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O iHUM 13 COBPEMEHHBIX [EPCIEKTUBHBIX HAIPABJIEHUI UCCJIEIOBAHUN B OOJACTH MAIUHHOIO 3DEHUS sBJIsI-
IOTCsl CUCTEMbI BU3YAJN3AIMNA HA OCHOBE MCKYCCTBEHHBIX (DACETOYHBIX IJIa3, B OCHOBE KOTOPBIX JIEXKAT ITPUHIIAIIBI
OpraHU3aIMy 3PEHUs HACEKOMBIX. Takme rjaza MMEIOT CJIOXKHYIO CTPYKTYDPY, OCHOBHBIMHU 3JIEMEHTAMU KOTOPOIL
SABJISIIOTCS 3PUTEIbHBIE 3JIEMEHTHI, HA3bIBAEMble OMMATHIMsAMU. B JIaHHON paboTe CTPOUTCS MaTeMaThdecKasl MO-
JieJIb OMHOKYJISIPHOrO (haceTOYHOr0 3pEeHus B JIByMEpHOM IpocTpaHcTBe. Moesb M03BOJISI€T ONUCHIBATH 33J1aYU
HABUIAIUU PODOOTOTEXHUYIECKOIO YCTPOWCTBA U JIETEKTUPOBaHNS OObEKTOB Ha IIOCKOCTU. B mpesyiozkeHHoit Mozie-
Jin (PACETOUHBIN VI3 sIBJIETCH PABUJIBLHBIM MHOTOYTOJBHUKOM ¢ 0630poM 360°. OCHOBHBIMEM TapaMeTpaMu MO-
JIeJI SIBJIAIOTCS KOJIMYEeCTBO baceTok (OMMATUIMEB) B OIHOM IJIA3y, PAJUYC OIMCAHHON BOKDYT IJia3a OKPY2KHO-
CTU ¥ paccTosHre MexKIy riasamu. Mogesb mpemnoaraer, 9ro o0JacTU BUJAMMOCTH OMMATHJIMEB OJHOTO IJjIa3a He
nepecekaroTcs. B kadecrBe HAOIIOIAEMBIX 00bEKTOB (PUTYPUPYIOT OKPYZKHOCTU PA3JIMIHBIX JUAMETPOB. BoiBomuT-
cs popMysia BBIYUCJIEHWST HOMEPA OMMATHIUSA, B OOJACTb BUJIMMOCTH KOTOPOIO IIOMAJAET TOYKA C 3aJIAHHBIME
koopuHaTramu. JloKa3bBaeTcsi yTBEpXKIEHWE O HEOOXOJMMOM U JIOCTATOYHOM YCJOBUU TIOMAJAHWS 3aaHHOMN
OKPY?KHOCTH B 0BJIACTD BUJIMMOCTU OMMATHJIMS C 3aJaHHBIM HOMepoM. lIpeyiaraercss ajroputs mocrpoenus: o0y-
yaroleil BLIOOPKY JIJIsl UCKYCCTBEHHON HEHPOHHOM ceTw, paboraromeil Ha OCHOBE MOJIEJIH JIByMEPHOI'O (DAaceTOTHOIOo
3peHus.

Karouesvie caosa: cucmema 6U3YGAUZAUUL, MAMEMAMUYECKAS M00eas hacemounozo 3penus, HetupoHHas,
cemn, 2eHepayus 00yHawets 6b60PKU.
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BBenenue

OpHoit M3 akTyaJabHBIX 387149 COBPEMEHHON pPOOOTOTEXHUKHU SIBJISETCS CO3TAHUE TOJTHO-
CTHIO ABTOHOMHBIX PODOTOTEXHUYECKUX YCTPONCTB C JIEMEHTAMU UCKYCCTBEHHOI'O WHTEJIJIEK-
Ta, CIIOCOOHBIX BBIMIOJIHATE OIPEECHHbIE JeificTBUS 0e3 ydacTus orneparopa. BakHbiM 3jie-
MEHTOM TIOJTOOHBIX YCTPOUCTB SABJISETCA CUCTEeMa MAaITuHHOrO 3pennsa. C ee TMOMOIIBIO pera-
I0TCsl 3a/1a49U PACIO3HABAHUS PA3JIMYHbIX O0BEKTOB W MHTepHperanuu cred (1], onpejenenus
paccrosgHuil 10 OOBEKTOB, & TaK YKe 3aJa9d, CBA3aHHBIE C OPUEHTAIMEN BO BHEIITHEM IIPO-
crpancrse. Hanpumep, 3a/a9u OJJHOBPEMEHHON JIOKAM3auu U kaprorpadguposanus [2], 3a-
Ja9r OOHAPYZKEHUSI U OTCJIEKUBAHUS JIBUKYIIUXCS 00beKTOB [3]. O6si3aTebHON 4acThio CH-
CTEeMbI MAIIMHHOTO 3PEHUs SIBJISETCS BUJIEOKAMEPA WJIN CUCTEMa BUJCOKAMEDP. B OOJIbIIMHCTBE
CJIy4aeB B CHUCTEMAaX MAIIUHHOINO 3PEHUs PODOTOTEXHUYECKUX YCTPONCTB UCIOJIb3YIOTCSH
CJIOKHBIE BUJIEOKAMEDPHI C MEPEMEHHBIM (POKYCHBIM PACCTOSIHUEM, TIOJI OIPEIEJICHHBIM yTJIOM
HakJIOHA [4], paboraolue MoJ| yIpaBJeHUEM yJIAJEHHOIO OMepaTopa. 3aJada IOJHON aBTO-
MATU3aIUK yIPABJIEHUs TAKUMU BUjeoKamepamu (HO3UIMOHUPOBaHUE, (DOKYCUPOBKA) SIBJIsI-
ercs Tpyauo permaemoit. I[losromy npu pa3zpaboTke MOJHOCTHIO aBTOHOMHBIX POOOTOTEXHUYE-
CKUX CHCTEM BCe OOJIBIINII MHTEPEC BBI3bIBAIOT BUIEOKAMEDbI, CO3/IAaHHbIE 110 00pa3y U IOJ0-
6uio paceToOYHbIX IJ1a3 HACEKOMBIX, B KOTOPBIX HET JBHKYIIUXCs YACTEH, U KOTOPbIe HE HYXK-
HO HOKyCHpOBaTh U MO3UIMOHUPOBATH. [loMumo sTOTO, hpaceTodnbie r1a3a HACEKOMBIX 00JIa-
JAIOT HEJIbIM PsagoM mpenMyinects. OHU UMeT GOJIbIIoe YIJIoBOe T0Jie 3peHus (BIUIOTH 110
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360°) [5] u Huskyio abepparuio [6]. Bbicokas KOHTPACTHOCTb U MaJiasi HHEPIMOHHOCTD Pelerl-
TOPOB (PACETOIHBIX TJIa3 00ECIIEINBAIOT CIIOCOOHOCTDH PA3JIMIATh OBICTPO JABUXKYIINHECT 00bEK-
Thl. TakuMm 06pa30M, CKOPOCTb 3pEHUsi HEKOTOPHIX HaceKoMbIx pocruraer 250-300 kajpos B
cekyHuy [7|. @acerounble riaza 06J1a/1a0T BBICOKOH 1yBCTBUTENLHOCTHIO. OHU CIIOCOOHBI BOC-
npuauMaTh cBer B jguanazone ot 300-700 uM, B TOM 4ncie yiabTPadUOIETOBYIO YaCTh CIIEK-
tpa [8]. Takxke, dacerounbie ryiaza XapakTepusyrTCst GOJBINON TyOMHON N300pazkaeMoro
[IPOCTPAHCTBA, YyBCTBUTEIbHOCTHIO K TOJIAPU3AIUN CBETA, CTEPEOCKOIIMIHOCTHIO U CIIOCOOHO-
CTBIO K 1BeTOBOMY BocupusaTuio |5, 7]. HecMoTpsi Ha MUHMATIOPHBIE Pa3Mepbl, IEPEUNCIEHHbIE
BBIIIE 0COOEHHOCTH (PACETOUHOIO 3PEHUsI, MO3BOJISIIOT HACEKOMBIM C BBICOKOH 3(P@EKTHUBHO-
CTHIO pelIaTh 3a/a9u HABUIAIMU, WICHTU(DUKAIMA [eJIM, ee MpecieloBanus u 3axsara. B [9]
OTIMCBHIBAETCS CIIOCOOHOCTH Kpaba-CKpuIlada OIPENeNATh PAaCCTOSHUE MexKy obbekramu. B
[10] mccmemyercst ciocoGHOCTH CTPEKO3 M XUIMHBIX MyX HIEHTUMDUIMPOBATH U MPECTIEI0BATDH
OBICTPO JABUTAIONLYIOCs KepTBY. [IpoBeieHHbIe SKCIIEPUMEHTHI MOKA3BIBAIOT, YTO BPEMS PEaK-
U CTPEKO3bI HA U3MEHEHUE MECTa, [I0JIOXKEHUs XKEPTBhI COCTABJIIET He Dojiee 25 Mc.

