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AJITOPUTM BI3YAJIbHO-IHEPIIMHOI OJJOMETPII
3 BUKOPUCTAHHAM rEOMETPUYHO-OPIEHTOBAHOI
HEHPOHHOI MEPEXI

Y cmammi pose’szano akmyanvhy 3a0avy nioguierHs CMIUKoCcmi ma mo4HOCmi cucmem i3yaibHo-iHep-
yiunoi ooomempii (VIO) ons nasieayii asmonomuux pobomis. OcHOGHUL akyeHm 3podieHo Ha pobomi 6 cepeo-
08UUAX 13 HUZBKOIO MEKCIMYPHOI HACUYEHICIIO (HANPUKIAO, 0OHOMOKHI CIIHU, ITHOYCMPIANbHI KOPUOOpu), oe
MpPaouyiuki Memoou Ha 0CHOB8I po3piodicenux oznax, maxi sax VINS-Mono, empauaioms epexmusnicmo uepes
HEeMONCIUBICINb CMADIIbHO20 8I0CMENCEHHS XAPAKMEPHUX TMOUOK.

3anpononosaro nosimuro apximexmypy cucmemu Dense VIO, wjo bazyemwcsi na michitl inmeepayii (tightly-
coupled) eeomempuuno-opieHMoOBAHOI HEUPOHHOT Mepedci ma mMemodie UMosipuicHoi onmumizayii. Knwouo-
6010 IHHOBAYIEN € suropucmarnns mooeni Microsoft MoGe 0nst eenepayii WinbHUX MEMpPUYHUX Kapm 2iuOUHU
be3n0cepeonbo 3 MOHOKYIAPHO20 8i0eonomoky. Lle 003601s€ 8i0MoBUMUCS IO KIACUHHOZO OEMEeKMYSAaHH s
KYMOBUX O3HAK HA KOPUCHb GUKOPUCMAHHS NOGHOI 2eomempuyHol inghopmayii npo cyeny.

Jlemanvno onucano mamemamuyHy mMoo0enb CUCMeMU, Peani308any 6 Medxicax €Ounozo gaxmop-epaga.
Bizyanvnui paxmop nobyoosano na ocnosi peecmpayii nOCIi006HUX XMaAP MOYOK 13 BUKOPUCHIAHHAM A120-
pummy Point-to-Plane ICP, wo minimizye eeomempuyny noXubKy eupieHIo8anHs nogepxots. Daxmop inepyii-
HoI npeinmezpayii 3abe3neuye 06 €Onanns eucokouacmomuux oanux IMU 3 6i3yanvHumMu 6UMIDIOGAHHAMLU,
2apaHmyiouy MempuyHy KopeKmHicms Macumaoy, moyny oyinky smiwens (biases) axcenepomempa i 2ipoc-
KONa ma Cnocmepescy8anicms 6eKmopa pasimayii.

Ipoepamny peanizayito 6uxonaro i3 sanyuenusm oioriomex SymForce, a gizyanizayiio — uepes Rerun. Ilpo-
6€0€HO KOMNIeKCHUU nopieusibHull ananiz i3 VINS-Mono, BASALT ma DM-VIO na nabopax danux 3i ckiao-
HUMU CYEHAPIAMU, SKAIOYAOYU pisKi sminu oceimaenns. Oyinka abcomomuoi noxubxu mpaexkmopii (ATE)
3ac6i0uUNa, WO 3anPONOHOBANHUL AICOPUMM 3a0e3neyye MeHuull Opelgd ma cmadinbHiule YMPUManHs Macul-
maoby 6 6e3meKCmypHUX 30HAX, NIOMBEPOACYIOHU Nepesasu WiTbHUX Memoois.

Knrouosi cnosa: mobinoui pobomu, KepyeamHs, a6MOHOMHA HAGIeAYIs, 8I3YATbHO-IHEPYIUHA 000OMempis,
SLAM, netipouni mepeaxci, MoGe, Computer Vision.

IlocranoBka mnpobsemu. Touna Ta HamilHA
OIliHKA BJIACHOTO PYXY € (hyHIaMEHTAIHHOIO IIepeTy-
MOBOIO JUIsSI aBTOHOMHOI HaBirarjii MOOUIBHUX po0o-
TiB, OCOOJMBO B CEepelOBHINAX, A€ CHTHAJ CYIyT-
HUKOBOT HaBiramii HEJOCTyMHHN a00 HEHaIlHHUU.
[TpoTsiroM 0CTaHHBOTO JACCATUIITTS Bi3yallbHO-1HEP-
mitina ogometpis (Visual-Inertial Odometry — VIO)
3aTBepaWIacs SK CTaHIAPT I BUPIMICHHS IIi€l
3aj1aui 3aBJISKH TOEHAHHS JJAHUX CEHCOPIB: KaMepu
3a0e3MeuyIoTh MOBHY iH(QOpMAIi0 MPO CTPYKTYpY
CICHHU, TOII SIK IHEPUidHI BUMIpIOBAJIBHI MOy
(IMU) HazmatoTh BUCOKOYACTOTHI JaHi PO AMHAMIKY
PYXy Ta METpUYHHUHA MacITao.

© birancekuii .M., Kosamirok J[.0., 2025
Crartst nommproeTbest Ha ymoBax Jinensii CC BY 4.0

AHaJi3 oCTaHHIX dOCJTiMKeHb i myOJrikaiii.
Po3rstHeMo icHyIo4i MmiIX0u A0 Bi3yaslbHOI Ta Bi3y-
aNBHO-1HEPIIIHOI OfOMeTpii, MOMIIsAoUN 1X Ha TpU
OCHOBHI KaTeropii: TpaJulliiHi reOMeTpUYHI METO/IH,
METOJIM Ha OCHOBI INIMOOKOTO HABYAHHS Ta CydacHI
MHIIXOOH OO0 OLIHKU INIMOMHH.

