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AJITOPUTM PACYETA TIOJIOXKXEHUS U CKOPOCTH ABUXEHUS
OBBEKTOB HA IINIOCKOCTH 11O JAHHBIM C MOHOKYJIAPHOU
KAMEPDBI

B cratbe npencraBiieH anropuTM aBTOMAaTHYECKOTO pacueTa MaTpHULBI ToMOrpaduu, peIHa3HaueHHbIH U1 OLCHKH
CKOPOCTH JBW)KEHHUS MOTPY3UMKOB B CKIIAJICKUX YCIOBHUSX. [IpemIoeHHBIH ajIropuT™M HCIONIb3yeT BUIEONOTOK
¢ Kamep HaOIroAeHNs Ul TpeoOpa3oBaHus KOOPAWHAT OOBEKTOB U3 MEPCIIEKTUBHOTO M300paKEHUS B METPHUECKOE
MPOCTPAHCTBO, YTO MO3BOJISET ONPEAENATH MONOKEHHS HOrPY3UHKOB B pEaNbHBIX €IMHHIAX M3MepeHus. B anro-
pHUTME peaM30BaHa aBTOMaTHYecKasi KaJMOPOBKa Ha OCHOBE paclio3HABAaHMs MOAJIOHOB C M3BECTHBIMU pa3MepaMu
U HCIIOJIb30BAHUS XapaKTePUCTHK KaMepbl. [IpeyiokeH alropuT™M aBTOMaTHIECKOTO ITo00pa apaMeTpoB MOHOKY-
JSIPHOW CHCTEMBI [UISl Cily4as, eClIi OHH 3apaHee HEM3BECTHHL. [IpoBeleH SKCIEePUMEHT C MCHOJNB30BAaHUEM peallb-
HBIX BHUJEO3AIHCEeH, NeMOHCTPUPYIOIINKA NPUMEHUMOCTD MPEITIOKEHHOTO aITOPUTMAa Ui MOHHTOPHHTA JIOTHCTHU-
YeCKHMX HPOLIECCOB U MOBHIIICHHS d(P(PEKTHBHOCTH YIPABICHUS CKJIAJCKHM TPAHCIIOPTOM. DKCIIEPUMEHT MOKa3aJl,
YTO TIPH pacdeTe CpeaHeld CKOPOCTH ABIKEHUS MOTPY3dMKOB 98% MOTydeHHBIX 3HAUYEHMH MOMagaroT B IOrpEIl-

HOCTh *1 KM/u.

Knroueswie crnosa: BeIUUCIEHNE CKOPOCTH, KOMITBIOTEPHOE 3pEHUE, HEHPOHHBIE CETH, MaTpULA FOMOrpaduu

BBEJIEHUE

TexHOMOTHM KOMIBIOTEPHOTO 3pEHUS aKTHBHO
MPUMEHSIOTCS B Pa3IMYHBIX 00JacTIX — OT aBTO-
HOMHBIX  TPaHCHOPTHBIX CPEACTB JO  CHCTEM
Oe3omacHOCTH. Takve CHUCTEMBI HCITONB3YIOTCS IS
MOHHTOpPWHTA TICMIEXOMHBIX 30H, JOPOr O0OIIero
MONTE30BAHUS, CKJIQJICKAX TIOMEIIEHWH W B ympa-

BJICHWM  OECIWIOTHBIM  TpaHcHopTroM. JlaHHbIE
TEXHOJIOTMH B OCHOBHOM NPUMEHSAIOTCS B 001acTH
aHalM3a  OKPYXaloWed cpexpl ISl  HPUHATHS

pelieHuil B peaJbHOM BpeMeHU. B 4acTHOCTH, Takue
CHCTEMbl MOTYT OLI€HHBAaTh TPACKTOPUM ABHMIKCHUS
O00BEKTOB, ONpeNeNsiTh MX CKOPOCTh U IIOJIOKEHHE,
a TaKxe MIPOTHO3UPOBATh MOTEHLINAIbHBIE
CTOJIKHOBEHHUS WM HapymieHus mpasun [1-4]. Otu
(yHKIIMM 0COOEHHO BaXXHBI B YCJIOBHSAX BBICOKOM
OUHAMHUYHOCTM W  OTPAaHWYEHHOIO IPOCTPAHCTBA,
HampuMmep, Ha  CKIAQACKMX  IUIOWIajKaxX, IOe
HeoOXxoouMo ofecreynBaTh 0€30MacHOE B3aMMO-
JNEUCTBHE MEXAY MOrpy3dMKaMmy, pabOTHHUKaMHU
U APYTHMH 3JeMEHTaMu HHPACTPYKTYPHI.

3adactyro s pemeHus 3amad  0e30MmacHOCTH
HepeMeneHus HCTIOJIB3YETCSI o0opyznoBaHue,
YCTaHOBJIEHHOE Ha MOrpy34MK. B uactHocTH, 3amaua
MPEAOTBPAIIEHUS] CTOJIKHOBEHHWH pelaercss ¢ Io-
MOIIBI0 TAPKTPOHUKOB, JIUJIAPOB WM pagapoB [5, 6].
OnHako MCHONB30BaHUE INAHHBIX TEXHOJIOTMH HMEET
PsiI HEIOCTATKOB M OTPaHUYCHUIL:
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e HeoOXOAWMOCTh HAJIWYHS Ha KaXKIOM TIOTPY3-
YHKe W, KaK CIIeJCTBHE, BBICOKAsl CTOMMOCTH MPHOO-
pEeTeHNs U yCTaHOBKH;

e BEHITNIOJHEHNWE OTPAHHYEHHOIO CIHCKA 3a1ad —
W3MEpEeHHEe PACCTOSHUN N0 OOBEKTOB W TPEIOTBpa-
IIEHHUE CTOJIKHOBEHUH;

® CIIO)KHOCTH NPHU MacIITaOupOBaHUH.

B 10 xe Bpems Ha OONBIIMHCTBE COBPEMEHHBIX
CKIIAJIOB YK€ YCTaHOBJICHBI CHUCTEMBl  BHJIEO-
HaONIO/IeHNsI, KOTOpbIe MOryT ObITh 3(deKkTHBHO
UCTIONB30BAHbBI JUISl PEHICHHs 3a/1a4 Oe30IacHOCTH.
BHenpenne anropuTMOB KOMITBIOTEPHOTO 3pPEHUS
OTKpBIBA€T HOBBIE BO3MOKHOCTH JJIsi MOHHUTOPHHTA
Y TIPEOTBpAIIeHNs CTONKHOBEeHUH. OqHaKo OombInoe
KOJIMYECTBO YCTAHOBJICHHBIX KaMep W OTJINYHe
CKJIQJICKMX IOMEIIEHHH Ipyr OT Jpyra IPHUBOAUT
K 3HAYUTEIHHOMY YBEIMUYCHUIO OOBEMOB W DPa3HO-
o0pa3uio JaHHBIX, KOTOpble HE0o0XOoauMo o0pa-
OaTbIBaTh. B TakWx yCIOBHMSX aKTyaJbHBIMH CTaHO-
BATCS ~ aBTOMATH3MPOBaHHBIE METOABI  AHAJN3a,
criocoOHbIe 3 deKTHBHO 00pabaTeiBaTh OONBIIHE
MacCUBbl WHpOpMAIKE W OBITh  YCTOWYHUBBIMH.
B kagecTBe mogoOHOr0 METO/1a MOKHO HCIOJIB30BATh
HCKYCCTBEHHBIC HEHPOHHBIC CETH, JOKa3aBIIHE CBOIO
3¢ (EeKTHBHOCTD MPH pelIeHNH IMHUPOKOTO KPyTra 3a1aq
[7]. OO6obmarommasi criocoOHOCTh HEWPOHHBIX CeTeil
M TPOCTOTA YCTAaHOBKM MOHOKYJISPHBIX —KaMmep
MO3BOJISIET YIPOCTHTh BHEAPEHHE pa3pabOTaHHOIO
pelIeHnss B CYyHIECTBYIOIIME CKIaipl. B coueraHmm
C UMEIOUMUMHCA B TOTPY3YHKEe TEXHOIOTHIMHU
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NPEATIOKEHHBIH  aJIrOPUTM IO3BOJUT  PACIIUPUThH
CIIMCOK  BBINONHAEMBIX  3azady. bomee  Toro,
WCIIOJIb30BaHME TAHHOM CHCTEMBI II03BOJISIET CHU3HUTH
3aTpaThl, UCKIIOYash HEOOXOAUMOCTh 3HAUMTEIbHBIX
WHBECTULMH B HOBOE 000PYIOBaHHUE.

B nmamHO#l pabGore mpemnaraercss ajIrOpUTM
BBIUHCIICHHAA TIONOKEHUH M CKOPOCTEM JBM)KEHUS
00BEKTOB HA MJIOCKOCTH HAa OCHOBE JAHHBIX C MOHO-
KynsapHoi Kamepwl. [lis oOHapyxeHHs OOBEKTOB
WHTEpeca HCIONb3YIOTCS CBEPTOYHbIC HEHPOHHBIE
cetn. OCHOBHOW OCOOEHHOCTBIO TPEIOKEHHOTO
aIrOpUTMa  SIBJIETCS ~ ABTOMATHYECKUH  pacder
MaTpHIlbl ToMorpaduu, YTO TO3BOJISAET OOXOMUTHCS
0e3 mpenBapUTEIbHON pyYyHONH KaTHMOPOBKH KaMepbl
¥ WCIIONB30BaHMS BHEIIHEH WH(pOpMaluu o0 HaOIro-
naemoil 1utockoctd. CocTaBieHHE MAaTpHULbl T'OMO-
rpaduu OCYLIECTBIIETCS C IOMOLIBIO PACIIO3HABAHUS
O0BEKTOB C H3BECTHBIMHM pa3MepaMH, CBS3aHHBIMH
¢ HabmogaeMoil TIOCKOCThI0. OCHOBHBIMH TIPEUMY-
LIECTBAMH JITOPUTMA SBJISIIOTCS:

® JICIIOJIb30BAaHNE MOHOKYJISIPHOW CHCTEMBI BMeE-
CTO paziapoB U CTepeoKamep;

e crnocoOHOCTH 00padaThIBaTh OONBIIHE O00BEMBI
BHJICOJIaHHBIX U TIOTOKOB C Pa3IMYHbIX KaMep;

® aBTOMATHUYECKHUIl pacder MaTpHULbl roMorpapuu
IUISl ONPEAENEHUs MOJ0XKEHNH OOBEKTOB Ha IIOCKO-
CTH;

e 98% paccunTaHHBIX CPEAHUX CKOPOCTEH Jiexar
B MHTepBaje | KM/4 OT STAJIOHHBIX 3HAYCHUH.