Ha ceroausmmunii JieHb, [AOCTUTHYTHI OIPEJIEJIEHHBIE YCIIEXW B CO3JAHUM OINTHKO-
SJIEKTPOHHBIX CHCTEM AaHAJOroOB (DACEeTOUHBIX IJIa3 HACEKOMbBIX HA OCHOBE MHUKPOJHMH30BBIX
MaTpHIl, pa3MelIeHHbIX Ha cdepuueckux nosepxHocTsx [11]. Pasmepnl co3maBaeMbix
yCTPOMCTB, HE NPEBBIMIAIOT HECKOJLKUX MM, & UX Macca HECKOJbKUX COTeH MuJMrpamm [5].
KosmmuecTBO MUKDOJIMH3 MCKyCcCTBEHHOrO dacerounoro riaza jgocruraer 4400 mr. [12]. Bee
9TO ONPEJIEIsieT MEPCIEKTUBHOCTD ITPUMEHEHUs WMCKYCCTBEHHBIX (DACETOYHBIX IJla3 B aBTO-
HOMHBIX POOOTOTEXHUYECKUX YCTPO#CTBax. B cOOTBETCTBUE C BBIMIECKA3AHHBIM AKTYAJHHOM
ABJIAETCS 33Jia4ua Pa3pabOTKU HEHPOCETEBBIX MOJIe/ell Ha OCHOBE (DACETOUHBIX TJIa3 HACEKO-
Mbix. Ilesrb JaHHO CTaThd — MOCTPOUTH MATEMATHYECKYIO MOJEb JIByMEPHOTO (PaCeTOIHOrO
3pennsi (HA MJIOCKOCTU) M CO3/[AHKME Ha €e OCHOBE MHOYKECTBA IIPEIEJIEHTOB JJId 00yUeHUsl UC-
KyCCTBEHHOI HEIPOHHON CETU, CIIOCOOHOI OIPEJIESITh A3UMYT U PACCTOSHUE 0 HADJIIOJAEMO-
ro obbekTa.

CraTbs mMeeT CIeIyoNyo CTPYKTYpy. B pazmene 1 mano onmcanme cTpoeHnsi (paceTod-
HBIX TJIa3 HACEKOMBIX, IIEPEYNCIEHbI UX OCHOBHbIE THUITHI. B pa3ziesie 2 nNpuBOAUTCH KPATKMIA
0030p cHCTEM BHU3yaJu3allii HA OCHOBE MCKYCCTBEHHBIX (DaceTodHbIX IJia3. Pazmen 3 mocss-
IEH OIUCAHUIO MATEMATUYECKON MOJEIN JIBYMEPHOrO (aceTOYHOr0 3PEHUs; MPUBEIEHBI
dbopMyJIBl I pacyeTa HOMEPOB OMMATHJIMEB, B 00JACTb BUJIUMOCTH KOTOPBIX IIOMA/IAET
HabJIo1aeMbIil 00beKkT. B pasmese 4 onrcan ajaropuT™ MOPOXKIAECHUA IIPEIEIEHTOB 00y datoreit
BBIOODKU /[IJIsi HEUPOHHBIX ceTeil, 00pabaThIBAIOIINX CUTHAJIBI, ITOCTYIAIONIME U3 CHCTEMbI
JByMepHOro (aceToqHoro 3penus. B 3ak/I0UYeHNN CyMMUPYIOTCS IOJIyYE€HHbBIE PE3YJIbTATHI U
HaMe4arloTCd HaIllPABJICHUA JIAJIbHENINNX UCCIICIOBAHUIA.

1. Crpoenne dpaceToyHbIX IJjia3

QPacerouHble IJ1a3a MPEICTABILAIOT CODOM OCHOBHOW IMapHBIA OpraH 3peHus HACEKOMbIX,
PaKOOOPA3HbIX W HEKOTOPBIX JAPYTUX 6ECTMO3BOHOYHBIX. OHM COCTOAT M3 OTMAETBHBIX CTPYK-
TYPHBIX €JIMHUI] — OMMATHuEB. KarxKblii OMMATHIUN SIBJISETCS aBTOHOMHBIM TPUEMHUKOM
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Puc. 1. Cxema BO3HUKHOBEHHUSI CETYATOTHOIO M300PaZKEHUs B AIIIIO3UIMOHHOM (a),
onTuko- (6) u Hefipocyeprno3uIMoHHOM (B) TyIady. 1 — IuOnTpruYecKuii anmapar
OMMATH/IUsT; 2 — 3PUTEIbHbIE KJIETKU C 3aMKHYTHIM (& 1 6) MM OTKPBHITHIM (B) pPabIoMOM.
BamTpuxoBaHbl Te pabIoMepbl, Ha KOTOPbIE MOMa/IA0T TapasuIebHO HJIYIIIe JIyId CBeTa
(mokazaubl crpesikamu) [13]

CBETOBOI'O M3Jy4yeHUsi. Y Pa3HbIX HACEKOMBIX UHMCJI0 OMMATHUJIMEB PA3JIMYHO, UX YUCJIO BapbU-
pyercst oT HeckoJabKux equnuil 10 30 toicsu |7, 13]. Ceeronpenomsisiiomuii anmapar oMMaTh-
IS COCTOUT M3 POTOBUIHON JIMH3BI M KPUCTAIIMIeCKOro Kouyca. C BHeNTHel CTOPOHBI POTO-
BHUIIA OMMATHIUsI MMEeT BUJ, BBITYKJION mrecTurpanuoil dacerku. Kakmaprii ommaTuauit u co-
OTBETCTBYIOIAsA eMy haceTka BeiyT cebs KaK €UHbBIH ONTUYeCKuil OJIOK, U 4eM DOJIbIle Ta-
KUX €JUHUIL BIUCHIBAETCH B JAHHYIO 00JIaCTh, TEM BbIIIE PAa3PENIAIoNias CIIOCOOHOCTH TJIa3a.
CBeTOUYyBCTBUTEILHBII armapar OMMATHIAS COCTOMT U3 PETUHAJBHBIX (3PUTEIbHBIX) KJIETOK
C YETKO BBIPAXKEHHBIMU AKCOHAMU, CBS3BIBAIOIIUMU UX C OINTHUYECKUM IEHTPOM MO3ra, Hace-
KOMOTO. BHYTpr Kak/10#f peTUHAJbHON KJIETKH HA CTOPOHE, OOPAIINEHHON BHYTPb OMMAaTHINS,
pacmoJioxker pabiomep — ocoboe obpazoBanue u3 MHO)KecTBa (10 75—100 ThIC.) MUKDPOCKOIIH-
qeCKUX TPYyOOUIEK-BOPCUHOK, B MEMOpaHe KOTOPBIX COJEPIKUTCS 3pUTENbHBI TurMenT. CoBo-
KYITHOCTb Pab/IOMEPOB BCEX 3PUTEJIbHBIX KJIETOK Ha3biBaeTcst pabaom [13].

