(heKTUBHBIX TEXHOJIOTUAX, B YACTHOCTH IIPH OPOILICHIH.
PyuHoe opolieHne, 0cCHOBaHHOE Ha H3MEPEHHUH BJIaXKHO-
CTH MOYBHI, 3aMEHEHO METOJJaMU aBTOMATHYECKOTO I1J1a-
HupoBaHus. [Ipu BHEIpEHUN aBTOHOMHBIX OPOCHTEIb-
HBIX MalllMH YYUTHIBAJIU IBANIOTPAHCIUPALIHIO PacTe-
HUI, KOTOpas 3aBUCHT OT BJIaKHOCTH BO3yXa, CKOPOCTH
BETPa, COTHEUHOH paauanus, IpuHUMasi BO BHUMaHHE
CTaJMIO POCTA U TYCTOTY CTOSIHUSI paCTEHUH, CBOMCTBA
MOYBBI, HAJTWYWE BpenuTenei [1, 2].
bnarogaps ObIcTpbIM ycriexam, HaOJIF0JaeMbIM B UH-
terparuu aTepHeTa Betei (Internet of Things — 1oT) ¢
TEXHOJIOTUSIMU OECITPOBOHOM CEHCOPHOI ceTH (Wireless
sensor network — WSN) 1 HHTEIUIEKTyaTbHBIX Cellb-
CKOXO3SICTBEHHBIX IPUIIOKEHU N TOCPEACTBOM JUCTaH-
[UOHHOTO 30HJUPOBAHHUS, KOHTPOJIUPYEMBII MOHUTO-
PHHT IIPOIIECCOB TO3BOJIII JIY I TIOHSTh TUHAMHAKY U3~
MEHEHUS TIOTO/IbI, TOYBBI U COCTOSHUS IIOCEBOB B TEYe-
HUE BETETAI[OHHOT0 TIepHoa. JJaHHBIE B peXXIMe peatb-
HOT'O BPEMEHH MOXHO HEMPEPBIBHO COOMPATh C IIOMO-
IO JATYMKOB MJIU YCTPOMCTB ¢ oaaepkkoit loT, Takux
KaK TaTYNKH U3 TOYSTHOT'O UCTOUHUKA UITH YCTAHOBIICH-
HbIe Ha OECIIUJIOTHBIX JIETaTEeNbHBIX Cyllax, CIyTHUKAX,
TpaKTOpax WK MOJBMKHBIX HPPUTAITHOHHBIX IIAT(OP-
Max, TAKMX KaK OOKOBbIE HJIM IEHTPaJIbHbIE TOBOPOTHBIE
nIaTGOPMBI IIEPEMEIICHU S MAIIIHH C TIeJIEBOT0 1o [3].
Cy1iecTByeT HECKOIBKO TOCTYITHBIX KOMMEPUYECKHX
w1aT(hopM, KOTOPBIE UCTIONB3YIOTCS A cO0pa TaHHBIX
0 TI0YBE, PACTEHUSX U IIOTOJIE B PEKUME peaTbHOTO Bpe-
meHH. Ho oHU MOTyT OBITh HE3(h(heKTUBHBIMHU, TOCKOJIb-
KY B CHCTEMY HE WHTET PHPOBAHBI aJITOPUTMBI MAIlIHH-
HOr0 00yYeHHs WIM MaTeMaTUYeCKHUe MOIENN Ha OCHO-
BE€ JaHHBIX, PE3YJIbTAThl KOTOPHIX JOJKHBI OBITH B YHC-
Jax, 4TOOBI MOHATH HeoOpaboTaHHY O HHpopMaluio. Cre-
JIOBAaTEIBHO, HCIIONb3Ys MACCUBHBIC TPOCTPAHCTBEHHBIE
U BpeMEHHBIE IIEpEMEeHHEIE JaHHBIE, KOTOPBIE COONPAIOT-
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Csl M XpaHATCS Ha 00JagHBIX MIIM IOTPAHUYHBIX CepBe-
pax, MO>KHO MIPUHUMATD Pa3yMHBIC PEHICHUS C UCIOTb-
30BaHHEM Pa3IMYHBIX MOJICTICH MAITTHHOTO 00y UYeHNs [4].

LIENb MCCNEAOBAHMUS — 1aTh OTYET O Tporpecce, J10-
CTUTHYTOM B IPUMEHEHHH UCKYCCTBEHHOT'O WHTEIIJICK-
Ta JIJIS1 ONTHUMH3AIIH OPOIICHHUS CEIBXO3KYIBTYP.

MATEPMANBI M METOABI. TTpoBenu 0630p TUTEPATY-
PBl, KOTOPBIH cPOKycHpOBaIM Ha Hanboee XxapakTep-
HBIX ()aKTax ¥ BaXXHOW COBPEMEHHOI Hay4HOH HH(DOP-
Malli1 O BHEAPEHUH UCKYCCTBEHHOTO MHTEJJIEKTA B pac-
TEHUEBOJCTBO. B 0030p BKIIIOYEHBI pa3IHyuHbIe 0a3bl 1aH-
HbIX (Google Scholar, PubMed, Science Direct, SciFinder,
Web of Science, PUHII) u onnaitH-ucTouHuku (Research
Gate, Springer Nature Open Access, Wiley Online Library).