1. Tpaouyitini eceomempuuni memoou. 1l xare-
TOpisl OXOIUTIOE KJTACHYHI aJTOPUTMH, SIKI BUKOPHC-
TOBYIOTh T€OMETPil0 KilIbKOX BHIIAMIB. IX MOXKHA
PO3OUINTH Ha J1Ba MiJKJIACH: PO3PIIKEHI Ta IIUIbHI.
Pospimxkeni BisyansHo-Inepuiiini Cuctemu (Sparse
Visual-Inertial Systems), 1110 6a3yrTbCs Ha pO3piIKe-
HHUX O3HAaKax, JOMIHYyBajdu B raiy3i HaBiraiii po6o-
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TiB 3aBISKH IXHIH OOUMCIIOBANBHINA €()EKTUBHOCTI.
Anroputmu VINS-Mono [1, c. 1003-1017] Ta OKVIS
[2, ¢. 314-334] BUKOPHUCTOBYIOTh LIIJIBHO TOB’s13aHY
HeNiHIWHY ONTHUMI3aliio, 00’ €HYI0Yd BIMIPIOBaHHS
IMU Ta moMHJTIKy pEempo€eKITii TOYKOBUX O3HAK Y KOB-
3HoMy BikHI. ORB-SLAM3 [3, c. 1874-1890] po3-
IIMPUB TIEH MiJXiJ, JONABIIN MOXJIHMBICTh ITOBTOP-
HOT'O BUKOPHUCTAHHS KapTu (map reuse) Ta 3aMUKaHHs
IUKITIB. [OJIOBHOIO MepeBaroro IUX METOJIB € 37aT-
HICTP IPAITIOBAaTH B PealbHOMY HYaci Ha 0OMEKEHUX
obunciroBanbHuX pecypcax (CPU). Opnak, ixHs
3aJIeXKHICT BiJ] BHCOKOKOHTPACTHHUX TOYOK (KYTiB,
KpaiB) € KPUTUYHUM HEIONIKOM. Y cepeJoBUIIax
3 HU3BKOKO TEKCTYPOIO (HAMIPHUKIIAJ, Ol CTIHH, KOPH-
Jopu) abo IpH PO3MUTTI 300paKEHHS JCTEKTOPHU
o3Hak (taki sk FAST ab6o Shi-Tomasi) He MOXYyTh
3HAMTU JOCTATHIO KUIBKICTH CTAOIIBHMX TOYOK, IO
NPU3BOIUTH JI0 PO301KHOCTI OLIIHKH CTaHy Ta Aperdy
TpaekTopii. Kpim Toro, po3pimxkena xMapa TOUOK, Ky
BOHHU TE€HEPYIOTh, Hece Maso iHdopmamii 1ist 3a1aq
HaBirarii, TakKux K YHUKHCHHS TTIEPEIITKOI.

limeai Metomu (Dense SLAM), Ha BiaMiHy
BiJl PO3PIIKEHUX, HAMAraroThCS BUKOPHCTOBYBATH
iHpopMamito 3 ycix mikceniB 300paxeHHs. DTAM
[4, c. 2320-2327] OyB OfHUM i3 TIEPIIKNX, XTO 3aIPO-
MOHYBaB MIHIMI3yBaTH (OTOMETPUYHY TIOMHIIKY
JUTST PEeKOHCTPYKIIi HIIIBHOT KapTH B peaIbHOMY
yaci, anme BumaraB mnoTyxanx GPU. LSD-SLAM
[5, c. 834-849] 3amporioHyBaB KOMIIPOMIC, OIIIHFO-
I04M TTUOMHY JIMIIE B 30HaX BHCOKOTO Tpaji€HTa
IHTEHCHBHOCTI (semi-dense), 10 J03BOJIUIO POOOTY
Ha CPU. OCHOBHUM BUKJIMKOM JII MOHOKYJISIPHHX
IIUTPHUX METOIIB € CIOCTEPEKYBAHICTh MacITaoy.
bes inTerpamii 3 iHepIiiHUMH JaTInKaMu abo CTe-
peo-naporo, Taki CUCTEMH CTPAKIAOTh BiJl 3HAYHOTO
npetidgy maciiraly (scale drift), konu kapra momui-
KOBO '"cTHCKaeThes" ab0 "pO3MIUPIOETHCA" 3 YacoM.
Xoua mpsimi Metoau (direct methods) € Oibin CTii-
KHMH /10 HU3BKOI TEKCTYPH, BOHM UyTIMBI 10 3MiH
OCBITJICHHS, OCKIJIbKA TOPYUIYETHCS TPHITYIICHHS
PO MOCTIHHICTD SICKPABOCTI.

2. VIO na ocnosi enubokoeo naguanus (Learning-
based VIO). 3 pO3BUTKOM HEWPOHHUX MeEpeK
3'sBumcs Metonu Taki sk DeepVO [6, c. 2043-2050]
ta TartanVO [7, c. 1761-1772], sxi BHU3HAYAIOTh
Mo3y Kamepu Oe3MoCepeaHbO 13 IOCIHiTOBHOCTI
300pakeHb, OMUHAIOYH SIBHY TEOMETPUYHY MOJEIb.
Droid-SLAM [8, c¢. 16558-16569] nocsar Bpaxatro-
YUX PEe3yJbTariB, MOEJHYIOUH JU(EepeHIIIHOBaHUHI
pekyperTHuii oHoBIoBad (GRU) 3 MIiTbHIM ONTHY-
HUM TIOTOKOM. Taki METOmu JeMOHCTPYIOTh BHCOKY
CTIHKICTh JIO CKJIQJHUX yMOB (IUHAMIiuHI O0'€KTH,
po3mutts). IIpoTe, BOHM 4YacTo IifOTh SIK "JOpHI
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CKPUHBKH", 1110 YCKJIQJIHIOE TapaHTyBaHHs (Pi3udHOT
KOPEKTHOCTI Tpa€eKTOpii (HAMpPHKIIAL, Y3TOMKCHICTh
3 rpaBiTariero) Ta imTerparito 3 IMU B iMOBipHic-
HOMY KOHTEKCTIi. BiNBIIICTh 3 HUX TaKO)K BUMararTh
BEJIMYE3HUX JIaTaceTiB Uil TPEHYBaHHS 1 MOXYTb
MOTaHO TeHEPaJIi3yBaTUCS HA HOBI THITU CEPEIOBHII.