Pasymmuaror tpu mopdosiornueckux tuna dbacerounsx ria3 [13, 14]: ammnosunmonssit, om-
TUKOCYTIEPIIO3UIMOHHBIA U HEeHPOCYNepHO3UIMOHHbIH (cM. puc. 1). AnnosunuonHHBbIE TJa3a
[IPUCIIOCOOJIEHBI Jiji PAOOTHI MpU U30BITKE CBETA, MOITOMY OHM CBONCTBEHHBI OOJILIITHHCTBY
HACEKOMBIX AKTUBHBIX B JHEBHOE BpeMsa. OTININUTETHLHON 0CODEHHOCTHIO TJIa3 JIAHHOIO THTIA
ABJIAETCS yJJINHEHHBIA pabJ/IoM U MOCTOsIHHAS MUTMEHTHAS W30JISAINS CMEXKHBIX OMMATHU/IAEB.
Kaxmprit ommaTuinii iepesiaeT ToJILKO HEOOBITYI0 YaCTh HOJId 3PEHUs, a KOHEYHOEe H300pa-
2KEHUE BCero IoJjisg 0030pa MPEJICTABJseT CODOM COBOKYIIHOCTH CMEXKHBIX IIOJIEHl 3PEHUs BCEX
oMMaTuueB. B ONTUKOCYIIEPITO3UITMOHHBIX IJIa3aX, [IPUA HEJOCTATOYHOM OCBEIIEHUU, TPAHYJIbI
IUTMEHTA MOTYT «OCE/IaTh» Ha JIHE OMMAaTHJIUs, ODecliednBasi, TaKUM 00Pa30M, BO3MOYKHOCTD
[IPOHUKHOBEHUS B OJUH U TOT K€ OMMATHU/INN JIydeil, IPOIIEAINNX Yepe3 IPYIILY CMEKHBIX
dacerox. ONTUKOCYTEPIIO3UITNOHHBIE TJIa3a BCTPEIAIOTCS, KAK MPABUJIO, Y HACEKOMBIX, BEJIY-
UX HOYHON 00pa3 ku3uu. Tpermit Mmopdosiorndeckuit Tutl (HaceToOIHbIX IJIa3 — HEHPoCcy-
[IEPIIO3UIMOHHBIE TJIa3a. Y JAHHOT'O THIIA IJIa3 OTCYTCTBYET CIIOCOOHOCTb K CYIEPIIO3UIIAN JIy-
Yell HA CETYATKE, KAK Y ONTUKOCYIEPIIO3UITMOHHBIX IJIa3, HO MMEET MECTO CYIIEPIIO3UIINS CUT-
HAJIOB, UCXOJISAIIAX OT 3PUTEIbHBIX KJETOK PA3HBIX OMMATHU/IMEB, UTO ODECIEYNBAET UM IIO-
BBIIIEHHYIO CBETOCHUJIY IO CPABHEHUIO C AIMMO3UIMOHHBIMU TJia3amu. Takoil Tull rjia3a BCTpe-
qaeTcs y MyX. s mocTpoennst aBTOHOMHBIX CUCTEM MAITMHHOIO 3pEHUs HAMOOJIBbIINN WHTe-
pec TPEJICTABJISET ANMO3UIMOHHBIA (DACETOYHBIN TJIa3 B CUJIy €ro MpocToThl. Besne majiee
paccMaTpuBaioTcs (PaceTouHbIE TJIa3a UMEHHO TAKOTO THUIIA.
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Unit

Microlens array S =

Signal separator L !

Image sensor |

Puc. 2. Crpykrypa cucrembl Busyasmsanun TOMBO [16]

2. UckyccTBenHble (paceTOYHbIE TJIa3a

B namnoM pasgerne raercs 0630p COBPEMEHHBIX CHCTEM BU3YaJU3AI[MU Ha OCHOBE HCKYC-
CTBEHHBIX (PACETOYHBIX IJ1a3. B 3aBHCHMOCTH OT THIA MCIOIB3YEMOrO JATIMKa M300paKeHUs
. GOPMBI MATPHUIBI MUKPOJIMH3, BBIICISIOTCH CJIELYIOIEe TPU OCHOBHBIX KJIACCA TaKUX
ycrpoiicTs [15]:

1) ycrpoiicTBa Ha OCHOBE IJIOCKOIO JATYMKA N300PAXkKEHUs U IIJIOCKON MATPUIBI MUKPOJIMHS;

2) ycrpoiicTBa Ha OCHOBE ILIOCKOIO JATYMKa W300PAXKEHWsl M U30THYTOW MATPHILI MUKDO-
JINH3;

3) ycrpoiicTBa HA OCHOBE M30IHYTOIO JATYMKA U300PAKEHUs U U30IHYTON MaTPUIBI MUKPO-

JIMH3.

Paccmorpum kaxk bt kiiace 60J1ee 1moiposHO.

Yempoticmea wa ocHoge naockozo damuuka U306PANHCEHUA U NAOCKOT MAMPUUD, MUKPO-
AUH3 COCTOAT U3 TPEX KOMIIOHEHT: MATPHUI@ MUKpOJUH3 (microlens array), IpoMexKyTOYHBII
cuoit (signal separator) m narduk mzobparkenus (image Sensor), IPeICTABIEHHBIX Ha PHUC. 2,
UJUTIOCTPUPYIONEM CTPYKTYpy cucrembl Busyasmsanuun TOMBO [16]. Ocobennocrbio cucre-
Mbl TOMBO gBisiercst TO, 9TO O/fHA MWKPOJMH3a COOMPAET ONMTHYECKUE CUTHAJBI K OJIOKY
CBETOUYBCTBUTEIHLHBIX sII€eK Ha jgaTanke n3obpaxkenus. Cocemmne OJIOKM pa3IeieHbl pas3jie-
JmTeseM curHasoB (signal separator) jisi IpesOTBpAIEHUs] ONTHYECKUX ITEPEKPECTHBIX 10~
Mex. KosmdyecTBo 0JI0KOB (pOPMHUPOBAHUS M300PAKEHUS CUCTEMbBI, MX PA3MEPhl, & TAKKE THII
M KOJUIECTBO CBETOUYBCTBUTEIHHBIX IJEMEHTOB MOXKET BapbUPOBATHCS, B 3aBUCHUMOCTH OT
HY2KI IoJb3oBaTessds. B kadgecrBe memocrarka cucreMbl TOMBO MOXKHO OTMETHTH TO, YTO
9Ta CHCTEMa TO3BOJISIET TMOJYINTh TeTKOE M300parKeH!We TOJHKO HA OMPEIETCHHOM pPacCTOs-
HUAW JI0 Te. DTO OODbICHSIETCS TIIOCKONW PEryasapHON CTPYKTYPO MATPHILI MUKpOnH3. Ta-
Kasg MATPHUIA TAKXKe XapaKTepU3yeTcs Y3KUM TojieM 3peHns. Ha OCHOBe apXUTEKTypbI CH-
crembl Busyasmzanun 1TOMBO 6b10 MOCTPpOEHO HECKOJIBKO 60Jiee COBEPIEHHBIX CUCTEM C
yJIydIIeHHbIME Xapakrepuctukamu [17-20].