PE3YNLTATBI M OBCYXXAEHME. [l11s pa3paboTKH yCTOM-
YHBOH CHCTEMBI TOYHOT'O OPOILICHHSI BAXKHYIO POJIb HTPa-
€T MHTEerpalis BEIYUCIUTEIBHOTO HHTEJIJIEKTa, arpap-
HOW TUAPONH(OPMATHKH, HHPOPMAITMOHHBIX TEXHOJIO-
ruii, cnoco0CTBYs 3 HEKTUBHOMY YIIPABJICHUIO JaHHBI-
MH O TI0UBE, pacTeHusX u noroje [5]. CoBepiieHcTBOBa-
HUE MOJIEJIEH, CBA3aHHBIX C IOT0A0H U OKpYKaroLIe cpe-
IO, 77151 OLIGHKU IOTPEOHOCTH PACTEHHH B BOJIC YUHTHI-
BAaeT 3aIPOC CEIbX03TOBAPOIIPON3BOIUTENEH Ha TOCTYII
K IPOCTOMY MOHUTOPUHTY U BU3YyaJIU3aI[UU Pa3TUIHBIX
mapaMeTpoB Ha cMapT(oHAX MU IPYTUX KOMITBIOTEP-
HBIX YCTPONCTBAX JIS PUHATHUS PEIICHUH BPYYHYIO UITH
WHTEJUIEKTYaJbHO [6].

CymecTByromniue padoThl COCPEIOTOUCHEI Ha IIPHMe-
HEHUH KOHTPOIUPYEMOTO U HEKOHTPOIHPYEMOT0 00y Ue-
HUS 1] HHTEIUICKTYalbHBIX HPPUTAIIHOHHBIX CUCTEM.
W3 9 u3yueHHBIX pabOT TOIBKO B OAHOM HE TPEAYCMOTpe-
HO KOHTPOJIHpyeMoe 00y IeHHe, eIle B OXHOI — HEKOHTPO-
mupyemoe [7-15]. Uro kacaeTtcst 00ydueHHs ¢ TIOJKPEILIe-
HUEM 1 00bSAMHEHHOT0 O0YUYCHH S, TO 3TUM 3a/1a4aM I10-
CBSIIIICHA I OJHA CTAThs (TOYHOE YIIPaBICHHE OPOIIe-
HUEM C UCTIOJIb30BaHUEM MAIIMHHOTO 00y4eHHs), U JIBE
— IIPUJIOKEHU M 15 ITUPpoBOTO 3eMienenus. Pazpadbor-
KU IPOBEJICHBI B CTpaHaXx ¢ GPOHTUPOBAaHHBIMHU UCCIIENIO0-
BaHHSIMU B 00JIACTH HAYYHO-TEXHUUYECKOW U HHHOBAITHU-
OHHOU TTOJTUTHUKH, TTIe BOCTPEOOBAHEI U ITUPOKO IIPHME-
HAIOTCS U3y4aeMble TPOTPAMMHbIE TPOAYKTHL.

MamuHHOe o0ydeHne 6a3upyeTcs Ha OIbITE U 3a]1a-
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Yax BBIIONHATD AEHCTBHS, aHAJIOTHYHBIE (PYHKIIUSIM JIFO-
JICii, ¥ HAIIPABJICHO HA TO, YTOOBI CIENATh MAIIUHBI M-
Hee [16]. OHO criocoOHO penaTh CI0XHBIC TPOOJIESMBI UP-
PUTAIMOHHON CHCTEMBI, BKJIFOYasi MHOTOBapHAHTHEIE,
HEJIMHEHHBIC M N3MEHSIONINECS BO BpEMEHH (PaKTOPHI.
MeTonbl MAaIIMHHOT'O O0YYESHHSI MOT'YT HCIIOTB30BATHCS
JUIS1 aBTOMAaTHYECKOT0 U3BJICUCHU I HOBOH HH(OPMALIUU
B BHJIe 000OIICHHBIX MPABIII PUHSTHS PEIICHHUH 15
BBITIOJIHEHUS TOYHBIX JIEHCTBUH IO OpoIIeHuI0. B o6ma-
CTH yIPaBICHUS TOYHBIM OPOIICHIEM IPUMECHEHHE MO-
Jeneld MaImmHHOTo 00yYeHus (00ydeHue ¢ yuuTeneM, 0e3
YUHTENS, C OAKPEIITICHHEM H 00beTUHEHHOE 00y UCHHE)
CTaJIO TOMYJISIPHBIM JUISI PEIICHUS CIIOXKHBIX 3a7ad, Ta-
KHUX KaK kiaccudukanus u nporuosuposanue [17].

* Pesynbrarsl Hamrero o63opa (17 =21) KOHTpoIHUpye-
MBIX METOJIOB OOYUCHUS ISl YIPABICHIS OPOLICHHEM
MOKAa3BIBAIOT, YTO UX HIMPOKO MCIIONB3YIOT ISl TPEACKa-
3yeMOr0 yIIPaBIICHUS OPOIICHUEM, (pepPTHTALHEH B IIe-
JIAX IIOBBINICHU A ypO)KaﬁHOCTH 1 OKOHOMMUH BOJBI. B Apy-
rux uccneogoBanusX (n=10) BaxXHOU TEHICHIINEH CTAIIO
oOydeHue non HaOmoneHueM (maoa. 1)

* B mabauye 2 060011eHBI APYyTHE UCCIICIOBAHUS, B
KOTOPBIX U3Y4YaJIOCh HHTEIJICKTYaIbHOE yIIpaBIICHUE
OPOIIIEHUEM C UCIOIB30BAHUEM MTOX0/a K 00y YCHUIO
noJ1 HaOroneHreM. ToJTbKO IBe pa0OTHI MMOCBSAMICHBI O/1-
HOBPEMEHHO U MOJICTUPOBAHUIO U O0JTAYHOMY XPaHEHUIO
nHpopmanuu. Hanbonpliee KOIUYECTBO UCCIIEOBAHMMA
B 9TOM cdepe nposeneno B Kurae, CIIIA, ABcTpanuu,
Nupuu, Upane, Gpanmun.