OB30P JIUTEPATYPbBI

beuio  pa3paboraHO MHOXECTBO METOAOB  JUIS
OIIpEIEICHNs] TOJIOKEHUS M CKOpPOCTEeH OOBEKTOB
10 TaHHBIM C MOHOKYIISIPHOHM Kamepsl. B paborax [8—
10] mpencraBimeH Merom — pacdera  CKOpocCTei
JBYDKEHMS TPAHCIIOPTHBIX CPEACTB C UCIOIb30BAHUEM
Tpex Touek cxona. s ompeneneHus METPUYECKUX
XapaKTePUCTUK IIOJYYEHHOH CeTKH Heo0XO0IuMO
BBIYHUCTUTh KodQduimeHtT macmradba. B pabore [9]
U1l 9TOr0 HCIOJIB3YeTCS CTaTHCTHKAa O CPEAHUX
rabaputax aBTOMOOWIIEH, KOTOpas COMOCTaBIIACTCS
c rabaputamMyp B IHKCEISIX. JTO MOXET BBI3bIBATH
omuOKH, CBS3aHHBIE C PAa3HOOOpa3HeM aHHBIX B CTa-
TACTHUKE W TONOXKeHneM Kamepel. B cratee [10]
BMECTO HCIOJIb30BAaHMUS JAHHBIX CTATUCTHKHU aBTOPHI
HpeanaralT KilacCu(UIMPOBAaTH MapKy, MOJIEINb
W TOA BBIIYCKAa AaBTOMOOWIS M YYWTBIBATh €ro
peanbHble Tabaputhl. JlaHHBIA CHOCOO TO3BONIAET
MOBBICUTh TOYHOCTh BBIYMCIECHUS KO3 uUIeHTa
MacmTalda, OJHAKO CJIOKEH B peanu3aluy, T.K. OIS
oOyueHusl Kiaccudukaropa TpeOyercs OONbIIOi
00BEM JaHHBIX.

B mnayuyHoil nuTepaType Takke IPEICTaBICHBI
METO/BbI, KOTOpbIE MJIsi pacdyera MECTOINOJIOKEHUS
U TPOHAEHHOTO pPACCTOSHUS TPUMEHSIOT Hpen-
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BapUTENbHYI0 KaJIMOPOBKY KaMmepsl Ha OCHOBE
MeTanH(pOpMaIyy 0 HabmonaeMon yactu qoporu [11,
12]. HemocratkoM Takoro TOIXOIda  SBJISCTCS
TpeOOBaHME JOCTYIMHOCTH TOYHBIX JaHHBIX O HaOIFO-
JaeMOH IUIOCKOCTH, YTO HE BCETAa BO3MOXKHO.

ITomumo 3TOrO, yYeHbIE NPEATIaralT aJIrOPUTMBI,
KOTOpBhIE  TO3BOJSIFOT ~ OIpENeNsiTh  yJaJeHHOCTh
O00BEKTOB OT KaMepbl Ha OCHOBE PpAaCIO3HaBaHMS
NPEAMETOB C 3apaHee H3BECTHBIMH pPa3MepaMu.
Hampumep, B cratee [13] mpemnaraercst airoputm,
rzie B KauecTBE IpeaMeTa ¢ U3BECTHBIMU pa3Mepamu
WCIIONB3yeTCss HOMEPHOI 3HaK aBToMoOus. OCHOBOI
QITOPUTMAa BBICTYHAE€T TIeOMETpHUYecKas MOJEIb
CHCTEMBI, a IJIs1 BBIYMCIICHUS CKOPOCTH HCIIOJIb3YeTCs
W3MEHEHHE IUIOIAAX HOMEpPHOro 3Haka Ha H30-
Opaxennn. OCHOBHBIM  HEHOCTaTKOM  JAaHHOIO
MOAXola SABJSIETCS HEOOXOIMMOCTh PAacIO3HABaTh
HOMEp Ha KaxJoM Kaape. OTO MOXeT ObITh
3aTPyIHUTENBHO, T.K. HOMEP MOXXET OBITh 3arpsi3HEH
WIM HE BUJEH, @ IPU BBICOKMX CKOPOCTSIX M HENO-
CTaTOYHOM OCBEILIEHHUHU €ro KOHTYPHI OyIyT Pa3MBbITHI.
B pabore [14] ucmomb3yercs cerMeHTaIusi TpaHC-
MOPTHBIX CPEACTB U ABE 30HbI HHTEpeca. i kaxaon
30HBI Ha OCHOBE HAWICHHOM MacKd W WCTHHHBIX
pa3MepoB aBTOMOOWIIS BBIMHCIAETCS KOX(PUIINEHT
PPM, onpenensolinii KOIHYECTBO MHUKCENEH B OJI-
HOoM Mmetpe. [lamee 3ToT K03(pPUIMEHT UCTIONB3yeTCs
JUIsl pacueTa npoiaeHHoro paccrosiHud. Hemocratkom
JAHHOTO  TIOAXOJa  SIBJSIETCSl  IIpeaBapuTebHAs
KamnOpoBKa W BhIUHCIeHNE koddduimenta PPM, ot
KOTOPOr'0 HAINpPSIMYI0 3aBUCHT TOYHOCTH BBIYMCIICHUS
CKOPOCTH JBMKEHHS 00BEKTOB.

OIIMCAHUE AJITOPUTMA

Kanubposxa kxamepoi
Marpuua romorpapuu

Jns  onpeneneHuss TONOXKEHUS OOHAPYKEHHOTO
00beKTa Ha HAOIIOZAEMOH INIOCKOCTH HEOOXOIHUMO
MMOCTPOUTh COOTBETCTBHE MEXKIY KOOpIMHATAMHU
Ha HM300paX€HWH M KOOpJAWHATAMH Ha 3TOW ILIOC-
KOCTH. /1151 3TOro MO>XHO BOCIIOJIB30BATHCS MaTpULIEH
romorpadum [15]:

by hy
H=|h, hy, hy]| (1)
hy  hy 1

Breipaxxeane (1) mpexacraBisier coboil MaTpuIry
3x3, B KOTOpOW KOMIIOHEHTHI h,,, h,, h,, u h,
OTBEYAIOT 3a IIOBOPOT M PACTSIKEHUE CHCTEMBI
KOOpAUHAT, A, U h,, — 3a CIBUTI Hayalla KOOPAMHAT,
a h, nu h, 32 IEPCHEKTUBHOE HCKaKEHHE.
IlepeBox BekTOpa W3 OAHOM CHUCTEMBI KOOpPAMHAT
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B JIPYTYIO OCYIIECTBIISIETCS JOMHOXXEHHEM Ha Ma-
TpHILy TOMOTrpadun:

xdst = H ’ xsrc s (2)

rie X, — BEKTOp, COCTaBJIEHHBIH M3 KOOpIAMHAT
00beKTa Ha H300paKeHHH, X, BEKTOD,

COCTaBJICHHBI W3 KOOpIWHAT OOBEKTa Ha HaOIo-
JAEMOH TIOCKOCTH.

AJIFOPPITM ornpeaejJeHud KOOpaAUHAT 00beKTA
Ha peanbﬂoﬁ IJIOCKOCTH

Jns cocraBieHuss map Todek src—dst paspaboran
QITOPUTM  ONpPENENeHHs  pPEAIbHBIX  KOOPIMHAT
o0bekTa Ha HabyroaeMol IulockocTu. B ero ocHose
JEXUT Ppacro3HaBaHHE OOBEKTa C M3BECTHBIMHU
pasmepaMu Ha H300paX€HUHM M  HCIIOJIb30BAHUE
XapakTEpUCTUK  MOHOKYJISIpHOHM  cucrembl.  Jlis
MOCTPOGHUSI MOJEJIN alrOpUTMa BOCIOJIb3yeMcs
CXEMAaTUYEeCKUM TMPEICTaBICHUEM paboThl MOHO-
KYJISIpHON KaMepbl, H300paKeHHOH Ha puc. 1.

3nech KamMepa COOTBETCTBYET  HIDKHEMY
TPEYrojibHUKY, OCHOBAaHHE KOTOPOIO  SIBJIETCS
MaTpuLell KaMmepsl C paspemeHueM N IHKceneil

10 OIHOHM M3 OCeil U yriioMm mnouns 3peHus y. BepxHuit

TPEYroJbHUK — 30HA BUIMMOCTH KaMephl, B KOTOPOM
Ha PAcCTOSIHUM / OT KaMmepbl HaXOOUTCS OOBEKT

Puc. 1. I'eomerpudeckas uHTepnpeTanus paboOTHl Ka-
Mepbl. ['opH30HTaNbHAS IPOEKIHS.

Touka C — oOBEeKTHB Kamepsl ¢ paspeuieHneM N
U YTJIOM TIONS 3pEHUs. ¥, MPSMOYrOJbHUK C IIMPHHOM
W — 00BEKT MHTepeca, YJaleHHBIH OT KaMephl Ha pac-
crosiHue A

C M3BECTHBIM pasMepoM w. Mckomoe paccTosiHHE /i
MOKHO HaWTH 10 popMyIIe:
w
h=———of
tana, —tana,

3)

rle Q, U a, — YIIbl, COOTBETCTBYIOIIUE IPaBOH

Y JIEBOH TpaHUIaM OTpaHHYMBAIOIEH PAMKH O0BEKTa.
[lonoxurensHOE HampaBiI€HHE YIJIOB OINpenesnsercs

B  HAmpaBJICHUM  [OPOTUB  YacOBOM  CTPENIKH
OTHOCHUTENBHO BBICOTHI /1.
JUisi  pacdera yOaJeHHOCTH /A HEOOXOAMMO

ONpPEENUTh TAHT€HCBl XapPAaKTEPHBIX YITIOB &) H O, .

Hnst storo Bocmonb3dyemcs cxemoil puc. 1. Jlns
MIPOU3BOJIBHOTO HOMEpA MHUKCENS BEPHO:
n,o.
tana, =——, i=1,2, 4)
cam
rne h,, — (okycHoe paccrosHue kamepbl. Ilpu
9TOM JUIsl KpalHero 3Ha4eHHs BEPHO CleayoLlee:
N
tan? =2 5)

2 2hcam .

Torpa, BepasuB 4, u3 (5) u moxacraBuB B (4),

oITy4aeM

2n, tan”

tanal:—z, i=1,2. (6)
N

Hcnone3oBaTh ynalneHHOCTh O0OBEKTa OT KaMephl
B KauyecTBE€ OJHOM H3 KOOpAUHAT HA peaJbHOH
IUIOCKOCTH OyZeT HEKOPPEKTHO, T.K. JaHHBIA OTPE30K
HE JEeKUT B OTOW IIockocTH. YToOBI BepHO
paccuuTaTh KOOPIMHATY, BOCIIOJIB3YyEMCSl CXEMOM
paboTBl  CTallMOHAPHOW  MOHOKYIIAPHOW  Kamepsl
HaOIrO/IeHsI, N300paXeHHOH Ha puc. 2.

3nece H — BBICOTa YCTAaHOBKH Kamepbl OT
HaOII0aeMOll  TIOCKOCTH; A —  yIOaJeHHOCTb
00BEeKTa OT KaMephl, paccunTaHHas 1Mo gopmyie (3);

Yo» Y, — KOOpIMHATBl TPAaHMIl TIOJ 3PEHUS

MOHOKYJISIDHOM  KaMmepsl; ), —  KOOpAMHATa

MONIOKEHNsT O0BbEeKTa WHTepeca Ha HaOIroIaeMoit
miockoctd. Ilo Teopeme Ilmdaropa paccumraem

KOOpJIMHATY Y, :

v =N —H. (7)

st onpeneneHrs rOPU30HTAIBHON KOOpPJIUHATHI
X o0beKTa WHTepeca Ha HaAOIOJAeMOM IUIOCKOCTH
onpenenuM 1o ¢opmyine (6) TaHreHc yria o, A7
COOTBETCTBYIOILIETO MOJIOKEHUS 00BEKTA.

HAVYYHOE I[TPUBOPOCTPOEHME, 2025, Tom 35, Ne 2
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0 M M v Y

Puc. 2. Cxema paboThl MOHOKYJISIPHOH Kamepsl. Bupg
cOOKy.