3. Monoxynapua oyinxa enubunu (Monocular Depth
Estimation). Kitto4oBUM KOMIIOHEHTOM TAKOTO ITi X0y
€ OIliHKa TNIMOWHU 3 OTHOTO Kajpy. PanHi Mozeri, Taki
sk MiDaS [9, c. 1623-1637], 3a0e3neuyBanu BHCOKO-
SKICHY BITHOCHY IIMOMHY, ajieé He Majd METPUYHOTO
Macirady, o poouIo X HeMPUAATHUMU AJIS TIPSIMOL
MeTpudHOi otoMeTpii. HoBiTHI apXiTekTypH, 30KpeMa
ZoeDepth [10, c. 19432-19442] ta Microsoft MoGe
[11, c. 5261-5271], 3po0wmiIu MPOPUB y METPUUHIN
ominmi nmounu (Metric Depth Estimation). Leit min-
X1l HA CBOTOJIHI € HAJ3BUYAHHO MEPCICKTUBHUM,
ockiibku MoGe 3aBsiki HOrO YHIKaJIbHIHM 37aTHOCTI
TeHepyBaTH TeOMETPHYHO Y3TOIKeHI KapTH, sKi 30e-
piraroTh 4iTKi MeXi 00'€KTIB Ta IUTaHAPHI CTPYKTYpH,
KPUTHYHO BXKIIMBI JIJIsI aJlTOPUTMIB peecTparlii xmMap
touok (Point-to-Plane ICP). Ha Bigminy Big MiDaS,
MoGe TpeHy€eThCs 3 ypaxyBaHHSIM F€OMETPUIHUX Mpi-
OPHTETIB, IO JJO3BOJISIE OTPUMYBATH TOYHIII HOpMATi
TTOBEPXOHbB Ta 3MEHIITYBaTH (heKT "BUKPUBICHHS ITPO-
cTopy" Ha Kpasx 300paKeHHSI.

TaxkuM YMHOM, HE3BaXKAIOYM Ha 3HAYHHUI POrpec,
JOCSTHYTUH TakUMHM anroputMamu, sk VINS-Mono,
ORB-SLAM3, Basalt Ta OpenVINS, Ginbmricts 3 HUX
MTOKJIQAAI0OTRCS Ha MIAXid, MO0 0a3yeThcs Ha po3pi-
JUKCHUX O3Hakax (sparse feature-based methods).
Lli MmeTou BiICTEXKYIOTh KyTH Ta BHCOKOKOHTPACTHI
touku (keypoints) i OLIHKK T€OMETPUYHUX 0OMe-
KEeHb. Xoda Ied Miaxij € o04YHCIoBaIbHO edek-
TUBHHUM, BiH JEMOHCTPYE KPUTHYHY Bpa3JMBICThH
y CepelloBUIIAX 3 HU3BKOI TEKCTYpOK (HAIpUKIA,
KOpUAOpH 3 OITMMH CTiHAMH, 1HIyCTpiaNbHI MPHMi-
meHHs) abo B yMOBaxX 3MiHHOTO OCBITJIIEHHS Ta PO3-
MUTTSl 300pakeHHst (motion blur). Brpara Bisyains-
HUX O3HAaK y TaKUX CLEHAPisX HEMUHYYE TPU3BOAUTD
JI0 HIBHJIKOTO JIpeidy TpaekTopii abo MOBHOT BTpaTH
TPEKIHTY.

Metonn "minpHOI" ogomeTpii (dense odometry),
SIKi BUKOPUCTOBYIOTh YCHO 1H(OpMAIIiIO ITKCEIiB
300paKeHHs, BUMAraroTh 3HaYHUX OOYMCIIIOBATBHUX
pPeCYpCiB i CTpaKJarOTh BiJf HEBU3HAUCHOCTI MACIII-
Ta0y TpH BUKOPUCTAHHI MOHOKYJSIPHOI KaMepu.
3 iHmoro OOKyY, CyJacHi MiIXOMd Ha OCHOBI ITTHOO-
KOTO HaBYaHHS YacTO JIOTh SIK "YOpHI CKPUHBKH',
HE TapaHTyIouu (i3n4HO KOPEKTHOCTI TPaeKTOpii Ta
reHepaizamii B HOBUX CepelOBHIIAX.