Merton HEKOHTPOIHPYEMOTO 00YUCHHS MOXKET OBITH
peann30BaH il BEIBOJA 3aKOHOMEPHOCTEH, colepiKa-
muXcs B Ha0ope TaHHBIX O TapaMeTpax IMMOYBHI, PaCTCHHH
Y TIOTOIBL, IS IPUHSTUS O TUMANIBHBIX PELICHUH 110 Up-
puranuu B pa3nuyHbIX 30Hax opomrenus [18]. Ilpumepa-
MU MoJIeIiel 00yUYeHU s 6e3 YIUTENs CIyKaT KiIacTepHr3a-
U1, ICKYCCTBCHHAS HEHPOHHAS ceTh (ANN), yMeHbIIIe-
HUE pa3MEPHOCTH, HEPAPXUIECKas KIACTSPH3AIIH U T. 1.

HexonTponupyemoe 00ydeHHE IMUPOKO UCIOTb3YeT-
CsI LTS yTIpaBJIeHus oporeHueM. st 00ydeHust pa3imd-
HBIX MOJICIICH C IIeIBI0 MOTYYSHHS TOYHBIX TIPOTHO30B C
HCIIOJIb30BAaHUEM ITHX METOZIOB TpedyeTcs 000N Ha-
00p PKCIIePIMEHTAIBHBIX TaHHBIX. ONpeneeHue CKpbI-
TOr'o NaTTCpHa B HEMAPKUPOBAHHOM Ha60pe JaHHBbIX —
HanboJjee pacupocTpaHeHHas! GYyHKIUS 3TONO METOIa
MaIIMHHOr0 00y4eHus. Tem He MeHee Ooubliast yacTh 00-
30pHBIX PabOT pearn30BaHa TOIBKO C HCIOIb30BaHUEM
MOIETUpOBaHUs (mabi. 2).

Bynymiast pabota B 3T0# 0051aCTH JOIKHA OBITH 00Mb-
IIIe COCPEIOTOUCHA Ha peain3alliil MOACIHPOBAHUS KaK
Ha KPaeBbIX, TAK M HA 00TaYHBIX TIAT(GopMax, a TAKKe Ha
nepeBojie Ha nuGpoBbie pemeHus. B OoabIIMHCTBE CITy-
9aeB CENbX03TOBAPOIPOM3BOIUTENN HE MOTYT YCTAHOBUTD
JTATIUKU U 000pyI0BaHUE U3-32 BEICOKOI CTOMMOCTH.

[Tpumenenune o0yueHus ¢ moakpemienueM (Application
of Reinforcement Learning — RL) 71 HHTEIIEKTyalbHO-
r'0 yIpaBJICHUS OPOIICHUEM OCHOBAHO Ha KOHIEIIINH,
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COTJIACHO KOTOPOH (hepMep HIIH areHT MOXKET YIUTHCS C
MOMOIIBIO IEHCTBUN U OOPaTHOM CBSI3M, OCHOBAaHHBIX Ha
CHTHaJax Bo3HarpaxaeHus. OH y4uTcs BRIOHPATh OITH-
MaJBHYIO CXEMY MOCEBA, OIPEACTIEMY IO TUIIOM KYJIBTY-
PbI, IJIOIIAABIO JIJId BO3ACIbIBAHU A, JaHHBIMU IIOCEBA U
TUTAHOM OPOIICHUS, B 3aBHCUMOCTH OT HAJHIHS BOJBI B
HayaJie CeIbCKOX03ICTBEHHOT0 ce30Ha. J{JIst monyueHus
HYKHOM HH(OpMAaIHH Ka>KIbIi aTHT B3aMOJICHCTBYET
C OKpY>KaroIien cpeioi, KOTopasi COCTOUT U3 3KOJIOrnye-
CKHX ¥ COITHATBHO-9KOHOMUYECKIX MOIYJIeH, coepika-
[IUX Pa3JInYHBIE TPOLIECCHI.

IIpensioxxena cTpaTerust IpUHATHUS PELIEHUH Ha OcC-
HOBe (J-00y4eHUs C MOAKPEIJICHUEM, OCHOBaHHAsI Ha
MPOLIIIOM ONBITE OPOIIEHUS U KPATKOCPOYHOM MTPOTHO-
3€ TIOTOIbI JJISI TIOJIMBA PUCOBOTO TIOJIS, M COTIOCTABIICHA
¢ OOBIYHBIM IUIAHUPOBaHUEM opomeHus. OICHUBAIACH
IporHo3upyemas 3pPpeKTHBHOCT OPOIICHHUS IS CYyTOU-
HOT'O KOJINYECTBA OCAJIKOB B TeueHue 7 nHei [28].

CropGym, OTKpbITas UHTEIJIEKTyaJbHas cpena, pe-
aJM30BaHa JJIs U3y9YEHHUs Iporecca GepTUTALINN C HC-
MOJIb30BAaHUEM MOJICJIH COCTOSIHUSI POCTA PACTEHUN U
JIAHHBIX O TIOT'OJIE JJISl CO3JaHUsI IEUCTBUM U BO3HAT PaXK-
JCHUS, ONTHMH3AIHH UCTIOTB30BAHUS yJOOPCHHH, 8 TaK-
JK€ MOBBILIEHUS ypoxkalHocTH [29].