[TostBrIeHME CHEAYIOMETO KAGCCA YCMPOTCME HA OCHOGE NAOCK020 0aMYUKA U300PAAHCEHUSA
U U30ZHYMOT MAMPUUDL MUKPOAUH3 ODYCIIOBIICHO PA3BUTHEM TEXHOJOTHI MW3TOTOBJIEHUS OTI-
KA. TUOUIHBIM TPUMEPOM CHUCTEMBI BU3YAJU3AINNA ITOTO KJIACCA SABJISIETCS CHCTEMa,
SCECam [12]. 30ruyThiii Xxapakrep MaTPUIbl MUKDPOJIMH3 MO3BOJIAET yBEJUYUTDH TOJIE 3pe-
HUsT cucTeMbl Busyasm3armu. OTHAKO TMPU 9TOM BO3ZHUKAET MpOOJIeMa COMPSIyKEHUsT N30THYTOMN
MaTPHUIIBI MHUKPOJMH3 € TJIOCKUM JaTINKOM u300parkKenws. [l permenus 3Toit mpobeMbl

ObLIO MPEJIOKEHO HECKOJIbKO MOJX0/0B. B pabore [12] mupesjioxkeHa TPOMeKyTOTHAS
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Puc. 3. Comnpsizkerre n30rHyTOW MATPHUITHI Puc. 4. UckyccrBenunrit haceTovdHblil 11a3
MUKPOJINH3 TIEPEMEHHOIO JIMAMeTpa ¢ CurvACE [22]

[JTOCKUM JIATYNKOM M300pazkenus [21]

OTITUIECKAsT CUCTEMA, OTOOPAXKAIONIAA CUTHAJIBI, MOCTYIAIONIME OT U30THYTOW MATPHUITHI MUK-
posmH3 Ha 1IocKuit marunk. B [21] npemioken moaxox 6asupyronmiics Ha MCIOJIb30BAHUI
MAaTPHUIIBI, COCTOAINEH W3 MUKPOJIMH3 Pa3JMIHbIX pasMepoB. llpm mamHoOM moaxoje, o Mepe
VIAJIEHUsT MUKDPOJUH3BI OT IEHTPa MATPHUIBI €€ JTUaMeTpP YMEHBITAeTCs, 9TO TPUBOJUAT K
yMeHbIIeHn o (hOKyCHOro paccrosiaus (cm. puc. 3). B srom ciyuae ornagaer HeOOGXOIUMOCTD
HCIOJIb30BAHUA IIPOMEXKYTOYHON ONTUYECCKOM CUCTEMDL.

Crenyromuit aTam B pa3BUTUM CHCTEM BU3YAJM3AIlMM Ha OCHOBE WMCKYCCTBEHHBIX hace-
TOYHBIX TJIa3 CBI3aH C CO3JAHWEM YCMpPoUucme HG OCHOBE U302HYMO020 JaMYUKG U300pasice-
nus. IpegcraBuresiem gannoro kiacca sapisercs cucrema CurvACE [22], koropast cocrout u3
TPeX TEXHOJOTUIECKUX CJIOEB: MATPHUIA MHUKPOJWH3, MATPHUIA (POTOIETEKTOPOB W TOHKAS
u3orayTas mnedarHas wiard (puc. 4). Marpursl MUKPOMH3 U HOTOIETEKTOPOB (DOPMUPYIOT-
cs U3 MWKPOKOMIIOHEHTOB, KOJMYECTBO KOTOPBIX COOTBETCTBYET KOJUYECTBY OMMATHIHER.
JlanHasi KOHCTPYKITHST XapaKTePU3yeTcs: HEOOBIMTIMI pa3MepaMiu, HU3KUM IHEepPronoTpediie-
HUEM, TMUPOKUM T0JIeM 0030pa M BBICOKOHW TyBCTBUTEIHLHOCTHIO.

00630p TMOKA3BIBAET, UTO MTPOTPECC, JOCTUTHYTHIA B pa3paboTKe MCKYCCTBEHHBIX (haceTod-
HBIX TJIa3, MO3BOJISIET Y¥K€ CETOJIHS CO37aBATh KOMIIAKTHBIE YCTPOWCTBA MAITMHHOTO 3PEHUSI,

IPUMCECHUMBIE Ha IIPaKTUKE.

3. Moaeanb anByMmepHOro aceToOIHOro 3peHus

C wedopMagbHON TOYKM 3pEHWsS ILJIOCKOCTHAS CHCTEMa WMCKYCCTBEHHOTO (haceTOIHOTO
3peHus BKJIIOYAET B cebsl JIBA OJMHAKOBBIX (PACEeTOUHBIX IJIa3a, HEIOJBHKHO 3aKPEILIEHHBIX
Ha »KECTKOM TI'OPU30HTAJIbHOM CTEPXKHE, K CepeIuHe KOTOPOro IEPHEeHIUKYJIAPHO KPEIUTCs
JIPYTOii BEPTUKAJIbHBIA CTep:KeHb, 3aJaronmii HanpasieHdue «srepemy (cm. puc. 4). Ilentp
FOPU30HTAJIBLHOTO CTEP2KHS HA3BIBAETCH IEHTPOM CHCTEMbI (hacerodHoro 3penus. ['opu3on-
TAJILHBIA ¥ BEPTUKAJBHBIA CTEPYKHU BMECTE C IIEHTPOM CHUCTEMbl (DACETOYHOIO 3PEHUsi Olpe-
JICJIAIOT OCU JIEKAPTOBOM CHUCTEMbI KOODJWHAT, WUCIOJb3yeMO#l Jjis OIMUCcCAaHUA MOJeau dace-

TOYHOI'O 3p€HuAd.
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y

Puc. 5. Cucrema maocKoCTHOTO (haceTOIHOr0 3PeHMsT

B nekaproBoit cucreme KOOpPJAMHAT Ha IJIOCKOCTU (PACETOUYHBbIE TJIa3a IPEJICTABJILIOT CO-
0ol IpaBUJIbHBIE MHOI'OYTOJILHUKH, BIIMCAHHBIE B OKPYKHOCTUA pajuyca [>0, c nmenTpamu B
toukax A=(—h,0) m B=(h,0) coorBeTcTBeHHO, rAe /i — HEKOTOPOE IOJIOKUTEIHHOE THUCJIO,

ABJIATOTIEECS TTapaMeTpoM Mojenu. [Ipeamomaraercs, 9To
h>1. (1)

Kaxmpiit MHOrOyroJibHUK uMeeT m TpaHeil, rige m>3 — T1ej0€e TOJOKUTEIbHOE YHUCIIO,
TaK>Ke ABJILIONIeeCs apaMeTrpomM Mojein. Takum o6paszoM, MHOTOYTOJbHUK JEJUTCH HA M
KOHI'DYSHTHBIX TPEYTOJIbHUKOB, KAXK/JIbIil U3 KOTOPBIX $IBJSETCH MOJIEJIBIO OMMATH/IUA. BHYT-

PEHHMIT yroJ OMMATH/IUS BBIYUCIISIETCs 10 hOopMyJIe

y=—-. (2)

Buemmaga I'PaHb OMMaTHANA, COOTBETCTBEHHO, UMEECT IJINHY

s=2rsin| = |. (3)
m
Bynem mpemmnonarars, 9To HAIPaBJIEHUE «BIEPEI» COOTBETCTBYET IIOJIOXKUTEJILHOMY HAIPAB-
JIBHWIO OCH OpJiMHAT. By/eMm Takyke IpeJIoJiararb, YTo OCh abCIUCC COBIAJIAET C T'DAHUIEH
MEXKJy ABYyMdA OMMATHUIUAMUA.

ITocrpouMm maTeMaTHYeCcKyi0 MOJEJb MPOEKIIUU BHEIIHEr0 MUPA Ha PACTP 3PUTEJHHBIX
KJIETOK. PaccMOTpuM cHAadYajia MPOCTERINNN Caydail, KOorjia BUIUMBIA OOBEKT ITPEICTABJIAET
coboit TOYKy ¢ KoopjuHaTtamu (X,y) B KOHTEKCTE puc. 5. BBejaeM HOJISAPHYIO CHCTEMY KOOD-
JUHAT OTHOCUTEJHHO IIEHTPA MPABOrO TJa3a U YIJIOM, OTKJIAILIBAEMBIM OT OCH AOCIUCC.

Omnpenemum Gy P:RX R > R u @5: R X R - R cirenyomum 0dpa3om:
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arcsin| 2 y20Ax+h=0;
r
7 —arcsin| 2 y20Ax+h<0;
r
@ (x,y)= E (4)
7T + arcsin y<0Ax+h<0;
r
[
2 —arcsin| — | |y <OAx+h20;
r
arcsin| 2 y=20Ax—h=0;
r
T — arcsin e y20Ax—h<0;
r
D, (x,y)= ‘ | (5)
mw+arcsin| — | |y<O0Ax—h<O0;
r

27 — arcsin M y<0Ax—h=0.

