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BBenenue

Bajiaua OJIHOBPEMEHHON JoKam3anuu u 1nocTpoenust kaprbl (SLAM)
71T OJTHOKAMEPHOT'O 3PEHMsT MOYKET CUUTATHCS PEINTEeHHOU B CIydae, KOria
HabJII0/1aeTCs HeloJIBuKHas ciieHa. CoBpeMeHHbIe METO/Ibl HTHOPUPYIOT Ha-
6JTI0TaeMble TMHAMIIeCKUe OObEKThI, XOTS B Psijie MPUJIOXKeHui (Hampumep,
B HABUTAIIMKM W YIPABJIEHUU MOOUJIBLHBIMU POOOTAMU) PEKOHCTDYKIHS WX
TPAEKTOPUU IMPEJICTABJIAET WHTEpPec. B 3Toif paboTe ONMMCHIBAIOTCS HOBBIE
AJTOPUTMBI I PEKOHCTPYKIIUUA TPAEKTOPUM JTWHAMUYIECKUX OOBEKTOB, a
TaKYKe CPaBHUBAIOTCH aJITOPUTMBI JETEKIIUU TOYEK TUHAMUIECKUX OObHEK-
ToB. HOBBIE aJIrOPUTMBI UCITOJB3YIOTCS HA OCHOBE TPACKTOPHI JIBUKEHUS
KaMepbl, MOJYYEHHBIX C IMTOMOIIBIO HanboJiee TOYHOU W COBPEMEHHON O]I-
nokamepHoit SLAM-cucrembr ORB-SLAM. B pabore Takzke mpeararaercs
coOCTBEHHBIN HAOOP JAHHBIX JJIsi TECTUPOBAHUS ITOJIOOHBIX aJITOPUTMOB, CO-
3IaHHBINA ¢ moMoIbio kKouTposuiepa TPUK, conepxkammuii oun nuHaMude-
CKUiT 00bEKT, JIBUKYIIUNICA HA (DOHE CTATUYIECKON CIIEHbI, MEIOIUiT HAPS Ty
C TBETHBIMH KaJIpaMU KapThl TJIyOWH JJIA ONpeeIeHNsT TOYHOCTA PabOThI
AJITOPUTMOB PEKOHCTPYKIIUU TPACKTOPUNA JTUHAMUIECCKUX OOHEKTOB.

B mocnemnue roabl MOABUIICA PsiJi OTHOKAMEPHBIX CUCTEM OJHOBPEMEH-
HOI JloKam3anuu u nocrpoenus kKaprol (SLAM), paboratorux B peajbHOM
BpeMeHU, pabOTOCIIOCOOHBIX HA 3HAYUTEIHLHOM YHCJIE BUIEO3AITUCEH U3 OT-
KPBITHIX HAOOPOB JIAHHBIX PA3HOU CTENEHU CJIOYKHOCTHU, CHIATHIX C TTOMOIIIHIO
PYYHBIX U YCTAHOBJIEHHBIX Ha MOOWJIbHBIE POOOTHI Kamep, IPU ITOM IOJIY-
YeHbI BBICOKUE PE3YJIHLTATHI IO TOYHOCTU ITOCTPOEHUS KAPThl U BOCCO3IaHUS
TPAEKTOPUU JIBUKEHUS KaMephl.

Ha npakTuke, oqHaKO, 3a9aCTyIO UCIIOJIb3YIOTCsI CUCTEMbI Ha, OCHOBE CTe-
peokamep uwian RGB-D cerncopos. Baxxuyio posb B 00bsicHeHnT 3TOT0 (hakTa
MOXKET UTPaTh OTCYTCTBUE BO3MOXKHOCTENl B COBPEMEHHBIX OTHOKAMEPHBIX
cucremax SLAM 1 peKOHCTPYKIIMU TPAEKTOPHUl IMHAMUIECKUX OOBHEK-
ToB. CyIecTByIOT OT/Ie/JIbHBIE OMyOJUKOBAHHBIE AJITOPUTMBI TaKOT'O PO/Ia,
OJTHAKO B OCHOBHOM OHM JINOO MMEIOT CBO€EH TeJIbI0 PEKOHCTPYUPOBATH JIBU-
JKEeHUe OTJIebHON JMHAMWYECKON TOYKM, He OOecIedmBasi MPU ITOM TOU-

HOCTH, CpaBHHMOﬁ C TOYHOCTBIO JJId CTaTHUYIECKUX TOYEK CIECHLI, JI0OO SIB-



JITIOTCSI TEOPETUYECKUMU IIPUMEpPaMi, KOTOPbIe He OLLIN MHTEIPUPOBAHLI B
cucremnl SLAM.