D} PeKTHBHOCTH UCTIONH30BAHUS BOABI TPEOYET yCO-
BEPUICHCTBOBAHUS HPPUTALIMOHHBIX CUCTEM, OCHOBAH-
HOTO Ha PEUICHUSX AJIS UPPOBOTO 3EMIICACITHS, TAKHX
KaK MOOMIIBHEIC M BEO-TIPHIOKEHUS. [JaTUNKH, HCIIONTb-
3yeMble JJIs YIIPaBJICHUS OPOLICHUEM, COOMPAIOT pas-
JUYHBIE YKOJIOTHYECKUE U METCOPOIOTNYESCKIE JaHHEIE
C TOJIA1, TaKUe Kak Et, (3TajoHHas SBalOTPAHCIIUPALINS),
OCaJIIKH, TEMIIepaTypa U BIaXKHOCTH BO3AyXa. DTH JaH-
HBIE 3arpy>karoTcs B 6a3y ob6mauHoro cepsepa. depmepsl
MOT'YT UCTIOJIB30BaTh MOOMIIBHBIE IPIIIOKEHHUS IS YAa-
JICHHOTO PETyJIHPOBAaHUS BOJSHBIX KJIAIaHOB, BEHTUIIS-
TOPOB 1 APYTUX DJICMEHTOB YIIPABJICHU A, B 3aBUCUMOCTH
OT TEHACHIINH BU3yalIN3UPYEMBIX TaHHBIX O IOYBE, pac-
TeHUX U nioroze [28]. MoOuibHOE MpuiokKeHne «YMHas
(hepmay» momoraet pepMepaM aHATTU3HPOBATH HHPOPMa-
LIMI0, HE TIPUCYTCTBYA Ha moune. [IpennioxkeHa pacnpene-
JICHHasi CHCTeMa MOHUTOPHHTA OKPYIKaIoLIe Cpebl Ha
ocHoBe /o7 17151 BO3ayXa, TEMIIEPaTyphl BOIBI U PaCTBO-
PEHHOI0 KHCJIOPO/Ia, C y4ETOM yPOBHS BOCIIPUATHS, T1€-
penaun nHPOPMALINH, CHCTEMHON apXUTEKTYPHI ISl TH-
JPOTIOHUKY, BO3MOXKHOCTBIO YIIPABJICHUS aKBAKYJIBTY-
poii. st oTopaBKu JaHHBIX TaTYMKOB 3a/IEICTBOBAH
IIPOTOKOJI CBSI3U NAJIbHETO NEHCTBHS, a 1t cOopa JaH-
HBIX X OTIIPABKH UX Ha o0sauHyto margopmy — 4G [35].