Touka (O,H ) — TOYKA YCTAHOBKH KaMephl, V,, U ), —

TpaHUIBI BUAUMOCTH KaMEpBbI, yl — KOOpAuHara,

B KOTOPO#l HAXOMUTCS 0OBEKT HHTEpECca Ha PaCCTOSHUN
h ot Kamepsl

Torna:
xX=h-tana_. (8)

[Ipu »>TOM yCrmoBUMCA, YTO BEPTUKAJIbHAS JIMHUS,
poXoasIIas qyepe3 LEHTP n300pakeHus,
coorBerctByer x =0, IleBasg 94acTb M300pakeHUS —
x <0, mpasast — x> 0.

CretoBaTenbHO, 3Has YIIIBI TOJIS 3PEHUST KaMepHl,
paspenieHre HW300pakeHHWsT W BBICOTY YCTaHOBKHU
OTHOCHUTEIBHO HAONIOaeMOil IIJIOCKOCTH, MOXHO
ONpENeNUTh KOOPJHHATH 00BEKTa MHTEpeca Ha JaH-
HOM TIIJIOCKOCTH, WCIIONB3Yys KOOPIMHATHI OOBEKTa
Ha N300pakeHN .

HrepaTuBHBIi mogdop mapaMmeTpoB
AJs pacdeTa MaTpHUIbI roMorpagun

B mpenpiaymem pasnene ONMCHIBAETCS alrOpUTM
OlIpelielIeHns] KOOpAMHAT OOBbEeKTa MHTepeca Ha Ha-
Omomaemoil miockoctH. B kadecTBe  BXOIHBIX
apaMeTpoB aJrOpUTMa HCIOJIb3YIOTCS KOOPIMHATHI
o0beKTa Ha W300paKEHWH, BBICOTA YCTAaHOBKH
KaMeppl M ee yroia mnona 3peHus. [amee nHabop
HallleHHbIX Iap KOOpIMHAT MCHONb3yeTcs JUIs
MMOCTPOEHUSI MATpHIlBl ToMmorpaduu mius o0macTu
HWHTEpeca B COOTBETCTBUU C aJIFOPUTMOM, OIMCAHHBIM
B paszene "Martpuma romorpaduu’. 3adactyio mpu
pabote ¢ peaqbHBIMH JAHHBIMH C KaMep HapaMmerpsl,
CBSA3aHHBIE C MOHOKYJISIPHOHM CHCTEMOW, a HMEHHO
BBICOTA YCTAHOBKU M YroOJ IOJIS 3pEHUs, MOTYT ObITH
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Heu3BecTHBl. B TakoM cilydae JaHHbBIE MapaMeTpsl
MOT'yT OBITH IOJJOOPaHbI UTEPATHUBHO.

VYron monst 3peHus Kamepel Bappupyercs ot 20°
1o 130° ¢ marom 1°, a BeicOTa YCTaHOBKM — OT 2
nmo 8 m ¢ marom 0.1 m. Jlamee BBIOMpaeTcss mapa
3HA4YEeHHUIl yria W BBICOTHI, KOTOPbIE MOICTABISIOTCS
B opmyner (6), (7) u (8) mis mepeBoaga KOOpAWHAT
Ha M300pakeHWH B KOOPIWHATHI OOBEKTa Ha HAOIIO-
naemoit miockoctu. Ilocne pacdera Bcex 3HaueHUU
KOOpJIMHAT HalJeHHas apa TOYeK MCIIONb3yeTcs Ui
BBIUMCIICHUS MAaTpULBl TroMorpaguu [uis JaHHOTO
yIJ1a 1OJIs 3PEHMS U BBICOTHI YCTaHOBKH.

Jns BbIOOpa HTOTOBOH MATpPHUIEI ToMmorpadun
ucronp3yercs uHpopMmars o0 00BeKTe ¢ H3BecT-
HBIMH pa3MepaMH, KOTOPBIH HCIONb3yeTcs JUis
olpeleneHnss ~ KOoopaMHAT  Ha  HaOmogaeMoi
IUIOCKOCTH. B KauecTBe KpuUTepus HCHONb3yeTcs
yCI0BHE€ MHUHMMYyMa CpeIHEH OLIMOKU OmpeneseHUs
pa3Mepa oObeKTa Ha H300paKEHHH:

1 N-1
€ :Fzz':o

rae N — KOIMYECTBO OOBEKTOB; d

dreal - d

calc |2

£ — min, 9)

— WCTUHHBIA

real

pasMep JaHHOro oObeKTa; d.. — pa3Mep OObEeKTa,

paccYMTaHHbBIM C IOMOILBIO MATPHULIBI FOMOTpadHH.

Takum 00pa3zoM MOXHO TOA00paTh Mapamerpsl
KaMepbl, HCHONB3Yysl HMHGOPMALUI0 O pa3Mepax
00beKTOB Ha HeH. JIaHHBIA aNTOpUTM MO3BOJSET
paccuuTaTh MaTpully nIpeoOpa3oBaHHs AN TeX
cllyyaeB, Korza KoHGUIypanus MOHOKYJISIpHON
CHCTEMbI HEU3BECTHA.

ﬂemekmupogaﬂue u mpeKkurne

Jns pacrio3HaBaHHS 0oOBeKTa Ha HW300pakeHUU
UCTIOJIB3YIOTCS aJITOPUTMBI HAa OCHOBE MAIIMHHOTO
oOyuenws. J{ist Toro, 9To0BI pa3paboOTaHHYIO CHCTEMY
MOXHO OBUIO pealu3oBaTh Ha  MAaJIOMOIIHBIX
BBIYHCINTENAX, Takux Kak Jetson Orin Nano,
B KauecTBe JeTeKTopa ObUTa BhIOpaHa oOOJIerdeHHas
apxutektypa YOLOvV8-nano [16]. B ormuume ot
IpYTUX, JaHHAS apXUTEKTypa 00eCIeuuBaeT BHICOKYIO
CKOpOCTh 00paboOTKM W300pakeHUil B peasbHOM
BpEMEHH TpH OCTaTOYHOM TowHOCTH [16, 17].

B JAHHOU 3ajaue SKCIEPUMEHTAJIbHOE
HCCIIIOBAHNE aJrOPUTMA MPOBOIMIIOCH B CKIIAJICKOM
MOMEILEHUH, 10 KOTOPOMY IEpEeIBUTAINCH IOrpy3-
YUKM C THUIIOBBIM IIOAJOHOM Ha Buiax. B kauectse
00bEeKTa MHTEpEca BBICTYIIAN TMOTPY3UHK, 2 00BEKTOM
C W3BECTHBIMH pa3MepaMd BBICTYHAJ MOIJIOH.
[losToMy B pamMKax [AaHHOTO WCCIENOBaHMSA IS
pacrmo3HaBaHUA TOTPY3YMKa Ha W300pakeHWUW ObLI
ooyuern nerektop YOLOv8-nano, a mis mowmcka

MOJJIOHA — CEIMEHTATOp TOM XK€ apXUTEKTyphl
U paszmepa.
Hns  oOydeHust  JOeTeKTopa  MCIOJIb30BajIOCh

mopsaka 15000 w300pakeHWidi C  paspenieHueM
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1920 x 1080 mukceneii. [laHHbIe M300paxeHns ObLTH
MOJIy4YeHbl C pa3lIW4YHbIX Kamep HaOJIoJeHus,
YCTAHOBJICHHBIX B TpeX CKJIAJCKUX MOMEIIECHHSIX.
Ilepen oOydyeHneM cC TMENBIO YCKOPUTH paboTy
JIETEKTOpa pa3pelIeHne BXOTHBIX N300pakeHnid ObLTO
ymeHbiieHO 10 640 x 640 mnukceneii. OOyueHue
mmnock 50  3mox, JaHHBIe OBUIM  pa3feneHbl
Ha TPEHHPOBOYHBI W BalWIAIlMOHHBIA HAaOOPHI
B oTtHomeHUH 75 / 25. Ha puc. 3 n300paskeH mpumep
JTAHHBIX, KOTOpBIe OBLIM WCITOIB30BaHBI I OOYydeHWS
nerekropa. OrpaHuYMBAaIOIE pPaMKH — OTOOPaXKaroT
PE3yJIbTaT, BBIIABAEMBII IETEKTOPOM.

s o0ydeHust cerMeHTaTopa MOJJIOHOB Ha BHJIAX
MOTpy34nKa  TPUMEHSIINCH TopsiaKa 30000
n300pa)keHNH, BBIPE3aHHBIX C KaJIpoOB B HCXOIHOM
paspelieHny, KOTOpble HCIOJIB30BANINUCh OISl 00Y-

Puc. 4. TIpuMep AaHHBIX Ui OOY4EHUS] CErMEHTaTOpa.

4YeHus aeTekropa. Pasmep maHHBIX M300pakeHH ObLT
MpeaBapuTenbHO W3MeHeH a0 640 x 640 mukcemew.
OOyuenne mmnoch 30 »53moX, JaHHBIE OBUIM
pas3ieneHsl Ha TPEHUPOBOYHBIA M BaJIMAALMOHHBIN
Habops! B orHOmeHnn 75 / 25. Ha puc. 4 nzobpaxen
HIpUMEp aHHBIX, KOTOPbIe OBUIM HCIHONb30BAHBI JUIS
oOydenus. 3eneHas 001acTh COOTBETCTBYET PE3yIlb-
TaTy paboThl CErMeHTaTopa.

Jis  pacdera CKOpOCTM JBHXKEHHUS OOBEKTa
HEOOXOIMMO XPaHUTh MCTOPHIO €r0 TOJIOKEHHH IS
Ka)XZIoT0 MOMEHTa BPEMEHM, KOrAa OH HaXOIUTCS
B 1OJI€ 3peHus Kamephbl. i pelieHns JaHHOW 3a1a4n
TpeOyercss peann3oBaTh paboTy Tpekepa. B Ha-
CTOSIIIEM HCCIIEOBAaHNUH UCIIOb30BaIach TEXHOIOTUS
BoT-SORT [18], MmoguduuupoBanHas Al pelIeHus
noctaBiieHHOM 3anmaun. OcHoBHas MoauuUKaus
3aKJII0YaeTcs B BBEACHHM 30HBI MHTEpeca, KOTopas
MIPeCTaBIIIET COO0 BBINENEHHBIA Ha HM300paKeHUU
MHOTOYI'OJIbHUK. JlaHHas 30Ha NpegHa3sHayeHa Ul
¢GuibTpalM  JETeKUMil  yOaJeHHBIX U CIOXKHO
pasTMYINMBIX 00BEKTOB. Bce 00BEKTHI, paclioO3HaHHbIE
JETEKTOPOM M IONajalouMe B JaHHYIO 30HY,
TepenaroTcs TpeKepy sl NajdbHeHIned o0paOoTKH.
Jlerekuy BHE 30HBI HMHTEpECa HE HCIOJIB3YIOTCS
B Iocieayromux pacuerax. [lanHas Mopndukanus
MO3BONISIET W30ekaTh OmuOOK, KOTOpPBIE MOTYT
BO3HUKHYTH NPU 00pabOTKE OOBEKTOB, 3aHMMAFOIINX
CIIMIIKOM Mallyl0 IUIOMIaJb Ha HM300paKEHHH WIIN
YaCTUYHO CKPBIBAIOLIMXCS 32 KpaeM H300pakeHUs..
Taxke B Hamield peanu3aluu TpPeKepa HCIOIb3YEeTCs
¢mnpTp Kanmana, peannszoBaHHbIM Ha s3bike C++
C TIENTBI0 YCKOPEHHS paboTEhI.