B sToit pabore memaercs MONBITKA IIOCTPOUTH HA OCHOBE COBPEMEHHOI'O
perenust Jyist ogaoKaMepHoro SLAM [9] mporoTun cucrembl, B KOTOPOii OT-

JIEYKUBAIOTCS JIBUKYIIHIECH OOBEKTHI U PEKOHCTPYUPYIOTCI UX TPACKTOPUMN.



1. IIpeameTrHas obJacTb

B nureparype MOXKHO HaliTH MHOXKECTBO PA3JIMIHBIX OIXOI0B K 33,12~
e SLAM ¢ mcmoab3oBaHMEM pPa3HBIX THUIIOB CEHCOPOB: JIMIAPHI, COHAPHI,
kamepsbl 6], B manHO#l pabore peub muer o6 omHOoKamepHoM SLAM. Og-
HokaMmepHblii SLAM - 001acTh KOMITBIOTEPHOTO 3peHUsl, IpUMeEHsieMasi B
POOOTOTEXHUKE JIJIsT AaBTOHOMHOI HABUTAIIMYM U COCTABJIEHUST KAPThI MECTHO-
CTH TIO BUEO M300PAXKEHUIO C OHON KaMephl (B oTmaun oT crepeo SLAM,
/i€ UCIIOJIb3yeTcst jiBe Kamepbl). OuH u3 moaxonoB ogaokameproro SLAM
3aKJII0OYAeTCAd B TOM, YTO U3 M300parKeHUsI M3BJIEKAIOTCS TaK HA3bIBAEMbIE
ocobbie Touku (feature points), moJsiozkeHne KOTOPBIX 3aT€M OTCJIEKUBAIOT-
Csl Ha, MOCJIEAYIOMINX N300parKeHUIX - TAKUM 00pa3oM POPMUPYIOTCS TPe-
KI ITPOEKIHiI 0CcOObIX ToueK. VIMest JaHHbIe O MPOEKIMIX 0CO0OM TOYKHU Ha
1300paXKeHus ¥ JaHHbBIE O ITOJIOXKEHUHN KaMePhbl, B MOMEHT B3ATHsI 9TUX U300~
paKeHUi, MOXKHO PEIATH 3329y BbIYUCJICHUS ITPOCTPAHCTBEHHBIX KOOI~
HAT MaTepUAJIbHOW TOYKHU, KOTOPYIO MOXKHO TPAKTOBATH KaK M3BECTHYIO B

GoJtee TUPOKOM cMbIcie 3a1ady bundle adjustment [4].

1.1. ORB SLAM

Hemocpencreennas peanusanus ogHokamepornoro SLAM - ORB SLAM
[9], B KOTOpYIO TIpe/oIaraeTCsi TabHeRIas MHTerpamys aJrOpuTMa pe-
KOHCTPYUPOBAHKS TPACKTOPUI JUHAMUIECKUX OOBEKTOB, OIIMCAHHOIO B JaH-
HOIl pabore, B KadecTBe JeTeKTopa 0cobbix Touek wucnobdyer ORB (1]
(Oriented FAST and Rotated BRIEF), koTopblii B COBOKYITHOCTH C TEXHU-
Koit pacnosuaBanuss DBoW2 [5] mosBossier obecniednts paboTy ajropurma

B pexXXHUME peaJibHOI'O BPEMEHU.