BHeapeHnue BeO-IIpUIIOKEHUH 1 MOOUITBLHBIX TTPHIIO-
JKEHUU CTaHOBUTCS Bce Oojiee BaXKHBIM B YIIPAaBICHUU
WppUTAIMOHHEIMU cucTeMamu. Beb-uHdpactpykrypa
MOJET OBITh HHTETPHPOBaHA ¢ 6a3aMU TaHHBIX, YTOOBI
MOJIb30BAaTCJIN MOTJIU BBINIOJIHATH MaHUITYJIUPOBAHUC
NaHHBIMH, BU3YaJIU3allHIO, aHATUTHKY U YAAJCHHOE
yIpaBJIEHUE, HAIPUMED, IPUHUMATh PEIIECHUs, CBS3aH-
HEIE C OPOIICHUEM, TAKHE KaK pacdeT 0OImero Koamude-
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Ta6nuua 1 Table 1
MCCHEJJ,OBAHI/IE MOJEJIEA MAWIMHHOIO OBYYEHUS C YYUTENEM ANS UHTENNEKTYANIbHOIO YMPABJIEHWUS OPOLIEHVEM
SUMMARY OF PREVIOUS WORK ON SUPERVISED MACHINE LEARNING MODELS FOR SMART IRRIGATION MANAGEMENT
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PCA, Mopenb UCTIONB3yeT OHIAH-1aHHBIE O IOTO/I€ ¥ BIAKHOCTHU TIOUBBI JJI ONPEACICHHS] HOPMBI OPOLIEHHUS.
K-means Mozenb yBEJOMIISICT OllepaTopa 0 HE0OOX0ANMOM 00bEME MOJINBA MOCPEACTBOM OTIIPABKU KOPOTKUX COO0-
Clustering, | menuii (short message sending — SMS) [19] Vs v v
GMM The model uses online weather and soil moisture data to decide on the irrigation rate. The model notifies the
operator of the required irrigation volume through short message sending (SMS) [19]
KNN, DT, | UppuranuoHssie CHCTEMBbI C MAITHHHEIM 00y UeHHEM H MOoAep kKol MHTepHeTa Belel ¢ OTCIeKHBAaHHEM
SVM, TEMIIePaTy Pbl, BIIAKHOCTH, TUTATEIbHBIX BEIIECTB U OCA/IKOB B PEXXHUME PEaIbHOTO BPEMEHH IS IIPOTHO-
Logistic 3UPOBAHNUS KOJTMYIECTBA BOJBI U YAOOPEHNUIH, HEOOXOAUMBIX PaCTEHUSIM A1 opouteHus [20] X v v
Regression | IoT-enabled machine learning irrigation systems with real-time monitoring of temperature, moisture, nutrients,
and rainfall, to forecast the amount of water and fertilizer required for plant irrigation [20]
SVR, AHcamb6eBast MOJEIb MALIMHHOTO 00y ueHNUs 6a3HPyeTCs Ha COOPaHHBIX JaHHBIX O IOTOZIE B PEXKUME Pealib-
Bagging HOTO BPEMEHH JUIsl IPUHATHS ONTHMH3UPOBAHHOTO PELICHUs ¢ TOYHOCTHIO 10 90%. IIporHo3upyemoe co-
JIepKaHKe BIIATH B IOYBE HCIOJIB3YETCsl ISl YIIPABIICHU S BKIIIOUCHHEM/BBIKJIFOYEHUEM BOASHOr0 Hacoca [21] v y v
The ensemble machine learning model is trained with collected real-time weather data to make an optimized
decision, with an accuracy of 90%. The predicted soil moisture content is used to control the On/Off of the
water pump [21]
DT, RF, AanTHBHOE yNPaBJIEHHE OPOIICHUEM C IPUMEHEHHEM MAIIHHHOT0 00y YeH s JUIs IPOrHO3UPOBAHHS Bpe-
ANN, MEHH JIHs /U5 OPOLICHUSI C MCIIOIb30BaHUEM JaHHbIX O BIAXKHOCTH M TEMIICPATYPE BO3/1yXa U IOYBBI, TEKY-
SVM IIET0 BPEMEHH JHsI, CKODOCTHU BETPa U HalpaBiieHnH BeTpa. CoOpaHHBIE JaHHBIC BU3YAIU3UPYIOTCS yaleH-
HO B MOOMIIBHOM npuiIokeHuH. [Ipuinokenne B3aumopeicTByet ¢ API uepe3 TpaHCIOPT TEIEMETPHHU C 04e-
penblo coobmenuii (message-queuing telemetry transport — MQTT) aist yaneHHOTo yrpaBieHUs HPUBO- v % v
namu [14]
Adaptive irrigation management using machine learning to predict the time of the day for irrigation using the
air-soil humidity and temperature, the current time of the day, wind speed, and direction data. The data collected
is visualized remotely on a mobile app. The app is interfaced with an API through message-queuing telemetry
transport (MQTT) for the remote control of actuators [14]
SVM, MOHHUTOPHHT B PEKUME PeasbHOI0 BPEMEHHU C MCII0JIb30BAHNEM JaTYNKOB M XPAHCHHUS JaHHBIX B 00JIaKe
KNN, ThingSpeak. Mozaenu MaminHHOTO 00y YeHUs BHIIOTHSIOT KJIACCU(PHUKAIIMIO HA OCHOBE IIOPOTrOBOI'0 3HAYE-
Naive Hus. TouHocTs Kiaaccupukanunu moaeneit: SVM — 87,5%, KNN — 70,8%, Naive Bayes — 76,4% [22] v % v
Bayes Real-time monitoring using sensors and data storage on the ThingSpeak cloud. The machine learning models
perform classification based on a threshold value. The classification accuracy for the models is, namely, SVM
— 87.5%, Naive Bayes — 76.4%, and KNN — 70.8% [22]
GBRT HcnblTaTeNnbHEIN CTEH] OOHAPYKEHHs M cpabaThiBaHUs Ha MEPU(EPUITHOM YCTPONCTBE, PEIICHHE IO 0PO-
LICHHUIO B 001ake. Mozielb CMOTJIa H3YYUTh PEIICHHS 10 TOJIHUBY JJISl Pa3HBIX PACTEHUH, aIaIITUPYSICh K H3-
MEHSIOIIeHCs TMHAMUKE OKpyJKatorei cpeast [23] 4 v 4
Sensing and actuation test bed on an edge device, irrigation decision on a cloud. The model was able to learn
irrigation decisions for different plants while adapting to the changing dynamics of the environment [23]
MLR, IIporHo3 0caKOB C MCIOJIb30BAHUEM OHJIANH-IaHHBIX C MCTEOCTAHIIMH ISl IPHHATHS PELICHUMH 110 UPPH-