Torja noJsipable KOOpAUHATHL (F,(0) TOYKU ¢ KoopuHaraMu (x,y) jjist JieBoro (C IeHTPOM B

TOYKe A ) M IpaBoro riasa (¢ meHTpoM B TOYKE B) MOryT ObITh BBIYHCIEHBI COOTBETCTBEHHO

ro=N@ R+ (6)
ry =N =h)y+y%; (7)
(pA :(I)A(xoy); (8)
@, =D, (x,). 9)

Hanee OyjeM paccMaTpUBaTbh MOJEIb TOJIBKO OJIHOIO TJIa3a, UCIOJIb3Ys HOJISAPHYIO CUCTEMY

10 CJIELYIONMIM (DOPMYJIaM:

KOOPJIMHAT OTHOCUTEHHO €ro IEHTPa C YIJIOM, OTKJIAJIbIBAEMBIM OT ocu abcrmce. [Iporyme-
pyeMm Bce omMmaTuanu duciaamMu ot 0 10 m—1 TPOTUB YaCOBOM CTPENIKU, KaK ITO MOKA3aHO Ha
puc. 5 7y riasa ¢ meHTpoM B Touke B. Obaacmuio sudumocmu ommamudus OyaeM Ha3bl-
BaTh YroJl C BEPIIWHON B IMEHTpe (PACETOTHOrO TJia3a, TPAHUIIBI KOTOPOTO COBIAIAIOT C PaId-
AJbHBIME I'paHuaMu ommaTuaus (cM. puc. 6). Bygem upesmosarars, 9ro jobasg TOYKa Ha
TPAHUIIE MEXKJTY JABYMsT OMMATHIUSIMU OyJeT MOMaaaTh B 00JACTb BUIUMOCTH TOJBKO OMMA-
THUs ¢ OoJibiuM HOMepoM. Takum 00pa30M, MbI HPEIoJaraeM, 4To 00JIACTU BUJIUMOCTH
OMMATHIEB OJTHOTO TJia3a He mepecekatoTcs. Clemyroree yTBEpKIeHNE TTO3BOJISIET OTPeie-
JINTH OMMATHJIAN, KOTOPBIA «BUIUTY TOYKY C 38JAHHBIMA KOOPIUHATAMU.

YrBepxkaenue 1. Ilycrp 3amana mjaockocTHass MOJEIb (PACETOYHOrO TJIa3a € PaJnyCOM
/[ eR wu komuuaecrBoM ommarugueB m e N. Ilycts ommaTuauu nponymepoBanbl ducjiamu ot ()
0 m—1 TpPOTUB YaCOBOU CTPEJIKU, KaK 3TO MOKa3aHo Ha puc. 6. Beegem mosisipabie KOOpau-

HaTbl OTHOCHUTEJIbHO IIEHTPA (baCGTOLIHOI‘O rja3a C YIJIOM, OTKJIQAbIBA€MbIM OT npaBoﬁ
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Puc. 6. Obaacrs BuaumocT oMMaTu s 1

(mo 4acoBoOil CTpejike) TpaHM HYJIEBOIO OMMATHIU#A. Lorja, HOMEpP OMMATHIUS
ke{0,1,...,m—1}, B 0by1acTh BUANMOCTHA KOTOPOI'O MOIMMAIAET TOYKA C IMOJSIPHBIMH KOOPIMHA-

tamu (r,), onpejessercd o hopmyJie

m
k=| Lol 10
2 ? (10)

Hoxaszameavcmeso. llyctb k — Homep ommaruaus, B 006JIaCTh BHIUMOCTH KOTOPOI'O IOIA-
JlaeT TOYKA € MOJApHbIMU Koopaumuartamu (r,). Torga, ¢ ydaerom dopmynst (2), yroa @,
OTIPEJIENIAIONTNIl 00JIACTh BUIUMOCTU K-TOr0 OMMATHUJIAS, B MOJAPHBIX KOODJIMHATAX 33 aeTCS

CUCTEMOIl HEPABEHCTB
p2—k;
m
2
p<—(k+1).
m
Ilepenuitiem Ty cucremy B BUjE

k< g

m
k>—¢p-1.
27
m
Torma, mo ompemeseHnI0 HAMOOJIBIIETO IIEJION0 YUCTIA, HE ITPEBBIIIAIOIIErO 2—(0, nu3 (12) no-
Vs

m
JydaeMm k = 2—gp . YTBepxKIEeHNE TOKaA3aHO.
Vg
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| Py
| ¥c
| #w

Puc. 7. Bunumocts o0bekTa

Temnepb paccMOTpuUM B Ka4deCcTBE BUIUMOIO OObEKTA IJIOCKOCTHON cUCTEMBbI (haceTOuHOro
3peHus OKPYXKHOCTH pajmyca g u nenTpom B Touke C (x,)) B KOHTEKCTe puc. 5. Bsenem
MOJISPHYIO CUCTEMY KOODJMHAT OTHOCHUTEJIHLHO IEHTPa IIPABOro IJjiasa u ocu abcmucc. Torma
[OJISPHBbIE KOOPJIMHATHL (7,(0) TOYKHU ¢ KoopjuHaramu (X,)) JJisg IIPABOrO U JIEBOI'O IJia3 MO-
ryT ObITh BhIYMCIEHBI 10 opmysie (8). PaccrosiHue or 1eHTpa COOTBETCTBYIOIIErO TJiasa J0
obbekTa r—g . Cremyroliee yTBEPKICHUE TTO3BOJISIET OMPEIETUThH OMMATHIIN, KOTOPBIE «BHU-

AAT» OKPY?KHOCTDb C 33/laHHBIMU PaJILyCOM U KOOpJAUHATAMU IIEHTPA.

YrBepxkaenaue 2. Ilycrp Boimosinsiorcs ycioBus yrBepxkienns 1. Torma crpaseminBo

clieslyiolee yTBepzK/ieHne: OKPYyKHOCTb ¢ HeHTpoM B Touke C=(r.,.) u pajguycoM g IIola-

JlaeT B 06JIACTh BUIMMOCTH OMMATHINST C HOMEPOM k B TOM, W TOJIBKO B TOM CJIydae, KOT/ia
m

—| @, —arcsin Elllzres| L @, +arcsin £111. (13)
2 T 2w T

Hoxaszameavcmeo. IlpoBenem KacaresbHble K OKPYKHOCTHU, TIPOXOJIAIIAE Yepe3 MeHTp da-
CEeTOYHOrO TJiaza B (coBmaJaeT ¢ MEHTPOM MOJISPHOl cucreMbl KoopauHar). Ilycrsh ykazaH-

Hble KacaTeJbHble KacaloTcs OKPY?KHOCTH B TouKax V =(7,,¢,) u W =(#,,9, ), Kax 9T0 IOKa-

3ano Ha puc. 7. Torma

Oy =@+ arcsing, (14)
e
0, zgoc—arcsing. (15)
rC
Orcrofa yTBEpKIACHUIO 1 nMeeM
M @ —arccos Elllzhs| 2 @ +arccos £ ,
2 7. 2 7.

9TO ¥ TPeOOBAJIOCH HO0Ka3aTh. ¥ TBEPIKIEHUE JOKA3aHO.
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4. AJaropuTM HMOpOKIEHUS ITPENEeIeHTOB

B mammom pazmesie ommchbIBaeTCs aJITOPUTM HMOCTPOEHUS OOYUIaIoIeil BHIOOPKU JIJIA KC-
KYCCTBEHHOW HEHPOHHOI ceTw, paboTaiolieil Ha OCHOBE MOIEIN JIBYMEPHOro (haceTovHoro
3penusi. B kadecTBe HAOJIIOAAEMBIX 00bEKTOB (DUTYPUPYIOT KPYIH PA3IUIHOIO PAIAYCa, PAC-
IIOJIO2KEHHbBIE TIepe] (DACETOYHBIMY JIA3aMH HA PA3JIMYHBIX PACCTOAHUSAX W 110, PA3IUIHBIMA
yriiamu. g renepanum mpereaeHToB UCIOJb3YIOTCH YIJibl 0T O JI0 77 , OTKJIaIbIBAEMbIE ITPO-
TUB YaCOBOH CTPEJIKU MEXK/Iy IOJIOKUTEJbHOM 1moyochio (O, X) U BEKTOPOM, COEIUHSIONIAM
[EHTP CUCTEMbI (hACeTOIHOrO 3peHus (PUC. 5) € IMEHTPOM HADJIIOIAEMOr0 KpPyTra.

