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AHHOTANUA

B nannoii paborte mpemiaraercsi MOAM(UIMPOBATh BU3YaIbHO-
uHepruanbHbii SLAM-anroputM myTem g00aBiIeHWs B KOHBeilep
GNSS-nanubix. CTaThsl COAEPKUT MOAPOOHBINA 0030p aIrOPUTMOB,
000CHOBaHHMSI 1 ONTUCaHKe paOOThl BHIOPAHHOTO AJITOPUTMA, & TAKXKe
OIMCaHUE pean3alli peleHus.

BBenenne

IIporpecc B poOOTOTEXHHKE YCKOpSIET pa3BUTHE CHUCTEM aBTOHOMHOW Ha-
BUTralluM /ISl JPOHOB M aBToMoOWjed. Takue CUCTEMbl MCTONb3YIOT NAaHHbIE C
PasIMYHBIX JAaTYMKOB JJI1 OJHOBPEMEHHOMN JIOKAIM3alMU M KapTorpadupona-
Hus (SLAM). IonynsapHsiil nogxon K peuenuio 3agaud SLAM — Bu3yasbHO-
uHepuumanpHas ogometpus (VIO), ocHOBaHHas1 Ha KaMepax U JaHHBIX C UHEepIU-
aJbHBIX M3MepuTesbHbix Monyiel (IMU), ogHako oHa nmoABep:xeHa HaKOIJIEHUIO
onmbOK U3-3a KCIOJb30BAHUSI OTHOCUTEIbHBIX U3MEPEHHUIA.

Ho6aenenne GNSS-aHHBIX, TPEICTABISIONMX aOCOMIOTHBIE KOOPAUHATHI,
MO3BOJISIET CHU3UTh 3THU OIIMOKH ¥ MOBBICUTh TOYHOCTh. B paboTe mpesiaraercs
unterpauust GNSS B moaynbs Kimera-VIO ¢ nocienyionieli olieHKO#H Ha paciiu-
perHoM gatacete EuRoC. Oxkugaercs NOBBIIIEHUE TOYHOCTH TPAeKTOPHH.

Pemenus, uarerpupywiue GNSS, VIO u SLAM

Nurerpauns GNSS B VI-SLAM akTtuBHO uccienyercs [8], HO JOCTYIHBIX pe-
IIEHHUA C OTKPBITHIM UCXOJHBIM KOJJOM HEMHOTO. Yaire BCcero 3To MoanpUKaum
CYIIECTBYIOMUX BU3YaJTbHO-UHEPIIUATBHBIX AJITOPUTMOB C HEIOCTATOUHOU TOKY-
MeHTaIuei 1 6e3 OIeHKM TOYHOCTH TPACKTOPHIA, UTO 3aTPYIHSIET UX MCIIOJIb30Ba-
Hre. Kpome Toro, yacts u3 HUX padoTaet Tonbko ¢ GPS, 4To cHIkaeT HaJIg KHOCTb
1 TpeOyeT TopabOTOK JJIs MOAJEPKKH JTaHHBIX APYTUX HABUTAIIMOHHBIX CHUCTEM.
Amnanu3 pelenuii npejcrasiex B TaGiuie .

AJroputm Tun OOHOBIIEHUST JIunen3us

MINS GNSS 2024 GPLv3

GNSS-Stereo-Inertial Fusion GNSS 2024 GPLv3
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RTK-Visual-Inertial-Navigation GNSS 2024 GPLv3
InGVIO GNSS 2023 GPLv3
IC-GVINS GNSS 2023 GPLv3
SVO-Pro-GPS GPS 2023 GPLv3
VINS-Fusion GPS 2021 GPLv3
GVINS GNSS 2021 GPLv3

Ta6muma 1: VI-SLAM anroputmst ¢ iogaepxkkoit GNSS 1 OTKPBITBIM HCXOAHBIM KOIOM

Hu onHO M3 paccMOTpPEHHBIX pEelIeHUil He MOAXOAUT IS UCIOJIb30BaHUS B
KOMMEPUYECKHUX MPOEKTaX, TOTOMY OBLJIO MPHUHSATO PElieHUe MPOBECTU BHEAPE-
Hue GNSS B onun u3 VI-SLAM-anropuTmMoB caMOCTOSTENBHO.