KNN, DT, | ranuu. [IpoussoauTtenbHOCTs MoAeNHU ¢ Touku 3peHus RMSE, nonyuyennoro ans MLR, KNN, DT u RF, co-
RF crasiset 0,165; 0,103; 0,094 u 0,083 coorBeTcTBeHHO [24] v y v
Prediction of rainfall using online data from the weather station to guide irrigation decisions. The model
performance, in terms of RMSE obtained for MLR, KNN, DT, and RF, is 0.165, 0.103, 0.094, and 0.083,
respectively [24]
MLR, Tounocts MLR nyuine, yem KNN-R; cienoBaTenbHO, OH HHTETPUPOBAH ¢ npuioxkeHueM 11t Android, ko-
KNN- TOPOE MO3BOJISIET TOYHO IUIAHUPOBATH PEPTUTALIHIO B PEKMME PEAIbHOr0 BDEMEHHU B HY>KHOE BPeMsi, KOrja
Regression ee He0OX0JUMO IPUMEHUTH [25] v X v
The accuracy of MLR is better than that of KNN-R; hence, it is integrated with an Android application. The
Android app enables accurate real-time scheduling of the fertigation at the correct time it needs to be applied [25]
KNN Cucrema cenbCKOX03HCTBEHHOIO MOHUTOPUHTA M AHATTUTHKY C UCTIOIb30BAHUEM JJaHHBIX APOHOB, 00pabo-
TaHHBIX anroputMom KNN [26] 4 X 4
Agricultural monitoring system and analytics using drone data processed with a KNN algorithm [26]
ANN Iporto3 ETo (3Ta0HHOM 3BanOTPaHCIUPAIMH) C HCIIOIb30BAaHUEM IIOTOAHOM EPEMEHHOT IS OIpeaeIeHIUs
rpaduka opoureHus [27] 4 X 4
Prediction of ETo (reference evapotranspiration) using weather variable to decide on irrigation scheduling [ 27]
Ipumeuanue / Note: PCA — Principal Component Analysis, GMM — Gaussian Mixture Model, KNN — K-Nearest Neighbor, DT — Decision Tree, SVM —
Support Vector Machine, SVR — Support Vector Regression, RF — Random Forest, ANN — Artificial Neural Network, GBRT — Gradient Boosting Regression
Tree, MLR — Multiple Linear Regression.
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L TEY) Table 2
MCCHEJJ,OBAHVIE MOZEJIEN MALUMHHOIO OBYYEHUS BE3 YYUTENS ANA MHTENNEKTYANBHOIO YNPABJIEHUSI OPOLIEHVEM
SUMMARY OF PREVIOUS WORK ON UNSUPERVISED MACHINE LEARNING MODELS FOR SMART IRRIGATION MANAGEMENT
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Hidden Cucrema HCIOJIb30BaJIa JTAHHBIC O BIAYKHOCTH IIOYBBI, TEMIIEPATyPe BO3AYXa U BIAKHOCTH JINCTHEB H CPaB-
Markov HHBAaJIa UX C 3apaHee yCTAaHOBJICHHBIMHU TOPOTOBBIMH 3HAYESHUIMHU JUIS PA3JINYHBIX [I0YB M KOHKPETHBIX KYJIb-
Typ, YTOOBI MPUHUMATH PEIIeHHs 110 uppurannu. Markov-monens 0OHapy KuIa BO3MOXKHbIC 3a00IeBaHIUS
pactennii [30] v v v
The system made use of data on soil moisture content, air temperature, and leaf wetness and compared it with
the predetermined threshold values of various soil and specific crops to guide irrigation decisions. The Markov
model detected possible plant disease conditions [30]
CNN B cucTeme ncnonbp30Bacs aHaTHTHIECK I ITIOX0/ K OPOIICHHUIO Ha 0CHOBe FIHTepHeTa Beweit, 4T00b!I yiryd-
IIUTh HHTEJJICKTYaJIbHOE 3eMJIC/IeIINe ITyTEM HHTEIPALluy C PACIIO3HABAaHUEM PACTEHMI H 0OHAPYKEHUEM
yBsianus [31] v v v
The system made use of an analytical approach for IoT-based irrigation to enhance smart farming by integrating
plant recognition and wilt detection [31]
Mask AJITOPUTM aBTOMAaTHYECKU 00HAPYKHUBACT BOAY Ha a3p0(OTOCHEMKE HPPUTALUOHHBIX CHCTEM, UCIIOJIb3Ys
R-CNN, N300pakeHHs], OJIY4YCHHBIE OT OECIMIOTHBIX BO3YLIHBIX CyA0B. [IporpaMMHoe obecedeH e IS HHTE-
NN JIEKTYaJIbHOTO PACIIO3HABAHKSI IOMOIJIO B IIPOBEPKE CHCTEMbI OPOLICHHU S, TEM CAaMBbIM COKPATHB BPEMSI 1 3a-
TPaThl HA TEXHUYECKOE 00CITy )KUBAHHE CUCTEMBI. DTO IOMOTJIO BHISIBUTH HEHCIIPABHBIC HPPUTALIHOHHBIE CU-
CTEMbI, CHU3UTbh YPOBEHb HEJOCTATOYHOTO HIIM YPE3MEPHOro mosusa [32] v v v
The algorithm automatically detected water from aerial footage of irrigation systems, using UAV-captured
images. The smart recognition software helped the irrigation system inspection, therefore reducing time and
costs on system maintenance. This helped to identify malfunctioning irrigation systems, to reduce under- or
overwatering [32]
ANFIS Ha Raspberry Pi peann3oBaH HHTEIIIEKTya IbHbINH HEHPO-HEYSTKUN KOHTPOJLIED ISl YIIPABICHHS Kallelb-
HBIM OpOLICHHEM; JOCTHTHYTa 3 (GEKTUBHOCTh OTKauKH BOAbI 95% [33] v % v
An intelligent neuron-fuzzy controller was implemented on Raspberry Pi for drip irrigation management;
95% water pumping efficiency was achieved [33]
RNN ABTOHOMHasI CHCTEMa OPOIICHH S HCTIOJIb30BAJIACH [V ONTUMH3ALNH YPOXKAHHOCTH M COKPALIEHHS PACX0-
J1a BOJbI Ha opoleHus [34] v X v
An autonomous irrigation system was used to optimize yield and reduce water consumption for irrigation [34]