Buvibop xapakmepnou mouku obvexma
U YMOYHeHUe NOLYUEeHHbIX KOOPOUHAM
Ha U300pasicenuu

[Ipu BEIOOpEe XapakTepHON TOYKH IS OTCIe-
XKHUBAHUS Ba)XKHO YUUTHIBATh IIEPCIEKTHBY, O00YCIIO-
BJICHHYIO TIOJIO’KeHHeM Kamepsl. CiienyeT NpuHUMAaTh
BO BHMMAaHHE BO3MOXHBIE HCKaKCHUS U BbIOMPATh
TOYKH TaK, YTOObI MUHUMH3UPOBATh UX BIUSHHUE NIPH
OIpeleNIeHN MECTOIOIOKEHUsI 00beKTa MHTEpeca.
HawnbGomnee mocroBepHas mHpOpMAIHS O TMOIOKEHUN
JIBIKYIEToCcs 00beKTa Ha HaOII0AaeMOl IUIOCKOCTH
COCpEeNOTOYEHA HA HUKHEH IpaHu OrpaHWYMBarOLIECH
paMKH. MOXXHO BBIIETUTh HECKOJIBKO KIIIOUEBBIX
TOYEK Ha 3TOM OTpE3Ke: CepeinHa, TOUKH, CBA3aHHbIE
¢ 00BEKTOM, BEpIIHEI.

Haunbonee mpocTbIM pemeHneM SBISETCSl UCIONb-
30BaHME CEpelUHbl HIDKHEH I'DaHHM B KauecTBE TOUKU
orcuera. OIHAKO 3TOT MOAXOHN MMEET HENOCTATOK:
MO3MLHUS 3TOM TOYKM Ha HaOIIOAAaeMOil IUIOCKOCTH
OTHOCHTEIHHO 00BEKTa MHTEpeca OyHeT M3MEHSATHCS
B 3aBHCUMOCTH OT TOrO, Irae OOBEKT HaXxOIUTCA
B KaJpe.

HAVYYHOE I[TPUBOPOCTPOEHME, 2025, Tom 35, Ne 2
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Hdpyroii BapuaHT — 3TO OIpEneIeHUuE Xapak-
TEPHBIX TOYEK Ha OOBEKTE, PACIONOKEHHBIX BOIM3H
WM Ha HaONIOJAeMON IUIOCKOCTH. OTOT METOX
OCHOBBIBA€TCSI HAa TOM, YTO TaKHE TOYKU IBUXKYTCS
BMeCT€ ¢ O0BEKTOM, YUUTHIBAs IIEPCIIEKTUBY KaMEpBbI.
[IpuMepoM XapakTepHBIX TOYEK MOLYT CIYKHUTb
konmeca asromoOmis. Henocratok sroro meroxa
3aKJII04aeTcs B TOM, YTO 4acTO TPYIHO HAlTH TOUKY,
HaxOJSIIyrocss OJNIM3KO K HaAOM0JaeMOoN TUTOCKOCTH
U BCEra BUAMMYIO KaMepoil.

[locnenuee npemiokeHHOE PeLIeHNE 3aKII0YaETCS
B MCIIOJBb30BAaHUHM OAJBHErO yIJIa OrpaHUYMBArOLIeH
paMKH  OTHOCHTENBHO Kamepbl. llepcriekTHBHBIE
UCK)XEHUS TpU STOM  BapHaHTE  OKa3bIBAIOT
MUHHMMAJIbHOE BIIMSIHUE Ha ONpEleSIeHHE MOJIOKEHUS
o0bekTa. YTOOBI TOYHO ONPENENHTH TONOXKEHHE
JalbHEero yria, MOXKHO YYHUTHIBaTh IOJOXKEHHE
KaMepel IpH €€ KaIMOpOBKE WIM HCIONb30BaTh
WH(OpPMAIMI0O O TPAaEKTOPUHU JBIDKEHUS OOBEKTa.
Hanpumep, ecnu nBuKeHHWE HAaYMHAETCS M3 JIEBOI'O
BEPXHETr0 yIja W 3aKaHYMBAETCSl B MPaBOM HIKHEM,
TO AalbHUM VIJIOM OyJeT MpaBblii HWKHUW yTol
PaMKH.

Jns  [OBBIIEHMS ~ TOYHOCTH  IIOJTYYEHHBIX
KOOpIMHAT pa3paboTaH ajJropuTM, KOTOPBIM CHIDKAET
CllydaiiHble  NOTPELIHOCTH, BO3HHUKAIOIIUE MpPH
WCIIONB30BAaHMM  METOZIOB  TIIYOOKOTO  OOyYeHHSI.
OcHOBOIf MeTona SBNSAETCS yCpPEAHEHWE 3HadeHUi
KOOpOMHAT Ha OcHOoBe HaOopa Touek. Bhauane
3aJaercsi pa3Mep OKHa Al KOPPEKTUPOBKHU. 3aTeM
JAHHBIA MAacCUB 3alOJHAETCS TOYKAaMH B TEUEHHE
HECKOJIBKUX  KaapoB. Kak Tonpko  HakoIuieHo
JNOCTaTOYHOE KOJIMYECTBO TOYEK, 110 HUM CTPOHUTCS
JUHEHHasi perpeccus, M KOOPIMHATHI KOPPEKTH-
pYIOTCs OMyKe K 9TOH JIMHUY, HE BBIXOAS 32 MPeelbl
COBOKYNHOM CpenHeld MorpemHoctd. BenuunHa
MOIPEIIHOCTH  OIpeneNnsiercs, HCXOAs W3 OLMOKU
UCIOJIb3YeMBbIX METOJI0B pPACIIO3HABAHUS OOBEKTOB
Ha U300pakeHN .

Ha puc. 5 mokazana cxema paboTHI anropuTMa, e
HNPSIMOYTOJIbHUKH 0003HAYal0T MaKCUMAJIbHYIO KOp-
PeKLMIO MO KaXIOoW OCH, a npsAMas JUHUI —
JIMHEHHAas! perpeccusi, IOCTPOEHHAas 10 KOOpAUHATaM
Ha N300payKeHNHU. AJITOPUTM COCTOUT U3 CIIEAYIOLINX
L1aroB:

e omnpezaereHue pa3Mepa OKHa JUIs yCpPEeqHEHUS;

® [IOCTPOEHUE JIMHEWHOH perpeccun MO BCEM
TOYKaM B OKHE;

® KOppEKLUs KOOpAMHAT Ha OCHOBE IOJYdYEHHON
perpeccuu.

Hcronp30BaHMe TaHHOTO YCPETHEHUS MO3BOJSET
YMEHBIINTh BIMSHUE MOTPENIHOCTH HCIIONb3YEMBIX
METOJIOB ISl paclio3HaBaHMs OOBEKTOB HHTEpeca
Ha m300pakeHnu. OrpaHWYEHHEM IAaHHOTO IOAXO0Ja
ABJSIETCS TpeOOBaHME, YTO TPACKTOPHS JIBMKECHHS
O0BEKTOB B KaJpe IODKHA OBITh IJWHEWHOH WITH
M3MEHATHCS JIOCTAaTOYHO IUIaBHO. Kak Tokas3bIBaeT

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 2

N

Puc. 5. Koppekmus Touek pacuera.

OKpYXHOCTH — JETEKIIUH 00BEKTa Ha IUIOCKOCTH H30-
OpakeHus, NPSMOYTOJIBHUKM — MAaKCHMAaJIbHO [JOIyC-
TUMas KOPPEKIMs, psMasi TUHUS — JIMHEHHAs perpec-
cust

NpaKTHKa, JaHHOE OrpaHMYeHHE He  SBIETCS
KECTKHM. 3a4acTyl0 HMHEPIMOHHOCTb OOBEKTOB
MHTEepeca, HallpuMep MOTrpy34nKOB MM aBTOMOOHIIEH,
HE MO3BOJIICT MM JIBHTATHCS 110 HEMOAXOISIIMM IS
JTaHHOTO AJTOPUTMA TPASKTOPHSIM.

Pacuem CKopocmu

[locne pacdera TpaekTopuu oOBEKTa Ha HAOINFO-
JTaeMOH TIIJIOCKOCTH ¥ TP HAJIUYUH  COOTBET-
CTBYIOIINX BPEMEHHBIX METOK MOKHO PACCUUTATH €0
CPemHIOI  CKOpocTh. Jlmsg  3Ttoro  HeoOXoauMo
pa3eNuTh IepeMelieHrne OOBeKTa MEXIY IBYMS
TOYKAaMH Ha BPEMsl, 32 KOTOPOE OH IPEOJI0IeN JaHHOE
paccrosHue:

_|R-A
e At

— KOOpIMHATHI JIByX TOYEK TPAEKTOPHH

(10)

rie £, B
00beKTa Ha HAOIIOaeMO TITOCKOCTH; Af — BpeMms,
32 KOTOpPOE€ OOBEKT IIEPEMECTHIICS OT TOYKH K
110 TOYKH B .



84 H. A. BOANYEB u np.

Taxkum oOpas3om, ISl pacdera CpemHed CKOPOCTH
NIBIKEHHUSI 00BEKTa HEOOXOIUMO XPaHUTh HCTOPHUIO
€ro NoJOKeHH BO BpeMeHU. i pelieHus NaHHOR
3aJa4u UCIOJIb3YEeTCsl TPEeKep 0ObEKTOB.

PE3VJIbTATBI

Yenosus IKCcnepumerma

Jns mpoBepkm pabOTOCTIOCOOHOCTH —anropuTMa
U pacyera JONYCTHMBIX OrpaHHYEeHHIl Obula Ipo-
B€/IeHa CepHsl HKCIIEPUMEHTOB. B KauecTBe BXOIHBIX
JaHHBIX PAacCMAaTPUBAJIOCh ABHMKEHHE IOIPY3YHKOB
C MOJJIOHOM Ha BMJIAX IO CKJIAACKOMY ITOMEIIECHHIO.
brina 3anucana cepus Buaeo3anuceid npoe3aos. B ka-
YeCTBE MOHOKYJSIPHOH CHCTEMBI HCIIOJIb30BAJIaCh
KoOH(urypauus C  [apaMerpamu, YKa3aHHBIMH
B Tabm. 1.

[lomyuennsie BUpeo3anmucu ObUTH  0O0paOOTaHBI
C IpPUMEHEHHEM QJIrOpPUTMa, OIMCAHHOIO BBIIIE.
beuto oOpaborano mopsiaka 2 4 BHACO B peaTbHOM
BpEMEHH, KOTOpble BKIfoUatoT B ceds 150 mpoe3moB
MOTPY3YHMKOB B TT0JI€ 3peHus kKaMmepbl. s 06paboTku
Obula IpPEABAPUTENBHO CO3J4aHAa 30Ha MHTEpeca.
JlanHas 30Ha m300paXkeHa Ha pUC. 6 U COOTBETCTBYET
IUTOIA/IN, OTPAaHUYEHHOM OeJIbIM MHOTOYTOJIbHUKOM.

Ta6u. 1. [TapameTpsl MOHOKYIISIPHOH CHCTEMBI

Bricora ycranosku ( H ) 3m

Yron nons 3perwnst (¥ ) 60°
Paspemenne n3obpaxkenus | 1920 x 1080
(M xN)

Puc. 6. 3ona uHTEpECa.