00630p coBpemeHHbIX peaym3anuii VI-SLAM

B kawectBe asroput™a st BHeapeHuss GNSS-maHHBIX OBUIO TpOBe[e-
HO CpaBHEHME M3BECTHHIX peanmzanuii SLAM c uCnosib30BaHUEM BHU3YaIbHO-
uHepruaneHoit omometpud (2], [B], [4]. [71aBHBIM KpuTeprieM 0TOOpa SIBIISIOCH Ha-
JIYHe OTKPBITOTO UCXOAHOTO Koma. CpaBHEHHME MPOBOIMIIOCH T10 CIICAYIOIHM ITa-
paMeTpaM: THIl HOIEPKUBAEMbIX KaMep, MeTOl 00pabOTKK U300pa)eHuil (Tpsi-
MO¥ MJIM BbIJICJICHUS] OCOOEHHOCTEIH), CIOCO0 OLIEHKH COCTOSIHUS (BEPOSITHOCTHBII
WJIM Ha OCHOBE ONTUMU3ALINK), HAJTMIME MEXaHU3Ma KOPPEKIIMH OIMOOK (3aMbIKa-
HUe [UKJIa), THIT JIMIEH3UN (HeoOXoauMast — pasperamninas KOMMepUecKoe Uc-
MOJIb30BAaHMUE), & TAKXKe MOAIEPKKa IMPOSKTa — Ham4yre OOHOBJICHUIA B TEUCHUE
TOCJICIHUX TISITH JIeT.

Ha ocHose cpaBHenusi VI-SLAM-cucrem (Tabimia E) MOKHO CJ€eJIaTh BbIBO-
1b1, uro ORB-SLAM3 [9] u Kimera [[/] monaep:xuBaioT Bce TuIlbl Kamep, VINS-
Fusion pabotaet ¢ MoHO- u ctepeokamepamu, OKVIS opueHTrpoBaH Ha cTepeo-
kamepsl, a ROVIO — Toneko Ha MoHOKYIsApHBIE. ROVIO cymiecTBeHHO oT/IM4aeTcs
Gyarofapsi UCIIOIb30BaHUIO pacimpeHHoro (gribTpa Kanmmana (anropurma omeH-
KM COCTOSIHUSI CHCTEMBI HA OCHOBE HEJIMHEHHBIX (DYHKIIMH) U IPSIMOT0 METO/ja aHa-
JI3a N300pakeHMA, YTO JieIaeT ero ObicTpee, HO MeHee TOUHBIM U 0oJiee YyBCTBHU-
TesibHBIM K 1rymy. ORB-SLAM3, VINS-Fusion u Kimera o6nanaior MexaHu3mMoM
3aMBIKAHUS [IUKJIOB JIJIST KOMITIEHCAIIUK HAKOIUICHHBIX OIMIMOOK, OTCYTCTBYIOIIUM
B OKVIS u ROVIO. JIuuensus BSD, nogxoasimas 1jisi KOMMEPUYECKOrO IpUMe-
HeHus1, ucnonb3yercs B Kimera, OKVIS u ROVIO, Torma kak ORB-SLAM3 u
VINS-Fusion pacnpoctpasnstiorcst o GPLv3. Haubosnbliyio HoaepkKy paspa-
6otunkoB umeloT Kimera, ORB-SLAM3 u ROVIO.
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RGB-D

Auaropurm | Tun ®poHTEH] Bakenp Loop JInuensust | O0HOB-
Kamep closure JIeHust
ORB- MoHo, Ocob6enroctr | Ontumusanms | [a GPLv3 2022
SLAM3 Crepeo,
RGB-D
VINS- Momo, Ocob6ennoctr | Onrumusanusa | a GPLv3 2021
Fusion Crepeo
OKVIS Crepeo Ocobennocty | Onruvuzanmda | Her BSD 2020
3-Clause
ROVIO MowHo Ipsamoit Qunptparua | Her BSD 2024
METO[, 3-Clause
Kimera Momo, Ocobennoctu | Onrumuzanusa | a BSD 2025
[7] Crepeo, 2-Clause

Ta6umuna 2: Copemennble anroputmbl VI-SLAM, nanHble akTyanbHsl Ha 14.02.25

C yueToM yKa3aHHbIX IpeuMyIiecTs [ist uaterpaiu GNSS-naHHbIX BeIOpaHa
6ubmoreka Kimera.