CTBa HMCMHOJIb30BAaHHOM BOJbI JJIS OpOoHICHHS U CTOUMO-  IJIA UPPUTALHOHHOTO ITOJIA.

CTH OPOIICHUS, OIIEHKA COCTOSHUS BOJIBI B TIOYBE (TOTpPe-
OJieHUe BOABI) M TUCTAHIHOHHOE YIIPaBICHUE HPPUTa-
LUOHHBIM 000opynoBanueM. Kpome toro, unterpanus loT
M aHAJUTUKA OOJIBIINX JAHHBIX B 00Ja4HBIX O0a3ax JaH-
HbIX (B/1), mpemocTaBisitoT BO3BMOKHOCTE aHAIH3a CO-
XPAHCHHBIX YKCIIEPUMEHTAIBHBIX JaHHBIX JUJIS IIPOTHO-
3a C TIOMOII[bI0 MOOUJIEHOW M B€O-HHMPACTPYKTY PBI IPH
(dbepTurannu, a TakKe MaPKETUHTOBOTO MPOTHO3a CO-
OpaHHOW MPOAYKIIHH.

PaccMoTpuM, Kak IPUMEHSFOTCS MOOUIIBHBIE U BEO-TTPH-
JIOKEHUS 17151 NHTEJUICKTYaIbHOTO YIIPaBICHHUS OpOIIe-
HUeM (mabn. 3). ApXUTEKTypa OpOLICHU I BKIIOYAET B ce-
0s1 TaHHBIE, TIOTYYEeHHBIE OT OECIUIIOTHBIX BO3IYTHBIX
CYZIOB H CITy THHKOB (HaIpuMep, H300pakeHHsI pacTeHU
Y BETe€TAlMOHHBIN WHIEKC), THHOPMAIIHIO O TIOUBE (BIIaX-
HOCTB, THII), O TTIOTOJIE — C MECTHOH METEOCTaHINH, OH-
naiH-0a3y nanHeixX 0 noroje (E7,, TeMneparypa Bo3ay-
Xa, COJIHEUHAS pajualus, BIAXKHOCTh BO3JyXa U T.J.).
Ecnu 00aunHbIif cepBep HHTETPUPOBAH C MOAEIBIO Ma-
IIMHHOTO 00YUY€eHUs1, TO OHA MOXET MPEJCKa3yeMO PEKo-
MEHJIOBATh PEIICHUS 110 UPPUTAIINU U IUNIAHHPOBAHUIO

CENIbCKOXO3AMCTBERHBIE MALIMHbI 1 TEXHONOTMMA + Tom 16 + N 2022

OO0y4eHue ¢ TOAKPEIICHUEM UMEET XOPOIINi MOTEH-
raj I aIalTHBHOTO YIIPABICHUS HPPUTATHOHHBIMH
cuctemamu. JlanpHelmas paboTa MOXKET IOMOYb U3Y-
YUTH CIIOCOOBI BIUSHUS HAa THHAMUKY PaCTCHHH C yde-
TOM [MapaMeTPOB MOTOAbI, PEryJIUPOBaTh Ipouecc pep-
TUTalOUuU.

O0beanHEHHOE 00YYIEHUE — ITO IIPOLEAYPa, KOTOpast
MO3BOJISIET y3J1aM, JaTYMKAM U IPYTUM yCTPONUCTBAaM CO-
BMECTHO 00y4aTh U UCIIOIE30BATh MOJIEIIH ITPOTHO3HUPO-
BaHusl. [Ipu 5TOM OTIEeNBHBIE YCTPOUCTBA COXPAHSAIOT
CBOU JAaHHBIE. [ T06anbHas CTaTHCTHYECKAs MOZIENb pas3-
pabaThIBaeTCs Ha OCHOBE JaHHBIX, XPAHSIIUXCS Ha JIO-
KaJIbHBIX UJIHU YJAaJ€HHBIX YCTPOICTBaxX. 3aTpyJHEHUS,
CBSI3aHHBIC C IIPIUIOKEHUSIME 00 e TUHEHHOTO 00y YeHHU S,
BBI3BaHBI IPOOJIEMaMHU CBSI3U, BOSHUKAIOIIUMHU MPHU OT-
npaBKe OOHOBIICHU I MOJIEITH C PA3HOPOHBIX YCTPOKUCTB,
a TaK)Ke HeOOXOAMMOCTBIO 321U Thl KOH(UIEHTUATIbHO-
ctu [36]. Tem HE MEHEE 0KUTACTCSA, UTO MOTCHITHATHHEIE
BBITOZBI OT IPIMEHEHU S 00BETMHEHHOT 0 00y YCHHS ITPH-
BIIEKYT UCCIIEJIOBATEILCKHI HHTEPEC KAK HAYYHBIX KPY-
T'OB, TaK ¥ IPOMBIIUIEHHOCTH.
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Ta6nuua 3 Table 3
WccnenoBAHUE MOJENEN MALIMHHOTO OBYYEHMS BE3 YUUTENS AN UHTENNEKTYANIBHOTO YNPABJIEHUSI OPOLIEHUEM
SUMMARY OF PREVIOUS WORK ON UNSUPERVISED MACHINE LEARNING MODELS FOR SMART IRRIGATION MANAGEMENT
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Agrowetter | OreHKa Morojibl ¥ HCIAPEHHUs BIIATH PACTEHHAMHU CEJIbXO03KYJIBTY P JULSl IPUHSATUS PEIIEHUH 110 MPPUTALMH
[37] v v v
Estimation of weather and moisture evaporation by crop plants to guide irrigation decisions [37]
WebGIS IIporHo3 noroxsl, pepTuranus, KapTsl opoureHus [38] v v v
application | Weather forecasting, fertigation, irrigation maps [38]
eRAMS TInaHUPOBIIMK OPOLICHHS 0K ICBAHIEM, €XKEIHEBHBIC 0OHOBIICHU S TOT0bI [39] v v v
App Sprinkler irrigation scheduler, daily weather updates [39]
AWD app | Cepsep Node.js npeinasHaues 171 XpaHEHHU s TAHHBIX U CO3/IaHUS TIPEY IPEXKIEHUH, & BE6-KIHEHT HCTIOIb-
30BaJICs B KAYECTBE AHEIH HHCTPYMEHTOB IJIsl 0TOOpaXkeHUs Bcex napameTpoB AWD, TakiX KaKk YpOBeHb
BOJIBI M BpeMsl pabOTHI HACOCa, C IOMOMLIBIO MPHIIOKEHHUS [T cMapT(hOHa Wil OHIalH-uHTepeiica [40] v v v
A Node.js server was used to store data and produce alerts, and a web client was utilized as a dashboard to
show all the AWD parameters, such as water level and pump operating times, using either the smartphone app
or the online interface [40]
Masa app | KoHcysbrannoHHOE M MAPKETHHIOBOE IPHJIOKEHHE 171 JEPMEPOB HA OCHOBE MaIMHHOTO 00y4enus [41] v v v
Machine learning-driven advisory and marketing app for farmers [41]
AIST ITo3BoJIsIET B TOYHOCTH C 3alaHHBIMU YCIOBUSMHU MOAEPKHUBATh AUHAMHKY BIIaKHOCTH MOYBBI B COOTBET-