Jis Bcex IOrpy3drMKOB C IOIJIOHOM Ha BHJAX,
MOIABLIMX B JaHHYIO 00J1aCTh, pacro3HaBajach Macka
nepenHeld vacTtu mnoagoHa. Jlagee Macka HCIOJNb-
30BaJIach ISl pacyera IOJIOKEHUS IMOrpy3duKa MpHU
WCIOJIB30BAaHUH AITOPUTMa, NPENCTABICHHOIO B Pa3-
nene  "Onmcanme  anroputMma'. B KkauecTBe
HaOIIOaeMOM  IJIOCKOCTM B JaHHOM  ciydae
BBICTYIIAJIa IUIOCKOCTh II0JIA, 110 KOTOPOW JABHUIAJIUChH
MOIPY3YUKH.

Pacuem mampuyvr 2comoepaghuu

B nmanHOM »SKcriepuMeHTe OBIT MPOTECTHPOBAH
QITOPUTM aBTOMATHYECKOM KaJIMOPOBKM KaMepbl
MyTeM  HWTEPAliOHHOIO  Moadopa  MapaMeTpos,
omMcaHHOTO B paznene "MrepatuBHBIN mogdop mapa-
METpOB JUIsl pacdera Marpuilsl romorpadmm”. s

NpPOBEAEHHUS JAHHOTO TecTa MBI CYUTAeM, dYTO
mapaMeTpsl CUCTEeMbI (KpoMe pas3pemieHus Hu30-
OpaxeHWs) 3apaHee HEW3BECTHBL. PacmpeneneHue

pacCUMTaHHOM OMMOKM B 3aBHCHMOCTH OT TMapa-
METpPOB KaMepbl H300pakeHo Ha puc. 7.

OtcyTrcTBME 4YacTM  3HA4YE€HMH Ha  JJTaHHOM
pacnpeneneann (Oemas oOIaCTh) CBSA3aHO C TEM, UYTO
IpU WCHONB30BAaHUH IApaMETPOB M3 1TOH 00JacTh
MOy4eHHOE PAacCTOSIHHE 110 OOBEKTa CTaHOBWIIOCH
MEHbIIIE MO0 PaBHBIM BBICOTE YCTAaHOBKH KaMepHl,
9Yero He MOXeET ObITb.

=
N
v}
N

B
Owunbka €

Puc. 7. Pacnipenenenue pacCUMTaHHOMN OMIMOKY [IPU aBTO-
MaTHYECKON KaTuOpOBKe.
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[Ipu 5TOM mapamerphbl, KOTOPBIE YIOBJIETBOPSIOT
kpurepuio (9), ¢ omubkoit & =0.197, coorsercrBy-
0T CJIEIYIONIUM 3HAYEHUSIM:

y =65°,
H=68m.
JlaHHbBIE 3Ha4YeHHs] OTMEUYEHBl TOYKOW Ha puc. 7.
3Be3na COOTBETCTBYET HMCTUHHBIM  IapaMerpam

CHUCTEMBI, Ul HHMX 3HadeHWe (QYHKIHH OIIUOKH
e =0.297.

[TomoOHOE OTIMYME pacCUNTAHHBIX IApaMeTPOB
KaMepbl OT UCTUHHBIX MOXKET OBITh CBSI3aHO CO CXO-
KECThI0 N300paKEHUH B 3aBHCUMOCTH OT TTOJIOKESHUS
kameppl. Ha pmc. 8 cxemarmuHo  m300paskeH
omrcbiBaeMbIit a3 dext. [lpn maHHBIX KOHPHUTYpaIHIX
n300pakeHnss He OyIyT CHIIBHO OTJIMYATHCS APYT OT
npyra. IlomoOHBIN APQEeKT BO3MOXKEH NHPHU MAaJbIX
U3MCHEHHSX yIjla IO 3peHus y Wy’ 1pH

cpaBHeHuu ¢ Bbicorol H w H'. VHpIMu crioBamu,
W3MEHEHHE YyIja TOoNs 3PEHUS] KaMepbl BHOCHT
3HAYUTENIBHO OONBIIMN BKJIAJI B UTOTOBBIM PE3yJIbTaT
paccuMTaHHBIX KOOPIMHAT, YeM H3MEHEHHE BBICOTHI
ycTaHOBKM. J[aHHOE  YTBEPXKAEHHE COIJIACyeTCs
C MapaMmeTpaMH, MOJIYYE€HHBIMH B XOAE aBTOMa-
TUYECKOH KaJIMOpPOBKH. YToia MOIs 3peHus ¥y

oTimdaercs Ha 5°, 4ro cocraBisgeT 8% OT HCTHH-
HOT'0, 2 BEICOTA YCTAHOBKH Ha 3.8 M (227% ).

Hr },r

0 0 Y

Puc. 8. PazHuna napamMeTpoB MOHOKYJISIPHOM
CHCTEMBI.
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Puc. 9. [IpeoOpazoBanue romorpadun.
a — MCTHHHBIE TTapaMeTPhl CHCTEMBI,
0 — aJrOpUTM UTEPATUBHOTO 1TOI00pa

[anee paccuntaem mMaTtpuily romorpaduu ais uc-
TUHHBIX, YKa3aHHbIX B TaOJ. 1, U pacCUMTaHHBIX Ia-
paMeTpoB MOHOKYJSpHOW cucrtembl. Ha puc. 9, a,
n3o0pa)keHa KOOpJMHATHAs CETKa, IOJy4YeHHasl B pe-
3ynbTarte npeodpasoBaHusd (2).

JlanHass cerka oToOpa)kaeT  IMEpCIEKTUBHBIE
UCKa)KEHHS, BHOCHUMBIC IIOJIOKEHHEM  KaMepbl.
Kaxmas suelika obmamaer pasmepamu 1 X1 M.
3aMeTHO, Kak IJIOAAb SYEHKH yMEHbILAeTCs IpH
YBETMYEHNH yOaCHHOCTH 00BEKTa OT KaMephbl BJIOJIb
Habmomaemoil 1utockoctu. Cerka, OTOOpa)aromas
MOJIY4YEHHYI0 MaTpully HpeoOpa3oBaHus [yl Tia-
paMeTpoB, IMOJYYEHHBIX aJIrOPUTMOM aBTOMATH-
Yeckol KainOpoBKH, W300pakeHa Ha puc. 9, 0.
JlanHas cerka siBisercs: OoJee C:KaToW 1Mo CpaBHEHHUTO
C TOH, KOTOpas NOJy4Wjach IPHU HCHOIb30BAHUH
WCTHHHBIX MapaMerpoB. Jlajee pacCMOTpUM BIHSHHUE
BbIOOpa PACCUMTAHHBIX MATpPUL NPH BBIYMCICHUHN
CpeaHEeN CKOPOCTH JABHMKEHUS IOTPY3UHKOB.
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Pacuem cpeoneii ckopocmu
Biinsinue pacuera MAaTPUUbI roMorpaguu

Bbu1 mpoBeneH 3KCIEPUMEHT IO BBIYUCIICHHIO
cpenHeil CKOpOCTH MPOE3KAIOUINX TIOTPY3UHKOB B I10-
e 3peHus kKamepbl. Jlng pacdera HCIIONB30BAIMCh
MaTpHLbl roMorpaduy, NOy4YeHHbIE C UCIOIb30BAaHUEM
WCTHHHBIX [TapaMETPOB MOHOKYJIAPHON KaMephl U ¢ I0-
MOIIBIO aJrOPUTMA aBTOMATUYECKOW KaIMOpPOBKH.
B oskcnepuMeHTe CKOPOCTH MOIPY3YMKOB, pPacCyu-
TaHHasE C IIOMOLIbIO MPEUIOKEHHOTO aJropuTMa,
CpaBHHMBaJlaChb CO CKOPOCTbIO, IOJIYYEHHOH C IIO-
mompio GPS. B kawectBe pesynpraTra anropurMa
Opajioch 3Ha4yeHHUe, MOJyYCHHOE HAa MOMEHT BbI€3/a
MOrPy34YMKa U3 30HBI HHTEpPECA.

Ha puc. 10 nzobpakeHo pacmpeneneHne OMMOOK
pacuera CKOPOCTH B 3aBUCHMOCTH OT HCIIOJIb3YEMOTO
METOJla TTOCTPOEHUsT MaTpHIlbl romorpadun. Crurom-
HbI€ KOJOHKM OTBEYAIOT 33 CKOPOCTH, IOJIyYCHHBIE
C HUCIIOJIb30BAHMEM HCTHHHBIX HapaMeTPOB KaMephl,
LITPUXOBbIE — TP MOMOIIM aBTOKaIMOpOBKH. B Ka-
YEeCTBE XapaKTepHbIX TOUEK Opajach JalbHASA OT Ka-
Mephl BEpIIMHA OrPaHWYMBAIOLICH PaMKH IOrpy3-
yuka. Ilpn 3TOM nONTyYeHHBIE TOYKH KOPPEKTH-
POBAJIMCh B COOTBETCTBUH C AITOPUTMOM, OIIMCAHHBIM
B paznene "BpiOop XapakTepHOW TOYKH W YTOYHEHHE
TTONTyYeHHBIX KOOPAWHAT Ha N300pakeHuH'". 3aMeTHO,
YTO AWUCHEPCHs 3HAYEHHUH, MOJyYEHHBIX C IIOMOIIBIO
aBTOMAaTHYECKOH KaJMOPOBKH, NPEBbILIAECT 3HAUYCHMUS,
MOJTy4YEeHHBIE C IIOMOIIbI0 HCTUHHBIX I1apaMeTpPOB
KaMmepbl. B Tabu. 2 nmpencraBieHa 10 pacCYNTaHHBIX

[ MCTMHHBIE NApaMETRL! KaMepe!
20.0 ABTOKaNMOpOBKa

15.0

125

10.0

KonwuyecTteso npoe3noe

50

25

0.0

LD

-2 =1 0
Owwbka pacyeTa, KM/Y

Puc. 10. Pactipenenenne GPS-ckopocTeii.

Ta6u. 2. Bnusanue anropuTMa mocTPpOSHUST MAaTPHUIIBI
roMorpaduu Ha TOYHOCTh pacyera cpefHed CKOPOCTH

Cxopocta Uctunaeie ABTO-
napamerpsl, % KaJauOpoBKa, %o
< 0.5 km/9 0.87 0.67
<1 xm/g 0.98 0.84
< 1.5 xm/9 1 0.95
<2 xM/9 1 0.97

CKOpOCTeH, omuOKa KOTOPBIX HE IPEBBIIIAET OIlpe-
JEJIICHHBIN TOPOT.

IIpr ncnonb30BaHUM HCTHHHBIX ITapamMeTpoB MO-
HOKYJIIPHOM crucTeMbl 98% paccuuTaHHBIX CKOPOCTEN
HOMAaJalT B Mpenesbl morpemHoctd 1 km/4, a uc-
M0JIb30BAHUE MATPHIIBI, IOTYYEHHOM C IMOMOILBIO aB-
TOKaJIMOPOBKH, MO3BOJIIET AOCTHYL METPUKH B 84%.
CrnenoBaTenbHO, HCHONB30BAaHUE AJTOPUTMA aBTOMa-
TUYECKON KaJIMOpOBKHM 3HAYMTEIBHO BIMSAET Ha TOY-
HOCTb pacuera CKOPOCTH, OJHAKO OH BCE €I MOXKET
OBITh TIPUMEHEH B CHUTYAIlHMsIX, HEe TPEOYIOIIUX CHIIb-
HBIX OTPaHWYEHHH, U KOTJa MapaMeTpbl CUCTEMBbI He-
W3BECTHBI.