IlocTanoBka 3aBaanHs. MeToro pobOTH € AOCIHTi-
JoKeHHsT TiOpmmHoi apxitektypu Dense VIO, ska
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MOETHYE MOXJIMBOCTI Cy4acHHX T€HEpaTUBHUX
HelpoMepek s OLIHKM TeoMeTpii 3 HaaildHICTIO
KJIAaCUYHOT WMOBIpHICHOT ontumizartii. Takui miaxin
BHKOPHUCTOBYE Mozeb Microsoft MoGe miist reHepartii
METPHYHO-Y3TODKCHUX KapT mIuonHN 3 omHoro RGB
300paKeHHs1, yCyBato4r MOTPeOy B MOIIYKY PO3PiIKe-
HUX TOYOK. 3aMiCTh MiHiMi3allii MOMUJIKHA PETTPOEKIIIi,
(bopMyITIOEMO 3a1ady OLIHKU PyXy SK INUIbHY pee-
crpamito xmap Touok (Point-to-Plane ICP), sika TicHo
nmoB'si3aHa 3 gannMu IMU B Mmexax daxrop-rpada
orrrumizarii. Lle m03Bomsie cricTeMi BUKOPHCTOBYBATH
T€OMETPUYHY CTPYKTYpY CIIeHH (TUIOLIMHHU CTiH, M-
JIOTW) HAaBITh 3a BiJICYTHOCTI TeKCTypH, Tomi sik IMU-
npeinTerpanis 3ade3neuye crnocTepeKyBaHiCTh TpaBi-
Talil, MacITad Ta KOPEKIIito 30ypeHb.

JIns mOCSTHEHHS TIOCTaBlIeHOI METH B POOOTI
PO3B’sI3aHi HACTYIIHI 3ajay4i:

— ApxiTekTypa cucTeMH: po3poOka mNairmiainy,
10 1IHTErpye BUXij Helipomepeki MoGe Oe3nocepe-
HBO y OCKEH]1 HEeJIiHIMHOT OnTUMI3allii.

— Maremarnune 3a0e3redueHHs: BBeneHns 1miiib-
HOTO Bi3yansHOTO (hakTopy Ha ocHOBI ICP, 1m0 m03B0-
JIsi€ CyMICHY ONTHMIi3aIliio 1103 KaMepH, MIBUIKOCTEH
Ta 3mimens IMU.

— Bamigamis: mporpaMHa peanmizaiis anropuTMmy
Ta EKCIEePUMEHTAIIbHE TIITBEPKCHHS PE3yJbTaTiB
roro po6oTu.

Bukiag ocHoBHoro matepiaay. OCHOBHI iges
TIOJIATAE Y BiIMOBI BiJT pO3PIKEHNX O3HAK (JI€ PiBHSIHHS
0a3yloTbCS Ha IIKCENbHUX TIOMHJIKAaX) Ha KOPHCTb
miibHOT reomerpii. Y (axtop-rpadi onTumizyerses
CTaH CHCTEeMH Y MOMEHTH Yacy i . CTaH x, y MOMEHT 7, :

xi:|:R[>p[’vl’b[a’b[g] (1)
ae

— R €50(3) : Opienramis tina (IMU) BimHOCHO CBITY.

— p,eR’: Tlosunist IMU y cBiTOBI# cucTeMi.

— v,eR’: lIBuakicts IMU y cBiTOBI# cucTeMi.

— b, bf eR’: 3MillIEHHS aKCEIePOMETPa Ta TipoCKoIIa.
ApXITEKTypa CUCTEMH HaBeJieHa Ha puc. 1.
3aranpHa Qynkmis Butpat (Cost Function) 3amadi

MiHiMi3amii:

J(x): Z;(

ije

n (T T,,T,)

i

iz )+ > el @
VY piBusnHi (2) € Tpu daxropu, ne IMU Factor,
Dense Visual Factor Ta Prior Factor. Po36epemo xox-
HUH 13 HUX J€TaJIbHIILE.
Inepuiitnnit  gaxrop (IMU Factor). Lle cyma

BCIX TIOMHWJIOK, SIKi BUHUKAIOTh 4Yepe3 HEBIAIMOBi-

”:n: MaGe
P,
) Xmapa TouoK -
K, Vision Conmvolutional
Kagpw sofpaxenHs ! T Decodur ., :ﬂg;:m::' ICP
KaMep
MU — 4 Hakonuuyeau IMU ganmx T mne e e X‘prrrf
BUMIpKIBAHHA Wi KBEPANIA —
P | By
Store
X sy Py 1, By
vy X, Xy
I;I‘J’l
‘{Xf X1
o
—

Bekena onTUmisalia

Puc. 1. BiokoBa apxitekTypa cucremMu. K, — morounuii kaap 300paskeHHsi (B MOMeHT vacy t); P, ta I, — xmMapu
TOYOK 3 MOTOYHOI0 Ta MONepPeIHLOro KaapiB BigmoBiaHo; X, ta X, | — cTaHM CHCTeMHU MOTOYHOI'0 MONEPETHHOr0
KaApiB BiAmoBigHO; X, et~ NpeiHTerpoBaHuii cTan CHCTEMH 3 JTaHUX IMU; T, — BinnocHa no3a Mix AsomMa
Kajapamu, oduuciena 3a gonomororw ICP; X, — cran cucremu micias ontumizaunii
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HIiCTB pyxy poOota manuMm IMU Mix BiAmOBiAHUMH

KaapaMu.
2

2

i,jek

r,(zv,x x)

&
ze,

— x,,X;, — BEKTOPU CTaHy B MOMEHTH 4acy f, Ta .

— TmpeinTerpoBaHe BuUMipioBaHHS Big IMU.
Biutoyae AR, Av;,Ap,. AR, — HOBOPOT BIIHOCHO
Kajipy B MOMEHT 4acy i JI0 MOMEHTY 4acy j. Av, —
BIIHOCHA 3MiHa IIBUIKOCTI. Ap, — BIJHOCHA 3MiHa
MOJIO’KEHHS.

— £, — Marpuus KoBapianii, mo onucye mym IMU.