cTBHH ¢ (pa3zaMu pocTa pacteHnit. O6beM 3aTpayeHHOi Bojbl HA 6,5-17,6% MeHbIIe, YeM PU MPUMEHEHUH
0OBIYHOM TEXHOJIOTUH KAIEIbHOTO II0JIKMBA B PYYHOM PeXUMeE, U J0 60% MEHbIIIE, 4eM IIPH MOJIHBE 0K e~
BaHueM [42] v v v
It allows to maintain the dynamics of soil moisture exactly with the given conditions and in accordance with
the phases of plant growth. The volume of water used is 6.5-17.6% less than that when using conventional drip

irrigation technology in manual mode, and up to 60% less than when using sprinkler irrigation

TexHonoruu nuppPoOBLIX JBOMHUKOB IPEACTABISIOT
€000# KOMOMHAITHIO HECKOJBKHX TEXHOJIOIMH, TAKHX KaK
WHTEpHET Belieid, UMUTAIlMOHHOE MOJICTMPOBAHUE, aHAa-
U3 JaHHBIX 1 MoaenupoBanue [43]. Tem He MeHee wc-
CJIETOBAHUS 10 PA3BEPTHIBAHUIO HHTEIICKTYaTbHBIX UP-
PUTAIIHOHHBIX CUCTEM, HCIONb3YIOMMX U POBEIC TBOH-
HUKH 1 MaIIMHHOE 00y YeHue, BCe eInie orpannyeHnl. Oxu-
JaeTcd, 4To pa3paboTka Hu(pOBbIX ABOWHUKOB C UCTIONb-
30BaHMEM MalTHHHOTO 00YYEHUS ¥ IU(PPOBIX TPOTrPaMM-
HBIX IPUJIOKEHU I OTKPOET HOBBIE BO3MOXXHOCTH JJIsI UC-
CJIEIOBaHUM.

BbiBoabl. Onpenenuiiv TeHAEHIINA BHEAPEHUS Ma-
IIMHHOTO O0YUYECHHUSI U PELIeHUH 115 HH(POBOTO 3eMIIe-
JICITH I, HAITPaBJICHHBIC Ha YTy YIlICHHE YCTOHYHBOIO TOY-
HOT'O OPOLIEHUS: TPUMEHEHUE 00yUEHHUs C MOJIKperLIe-
HHUEM, 00beTUHEHHOE 00y YeHHe, MOJIEIN ITU(POBBIX TBOM-
HUKOB. DTO OTKPBIBAET OTIIMYHBIC IEPCIIEKTUBHI JJI5 BBI-
paHII/IBaHI/ISI paCTeHI/Iﬁ B paMKax HBIHCIIHET O cueHapI/m
3eMJIeIIeIIH S, KOT/Ia K3MEHCHHE KITMMaTa 3aCTaBJIsgeT nepe-
OCMBICJIUTH BCIO TPAKTHUKY BENIEHUS CENIbCKOTO XO3HUCTBA.

CyuiecTByeT MHOXKECTBO MOJIEJIeH MallTuHHOTO 00Y-
YeHUs1, OCHOBaHHBIX Ha IPOTHO3MPOBAHUH IBATIOTPAHCITH-
paluu dTaJoHHOM KyIbTypbl. [loka3anu, 4To KOHTPOIIH-
pyeMoe 1 HEKOHT PO pyeMoe 00ydeHre B OCHOBHOM HC-
MOJIB30BAJIOCH JIJISI TOYHOW HPPUTAIIUHU C TIOJIOKHUTEb-
HbIMU pe3ynbpraTamMu. OnHaKo 1U3-3a MHOIUX IIPEUMY-
IeCTB 00bETUHECHHOTO 00y YCHH S, TAKUX KaK KOH(HIeH-
[MUAJIBHOCTH U O€30MaCHOCTD JIAHHBIX, B 3TOW 00J1aCTH
oxuaaercs Oonbline uccienopanuii. Crpemienue k Mu-
nyctpun 4.0 B CEILCKOM X035ICTBE BBI30BET JIOMOJTHU-
TEJIbHBIC HCCIIEIOBATENHCKIE PAOOTHI 10 BHEAPEHHIO TEX-
HOJIOTMH ITU(GPOBBIX JBOWHUKOB B HHTEIUICKTYaTbHbIX
HWPPUTALMOHHBIX cucTeMax. Pasmep Habopa JTaHHBIX MO-
KeT OBITh PACIIMPEH B pe3yJIbTaTe BKIIOUCHHS OOJIbIIIe-
o KOJMYEeCTBA TEXHOJOI UM, TAKUX Kak OJIoK4eiiH, 1H-
TEpHET Bellei, 00JauHble BRIYUCIICHUS U IPyTHE, KOTO-
phle MHUPOKO UCTIONB3YIOTCS B paCTEHUEBOACTBE. bymy-
miasi paboTa I0JKHA OBITh HalpaBlieHa Ha PEIICHUE YKO-
JIOTUYECKUX MPOOJIeM, CBA3aHHBIX C UCIIOJIb30BaHUEM
uU(POBBIX PELICHUH 7151 YIIPaBIECHUS OPOLICHHEM.
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