Biinsinue KOPPEKTHPOBKHU XapaKTePHBIX TOYEK

PaccmoTpuM BimsiHHE anropuTMa KOPPEKTHPOBKU
XapaKTepHBIX TOYEK Ha pacder ckopocTtH. st pac-
Yera MaTpuibl Tomorpadgum OyIeM HCIIONb30BaTh

HUCTUHHBIC napamMeTpbl CHCTCEMBI. B Ka4deCTBEC
o I I I ) N N C Koppekuuven
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Puc. 11. Koppexkius Todek pacdera IpH BEIYHCICHUH
CKOPOCTH.
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XapaKTepHOl TOYKKW OyneM HCIIONB30BaTh NaTbHHMA
HWKHUN Yroja orpanuuvBaromieid pamku. Ha puc. 11
n300paXkeH pe3yJibTaT pacyera CpenHed CKOpPOCTH.
CrmyomHast JIMHUSL  COOTBETCTBYET pacuery 0e3
UCIOJIb30BaHMUSI KOPPEKLUUH XapaKTepHBIX TOYEK,
LITPUXOBasi — C KOppeKUueH, IyHKTHpHas —
ckopoctb o GPS.

B nganHOM ciiydyae 3HaueHUE CpeJHEH CKOPOCTH B
Kbl MOMEHT BPEMEHH DPacCUUTBHIBACTCS MEXKIY
TEKYLMM IIOJIOKEHHUEM IOTrpy3YMKa Ha Kaape W Ha-
YaJbHBIM IIOJIO)KEHUEM, IIOJIyUEHHBIM B MOMEHT
BbE€3a B 30HY HHTepeca. CKOpOCTb, pacCUMTaHHAas
C MHCIIOJBb30BAHMEM AJTOPUTMA KOPPEKLUH, IIONIY-
qaercs Oonee IIaKol 10 CPaBHEHUIO CO CKOPOCTBIO,
paccunTaHHOM 0e3 KOpPEKIUH.

B Tabn. 3 mpencraBmeHa AONA pacCYATAHHBIX
CKOpOCTeH, ommOKa KOTOPBIX HE IPEBBIIIAET OIlpe-
JeTICHHBIH TIOpPOr, B 3aBHCUMOCTH OT IPUMEHEHHMS
AITOpPUTMa KOPPEKLNHU XapaKTePHBIX TOUEK.

IIpy uWcHONB30BaHMU  ANTOPUTMA  KOPPEKLHUH
yIaercs YBEJIWYWTh TOYHOCTb pacuera cpenHer
CKOPOCTH [IIBM)KEHHS TOrpy3umkoB. Hampumep, mis
mopora +1 KM/4 KOppeKIHMs TOYEK I103BOJISIET
YBEIUYUTh JOJIIO0 NPaBWIBHBIX OTBETOB ¢ 81% 10
98%. B pe3ynpTare KOppeKUMHM TOYEK yHaercs
YMEHBIIUTH BIUSHNE CITy4aifHON OImOKH, BRI3BAHHOU
QITOPUTMAaMU PACIO3HABAHUS MOTPY3YUKOB M (POH-
TaJbHOW YaCTH MOJJIOHA HAa U300paKEHUH.

Biinsinue BbI6Opa XapaKTePHBIX TOYEK

Paccmotpum BimstHUIE BBIOOpA XapaKTEPHOW TOUKH
Ha pacyeT cpeaHel CKOPOCTH ABHKEHUS MOIPY3UYHKOB
B 30HE MHTepeca. B xauectBe mMaTpuibl romorpadun
HCIOJIB30BAJIACh MAaTpHLA, IOJyYeHHAas C HCIOJIb30-
BaHHEM HMCTHHHBIX IapaMeTpoB cuctemsl. Ilpu sTom
XapaKTepHbIE TOYKH KOPPEKTUPOBAJIUCH B COOTBET-
CTBHH C alTOPUTMOM, OIMCAaHHBIM B pasnene "Brioop
XapaKTePHOM TOYKU OOBEKTa M YTOYHEHHE IOJIy4YeH-
HBIX KOOpAWHAT Ha wu300paxkeHun". B kadecTBe
XapaKTepPHBIX TOUEK OBbLIM BBIOpAHBI: LIEHTP HMKHEH
TpaHW OTpaHWYMBAIONIEH paMKH, IEHTP (PPOHTAIBHOMN
YacTH TOAJOHA W JAIBHUN HI)KHHUN OTHOCHTENIBHO
KaMepbl YroJl OrpaHMYHMBAIOIICH paMKH, B JTaHHOM

Ta6u. 3. Bnusaue KOppeKIiy XapaKTEPHBIX TOUEK
Ha pacyer cpeiHel CKOPOCTH

CxopoctH C koppeknueit, % bes xoppek-
mu, %
< 0.5 km/9 0.87 0.73
<1 xm/g 0.98 0.81
< 1.5 xm/9 1 0.9
<2 xkM/9 1 0.94
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Ta6u. 4. MeTpuka OTKIIOHEHHSI CPEJHEH CKOPOCTH
B 3aBHCHMOCTH OT XapaKTePHBIX TOUEK

Cxopocta Janpanit Hentp Hentp
yron, % MOJTOHA, HIDKHEN
% rpany, %
< 0.5 kM/gu 0.87 0.80 0.75
<1 xm/4 0.98 0.93 0.90
< 1.5 kM/gu 1 0.96 0.95
<2 KMm/4 1 0.99 0.99

cllydae d3TO TpaBas HIDKHAA BepmmHa. B Ttaodm. 4.
IpeAcCTaBlIeHa JONSA  PAcCUMTAHHBIX  CKOPOCTEH,
omrOKa KOTOPBIX HE MPEBBIMIAECT OINpPEeTICHHbINH
MOpOT, B 3aBUCHUMOCTH OT BBIOpAaHHOW XapaKTEepHOI
TOYKH.

Kak u oxupanocb, HaWMEHBUIYI0 TOYHOCTb
MOKa3aJl pacdeT U TOYEeK, HaXOASLIMXCS Ha LIEHTpe
HIDKHEH TpaHW OrpaHWYMBarommedl pamku. HamOomb-
miee KOJIMYECTBO PACCUUTAHHBIX CKOpOCTEH mpH
WHTEpBajie TOrpermHocT B £1 Km/94 ObUIO AOCTHT-
HYTO IIPU HCIOJb30BAHUM JAJIBHETO YIJIa PaMKH
u cocraBmwio 98%. Jlns Gonee cnabbix orpaHuyeHuit
pa3HHULA CTAHOBUTCS] MEHbIIIE.

3AKJIIOYEHME

B pabote Ol mpeayio’keH anropuTM IS pacuera
TIOJIO’KEHUH ¥ CKOPOCTEl NBM)KEHHS 00OBEKTOB Ha ILIO-
CKOCTH T10 JTaHHBIM C MOHOKYJISIpHOH Kamepsl. OcHO-
BOM ajropurMa SBJSIETCS IOCTPOCHHE MAaTpHIIbI
peoOpa3zoBaHUs TOYEK HA TUIOCKOCTH M300paskeHus
B TOYKM Ha HAOIOJaeMO#l IIJIOCKOCTH, TIO KOTOPOit
nepeMenaTcss 00bEKTHI B I0JIE 3peHUs Kamepbl. Jis
MOCTPOEHUSI MAaTPHUIIBl HCIONb3YeTCsl HH(pOpMAaIus
0 peaJbHOM pa3Mmepe O00beKTa M TNapaMerpsl
MOHOKYJISIDHOH CHCTEMbl — BBICOTa YCTAHOBKH
u yroia nois 3peHus. Tawke pa3paboTaH aJrOpUTM
aBTOMAaTHYECKON KamnOpOBKM Kamephl. B kauectBe
METOJIOB PAcCIO3HABaHUS OOBEKTOB Ha M300pakeHWUH
HCIIOJIB30BAJINCh HEMpPOCETEeBbIE JETEKTOP U CErMeH-
tatop. JIs yMeHbIIEHHS OIIMOKM MEepCHEKTHBbI
MPOBENIEHO MCCIIEOBAaHUE 10 BHIOOPY XapaKTepHON
TOYKH 00BeKTa Ha M300paxkeHndu. YToOBI yMEHBIIHUTH
MOIPEIIHOCT HEHPOCETEBBIX METOI0B PacIo3Ha-
BaHUs, pa3paboTaH  aJIrOpuUTM  KOPPEKTHPOBKU
XapaKTepPHBIX TOYEK Ha OCHOBE yCPEIHEHUs 3HaUCHUI
koopauHat. [IpoBeneH sKcIepuMeHT ¢ onpeneieHneM
cpenHeill CKOPOCTH IBM)KEHHSI IOIPY3YMKOB IO pac-
NpEACIUTEIIBHOMY  CKJIaly B I0oJe  3peHus
MOHOKYJIIpHOM KaMmepbl. Pe3ynbTaThl 3KcCliepuMEHTa
nokaszany, 49ro 98%  paccuMTaHHBIX  CPEAHUX
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CKOpOCTEH JIeXxaT B HHTepBase £1 KM/4 OT STaTOHHBIX
3HAYCHU.
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ALGORITHM FOR CALCULATING THE POSITION
AND SPEED OF OBJECTS ON A PLANE USING DATA
FROM A MONOCULAR CAMERA

N. A. Vodichev, D. A. Gavrilov, A. V. Leus, V. A. Efremov, 1. V. Kholodnyak, V. A. Zuev,
M. M. Parshikov, A. Yu. Troegubov, N. V. Gershtein, V. E. Laukhin, A. E. Antipov

Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, Russia

This article presents an algorithm for the automatic calculation of a homography matrix, intended for esti-
mating the speed of forklifts in warehouse conditions. The proposed algorithm uses video streams from surveil-
lance cameras to transform object coordinates from a perspective image into a metric space, enabling the deter-
mination of forklift positions in real measurement units. The algorithm implements automatic calibration based
on the recognition of pallets with known dimensions and the use of camera characteristics. An automatic para-
meter selection algorithm is proposed for the monocular system in cases where these parameters are not known
in advance. An experiment using real video recordings demonstrates the applicability of the proposed algorithm
for monitoring logistics processes and improving the efficiency of warehouse transport management. The expe-
riment showed that when calculating average forklift speed, 98% of the obtained values fall within an error
margin of £1 km/h.

Keywords: speed calculation, computer vision, neural networks, homography matrix
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INTRODUCTION

Computer vision technologies are actively used in
various fields — from autonomous vehicles to securi-
ty systems. Such systems are used to monitor pede-
strian areas, public roads, warehouses, and in the con-
trol of unmanned vehicles. These technologies are
mainly used in the field of environmental analysis for
real-time decision-making. In particular, such systems
can evaluate the trajectories of objects, determine their
speed and position, and predict potential collisions or
violations of rules [1-4]. These functions are especial-
ly important in highly dynamic and space-constrained
conditions, for example, at warehouse sites, where it
is necessary to ensure safe interaction between for-
klifts, workers, and other infrastructure elements.

Often, forklift-mounted equipment is used to solve
movement safety problems. In particular, the problem
of collision prevention is solved with the help of park-
ing sensors, lidars, or radars [5, 6]. However, the use
of these technologies has a number of disadvantages
and limitations:

* the equipment should be installed on each for-
klift, and the consequence is the high cost of purchase
and installation;

* performing a limited list of tasks — measuring
distances to objects and preventing collisions;

« difficulties with scaling.