AsropuTM TOCTpOEHUsT 0OyYaroIell BBIOOPKHU WCIIONB3YeT CJIEAYIONNe mapaMeTphl MOe-

Jin HPaceTOIHOr0 3PEHUS:

m  — KOJIMYECTBO OMMATHU/INEB B KaXKJOM TJIA3y;
h — TIOJIOBUHA PACCTOSHMS MEXKJy (DACETOYHBIMU TIJIa3aMU;
/ —  PaJuyc OIMUCAHHON BOKPYT (PACETOUHOIO IJ1a3a OKPYKHOCTH.

st reneparuu 00pas3ioB aJrOPUTM ITOCTPOEHMS OOyUalomieil BHIOOPKKU HCIIOJIb3YEeT CJie-

JAyIolye IlapaMeTphl:

n —  KOJIMYECTBO T'€HEPUPYEMBIX 0OPA3IIOB;

gmin — MHUHEHMAJbHBIH pajuyc Hab/II0JaeMoro Kpyra;

€ —— MAKCHMAaJBbHBIA Pajiyc HabJIIOTaeMOro Kpyra;

7., ~— MHHHMAaJbHOE DPACCTOAHHE OT LEHTPa CHCTeMbl (DaceTOYHOro 3pPeHus JO0 ILEHTPa

HabJII0IaEMOr0 KPYyTa;

r — MaKCHUMaJIbHOE DPACCTOsHME OT IEHTPA CHUCTEMbI (PACETOYHOIO 3PEHUs 0 IEHTPA
HabJII0IaEMOr0 KPYyTa;

@, — MUHIMaJIbHBIA a3uMyT HaOIOaeMOro KpyTa;

@ — MaKCUMAaJbHbIA a3uMyT HabJII0JAEMOIo KPyTa.

IIpu reneparuu 00pa3noB ajaropuT™M OTOMPAET IPEIEIEHTHI, YIOBJIETBOPSIIONINE CJIELYIO-

M YCJIOBHAM:

(1) Kpyr BUIUM KasKbIM [JIA30M IOJHOCTBIO (He MEePEKPhIBAETCS JIPYTUM TJIA30M );

(2) Kpyr He mepecekaeTcs ¢ 06JIaCTbI0 00OUX IJIa3;

(3) Hukakas 4acTh HaAOJIOZAEMOrO Kpyra He MonajaeT B OTPUIATENbHYIO 06JIaCTh OCH OpPJIiU-
HAT;

(4) xkpyr BuauMm Jyisi 060X a3 (KOJMYeCTBO OMMATHJINEB, B O0JIACTH BUIUMOCTU KOTOPBIX

norajaeT obpasel, i KayKIoro riaa3a 00JIblie eMHUIIbI).

CaoiicTo (4) mpoBepsieTcs HemocpeIcTBeHHO. Heobxoammoe u J10CTaTOuHOe yCIOBUe JIJisd Bbl-

nostHeHusi cBoicTB (1)—(3) ompeensercs: CIeayomuM yTBEePKICHUEM.
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Puc. 8. O6beKT B MIOCKOCTHOM cucTeME (PACETOTHOTO 3PEHUST

YrBepxkaeuue 3. Ilycrs 3amama cucrema (aceTroIHOro 3peHusd B JIEKAPTOBON CHCTEME
KOOpJMHAT (CM. PUC. 5) CO CJEYIONUMU [TapaMeTPaMu:

h — TIOJIOBUHA PACCTOSTHUST MEXKTY (PaCeTOTHBIMU TJIA3aMU;

l —  PaJuyc OIMCAHHON OKPY2KHOCTH (DACETOUHOIO TJIa34.

s mabimosiaeMoro Kpyra S ¢ IEHTPOM B TOUKe (X,,.,V,,) U PAIycoM g, yeosus (1)—(3)

BBIIIOJIHSIOTCS TOTJA W TOJBKO TOrJda, KOTJa TOYKa (xObj ) dBigercd IOIyCTUMOW [Jid

> Yo
CJIeTyIONell CHCTEMbI HEPABEHCTB:

Nan® =1 Yoy + X0y > 1h;
Nan® -1 Yoy —Xoy > 1h;

16
‘—szbj —Nar =1y, +Zh‘ > 2hgy,: (16)

oy =N = 3 + 1] > 2D,

Hoxasamesvcmeo. CHadama JoKaKeM HEOOXOIUMOCTD TIEPBBIX JIBYX HEPABEHCTB B CHCTEME

(16). JTokazaTeybCTBO BBIIOJHUM C IIOMOIIBI0 MeOMETPUYECKUX mnocTpoenuii. [Iposemem kaca-
TEJIHYIO @ K OIMCAHHON OKPYXKHOCTH JIEBOT'O TJia3a depe3 IeHTp mnpasoro riasa (4,0) rak,
4TODBI OHA IEPECEeKJIa IMOJIOXKUTEIbHYIO IOJYyOCh OPJIMHAT, W IIPOBEIEM KacaTeJIbHylo b K
OIIMCAHHON OKPYKHOCTU IIPABOIO IJIa3a 4Yepe3 MeHTp JeBoro riasda (—h,0) Tak, 4TobObI OHA
TAKXKe MEPECceKJIa TOJIOKUTEIHHYIO HOJIyoch opAuHar (cM. puc. 8). OueBHiHO, 9TO CBOHCTBA
(1)—(3) BBITOIHSAIOTCA B TOM ¥ TOJBKO B TOM CJIydae, KOTJA BUJUMBIA KPYI IEJIMKOM HAXO-
JIUTCs BBIIIE 00enX KacaTe/JbHbIX B 00J1acTi, 0003HAYEHHON BEPTUKAJIHHON IIITPUXOBKOIA.

[Iycts mpsiMast b KacaeTcst OMMUCAHHON OKPY:KHOCTH TPABOTO Tya3a B Touke W . O6o3naumm
4depe3 O yroji, oOpPa30BaHHBIN JIydaMu [A,W) u [A,B). Torma ypaBHeHus npsambix a u b

MOT'yT OBbITH 3allMCaHbl B BHUIIEC

y=-tg@)-(x—h) (17)

y=tg(a)-(x+h) (18)
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coorBercTBeHHO. MMmeem

= 19
YunreiBasi, 1TO ||W—A|| =\4h’ =1’ , u3 (19) monygaem
/

YuureBag (1), BUIUM, 9TO IOJKOpEHHOE BbipaxkeHue B (20) mpuHEMAaeT 3HadeHHE OOJIBINE
uysd. [lomcrasus npasyio dactb ypasaenus (20) B (17) u (18) nosyuaem ciezyromue ypas-
HEHUs NPAMBIX a 1 b:

[(x—h
4h” -1
n
l(x+h
4n* -1

Ilepenummem ux B BUIE

Na' Py +Ix=1Ih (23)

A =1y —Ix=1h. (24)

Takum 006pa3oM, it TOro, 9TOOBI TOYKA JIEXKaJa B 3aIITPUXOBAHHON 00OJIACTH, HE KaCasiCh
npaMbIX @ U b, HeoOxoanMO, ITOOBI OHA yIOBJIETBOPSIA CIEIYIONIEH CHCTEME HEPABEHCTB:

Na' =Py +Ix > Ih;
Nan' =Py —Ix > Ih.

IIpaBubHOCTH PACCTAHOBKM 3HAKOB HEPABEHCTB JIETKO IIPOBEPSAETCS IIyTEeM IOJCTAHOBKU KO-

(25)

opaunar Touku (0,0), He BXomdmiell B 3aIITPUXOBaHHYIO 00sacTh. OUYEBHIHO, YTO IEHTP
(xObj, yObj) KpyTra JOoJKeH ya0BaeTBopaTh (25). OTcioma nojydaeM mnepeble JBa HEPABEHCTBA B
(16).