1.2. OTciaexxuBaHne JUHAMUYECKNX OObHEKTOB

Bajiaua JeTeKnun U OTCIeKUBaHus fuHaMudeckux oobekTos (DATMO,
takke ucnoab3yercss repmud SLAMMOT) sBiisiercst oT/ie/IbHBIM HaIpaB-
nenveM ucciaenoBanuit [3, 13, 8]. CymecTByroT maBa mojaxola K JIeTeKIuu

JUHAMHUYECKNX OObEKTOB B CJaydae OJHOKAMEPHOI'O 3PEHUd, IIePBbIi 13 KO-
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TOPBIX PACCMATPUBAET WHIANBUIAyAJJbHBIE TPAEKTOPUM TOYEK, B TO BPEMs
KaK BTOPOI 3aKJI0YaeTCd B KJIACTEPHU3AIUU IOJHOTO HabOpa TPaeKTOPHUil
Ha TPYOIBI B COOTBETCTBUU C TPUHAJIE?KHOCTBHIO TOYEK KECTKUM HEe3a-
BUCUMO JIBUKYIITUMCA oObekTaMm. [[puMepamu mepBOToO MOJIX0da SBISIOTCS
anroputmbl [13, 8], KOTOpble OCHOBAHBI Ha WJiee TTPOBEPKU TPAEKTOPHII HA
COOTBETCTBUE MOJIEJIsIM, CIIPABEIIUBBIM JJIS CTATUIECKUX TOYeK. BTopoii
II0/IX0/I OCHOBAH Ha TOM (pakTe, UYTO IIATH TOUYEK Ha M300parKeHnu O00bEeKTa
Ha JIBYX TOCJIEIOBATEIBHBIX KaJIpaxX JI0CTATOYHO JIJIsi PEKOHCTPYKIIMH TTOJI0-
JKEHUsI KaMep U PEKOHCTPYKIMU TOYeK 0ObekTa [7]. Dra mjes pasBuBaercs
B [11, 14].

PexkoHcTpyKITns MOTOXKEHUS TUHAMUIECKAX O0BEKTOB B PAMKaX COBPE-
MEHHBIX cucteMm ogHoKaMepHoro SLAM nanpsimyro ue Boinostasiercs. Cyiie-
CTBYIOT &JIFOPUTMbI PDEKOHCTPYKIMU JuHAMU4Ieckux Todek [13, 8], omHako

He OHY6JII/IKOBaHbI CBeJeHHUAd O TOYHOCTHU ITUX aJII'OPUTMOB.



2. ITocranoBka 3aga4vn

HaHa 1ocjie10BaTeIbHOCTh M300pakeHuit [;, CHATHIX ABUXKYIIENCS Ka-
Mepoii C U3BECTHLIMU BHYTPEHHUMHU I1apaMerpaMu K B MOMEHTHI BpeMeHHI
ts,s = 1,2..N. Jlanbl eBKJINJIOBBI IIpeobOpasoBaHus R, ts, OINMCHIBAIOIINE
noJiozkeHue Kamep s ;. [lyerb x; - MHOXKeCcTBO 0COOBIX TOUYEK, HADJTIO/Ia-
eMbIx Ha [g. g Kaxknoit x; naHbl T;; € R? - yHopAI09€HHOE MHOMKECTBO
IpOeKIi ocoboit Touku x; Ha [j, j € ty . IlycTb, x4i € T; - MHOXKECTBO

0COOBIX TOY€EK, IIpHHaAJIC2KAaIINX JUHAMUYIE€CKUM 0O'BEKTAM.

1. PaspaboraTh ajropuT™m IeTEKIINU TOYEK JIMHAMUIECKHX OOBHEKTOB,

OTIPEIETISIONTNN MHOYKECTBO g, HAWIYIIIAM 00Pa30M;

2. PaszpaboraTh aqroputM pEKOHCTPYKIIMU ITOJIOXKEHUSA JTUHAMUYIECKOTO
O00'BEKTa, BBEIYUC/IAIONINI IIPOCTPAHCTBEHHbIE KOOPJAUHATBI Xg; j, ] € s

0COOBIX TOYEK JUHAMUYECKUX OOBEKTOB X yj;.