Nevertheless, most modern warehouses already
have installed video surveillance systems, which can
be effectively used to solve security problems. The
introduction of computer vision algorithms opens up
new opportunities for monitoring and preventing col-
lisions. However, a large number of installed cameras
and the differences between warehouses lead to a sig-
nificant increase in the volume and variety of data that
must be processed. In such conditions, automated
analysis methods that can effectively process large
amounts of information and be stable become rele-
vant.

learning and knowledge extraction, 2023, vol. 5, no. 4,
pp. 1680-1716. DOI: 10.3390/make5040083

18. Aharon N., Orfaig R., Bobrovsky B.-Z. Bot-sort: Robust
associations multi-pedestrian tracking. arXiv preprint,
2022, 1d. arXiv:2206.14651.
DOI: 10.48550/arXiv.2206.14651

Article received by the editorial office on 20.03.2025

As such a method, one can use artificial neural
networks, which have proven their effectiveness in
solving a wide range of problems [7]. The generaliz-
ing ability of neural networks and the ease of instal-
ling monocular cameras make it possible to simplify
the implementation of the developed solution in exist-
ing warehouses. In combination with the available
forklift technologies, the proposed algorithm will ex-
pand the list of tasks performed. Moreover, the use of
this system allows for the reduction of costs, eliminat-
ing the need for significant investments in new
equipment.

This paper proposes an algorithm for calculating
the positions and speeds of objects on a plane based
on data from a monocular camera. Convolutional
neural networks are used to detect objects of interest.
The main feature of the proposed algorithm is the au-
tomatic calculation of the homography matrix, which
eliminates the need for preliminary manual calibration
of the camera and the use of external information
about the observed plane. The homography matrix is
compiled using the recognition of objects with known
dimensions associated with the observed plane. The
main advantages of the algorithm are:

* use of a monocular system instead of radars and
stereo cameras;

* the ability to process large volumes of video data
and streams from various cameras;

* automatic calculation of the homography matrix
to determine the positions of objects on a plane;

* 98% of the calculated average speeds lie within
1 kn/h of the reference values.

LITERATURE REVIEW

Many methods have been developed to determine
the position and speed of objects using data from
a monocular camera. The works [8—10] present a me-
thod for calculating the speed of vehicles using three
vanishing points. To determine the metric characteris-
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tics of the resulting grid, it is necessary to calculate
the scale factor. In the work [9], statistics on the aver-
age dimensions of cars are used for this purpose,
which are compared with the dimensions in pixels.
This can cause errors associated with the diversity of
data in the statistics and the position of the camera. In
the article [10], instead of using statistical data, the
authors propose to classify the make, model, and year
of manufacture of the car and take into account its
actual dimensions. This method allows for increasing
the accuracy of calculating the scale factor but is dif-
ficult to implement since a large amount of data is
required to train the classifier.

The scientific literature also presents methods that
use preliminary calibration of the camera to determine
the location and the distance traveled based on me-
tainformation about the observed part of the road [11,
12]. The disadvantage of this approach is the require-
ment for the availability of precise data on the ob-
served plane, which is not always possible.

In addition, scientists propose algorithms that al-
low determining the distance of objects from the cam-
era based on the recognition of objects with pre-
known dimensions. For example, in the article [13],
an algorithm using a car license plate as an object with
known dimensions is proposed. The basis of the algo-
rithm is a geometric model of the system, and the
change in the area of the license plate in the image is
used to calculate the speed. The main disadvantage of
this approach is the need to recognize the number in
each frame. This can be difficult, since the number
may be dirty or not visible, and its contours are likely
to be blurred at high speeds and in insufficient light-
ing. In the work [14], segmentation of vehicles and
two zones of interest are used. For each zone, a coef-
ficient PPM, is calculated based on the found mask
and the true dimensions of the car and determines the
number of pixels in one meter. Then this coefficient is
used to calculate the distance traveled. The disadvan-
tage of this approach is the preliminary calibration and
calculation of the coefficient PPM, on which the ac-
curacy of calculating the speed of objects directly de-
pends.

ALGORITHM DESCRIPTION
Camera calibration

Homography matrix

To determine the position of the detected object on
the observed plane, it is necessary to build a corres-
pondence between the coordinates in the image and
the coordinates on this plane. For this, you can use the
homography matrix [15]:
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hll h12 hl3
H=|h, h, hy,]|. (1)
by hy 1

31 32

Expression (1) is a matrix 3 x3,in which the com-
ponents h,, h,, h, and h,, are responsible for the
rotation and stretching of the coordinate system,
h,and h,, are responsible for the shift of the origin,
and h, and h,, are responsible for perspective distor-
tion. The conversion of a vector from one coordinate

system to another is carried out by multiplying by the
homography matrix:

xdst = H ’ xsrc s (2)

where x__ is a vector composed of the coordinates of
the object in the image, x,, is a vector composed of
the coordinates of the object on the observed plane.

Algorithm for determining the coordinates of
an object on a real plane

To create pairs of src—dst points, an algorithm for
determining the real coordinates of an object on the
observed plane has been developed. It is based on re-
cognizing an object with known dimensions in the
image and using the characteristics of a monocular
system. To build a model of the algorithm, we will use
the schematic representation of the monocular camera
shown in Fig. 1.

Fig. 1. Geometric interpretation of camera operation.
Horizontal projection.

Point C' — camera lens with resolution N and field
of view angle ¥ ; rectangle with width w— object of

interest at a distance 4 from the camera

Here, the camera corresponds to the lower triangle,
the base of which is the camera matrix with a pixel
resolution N along one of the axes and a field of view
angle y. The upper triangle is the camera's visibility

zone, in which an object with a known size w is lo-
cated at a distance 4 from the camera. The desired
distance /4 can be found using the formula:

w
h=——————,
tana, —tana,

)

where o, and «, are the angles corresponding to the
right and left boundaries of the object's bounding box.
The positive direction of the angles is determined
counterclockwise relative to the height /.
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To calculate the distance 7, it is necessary to de-
termine the tangents of the characteristic angles

a,and «, . For this, we will use the diagram in Fig. 1.
For an arbitrary pixel number, the following is true:

tanq, :hi’ i=1,2, “4)

cam

where £, is the focal length of the camera. In this
case, for the extreme value, the following is true:

tanzzl. 5)

cam

Then, expressing 4 from (5) and substituting in-
to (4), we obtain

2n, tan
2

tanq, YA i=12. (6)

It will be incorrect to use the distance of the object
from the camera as one of the coordinates on the real
plane, since this segment does not lie in this plane. To
correctly calculate the coordinate, we will use the op-
eration diagram of a stationary monocular surveillance
camera, shown in Fig. 2.

Here H is the height of the camera installation
relative to the observed plane; / is the distance of the
object from the camera, calculated using formula (3);

Yo» V, are the coordinates of the boundaries of the

field of view of the monocular camera; y, is the coor-

dinate of the position of the object of interest on the
observed plane.

Fig. 2. Scheme of operation of monocular camera.
Side view.

Point (O,H )— camera installation point; y, and

y,— camera vision limits; ), — coordinate, where

the object of interest is located at a distance 4 from
the camera

Using the Pythagorean theorem, we calculate the
coordinate y,:

y =N —H*. (7

To determine the horizontal coordinate x of the
object of interest on the observed plane, we define the
tangent of the angle «_ for the corresponding position
of the object using formula (6).

Then:
x=h-tana_. ®)

In this case, we agree that the vertical line passing
through the center of the image is equal to x =0, the
left part of the image — x <0, the right — x> 0.

Therefore, knowing the angles of the camera's field
of view, the image resolution, and the installation
height relative to the observed plane, we can deter-
mine the coordinates of the object of interest on this
plane using the coordinates of the object in the image.

Iterative selection of parameters
for calculating the homography matrix

The previous section describes the algorithm for
determining the coordinates of the object of interest
on the observed plane. The coordinates of the object
in the image, the camera installation height, and its
angle of field of view are used as input parameters of
the algorithm. Next, the set of found coordinate pairs
is used to construct the homography matrix for the
region of interest in accordance with the algorithm
described in the Homography Matrix chapter. Often,
when working with real data from cameras, the para-
meters associated with the monocular system, namely
the installation height and the field of view angle, may
be unknown. In this case, these parameters can be se-
lected iteratively.

The camera field of view angle varies from 20° to
130° with a step of 1°, and the installation height —
from 2 to 8 m with a step of 0.1 m. Next, a pair of an-
gle and height values are selected and substituted into
formulas (6), (7) and (8) to convert the coordinates in
the image into the coordinates of the object on the
observed plane. After calculating all the coordinate
values, the found pair of points is used to calculate the
homography matrix for a given field of view angle
and installation height.

To select the final homography matrix, we use in-
formation about an object with known dimensions to
determine the coordinates on the observed plane. The
criterion is the condition of the minimum average er-
ror in determining the size of an object in the image:

1 N-1
€ :Fzz':o

where N is the number of objects; d, is the true
size of a given object; d_, is the size of the object

calc

calculated using the homography matrix.

In this way, you can select the camera parameters
using information about the sizes of objects shot. This
algorithm allows you to calculate the transformation
matrix for those cases when the configuration of the
monocular system is unknown.

dreal - d

calc |2

£ — min, 9)
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Detection and tracking

To recognize an object in an image, algorithms
based on machine learning are used. In order for the
developed system to be implemented on low-yield
computers, such as Jetson Orin Nano, the lightweight
YOLOV8-nano architecture was chosen as a detector
[16]. Unlike others, this architecture provides high-
speed image processing in real time with sufficient
accuracy [16, 17].

In this task, an experimental study of the algorithm
was carried out in a warehouse, where forklifts with
a typical pallet on forks were moving. The forklift was
the object of interest, and the pallet was the object
with known dimensions. Therefore, in this study, the
YOLOvS8-nano detector was trained to recognize the
forklift in the image, and a segmenter of the same ar-
chitecture and size was trained to search for the pallet.

About 15000 images with a resolution of 1920 x
x 1080 pixels were used to train the detector. The im-
age data was acquired from different surveillance
cameras installed in three warehouses. Before training,
the input images were downscaled to 640 x 640 pixels
to speed up the detector. The training lasted 50 epochs
and the data was split into training and validation sets
in a ratio of 75 / 25. Fig. 3 shows an example of the
data that was used to train the detector. The bounding
boxes represent the output of the detector.

Fig. 3. Example data for training the detector.

To train the forklift pallet segmenter, about 30 000
images were cropped from the original resolution
frames that were used to train the detector. The image
data was pre-resized to 640 x 640 pixels. The training
lasted 30 epochs and the data was split into training
and validation sets in a ratio of 75 / 25. Fig. 4 shows
an example of the data that was used for training. The
whited area corresponds to the output of the segmen-
ter.

Fig. 4. Example of data for training the segmenter.

To calculate the speed of an object, it is necessary
to store the history of its positions for each moment of
time when it is in the camera’s field of view. To solve
this problem, it is necessary to implement the tracker.
In this study, we used the BoT-SORT technology
[18], modified to solve the problem. The main modifi-
cation is the introduction of a zone of interest, which
is a polygon selected in the image. This zone is de-
signed to filter detections of remote and difficult to
distinguish objects. All objects recognized by the de-
tector and falling into this zone are transmitted to the
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tracker for further processing. Detections outside the
zone of interest are not used in subsequent calcula-
tions. This modification allows us to avoid errors that
may occur when processing objects that occupy too
small an area in the image or are partially hidden be-
hind the edge of the image. Also, our implementation
of the tracker uses a Kalman filter implemented in
C++ to speed up the work.