HMuarpamma nocJjeaoBareiabHocreil Kimera-VIO

Ha PucyHke || npeacraBieHa quarpamMma nocienosarensHocteit Kimera-VIO.
Brbnmoreka peann3yet KOHBEilepHYIO apalIeIbHOCTh: 00pabOTKa KaXI0ro Kaj-
pa pa3OMTa Ha ITaIbl, a JaHHbIE TIEPeIAI0TCS Yepe3 MOTOKOOE30MacHble Ouepe I
1 Oyepbl aCHHXPOHHO.

DataProviderModule oTciexuBaeT coctossHue OydepoB, coOupaeT Npu-
HIeJIINe JAaHHble B CHHXPOHM3UPOBAHHBIE IIAKETHl U OTMpaBIseT HX BO
FrontendModule. OH pacro3HaeT OpUEHTUpPBl M MepeJaeT MX U IpeJcKa3aH-
Hylo Ha ocHoBe IMU-panHbix mosy B BackendModule, xotopslii co3maer us
JaHHBIX (PAaKTOpHl M YTOUHSET MO3y IPU MOMOINM ONTUMHU3AIMU (HaKTOp-
rpada. MesherModule ctpoutr 3D-ceTKy Ha OCHOBE AaHHBIX C (DpOHTEHIA U
O6ekeHaa, a VisualizerModule roToBuT maHHble isi BU3yaiu3anuu. Hakowerr,
DisplayModule BeIBOAUT KapTUHKY Ha 3KpaH. I1o OKOHUaHMUM YTeHUs gaTaceTa
DataProviderInterface curnanuzupyet o 3aBeplLIeHUH, JaHHbIE IEPECTAIOT MOCTY-
natb B ouepeu Moxyinei, Pipeline 3aBepiaer paboTy Kaxaoro U3 HUX 1 BO3Bpa-
IIaeT ynpasJeHue B main(), re (pukcupyeT pe3yabTaThl ¥ 3aBepIIaeT IporpaMmy.
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jj MainThread | | DataProviderinterface | | Pipeline | | DataProvi Fr Ba isuali Di
Sorpt (Main) [Thread 1] [Thread 2] [Thread 3] [Thread 4] [Thread 5] [Thread 6] [Thread 7] (thread H)
- - { Initialization
1 start script _| i
—_—
1 2 sping) '
[2spind g '
: | 3send IMU & GNSS! :
| 4 spin() | | |
| | 5 launchThreads() |
————
{Spin dataset }

Toop. Tfor each T
| 6 fillFrameQueuet) | ]
e ——— ]

loop / [for each stereoframe] |
| 7 SyncPacket |
—_— i
| | 8 FrontendOutput _|
| 9 FrontendOutput |
| | 10 BackendOutput _|
. | 11 BackendOutput | :
! | 12 MesherOutput _|
i > i
| 13 VisualizerOutput !
| L 13 VisualizerOutput |
1 1
; 1 Shutdown |
| 14 end dataset !
| 15 end spin()
MainThread | | DataProviderinterface | | Pipeline | | DataProvi Fr Ba isuali Di
(Main) [Thread 1] [Thread 2] [Thread 3] [Thread 4] [Thread 5] [Thread 6] [Thread 7] (thread H)

Puc. 1: lnarpamma nocnenoBartenpHocTel cuctemsl Kimera-VIO

Peamuzanusa

OCHOBHBIM TpeOOBaHHUEM K PEIIEHUIO sIBJIsIeTCs] Hamuue rnoaaepxkkn GNSS-
JaHHBIX B aJITOPUTME U TIOBBIIIEHAE TOYHOCTH MOCTPOSHHOMN TPAeKTOPHH NPH 3a-
nycke anropurma Ha gatacete EuRoc. [1y1s1 BeITOTHEHM S 322491 HEOOXOIUMO Obl-
JI0 pazodparbcs ¢ OpMATOM AAaHHBIX, OHATh YCTPOHCTBO KOHBeiepa 1 Moaudu-
1upoBaTh yacTh Monyneit Kimera-VIO [§].