3. Onucanume ajaropmurMa

Bynem cuauraths Kamepy KaauOpPOBaHHON, TaAK ITO MATPUIA €€ BHYTDPEH-
HUX mapaMeTpoB K u3BectHa. Kaxkmass Touka r; TOPOXKIaeT TPEK IMPOEKITUi
{x;;} B MOMEHTBI j = t;1, ..., tin,Tij € R2

ITostoxkenue Kamepel 3ajaeTcs MaTpuleil mosopora R 3 X 3,71, € R u
BEKTOpOM Heperoca t € R3. OupenesmM BeKTOp mapaMeTpoB , KAk BEKTOD
110 KOTOPOMY MOTYT OBITH TTOCTpOeHbI R, t. OToOparkeHne mpoeKTUPOBAHUSA
7(0,X) ansa Touku X € R3 na KaMepy ¢ mojioxkenueM ) TP YCTIOBUH €T1-

HAYHOU MaTpuilbl K 3a0UChIBAETCA KaK

1 I‘{X + tl

(0, X) = ———
( ) rE{Xthg r’{X+t2

: (1)

re riT - CTPOKa 7 MaTpuiibl R, {; - KOMIIOHEHTa ¢ BEKTOpa IIepeHoca, JIJIsd

1 = 1,2, 3. Ecyim maTpuna K He gBIgeTCS €IMHUIHON, MBI MOYKEM JIOMHOXKHATH

BCe TIPOEKINY B OJHOPOIHOM IIPeICTaBJIeHIN Ha K~ 1.

3.1. Onpenenenne JMHAMUYECKNX TOYEK

Ecnu nekoropas HaOsrogaeMas KaMepoil TOYKa x; HEIOJABUXKHA, TO €e

IPOEKINH T; j € R? yIIOBJIETBOPSAIOT yPaBHEHHIO

(0, X) = Xi5 + Vi, (2)

rje v, - CJAydailHblil myM B HaOmomeHusx, {0} - MOI0KeHHs KaMepbl B
MOMEHTBI BDEMEHH ] = ti1,. .., in,-
Touka KJjraccuduUIUPyeTCs KaK CTaTHYIeCKasd, €CJIU BBIIIOJHEHO YCJIOBUE

(3) HA CpeIHIOI OIMUOKY TepernpOeKTHPOBAHUS:
1
3X; € R? - ;HW(HJ-,Xi) —x; || <e, (3)
1

JJT HEKOTOPOTO TTapaMeTpa €.



3.2. PeKOHCTPYKHI/ISI ITIOJIO2KEHNA NMNMHAMMNYI€ECKOI'O 00b-

EKTa

JuHamuyeckuii 0ObEKT ¢ COCTOUT M3 Habopa TOYEK, IIPEeICTaBJIEHHOI'O
B HEKOTOpOii cucreme koopaunar obobekta {X; }, X;; € R Dtu Toukn
IBUXKYTCSI COTJIACOBAHHO, M WX IIOJIO)KEHME B MOMEHT ¢ 3a1aeTCA BEKTOPOM
napaMeTposB 6, ;. IIycTs - - onepanus KOMIO3UIMK €BKJIMIOBBIX IIPeoOpas3o-
BaHuit, Torga O, ; = 0. -0, ; 3agaeT npeobpaszosanue n3 KOOPAUHAT O0BEKTa
B KOOD/IMHATHI KaMEpPbl, ¥ MPOEKIINU KaXKJION TOYKU JIMHAMUYIECKOTO O0b-

EKTa y,D;OBJIeTBOpHeT ypaBHeHI/IIO
T(Oot, Xigt) = Xig + Vigs Ve =1... N, (4)

rie ¢ - HoMep 0o0beKTa, [V; - YUCJIO TOUeK 00beKTa, [ - MOMEHT BPEMEHH.
Hauunag ¢ N; > 5, mo AByM KajpaM MOTYT OBITH BOCCTAHOBJIEHBI TIO-
JIO’KEHUE U KOOpJAMHATHI ToueK obbekTa. g N; < 3 93To HeBO3MOXKHO 0e3
JOTIOJTHUTEJIbHBIX IIPEJIIOJIOXKEHUI O IMOJ0XKEHUN WA JABUXKEHUH O0bEeKTa
(HampuMep, TOJIOYKEHUe UJIU JIBUKEHUE B MIJIOCKOCTH).
B sroit pabore 6ynem cuntars N; > 5. [Ipemmaraem caemyromuii aaro-