Tenepn J0KaxkeM HEOOXOJAMMOCTb TPETHENO W HYETBEPTOrO HepaBeHCTB B cucteme (16).

Paccrosinue p ot unenrpa (x,,,V,,) HabIOLAEMOr0 Kpyra J0 HPSAMOH @ BBIMACIACTCH IO

dopmyse
‘—leb/. AR =Ty, + lh‘
= : : . 26
p 7 (26)
Iutst Toro, 4ToObI HADIIOAEMbBIH KpyTr S pajauyca 8oy C TEHTPOM B TOYUKE (X, Yy, ) HE HMEIT

00IINX TOYEK C MPAMOH a , HeOOXOAUMO, YTOOBI BBIOJIHAIOCH YCIOBUE p > 8oy TO €CTDH

‘—lebj A =1y, +lh‘ > 2hg,,. 27)
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(Xonj» Yobj)

Tobj

Puc. 9. Oupenesenre mooxkeHnss HabII0IaeMOI0 00bEKTA
B IIJIOCKOCTHOI cucreme (paceToIHOro 3PEeHMsd

AnajormauabiM  06pa3oM TOJyYIaeM HEOOXOMNMOE YCJIOBUE JJIsT TOTO, YTOOBI HADJIOIAeMbIi
Kpyr S pajuyca g, C LEHTPOM B TOUKE (X, , V) HE HMEI 00X TOUEK ¢ IpsMOit b:

Iy — N~y + lh‘ > 2hg,,. (28)

Takum o6pasoM, mojiydaeM Bce HepaBeHCTBa cucTeMbl (16) Kak HeOOGXOJUMBbIE YCJIOBUS BbI-
nosiHenust ceoiicts (1)—(3). docraTounocts 91X ycioBuil oueBuaHa. Y TBEPKEHUE JOKa-

3aHO.

IIponienypa reneparnuu obydaromnieii BBIOOPKY MpeJCcTaBiieHa B Buje ajropurma 1. Kax-
JIBTI TIPETeICHT TeHepupyeMoil BBIOOpKM TpecTaBisgeT coboit derBepky (L4, fs,d, a). Ilapa-
MeTpbl 4 U fp UPEICTABILIOT COO0Oil OMTOBbIE IIKAJIbI, KOIUPYIONINE BU3yaJbHbIE CUTHAJIBI,
[IOCTYTAIOIIUNE HA OMMATH/UU JIEBOI'O U IMPABOrO IJIa3 COOTBETCTBEHHO. Y Ka3aHHbIE OUTOBBIE
MIKAJIBI [IOJAI0TCS HA BXOJ| HEHpOHHON ceru. J[ymHa Kaxkioii mkajibl paBHa m (KOJMYECTBY
OMMATHJIMEB B OJHOM IJia3y). KaxK/plii GUT OIMKMCHIBAET COCTOSIHME COOTBETCTBYIOIIEIO OMMa-
TuUs (PaceTOIHOro rJia3a: eJIUHUIA, €CJIU B II0Je 3PEHUsT OMMATHU/INS TOMAIAeT KaKas-Jinbo
JacTh HAOJIIOJAEMOr0 KpPyra; HOJIb B IPOTUBHOM ciy4ae. [lapamerpst d u a ompenensior uc-
TUHHOE OJIOZKeHrne HabJII0aeMOro KPpyra B COOTBETCTBUU CO CJEAYIONUMEA (DOPMYJIAMHU:

b

d = tanh ro—;’ : (29)
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1

a= -
l+e”

(30)

%_‘pﬂfv) '

3mecw A,y € (0;1] — mapameTpsr anropuTMa. 3HAYEHUSA Topj B Popj MOTYT OBITH BOCCTAHOB-

JieHbl U3 d 1 a ciiegyiomuM o0pa3oMm:

Ton = %aﬂanh(d); (31)
7 1. 1-a
¢0bj 254‘;11’1 g . (32)

Paccmorpum 6ostee mtosipobHO 1maru ajgroputMa. Ha KaxKaoit uTeparun ajJropuTt™Ma FeHepUupy-

€TCs OJIMH IpeNeaeHT o0y4varoteit Bbioopku. Ha mare 1 BBoAATCH 1apaMeTphl aJropuTMa

m  — KOJIMYECTBO OMMATHU/INEB B KaXKJOM TJIA3Y;
h — IIOJIOBUHA PACCTOSHMS MEXKJy (DACETOYHBIMU IJIa3aMU;

l —  PaJuyc OIMUCAHHON BOKPYT (DACETOYHOrO I'J1a3a OKPYKHOCTH;

n —  KOJIMYECTBO T'€HEPUPYEMBIX 0OPA3IIOB;

8w — MUHHMAaJIBHBIA pajryc HaOJII01aeMOro KpyTa;

€mx — MaKCHMAaJbHBIA paauyc HabI0JaeMoro Kpyra;

r.. ~— MHHAMAJBLHOE DACCTOAHHE OT IIEHTPa CHCTEeMBI (haceTOuHOro 3PEeHHud JI0 IeHTpa

HabJII0IaEMOr0 KPYyTa;

r — MaKCHUMaJIbHOE PACCTOsHWE OT IEHTPA CHUCTEMbI (PAaCETOYHOIO 3PEHus 0 IEHTPA
HabJII0IaEMOT0 KPYTa;

@, — MHUHHMAJbHbIH a3uMyT HabJ/IOJIaeMOro Kpyra;

@~ MAKCHMAaJIbHBIA a3MMYyT HaDJIIOIaeMOT0 KpyTa.

Ha mare 2 cyerynky mpereieHTOB i IIPUCBANUBAETCs 3HaYeHWe HOJb. Ha mrare 3 MHOXKeCTBO
nperie/ieHToB M 1I€pBOHAYAJILHO Olpeiesisiercsd Kak mycroe. [llar 4 maunnaer urepanmoHHbIl
nukia. Ha sroMm 1mare, ucroJib3ys reHepaTop CIydaiHbIX 4ducesi, GOpMUPYETCS TPOWKa IUCEs

(”ob,-’(%b_,-’ go@.), OLpeNEIAIONAs HaOIIOAAEMbII KPYT ¢ PAIUYyCOM g, , LIEHTP KOTOPOIrO PacIo-

JIO2KEH Ha PaCCTOAHUU 7,

o OT TEHTPa CHCTEMBbI daceTouHoro 3peHus U a3UMYTOM Pon

on? yObj) nenTpa uHabJosa-

(cm. puc. 9). Ha mare 5 BbIYMCIISIIOTCS JI€KAPTOBBI KOOPJMHATBL (X,
emoro kpyra. lasee, Ha mare 6, B COOTBETCTBUU C yTBEPKJIEHUEM 3 ITPOBEPSETCS JOIYCTHU-
MOCTh CIP€HEPUPOBAHHOIO HAOJIO/IaeMoro Kpyra. llpm srom ucnosb3yercs dyuknus valid,
IPOBEPHIOIAst, YTO LUEHTP KPYra (X, Vo) C PAIMYCOM g, YIOBJIETBOPSET CHCTEME Hepa-
BencTB (16). Eciau crenepupoBaHHblii HAO/IIOMAEMBI KPYT HE SIBJISIETCS JIOILYCTUMBIM, [TPOKC-
XOJUT TEPEX0JT Ha mmar 4 Jijisi TOBTOPHOM reHepanuu rpereaenTa. Ha mrarax 7, 8 mo dpopmy-
aam (6)—(9) BBINMCIAIOTCS HONSIPHBIE KOOPIUHATEL (r,,@,) U (ry,(,) IEHTpa HAOIIOTAEMOrO

Kpyra OTHOCHUTEC/IbHO JIEBOI'O M IIPABOro I'Jia3 CHCTEMbI CbaCGTOqHOFO 3peHudA COOTBETCTBEHHO.
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AnropurM 1. Tenepauys ofOydanomeil BEHOOPKM M
1: inPUt h' l' M, 1, Tmins Tmax) Pmins Pmaxr Ymin» Ymax

i==0

M:=0

2
3:

4: Tovj = ™d (Tiins Tmax) 7 Pobj = ™A (Pmin, Pmax) 7 Yobvj = ™d(Gmin» Imax)
51 Xopji= Topj COS(‘PObj)i Yobj+= Tobj 5in(<P0bj)

6: if not walid(Xopj, Yobj»Jobj) goto 4

2
T'A = \/(XOb] + h) +y§b];(pA = CDA(xOb]"yObj)

2
g == \/(xObj - h) +y5b]-;(ﬂ3 = (DB(xObj'yOb]')

9: L= l% ((pA — arcsin (gf—:j)>]; R, = l% <(pA + arcsin (%))J

10: if L, =R, goto 4
11: for j€[LsRy] do Bulil =1
12: for j&[LyR,] do Bu[j]=0

. (Gobj  doni
13: LB = l% ((pB — arcsin (f—;”))J, RB = l% <(pB + arcsin (f_:]))J

14: for j€[Lg Ry] do Bglil =1
15: for j & [Lg Rg] do Bg[j]=0

. — Tobj
16: d —tanh( o )
. r
140"z %0b))
18: M =M U{(B, Bz d a)}
19: j=i+1

17: a=

20: if i<n goto 4

21: stop

Ha mrare 9, B cooTBeTCTBUU C YTBEPKIECHUEM 2, ONPEJIEJIAIOTCH MEPBBII U MMOCTETHUN HOMEPa
OMMATH/IMEB JIEBOTO TJI1a3a, B 00/1aCTh BUIMMOCTH KOTOPBIX IONaaeT HabJmomaeMblit Kpyr. Ha
mare 10 mpoBepseTcs, SBJISIETCH JU HAOJIOMAEMbIl KPYT JIOMYCTUMBIM B COOTBETCTBUU C
yciaosuem (4). Ha marax 11 n 12 dopmupyercss 6utoBas mkasna [, 1 jesoro riasa. Ha
marax 13-15 dopmupyercs buropas mKana [3, 1 npasoro riasa. Ha marax 16 u 17 BbI-
YUCJIAIOTCS TTapaMeTpbl d U @, OIPEJENI[IONne NCTHHHOE ITOJIOXKEHNE HabJII0IaeMOro Kpyra.
Ha mare 18, nosydennsrii niperiesieHT Bujia (B4, B, d, @) MOMEIAETCS B MHOYKECTBO IPEIIE/IEH-
TOB oby4aromieit Bpibopku. Ha mare 19 cyeTyuk nperie/ieHToB yBeJIuInBaeTcd Ha exuauily. Ha
mare 20 OIEHUBAETCH KOJUYECTBO CrE€HEPUPOBAHHBIX OOPA3I0OB: €CJIM KOJMYECTBO IIPEIEJIEeH-
TOB B ODydYaloleil BbIOOPKE MEHbIIE 71, UTEPAIMOHHBINA MIPOIECC MPOJIOJIKAETCA ¢ Imara 4, B
[IPOTUBHOM CJIy4ae UTEPAIMOHHBIN IIPOIECC OCTAHABIUBAETCS.
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3akJIroueHue

B crarpe paccmorpennt Tpu Tuia haceTouHbIX IIa3 HACEKOMbBIX: AIO3UIMOHHDBIE, OITH-
KOCYIIEPIIO3UIIMOHHBIE U HENPOCYIEPIIO3UIIMOHHbIE. B KadecTBe OHOJIOIMYECKOrO MTPOTOTHUIIA
JIJIS TIOCTPOEHUST MATEMaTUIeCKON MOoJiesin ObLl BHIOpAH ANMO3UIMOHHBINA (DACETOYHbBIN TJIa3,
IIOCKOJIBKY, B CHJIy CBOMX AHATOMHYECKUX OCODEHHOCTEH, JAHHBIA THUIl HABJISETCS Hanbojee
IPOCTBIM C TOYKU 3PEHUs TEXHUYECKON peasm3aruu. B pabore npusenena kiaccudukaiusa u
KpaTKuii 0030p HMCKYCCTBEHHBIX (PACeTOYHBIX IJIa3, KOTOPbIE, B HACTOSIIEE BPEMS, MOTYT
YCIIENTHO TPUMEHSATHCS JJIsi CO3/IaHUs aBTOHOMHBIX PODOTOTEXHUYECKUX YCTPONCTB PA3JIMIHO-
ro Ha3Ha4YeHUs. B paMKax JAaHHOI'O MCCJIEIOBAHUS IMOCTPOEHA MaTeMaTHYeCKas MO/Ie/b OUHO-
KyJISPHOTrO (DACeTOYHOro 3peHnus B JIByMepHOM mpocTpancTBe. [Ipenoxennas Mojesb M03BO-
Jsger (GpOpMyJIMPOBATH 33J[aYU HABUTAIMU U JETEKTUPOBAHUs OODBEKTA JJI CHUCTEM BU3YaJIu-
zanuu (paceToYHoOro TUIA Ha IJIOCKOCTHA. B paMkax MpeJIoyKEeHHON MOJe/n BbIBeIeHbl (hop-
MyJIBl I pacdera KoopiuHaT Hab/momgaeMoro obbekTa, (opMyJia BBIYUCIEHUS HOMEPA
OMMAaTH/¥S, B 00J1aCTh BUIMMOCTH KOTOPOr'O IMOMAIAET OKPYKHOCTb C 33JaHHBIMU KOOD/IMHA-
TaM¥U WA ee 9acTh. JlokazaHo yTBepKaeHHEe 0 HEOOXOIMMOM W JIOCTATOYHOM YCJIOBUU IIOIa-
JIaHUs 33JAHHON OKPYXKHOCTU B O0JIACTH BUIAMMOCTU OMMATHINS C 33JlaHHBIM HOMepom. Ha
OCHOBE MOJIEJI JBYMEPHOro paceTrodHoro 3penus cHOpMyJIUPOBAH AJTOPUTM IMOPOXKJICHUS
[IPEIE/IEHTOB 00yYalolieil BBIOOPKH JIJIsi NCKYCCTBEHHON HEHPOHHO CETH.

B pamkax gajpbHERINMX UCC/IeIOBAHUN MBI ILJIAHUPYEM:

1) Ha OCHOBe NPEJCTABIEHHON MOJEJU CO3/aTh UCKYCCTBEHHYIO HEPOHHYIO CETh, CIIOCOOHYIO

Ha, IIJIOCKOCTHU OIPEJIENIATh A3UMYyT U PACCTOsIHUE JI0 HAOJIIOMAeMOro 00bEKTA;

2)  0600IUTHL TPEJIOKEHHYIO MOJIeIb HA TPEXMEPHBI CJIydai.

Hccenedosarue svinoareno npu durarcosoti noddepocke POPHU 6 pamkar HaywH020 npo-
exma Ne 20-07-00092-a v Munucmepcmsa obpasosanus u wayku P@ (20cydapemeennoe 3a-
danue FENU-2020-0022).
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One of the modern promising areas of research in the field of machine vision is visualization systems based on
artificial compound eyes, which are based on the principles of organizing insect vision. Such eyes have a complex
structure, the main elements of which are visual elements called ommatidium. In this paper, we construct a math-
ematical model of binocular facet vision in two-dimensional space. This model allows you to describe the tasks of
navigating a robotic device and detecting objects on a plane. In the proposed model, the faceted eye is a regular
polygon with a 360°view. The main parameters of the model are the number of facets (ommatidia) in one eye, the
radius of the circle described around the eye, and the distance between the eyes. The model assumes that the
ommatidia fields of view of one eye do not intersect. Circles of various diameters appear as observed objects. We
derive the formula for determining the number of ommatidium in which the point with the specified coordinates
falls. We prove a theorem on the necessary and sufficient condition for a given circle to fall into the field of view
of an ommatidium with a given number. An algorithm for constructing a training sample for an artificial neural
network based on a two-dimensional facet vision model is proposed.

Keywords: visualization systems, mathematical model of facet vision, neural network, training sample genera-
tion.
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