Dopmam u npeodpa3zoeanuss OGHHLIX

3amyck Kimera-VIO npeanonaraercs Ha gatacete EuRoC, cogepxariem naH-
HBbIE C MUKPO JIETATEJBHOI'O allapaTa, OCHAIEHHOro ctepeokamepamu u IMU. B
Jaracere JOCTYIHbI STAJOHHbIE U3MEPEHHsI OT cucTeMbl Vicon (6-MepHbIN Bek-
TOp COCTOSIHHSI C BBICOKOI YacTOTOHM M TOYHOCTHIO) M Jla3epHOro Tpekepa Leica
MS50 (Tpu KOOpAMHATH C TOYHOCTHIO 10 COTHIX MuIMeTpa). Ha ocHOBe hop-
MaTa 3Tux JaHHBIX GNSS-u3MepeHus Takxke 3a/1aHbl B BUIE TPEX KOOPAUHAT (X,
Y, Z) ¢ BPEMEHHOI METKOI M XpaHATCS B OT/e/bHOH manke gnss0.
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Tak Kak KaX/blil ceHCOp UMEET CBOI0 CUCTEMY KOOPAWHAT, Mepe]] UCTIONb30-
BaHUEM JlaHHbIe NIpeobpa3yloTcs B 001ylo cucteMy (B EuRoC arto cucrema IMU),
¢ momoIpio MaTpuisl Tpancopmanun Tss € SE(3). s 3T0ro KOOpAHUHATHL
GNSS nepeBogsATcs B OGJHOPOAHBIE, YMHOXKAIOTCS HA MATPULLY, a pE3YJIbTAT Ipe-
o0pazyeTcsi 00paTHO B a(pMHHBIE KOOP/IUHATHI.

Oopabomka napamempos u umeHue damacema

IIpeoOpa3oBaHKe BHIMOIHACTCS Ha ITarle YTeHUs Aaraceta. s oOpaboOTKu
GNSS-zanHbIX ObLT NOOaBIEH MOJYJb, OTBEYAIONINII 32 YTEHUE U Tepeady U3-
MepeHuii B cucteMy. Matpuna TBS, ciBur no BpeMeHHM M 4acTOTa U3MEpEHUil
xpansarcsi B ctpykrype. [lapamerpst GNSS uHTErpupoBaHbl B OOIIYI0 CTPYKTY-
py, a caMu U3MepeHus1 — B BeKTop. [lepenada B ciegyomuil MOAy/Ib UAET Yepes
callback-pyHkuun.

DataProviderModule

Mo Mepe uTeHns1 n300paXeHHIi pa3pO3HEHHBIE IaHHbIE MIEPEIAI0TCS B MOLYIb,
KOTOPBIA CUHXpOHU3UpYeT ux no BpemeHu. [l GNSS callback-dyHkiusa nome-
IIaeT U3MEPEHHs! B IOTOKOOe30MacHsIii Oydep.

Korna 6ydepst conepxar goctarouno uzoOpaxenuit, IMU u GNSS, u3 Hux
opmupyetcs maker u nepenaercsi Bo ¢poHtena. CHavana BbHIOUpaeTcs ca-
MBIf CTapblil Kaip JIEBOW KaMmephl, 3aTeM — MHTEPNOAUpYTcs AaHHele IMU
U nondupaeTtcsi Oyikaiiiee 1Mo BpeMeHU M300paxeHue ¢ npaBoil kamepbl. Ec-
mm B GNSS-6ydepe noctaToyHo JaHHBIX, IPOBOJUTCS JMHEHAS UHTEPIOJANS
GNSS-KkoopauHat 1o 61vkaiIiM BpeMEHHBIM METKaM, ITOCJIE YeTo Pe3yIbTarT 10-
6aBysieTCs K MaKeTy.

FrontendModule

®poHTEeH TPOBOAUT TPEKWHI OPUEHTHPOB, TPUAHTYIALMIO U MpeACcKa3aHue
no3sl o IMU. Tak kak ¢ppOHTEH He UCTOJB3YeT M00aIbHy0 mo3unuio, GNSS-
JaHHbBIC HE BJMSIOT HA TOT 3Tan 00paboOTKH, a cpa3y nepeganTcs B Backend.

BackendModule

Bakenp cosnaer rpad gakropos [?], Ha Kax0il uTepanuu 100aBIsis HOBbIE
(bakTopsl, ynanss ycrapeBlive 1 BbI3blBast ONTUMU3aLMIo. Pe3ybraT nepenaéres
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Pipeline VioBackendModule VieBackend <<enumeration>>
data_provider_module_ -vio_backend_ F=>|+initializeBackend() BackendType
f#vio_frontend_module_ +spinOnce (Backendinput:UniquePtr)|  [*operation() +kGnssStructurless
[#vio_backend _module_ > T : ;
#mesher_module_ g i i
[#visualizer_module_ ! : !
spin) | VioBackendFactory |
+shutdown() +gnss_points_ |+createBackend() : V\oBackend‘.:UniquePtr‘