PUATM PEKOHCTPYKIIAN:

1. Ecmm ob6bekT HAOIIOIaeTCa HA ABYX JOCTATOYHO YIAAJEHHBIX KaJIpax,
paccYnuTaTh CyIIeCTBEHHYIO Marpuily mo ajroputmy [10] s Tmouek
00beKTa, OMMPENESTNTh KOHCEHCYCHOE MHOXKECTBO TOYEK, JTBUXKYIITUXCS
COTJIACOBAHHO C OOBEKTOM, U OTOPOCUTDH BHIOPOCHI, MTHUTINAJIN3UPOBATD

KOOpAuHATBI TOYEK 00BEKTA

2. st mocemyronmx Kaapos, 3amyctuth Metog, OPnP [12] mist rouek

00BbEKTa U OIPEIe/JIUTh €ro MO3UINI0 Ha KaXKJI0M KaJIpe

3. Bemoanuth bundle adjustment mia yrounenus mosoxkenus oObeKTa

1 TOYEK Ha KazKJIOM KaJIpe
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4. OcobeHHOCTHN peajm3aIun

4.1. IIporoTunupoBaHue ajropurMa

Asroput™ nporoTunmpoBaJcs Ha si3bike C++, ¢ UCIIOIb30BaHIEM OHO-
muorek OpenCV 3.1, boost 1.58, Ceres Solver [2|. B kadecTBe BXOMHBIX
JAHHBIX IIPOrpaMMa IPUHUMAET II0CJIe0BATEeIbHOCTD N300parKeHuil TeCTO-
BOI'O BUJIEO U CIIMCOK IOJIOXKEHUIT KaMephbl, onucbiBaeMbix R, t 117151 Kak1oro
Kaapa, nmoaydenubiii 13 ORB SLAM.

Ha moMmeHT peasuzarnuu mpoTOTHIIA OBLIO MPUHSTO PEITeHNne BPEMEHHO
OTKa3aThCs OT 0OpPabOTKM BHUJIEO TIOTOKA B PEXKHMME PeaIbHOTO BPEMEHH, T10-
CKOJIbKY TJIABHOM 11€JTBI0 CTABUJIACH ITPOBEPKA PAOOTOCIIOCOOHOCTH U OIIEHKA
TOYHOCTH AJITOPUTMA.

[TockonbKy aJsiroput™m He cpaldy uHTerpupoBasica B ORB SLAM, Bos-
HUKJIa HEOOXOJIMMOCTh Peain30BaTh COOCTBEHHBIN TpeKep 0COObIX TOUYeK. B
KadecTBe JeTEKTOPa U TPeKepa 0CoObIX ToUeK ObLan B3sThl FAST u nmupamu-
JAJIbHBIN aJTOPUTM IIOCTPOEHUS ONTUYECKOro rmoroka JIykaca-Kaname - nx
CBSI3Ka TIPOCTa B PeaIM3aIMu U 00eCIeYnBaeT JIOCTATOUYHYIO JIJIsi MCCJIEJI0-
BaHMiT ToaHOCTh. B coBokymHOCTH, FAST 1 onrumyecknit moTOK Jar0T MeHee
TOYHBbIE Pe3yabTaThl, deM aHajormdnas dactb B ORB SLAM. Hamnpuwmep,
HUKaK He 00padaThIBaeTCd TOT CJydail, KOrJla TOYKA Ha BPEMs ITOKHUJIAET
1oJ1e 3peHusi (BBIXOJUT 38 PAMKH M300ParKeHWs WU IEPEKPbIBACTCS JIPYTH-
MU 0ObeKTaM¥) ¥ BHOBb 10siBJisieTcst B Kajipe. ORB-eckpunrop mossosisier
paco3HaTh TOYKY, KaK paHee HaOJIOIAeMyI0, B TO BpeMsi KaK ONTHIECKUil
IIOTOK OyJeT cYuTaTh ee HOBOH Toukoi. OgHAKO, K KAUECTBY HCCJIEIYEeMbIX
B JAHHOI paboTe aJIrOPUTMOB 9TO HE UMEET OTHOIIECHUSA.