VY cydacHHX anropuTMax Bi3yalbHO-iHEpLiadbHOI
onometpii (VIO) kiaroyoBum eranom € GpopmMyBaHHS
¢axropa npeinTerparii. 3amicTh TOTO, 1100 IHTETPY-
BaTH JIaHI aKceJepoMeTpa Ta ripoCKora y riodaib-
Hil cucTemi KoopauHar (10 BHMarajio O IMOBTOP-
HOTO OOYMCIIEHHS MPHU KOXKHIN 3MiHI OI[IHKK CTaHy),
MU IHTETpyeMO X y JIOKaJIbHIA CHCTeMi KOOpIMHAT
HOIIEPEAHBOTO Kazpy.

HaBenmeni Hmkde piBHSHHS ONHCYIOTH MOJICIb
BHAMIPIOBaHb, $Ka TIOB'SA3Yy€ IIOTIEPEIHBO IHTETPO-
BaHi nadl IMU 3 OIIHIOBAHUMH CTaHAMH CHUCTEMH
[12, c. 1-20]:

— Zij

AR, =R'R Exp (39, )
Av, =R’ (vj -V, —gAt[j) +0v;

1
Apij :RiT [pj -D; —V,-Af,-j —EgAt;.j + Sp,j (4)

ae:

— AR, — IpPEIHTErpoBaHe BUMIPIOBAHHA OOEPTaHH
(3miHM opieHTaIiT).

— Av; — IIpeiHTerpoBaHe BUMIPIOBaHHS 3MiHH IIBU]I-
KOCTI.

~ Ap, — MIpEeiHTErpOBaHe BUMIiPIOBAHHS 3MiHU MTO3H-
.

R,R, — marpuui obepranus (Rotation matrices)
Yy MOMEHTH Yacy i Ta j BIJIHOCHO IIOOAbHOI CHC-
TEMH KOOP/IMHAT.

D;»P; — BEKTOpU MO3MLIi y I00ajbHIA cHUCTEeMi
KOOp/WHAT.

— V,v, — BEKTOPH LIBUAKOCTI Y I0OalbHIM cucTtemi
KOOp/IMHAT.

— g — BeKTop rpasiTaii y obanbHiil cucremMi Koop-
JIUHAT

— At; — IHTEepBaI 9acy MK KaJapamu i Ta j .

— Exp(8¢,) — ExcrioneHuiiine BifoOpaxkeHHs s
TTOMIUIKH opieHTarlii. OCKITbKH OOEpTaHHS JIekKaTh
Ha MHOTOBUII ( SO(3) ), MU HE MOKEMO ITPOCTO JI0/IaTH
[IyM; MH BUKOPHCTOBYEMO €KCIIOHEHIIIHHY KapTy JUIst
MPEICTABICHHS MAJIOTO BIAXHIICHHS.

— 8¢,,v,,9p, — BekTopu ILIyMy (random noise
vectors) sl OpieHTallii, MBUAKOCTI Ta MO3UIIT Bif-
MOB1THO. BOHM MOJIEITIOOTHCS SIK TayCOBCHKUI Olnid
IyM.
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BpaxoByioun mnornepeaHb0 IHTErpoBaHy MOAEIb
BHUMIPIOBaHHS MOYKHA JIETKO MIPEACTABUTH 3AJIMIIKOBI
nomuiiku aist pakropy IMU[12]:

aARfj g ' r
Tar, =Log| | AR, (b )Exp P &b R'R,

OAv, OAv,
+—2L8b* +—L5b"
0b® ob*

1 o\, 9Ap; Oy
T, :R’T[p/ - p, =V, 75gAt, J [Apv (bg b; ) abg/ 3b¢ +?a’8b (5)

Iy, =R (V_f Vi gAt!./.) - |:Avif (bfg’bfa)

ae:

= Tag, Ty, Ty, SATHIIKH o0epTaHHs, HIBUAKOCTI Ta

TO3MITiT Bi/ITOBITHO.
0K, 0w, Oh O, O _ SJkoGiaHm MPEiHTErpOBAHMX
“abi bt ab' T abt ) b p p

BUMIPIOBaHb 110 BiJIHOMIEHHIO 10 3MIIIEHb TipOCKOMa

Ta aKceIepoMeTpa.

— 8b%,8b° — BIAXWIIEHHS IIOTOYHOI'O 3MIIIEHHS Bif
HOMIHAJILHOTO.
— Log(-) Jlorapudmiuae BimoOpaxenus (Log

map), sIKC NEepPeBOANTh MOMWIKY OOEpTaHHS 3 IMpO-
cTopy Marpunb SO(3) y BEKTOPHHUH HPOCTIp AOTHY-
HOl anreOpu R’. Ile mo3Bomsie MiHiMi3yBaTH "KyT
MOBOPOTY" MOMMJIIKH.

Bizyaneauii dakrop (Dense Visual Factor). Lle
CyMa MOMHJIOK HEY3TOPKEHOCTI MK THM, SIK PoOOT
pYXa€eTbesi 3riiHO 3 TpadoM Ta MPeiHTerpOBAHUMHU
M03aMH, 1 TUM, SIK 3MIIYIOTECSl XMapHu To4ok (MoGe
+ ICP) mix kagpamu.

2

i,jev

2

 (T7.1.T))

(6)

5
ne:
— T;” — BIJIHOCHA 1034, IO € PEe3yabTaToM poOOTH
anroputMy ICP, sxkuii HaKIaB XMapy TOYOK 3 Kaapy i
Ha XMapy TO4YoK kampy . lle e BumiproBaHHS
(Measurement) i 11e KOHCTaHTa JUIsl ONTHMi3aTopa.
— T, — mo3a KamMepu B MOMEHT uacy i B rpymi Jli
SE(3).
— T, — nmo3a KaMepu B MOMEHT 4acy ;j B rpymi JIi
SE(3).