glsam RegularVi RegularVioBackendParams
‘ NoiseModelFactor1<Pose 3> ‘ -regular_vio_params_ [ =*|+stereoNoiseSigma_
‘ ‘ #beforeOptimizeHook (GnssMeasurements)|  [fmonoNoiseSigma_
l? +spinOnce() +regularityNoiseSigma_
GnssFactor L‘P GnssVioBackendParams
#position_ GnssVioBackend +gnssNoiseSigma
+GnssFactor() -gnss_vio_params_ F +gn55NormType__
+evaluateError() -gnss_noise_ +gnssNormParam_
+print() [<- T J#beforeOptimizeHook (GnssMeasurements) parseGnssVioBackendParams()
+getPosition() -selectNormType() #equa\anssV»oBacKendParam%
-addGnssFactor() priAtGhESVib BatkendPara sl

Puc. 2: ApxutekTypa 09KeH] MOIYJISl CUCTEMbL

Moay/isiM Bu3yanu3auuu. B pamkax pabotsl 6611 1o6aBieH GNSS-dakrop, koto-
PHIif yUUTHIBAECT TOJTHKO KOOPAMHATH ToueK. Turm Hopmel ormmokw (L2, Huber mm
Tukey) BbIOMpaeTcs B mapaMeTpax B 3aBUCUMOCTH OT OKHMAAEMOT0 YPOBHS IIyMa.
Mocne no6asnenuss GNSS-pakTopsl yuuThIBaoTCs B 0011 ONTUMU3AIUH rpada
(Pucymox [).

JKcnepuMeHT

JIJ1 OLIEHKH TOYHOCTH aJITOPUTMAa UCIIOJIb30BaNICs MOAU(UIIMPOBAHHBIN AaTa-
ceT EuRoC ¢ cumymupoBanabiMu GNSS-naHHEIMYE. AHAINU3 TPaeKTOPUM IIPOBO-
JWJICS Ha OCHOBE (DaiiyIoB )XypHAJIOB, CTEHEPHPOBAHHBIX TIPH 3amycke. Bhito mpo-
BeJIeHO OoJlee COTHH 3aIlyCKOB aJIFOPUTMa U MOA0O0paHbl ONTUMAIbHbIE TTapaMeT-
pol. st smyssaiuu iiryma B GNSS-kooparHaTtax ObUT UCHOB30BaH IayCCOBCKUI
mym, 310 gomyctumo [[Il] mpu ynpomertoit mogeu. B Tabsmre [ nokasana mo-
JIy4eHHasl CTaTUCTUKA: CpedHue pe3ynbTarhl peanmu3anuu ¢ GNSS npeBocxoasr
CTaH/APTHYIO, U B YaCTH CJTyyaeB OKa3bIBAIOTCS JIydllle 3HAYSHHUI Ha JIyUIHX 3a-
MyCKax, MPeICTABICHHbIX B OPUTHHAIBHOI padore [[7].

3akJiroyeHne

B pesynbrare padothl 6611 poBeeH 0030p GNSS-VI-SLAM-anroputMoB u
VIO-SLAM-cuctem, noteHaibHo noaxoasamux st BHeapenust GNSS. Tlocre
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Location GNSS No GNSS | Paper [2]
Ideal | 0 =0,5m | 0 =1,5m | 0 = 3Mm

MH_01 0.10 0.27 0.25 0.19 0.16 0.11

MH_02 0.16 0.18 0.29 0.21 0.19 0.10

MH_03 0.16 0.28 0.19 0.23 0.16 0.16

MH_04 0.34 0.44 0.31 0.37 0.28 0.24

MH_05 0.20 0.24 0.22 0.23 0.27 0.35

Ta6smma 3: CpaBHenue ommook noctpoeHHbIX Tpaekropuii (RMSE ATE)

U3yUYeHHs apXUTeK Ty pbl OubmoTekn Kimera 6bl1a o6ecniedeHa 3arpy3ka, CHHXPO-
Huzauus u nepegadya GNSS-gannbix B kouBeilep VIO. Takske npoBeeHbI 9KCepH-
MeHTbI Ha GNSS-/1aHHBIX C pa3HBIM YPOBHEM IllyMa: TOUHOCTb IOCTPOEHHOH Tpa-
€KTOPUH YBEJIMUIUIACH, AITOPUTM CTAOUIIEH AaXe MU peJKuX 1 HeTouHbIX GNSS-
naHHbIX. Peanu3arus npenctasiena mo cesuike [[10].
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