B magajie paboTbl HmporpamMmbl CIIHCOK HaOJIIOIaEeMbIX OCOOBIX TOYEK
IIyCT, IIO9TOMY Ha II€PBOM M300paKEHUU IIOCJIE/I0BATEILHOCTA 0OEe3yCJI0BHO
BBITIOJTHAETCS JIETEKTUPOBAHKE OCOOBIX TOYEK. B jtabHelinmeM n300parkeHust
pa30MBalOTCA HA KBaJIPAHThI U B CJIyYae HEJOCTaTKa TOYEK B KBaJIPAHTE OHU
JIOOTIPEJIESIAIOTCH B HEM. KOJTMYeCcTBO OTCIEKMBAEMBIX TOYEK CO BpEMEHEM
MOYKET YMEHBINAThCs 110 TPUYUHE TOTO, YTO TOYKA BBIILIA U3 TOJIsI 3PEHUS

u Mepa ee KadecTBa (onpejesiemast pyukimeii calcOpticalFlowPyrLK())
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CTaJia CJIMINKOM MaJICHbKOMN.

C momompo nmupamMuaaabHOTo ajgropurMma Jlykaca-Kaname maxomurcs
CMeIlleHrne OCOOBIX TOYEK - TaKUM 00pa3oM (popMHUpyeTCss TPeK IIPOEKIIHit
0COOBIX TOYEK - YHOPSAJ0YEHHOE MHOXKECTBO IIPOEKIINil 0COOOM TOYKHU OT-

CJICZKMBAEMO#l OT KaJapa K Ka/Jpy.

4.1.1. Peasmmzaliusi ajiropuTMa OIpPeIeJeHud AUHAMUYECKUX TO-

geK

Nmesa mocTaTOvHO AMWHHBIA TPEK MPOEKITNT 0COOO TOYKM, MOYKHO BbI-
MIOJTHUTH AJITOPUTM JIETEKITUN TOYEK TUHAMUIECKNX O0bEKTOB, TEOPUS KOTO-
poro omnmcana B 3.1. [lonaraem, 9To Tpek JIO0CTATOYHO JIJIUHHBIN, €CJIN yIOJI
MEXK/JIy TJIABHBIMU OCAMM Kamep KpalHmX u300parkeHuil O0JIbIlle HEKOro
3nadennd. [I[pakTudecku, aaropuT™M peam30BaH CIAEIYIONUM 00pPa30M: BbI-
YUCSIETCH MPUOJINAKEHHOE TTOJIOYKEHUE TOYKUA B TPOCTPAHCTBE C MTOMOIIHIO
dyuknun opencv TriangulatePoints() (B koTOpOii, B 4aCTHOCTH, HUCIOJIb-
3yIOTCsl JJAHHBIE O MOJIOXKeHuu Kamepsl, moaydennabie u3 ORB SLAM), 3a-
TeM KOOPJAUHATHI TOYKHA YTOUHAIOTCS TOCPEICTBOM peleHus 3aa4qu bundle
adjustment [4] ¢ momorpio ceres solver. B KoHEUHOM WTOre, BBIYUCISAETCS
ommubKa 0OPATHOrO MPOEKTUPOBAHUSA TOYKU, IJI KOTOPOU OBLIO BBIOPAHO

TPU MepHbI:

1. cpenusasa ommOKa OOpaTHOTO MPOEKTUPOBAHUS HA IEPBBIA W TOCTIE-

HUI KaJIp TPAEKTOPUH TOYKH (CPEIHSSA IO JIBYM);