OyHKIST HEB’SI3KU %, BU3HAYAETHCS HACTYITHHM
YHHOM:

n (1711 =Log((17) (17T)) (D
po30epeMo AeTabHIIIe:

— I7'T, — Gepemo TOTOYHI OIiHKK 103 I, Ta 7,
i 06tmcn}o€Mo BIJTHOCHHH PyX MK HUMH.

(T"” ) ~(TI. ‘T]) — MHOKUMO OOEpHEHY MaTPHILIIO
BUMIpIOBaHHS Ha mnependaueHHsa. Skmo mnependa-
YeHHs 11eanbHo 30iraetbes 3 ICP, To pesynbrar Oynie
OZMHUYHOIO MaTPHLEIO.

— Log(...)" — Marpuus IOMUIKH — Il HE3pY4HO,
MOTPIOCH BEKTOp YKCed, o0 MiHeCTH HOro JI0 KBa-
npara. Tomy omepauisi Log (norapudmiune Bijo-
OpakeHHs1) iepeHoCHTh 3 Tpymu JIi SE(3) (Marpwuiri)



IndpopmaTuKa, 06uKCII0BaIbHA TEXHiKA Ta aBTOMAaTH3aLlis

B anreopy Jli se(3) (mormunmii mpoctip). Omepa-
Top "vee" (V) mepeTBoproe Lie Ha BEKTOP 3 6 uucen:

[rotx Lol rot_trans,trans ,,trans.

=
— X, — Marpuus KoBapianii. Bona € agantusHoto,
B 3QJIGKHOCTI BiJl IKOCTI XMapy TOYOK 1 HAKJIAJIaHHS
ICP.
Amnpiopuuit @axrtop (Prior Factor). Lle pizauus
Mi’K HOTOYHUM CTaHOM X; po0oTa i (hikcoBaHUM 3Ha-
YEHHSIM, IO € MIOYaTKOBUM ITOJIOKEHHSIM, 3BIJKH BiJI-

OyBcs pyx X, (3a3Budaii — 1ie mozwuris 0, 0, 0).

rpr‘ior =X J - xsmrl (8)
ae:
— X, — IIe 3MiHHi, 5IKi ONITUMI3aTOp MOXKE 3MiHIOBaTH
(R, p,v,b,,b,).
— X, — L€ KOPCTKO 33J1aHi OYaTKoBi yMOBH. B onTu-

Mi3aTopi 11l 3HaUEHHS SIK KOHCTAHTH.

3amyck CHUCTeMH TPOBOJAMBCS Ha Tardopmi
Apple Silicon (uun M3). J{ns iHbepeHcy Helipome-
pexi MoGe Buxopurctano 6exena Metal Performance
Shaders (MPS). Lle mo3Boiisie BUKOHYBAaTH OOYFHC-
nenns PyTorch 6e3nocepenaro Ha rpadigaux sapax
guma M3, BUKOPUCTOBYIOUH apXiTeKTypy 00'emHaHOT
nam'sti (Unified Memory Architecture).

Crin 3a3HauUTH, 1O apXiTeKTypa TpaHchopMepiB
(ViT), sixa nesxuth B ocHOBI MoGe, € 00YUCITIOBAIIEHO
BuMornBor. Ha ymmi M3 (duepe3 oOMexeHHs Tpo-
myckHoi 3natHocTi MPS 1715t meBHUX onepartiid TpaHc-
¢dopmepiB) cucrtema Aocsra€ YacTOTH OHOBJICHHS
onometpii Onmusbko 5—10 I'm. [lns 3actocyBab, 110
BUMaraloTh BHIIOI JHUHAMIKH, PEKOMEHIOBAHO BHKO-
puctanns miardopm 3 miarpumkoro NVIDIA CUDA
(manpuknan, NVIDIA Jetson Orin ado auckperni GPU
cepii RTX). Bukopucranus 0i0miorek TensorRT Ta
cuBLAS nosponwio 0 npuckoputu iHpeperc MoGe
Ta mapanenbHe BukoHaHHS [CP, moTeHIiitHO moBo-
iBmm gactotry kaapiB (mo 30+ I'm). Tum He MeHm,
pesynpTaTh Ha M3  MATBEPIKYIOTH JOIIBHICTE
3aMpOTIOHOBAHOTO TIIXOAY Ha eHeproepeKTHBHUX
Edge-npuctposix 6e3 TUCKPETHUX BiCOKAPT.

[Mapamerpu cucremu:

— po3mip Bokcesst (Voxel Grid): 0.05 m. Lle xomm-
pomic, mo 3MeHurye xmapy Touok 3 ~300k mo ~Sk
TOYOK, o3Bosrsitoun ICP 30irarucs msuame.

— BIKHO omnTuMizauii po3mipom N=20 KII0O40BHX
KaJIpiB 13 MapriHaji3alli€o CTapiliux CTaHiB;

— yacoBi MiTku kamepu Ta IMU niporpaMHO cHHX-
POHI30BaHI, a BXiJ{HI JIaHi IHTEPIIOJIIOKTHCS IS TOY-
HOTO CIIBCTaBJICHHS MOMEHTIB 4acy.