Selecting a key point of an object and refining
the obtained coordinates on the image

When selecting a key point for tracking, it is im-
portant to consider the perspective determined by the
camera position. Possible distortions should be taken
into account, and the points should be selected so as to
minimize their influence when determining the loca-
tion of the object of interest. The most reliable infor-
mation about the position of a moving object on the
observed plane is concentrated on the lower edge of
the bounding box. Several key points can be identified
on this segment: the middle, points associated with the
object, and vertices.

The simplest solution is to use the middle of the
lower edge as a reference point. However, this ap-
proach has a drawback: the position of this point on
the observed plane relative to the object of interest
will change depending on where the object is located
in the frame.

Another option is to determine key points on the
object located near or on the observed plane. This me-
thod is based on the fact that such points move togeth-
er with the object, taking into account the camera
perspective. An example of key points is the wheels of
a car. The disadvantage of this method is that it is of-
ten difficult to find a point that is close to the ob-
served plane and always visible to the camera.

The latest proposed solution is to use the far corner
of the bounding box relative to the camera. Perspec-
tive distortions in this case have a minimal effect on
determining the position of the object. To accurately
determine the position of the far corner, you can take
into account the camera position when calibrating it or
use information about the trajectory of the object. For
example, if the movement starts from the upper left
corner and ends in the lower right, then the far corner
will be the lower right corner of the frame.

To improve the accuracy of the obtained coordi-
nates, an algorithm has been developed that reduces
random errors that occur when using deep learning
methods. The method is based on averaging the coor-
dinate values based on a set of points. First, the size of
the window for correction is set. Then this array is
filled with points over several frames. As soon as
a sufficient number of points have been accumulated,
a linear regression is built on them, and the coordi-
nates are corrected closer to this line, without going
beyond the cumulative average error. The error value
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is determined based on the error of the methods used
to recognize objects in the image.

Fig. 5 shows the algorithm flow chart, where the
rectangles represent the maximum correction for each
axis, and the straight line is the linear regression con-
structed based on the coordinates in the image. The
algorithm consists of the following steps:

* determining the window size for averaging;

* constructing a linear regression for all points in
the window;

* correcting the coordinates based on the resulting
regression.

Fig. 5. Correction of calculation points.

Circles — object detections on the image plane, rec-
tangles — maximum permissible correction, straight
line — linear regression

Using this averaging allows us to reduce the im-
pact of the error of the methods used to recognize ob-
jects of interest in the image. A limitation of this ap-
proach is the requirement that the trajectory of the
objects in the frame should be linear or change
smoothly enough. As practice shows, this limitation is
not strict. Often, the inertia of objects of interest, such
as forklifts or cars, does not allow them to move along
trajectories that are unsuitable for this algorithm.

Speed calculation

After calculating the trajectory of an object on the
observed plane and in the presence of the correspond-
ing time marks, its average speed can be calculated.
To do this, it is necessary to divide the movement of
the object between two points by the time it took to
cover this distance:

|-~
e At

where F,,F, are the coordinates of two points of the

object's trajectory on the observed plane; Az is the
time it took the object to move from point £, to point
P

).
Thus, to calculate the average speed of an object, it
is necessary to store the history of its positions over

time. An object tracker is used to solve this problem.

(10)

RESULTS

Experimental conditions

A series of experiments were conducted to test the
performance of the algorithm and calculate the per-
missible limitations. The input data was the movement
of forklifts with a pallet on forks in a warehouse.
A series of video recordings of the drives were rec-
orded. A configuration with the parameters specified
in Tab. 1 was used as a monocular system.

Tab. 1. Monocular system parameters

The obtained video recordings were processed us-
ing the algorithm described above. About 2 h of real-
time video were processed, which included 150 for-
klift passes in the camera's field of view. A zone of
interest was preliminarily created for processing. This
zone is shown in Fig. 6 and corresponds to the area
bounded by the white polygon.

Fig. 6. Zone of Interest.

For all forklifts with a pallet on their forks that en-
tered this area, the mask of the front part of the pallet
was recognized. The mask was then employed to cal-
culate the position of the forklift using the algorithm
presented in the section "Algorithm description". In
this case, the plane of the floor along which the for-
klifts moved served as the observed plane.

Calculation of the homography matrix

In this experiment, the algorithm for automatic
camera calibration was tested by iterative selection of
parameters described in the section "Iterative selection
of parameters for calculating the homography matrix".
To conduct this test, we assume that the system para-
meters (except for the image resolution) are unknown
in advance. The distribution of the calculated error
depending on the camera parameters is shown in
Fig. 7.

Fig. 7. Distribution of the calculated error during
automatic calibration.
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The absence of some values in this distribution
(white area) is due to the fact that when using parame-
ters from this area, the obtained distance to the object
became less than or equal to the camera installation
height, which is impossible.

In this case, the parameters that satisfy criterion (9)
correspond with an error £ =0.197 to the following
values:

y =65°,
H=68M.

These values are marked with a dot in Fig. 7. The
star corresponds to the true parameters of the system,
for them the value of the error function is & = 0.297.

Such a difference between the calculated camera
parameters and the true ones can be due to the similar-
ity of the images depending on the camera position.
Fig. 8 schematically depicts the described effect. With
these configurations, the images will not differ much
from each other. Such an effect is possible with small
changes in the field of view angle y and y' when

compared with the height / and H'. In other words,
changing the field of view angle of the camera makes
a much greater contribution to the final result of the
calculated coordinates than changing the installation
height. This statement is consistent with the parame-
ters obtained during automatic calibration. The field
of view angle differs by 5°, which is 8% from the true
one, and the installation height by 3.8 m (227% ).

Fig. 8. Difference in parameters of monocular sys-
tem.

Next, we calculate the homography matrix for the
true parameters specified in Tab. 1 and the calculated
parameters of the monocular system. Fig. 9, a, shows
the coordinate grid obtained as a result of transforma-
tion (2).

This grid displays perspective distortions intro-
duced by the camera position. Each cell has dimen-
sions of 1 x 1 m. It is noticeable how the cell area de-
creases with increasing distance of the object from the
camera along the observed plane. The grid displaying
the resulting transformation matrix for the parameters
obtained by the automatic calibration algorithm is
shown in Fig. 9, 6. This grid is more compressed
compared to the one obtained using the true parame-
ters. Next, we will consider the effect of the choice of
calculated matrices when calculating the average
speed of forklifts.
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Fig. 9. Homography transformation.
a — true parameters of the system,
6 — iterative selection algorithm

Average speed calculation

Influence of homography matrix calculation

An experiment was conducted to calculate the av-
erage speed of passing forklifts in the camera's field of
view. Homography matrices obtained using the true
parameters of the monocular camera and the automat-
ic calibration algorithm were applied for the calcula-
tion. In the experiment, the speed of the forklifts cal-
culated using the proposed algorithm was compared
with the speed obtained using GPS. The value ob-
tained at the time the forklift left the area of interest
was taken as the result of the algorithm.

Fig. 10 shows the distribution of speed calculation
errors depending on the method used to construct the
homography matrix. Solid columns correspond to the
speeds obtained using the true camera parameters,
dashed columns — using automatic calibration.

Fig. 10. GPS velocity distribution.

The vertex of the forklift's bounding box farthest
from the camera was taken as key points. In this case,
the obtained points were corrected in accordance with
the algorithm described in the section "Selecting a key
point of an object and refining the obtained coordi-
nates on the image". It is noticeable that the dispersion
of the values obtained using automatic calibration ex-
ceeds the values obtained using the true camera para-
meters. Tab. 2 shows the proportion of calculated ve-
locities which error does not exceed a certain thre-
shold.

Tab. 2. The influence of the homography matrix
construction algorithm on the accuracy of the aver-
age speed calculation

When using the true parameters of the monocular
system, 98% of the calculated velocities fall within
the error limits of 1 km/h, and using the matrix ob-
tained using automatic calibration allows us to
achieve a metric of 84%. Therefore, using the auto-
matic calibration algorithm significantly affects the
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accuracy of speed calculation, but it can still be used
in situations that do not require strong restrictions and
when the system parameters are unknown.

Influence of correction of key points

Let us consider the influence of the key point cor-
rection algorithm on speed calculation. We will use
the true system parameters to calculate the homogra-
phy matrix. The lowermost corner of the bounding
box will be used as a key point. Fig. 11 shows the re-
sult of calculating the average speed. The solid line
corresponds to the calculation without the correction
of key points, the dashed line — with correction, the
dotted line — the speed according to GPS.

Fig. 11. Correction of calculation points when calcu-
lating speed.

In this case, the value of the average speed at each
moment in time is calculated between the current po-
sition of the forklift in the frame and the initial posi-
tion obtained at the moment of entering the zone of
interest. The speed calculated using the correction
algorithm turns out to be smoother compared to the
speed calculated without correction.

Tab. 3 shows the proportion of calculated speeds,
the error of which does not exceed a certain threshold,
depending on the use of the correction algorithm of
key points.

Tab. 3. Effect of correction of characteristic points on
calculation of average speed

Using the correction algorithm, it is possible to in-
crease the accuracy of calculating the average speed
of forklifts. For example, for the threshold of 1 km/h,
correction of points allows increasing the proportion
of correct answers from 81% to 98%. As a result of
point correction, it is possible to reduce the influence
of random error caused by the algorithms for recog-
nizing forklifts and the front part of the pallet in the
image.

Influence of the selection of key points

Let us consider the influence of the selection of
a characteristic point on the calculation of the average
speed of forklifts in the area of interest. The matrix

obtained using the true parameters of the system was
used as the homography matrix. In this case, the cha-
racteristic points were corrected in accordance with
the algorithm described in the section "Selecting a key
point of an object and refining the obtained coordi-
nates on the image". The following were selected as
key points: the center of the lower edge of the bound-
ing box, the center of the front part of the pallet, and
the far lower corner of the bounding box relative to
the camera, in this case, the lower right vertex. Tab. 4
presents the proportion of calculated speeds with error
that do not exceed a certain threshold, depending on
the selected key point.

Tab. 4. Average speed deviation metric depending
on characteristic points

As expected, the lowest accuracy was shown by
the calculation for points located at the center of the
lower edge of the bounding box. The highest number
of calculated speeds with an error interval of 1 km/h
was achieved when using the far corner of the frame
and amounted to 98%. For weaker restrictions, the
difference becomes smaller.

CONCLUSION

The paper proposes an algorithm for calculating
the positions and speeds of objects on a plane based
on data from a monocular camera. The algorithm is
based on constructing a matrix for transforming points
on the image plane into points on the observed plane
along which objects move in the camera’s field of
view. The matrix is constructed using information on
the real size of the object and the parameters of the
monocular system — installation height and field of
view angle. An algorithm for automatic camera cali-
bration has also been developed. A neural network
detector and segmenter were used as methods for re-
cognizing objects in an image. To reduce the perspec-
tive error, a study was conducted to select a key point
of an object in an image. To reduce the error of neural
network recognition methods, an algorithm for cor-
recting characteristic points based on averaging coor-
dinate values was developed. An experiment was con-
ducted to determine the average speed of forklifts
moving in a distribution warehouse in the field of
view of a monocular camera. The results of the expe-
riment showed that 98% of the calculated average
speeds were within £1 km/h of the reference values.
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