JIs OIIHKW TOYHOCTI 3alpOTIOHOBAHOTO aJro-
putmy Dense MoGe-VIO, BUKOHaEMO MOPIBHAHHS
3 TIPOBIAHMMH aJTOPUTMAMH Bi3yaJbHO-1HEPITIHHOT
OIIOMETpii, MO0 BBaXKAIOTHCS CTaHTApTOM (State-of-
the-art) y ramysi. ¥ skocti 0a30BHX MeTOAIB Oyi0
obpano: VINS-Mono, ORB-SLAM3, DM-VIO

[13, c. 1408-1415] Ta BASALT [14, c. 422-429]. dns
3a0e3MeUCHHS] PIBHUX YMOB TPOBEJCHHS CSKCIICpH-
MEHTY, OI[IHIOEMO BHKJIFOYHO SIKICTh ooMeTpii. Tomy
B ycix mopiBHIOBaHUX MeTomax (VINS-Mono, ORB-
SLAM3, BASALT) Oymu mpuMycoBO BHUMKHEHI
momyni 3amukaHHsA mUKIIB (Global Loop Closure)
Ta pernokamizarii. L{e mo3Boisie i3010BaTH Ta BUMI-
PATH HAKOTIMYYBAJIbHHNA JAPEH( KOKHOTO alNTOPUTMY
0e3 KOpeKIliii BiJl pO3IMi3HABaHHS BXKE BiJBiTaHUX
MicCIlb. B SIKOCTi OCHOBHOT METPUKH OLIIHKH BUKOPHC-
toByeTbcst RMSE ATE (Root Mean Square Error of
Absolute Trajectory Error) — cepeanbokBampaTiHiHa
noxuOKa aOCOMIOTHOI TPAEKTOpii Michs BUPIBHIO-
BaHHSI 32 6 CTYIEHSMH BIJIbHOCTI.

Tabmuns 1 neMoHCTpye pe3yabTaTH Ha CTaHAAPT-
Homy naraceti EURoC MAV [15, c. 1157-1163] (noci-
noBHocTi Machine Hall). Tabnuus 2 mnpencrasise
pe3ynbTaTH Ha CIIeliali30BaHOMY TECTOBOMY Habopi
(Low-Texture Dataset), 3anrcanoMmy B yMOBax 3acBiT-
JICHHS 3 OMHOPITHUMH TeKCTypaMmH [ 16, ¢. 5495-5502].
Buxomsau 3 oTpuMaHuX Pe3yJIbTaTIB Ha ITUX CIICHAPIIX
TpaUIiiHI METOM IEMOHCTPYIOTh 3HAUHE 3POCTAHHS
MMOXMOKH 1 YaCTKOBY BTPATy TPEKIHTY uepe3 HecTady
Bi3yallbHUX O3HAK, TOMI SK 3alpOIIOHOBAHWH alro-
pUTM 30epirae cTabiIbHICTh 3aBISKH BHKOPUCTAHHIO
IiIbHOIT reoMeTpii Bix MoGe. V TaOnmurisx Haikparii
pe3yAbTaTH BHIUICHI XUPHUM IWIPpUPTOM, HiIKpec-
JICHHS! — IPYTUi HAUKpAILUi pe3ynbTar.

Ha puc. 2 HaBeneHo Bi3yalibHY TPa€EKTOPitO, M00y-
noBany cuctemamu BASALT, DM-VIO Ta 3amnpomo-
HoBany MoGe-VIO mns naracery EuRoC nocrninos-
Hocti MH_05_difficult. 3ampononoBanwmii anroputm
(MoGe-VIO, 3enena miHisA) TEMOHCTPYE TPAEKTO-
pito, y3rokeny 3 cucremamu Basalt (cuHs miHis) Ta
DM-VIO ("epBona miHist), Y MOPIBHAHHI 3 ICTHHHOIO
tpaekropieto (Ground Truth, myHKTHD).

~== Reference
—— BASALT{means0115)

—— DM-VIO(moan=0.096)
— MoGe-ViICimean=0.086)

s
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Puc. 2. ITopiBHSIHHA TPa€KTOPiii HA MOCTiTOBHOCTI
MH_05_difficult 3 nadopy nanunx EuRoC
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Tabmuus 1
Hopisusanaus ATE(m) Ta cepernboro yacy o0po0ku Mixk pisHEME cucteMaMu Ha Hadopi 1anux EuRoC
ATE(m)
VINS ORB-SLAM3 DM-VIO BASALT MoGe-VIO
mono mono mono mono mono
MH1 0.15 0.053 0.065 0.08 0.012
MH?2 0.16 0.079 0.044 0.07 0.027
MH3 0.23 0.056 0.097 0.07 0.08
MH4 0.31 0.115 0.104 0.13 0.053
MHS5 0.31 0.107 0.096 0.115 0.088
Yac 06pooxu(ms) 16.7 116 46 12 130
Tabmuws 2
Hopisasanaus ATE(m) mixk pisanMu cucteMamu Ha Ha6opi nanux TUM-VI
ATE(m)
VINS ORB-SLAM3 DM-VIO BASALT MoGe-VIO
mono mono mono mono mono
outdoors1 74.92 111.21 123.22 255.04 42.45
outdoors2 133.34 19.079 12.43 64.64 3.59
outdoors3 36.99 - 8.897 38.17 2.16
outdoors5 130.31 16.87 7.14 7.57 1.91

BucnoBku. Y poOoTi 3arpornoHoBaHO HOBY apXi-
TEKTYpy MOHOKYJISIPHOI Bi3yaJIbHO-IHEPIIHHOI o/1oMe-
Tpii, 10 BUKOPUCTOBYE IMiIBbHI KAPTH TIIMOWHHM, 3Te-
HepoBaHi HelipoHHOI0 Mepekero MoGe, y noegHaHHi
3 IMOBIpHICHOIO ONTHUMI3aIli€l0 Ha OCHOBi (akTop-
rpacda. 3anporOHOBaHUHN MiIXif] JJO3BOJISIE MOAONIATH
(byHIaMeHTaIbHI 0OMEXKEHHS TPATUIIIHHIX PO3PiHKe-
HUX METOJIIB, 3aMiHIOIOYM HEHQIIMHUH TOIIyK KyTO-
BUX O3HAK Ha PEECTPAILFO IIIILHOI TEOMETPIl CIICHH.

Pesynerari  KOMIT'IOTEPHOTO EKCIICPUMEHTY IiJl-
TBEPIWIN €()EKTUBHICTD 3alIPOIIOHOBAHOTO AJITOPUTMY:

— TouHnicTh: Ha cTaHIapTHOMY HaOOpi JaHUX
EuRoC MAV cucrema npoaeMoHCTpyBajia 31e011b-
IIOT0 BHIIY TOYHICTH CEpell MOPIBHIOBAHUX METOJIIB,
JOCSITalouM cepeaHboKBaaparnyHoi noxudku (RMSE
ATE) Ha piBHi 0.027-0.088 M y ckilaTHUX JTHHAMIYHUX
cienapisx (MH_02, MH_05). Lle nepeBepiirye pe3yib-
tatin VINS-Mono Ta € KOHKypeHTHHUM, a 4acTo i Kpa-
M, HiK nmokasHukd ORB-SLAM3 ta BASALT.

— CriliKicTh Y CKIIQIHUX YMOBaX: BUpIlIajbHa Iepe-
Bara nposiBriacs Ha naraceri TUM-VI (Outdoors), mo
XapaKTePU3y€ThCSl 3MIHHMM OCBITJICHHSIM Ta OJHOPi-
HUMH TEKCTypamu. Y CLEHapisiX, ¢ KIaCH4HI METOIH
neMoHcTpyBai apedd (mo 133 m mis VINS-Mono
Ta 64 M st BASALT) abo moBHy BTpaTy TpEKiHTY,

Dense MoGe-VIO 306epir cTaOUTBHICTH 13 TTOXHOKOIO
1.91-3.59 wm. lle moBOMUTH, 110 BUKOPHCTAHHS TeOMe-
TPUYHUX TIPIOPUTETIB BiJl HEHPOMEPEXKi € KPUTUIHIM
JUTS HaBiraIlil y cepeoBUInax OiTHIX Ha TEKCTYPH.

Cnip 3a3HaYyMTH, IO IMIJABUILEHA TOYHICTH Ta
HaJIHHICTH 3alPOIIOHOBAHOTO MiIXOMY ITOCATAETHCS
IIHOO OOYHCITIOBAJIbHAX BUTPAT: Yac 00pOOKHU Kajpy
€ BUIINM TIOPIBHSIHO 3 JJIETKUMH PO3PiTHKEHUMH METO-
namu (BASALT: ~12 mc vs. MoGe-VIO: ~130 mc).

HampsiMkur momambImmx 0 CITi IKEHb BKITFOYAIOTh:

— Ontumizaniio iH}pepeHcy HelpoMepexi MIITX0M
MIEPEHECEHHs CUCTEMH Ha MIaT(opMu 3 TiATPUMKOIO
NVIDIA CUDA ta Bukopucranus TensorRT mis
nocsaraenss yacrotu 30+ I'o.

— InTerpamito mMomyns 3amukanHs nukimiB (Loop
Closure) Ha OCHOBI TIIOOQTEHUX JIECKPUTITOPIB IS YCY-
HEHHS 3aJIMIIKOBOTO Jipeiiy Ha IOBIHUX TPAEKTOPISX.

— JlocmimKeHHsT alanTUBHOT 3MIHA PO3IITBHOT
3IaTHOCTI BOKCENBHOI CITKU U OaTaHCYBaHHS MiXK
mBuaKkicTio ICP Ta TOYHICTIO B peaIbHOMY HYaci.

Taxkum wwHOM, 3amporoHoBaHWM mim3ig Dense
MoGe-VIO € nmepcneKTHBHAM KPOKOM JI0 CTBOPCHHS
IIOBHICTIO aBTOHOMHMX CHCTEM HaBiraiii, 3JaTHUX
OTlepyBaTH B HECTPYKTYPOBAaHUX Ta Bi3yaJIbHO CKIIaJI-
HUX CEPEIOBUIIAX.
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Bihanskyi B.M., Kovaliuk D.O. VISUAL-INERTIAL ODOMETRY ALGORITHM USING

A GEOMETRY-AWARE NEURAL NETWORK

This article addresses the pressing problem of enhancing the robustness and accuracy of visual-inertial
odometry (VIO) systems for autonomous robot navigation. The primary focus is on operation in low-texture
environments (e.g., monochromatic walls, industrial corridors), where traditional sparse feature-based
methods, such as VINS-Mono, become ineffective due to the inability to stably track feature points.

A novel architecture for a Dense VIO system is proposed, based on the tightly-coupled integration of a
geometry-aware neural network and probabilistic optimization methods. The key innovation lies in the
utilization of the Microsoft MoGe model to generate dense metric depth maps directly from a monocular
video stream. This eliminates the need for classical corner feature detection in favor of leveraging complete
geometric information about the scene.

The mathematical model of the system, implemented within a unified factor graph framework, is described
in detail. The visual factor is formulated based on the registration of sequential point clouds using the Point-
to-Plane ICP algorithm, which minimizes the geometric surface alignment error. The inertial preintegration
factor ensures the fusion of high-frequency IMU data with visual measurements, guaranteeing metric scale
consistency, accurate estimation of accelerometer and gyroscope biases, and observability of the gravity vector.

The software implementation was performed using the SymForce library, with visualization provided via
Rerun. A comprehensive comparative analysis was conducted against VINS-Mono, BASALT, and DM-VIO
on datasets featuring complex scenarios, including abrupt lighting changes. Evaluation of the Absolute
Trajectory Error (ATE) demonstrated that the proposed algorithm ensures reduced drift and more stable scale
maintenance in textureless zones, confirming the advantages of dense methods.

Key words: mobile robots, control, autonomous navigation, visual-inertial odometry, SLAM, neural
networks, MoGe, Computer Vision.
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