2. cpemHss ommbKa 0OPATHOTO TPOEKTUPOBAHUSI Ha TPU Kajapa (CpeaHsist

0 TPeEM );
3. HaAmOOJIbINAsl OINOKa 0OPATHOIO IMPOEKTUPOBAHMUSI.

Ha ocroBe 3T0if OIMMOKK TOYKA, OUPEIeasIeTCd KaK KCTaTUdecKasl WA JIU-
HaMmudeckasi. Huske mpeacTaBiieHbl pe3y/bTaTbl pabOThl KJacCudUKATOPa

muHamMuaeckux Touek: |[Pesynbrarer ¢ ROC-kpuBbiMu ciona?|
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4.1.2. Peamuzanusa ajgropuTMa peKOHCTPYKIINU TTOJIOXKEHUS AUHA-

MUYECKOro oobeKTa

Vnmest Tpeky TpOEKINii TUHAMIYIECKUX TOYEK, MOXKHO BBIIIOJIHATH aJIr0-
PUTM PEKOHCTPYKITUN TPAEKTOPUU JUHAMUIeCKOro oobekTa (3.2). IIpoek-
Y AAHAMUYIECKHX TOYEK Ha JBYX JOCTATOYHO YyIAJIEHHBIX IPYT OT IPY-
ra n3obparkenusax nogarcsa dyukimn opency findEssentialMat(), koropas
BO3BpAIaeT CYIIECTBEHHYIO MAaTPHUILY, U3 KOTOPOW B CBOIO OUYepeIb MOXKHO
MOJIYIUTh €BKJINI0BO Ipeodpa3oBaHue KOOPIUHAT IIEPBOr0 KaJpa B KOOP-
JINHATBI BTOPOTO ¢ moMoInbio dyukiuu recoveryPose(). Crour 3ameruts,
YTO B CJIydae HAOJIIOAEHNSI HECKOJIBKUX JMHAMIYIECKAX O0bEKTOB IJI OIIpe-
JeJIEHHsI ITpeo0pa30BaHud OYIyT B3ATbl TOUYKHA TOJHKO OJHOTO U3 00bEKTOB
B cuity Toro, uro findEssentialMat() ucmonssyer amroputm RANSAC miis
dopMUpoOBaHUs KOHCEHCYCHOTO MHOXKEeCTBa. VIMesi BBINIEONICAHHOE TPeod-
pa3oBaHMe, MOKHO HANTHU IIPOCTPAHCTBEHHBIE KOOPAUHATHI TOYEK OObEKTa
OTHOCUTEJIHHO TIEPBOr0 KaIpa. AHATOTUYIHO CJIyYIat0, OITUCAHHOMY B TIPE/IbI-
JIyIIeM pa3zjiesie, TOJbKO y2Ke JIJIsd TPYIIIhI TOYEK, BBINOJHAETCA (PYyHKIU
triangulatePoints() u 3arem dopmupyercs 3amada bundle adjustment s
ceres solver. JlaJyiee jiyid BBIOpaAHHO# I'PYIITBI TOYEK JTUHAMUYIECKOTO OO0bEK-
Ta U KayKJI0ro n300paykeHnsi MOKHO peruThb 3amady PnP (mampuwmep, [12]),
KOTOpasi 10 IMPOCTPAHCTBEHHBIM KOOD/IMHATAM TOYEK U UX IIPOEKIIUAM Ha
n300pazkeHne JaeT eBKJIMI0BO Mpeodbpa3oBaHKe, OIMCHIBAIOIIEe IIPeodpas3o-
BaHUE KOOD/IMHAT OObEKTa B KOOPJMHATHI KaMmepbl. Kak ObLIO omumcaHo B
3.2 MOXKHO TOJIyYNTH IIOJIOKEHHE OObEKTa B MUPOBBIX KOODIMHATAX, CO-
CTaBUB KOMIIO3UIINIO COOTBETCTBYIOIINI IIpeoOpa3oBaHuii. BhITOIHSIsS 3Ty
MPOIIEAYPY JJIs KaXKJI0T0 KaIpa MOXKHO Oy YUTh TPAEKTOPUIO IPYIIIBI TO-
YeK JIMHAMHYIECKOTO 00beKTa, KOTOPYIO YTOUYHSAETCsT (PpOPMUPOBAHUEM eIIe

omuoit 3aaum bundle adjustment s ceres solver.

4.2. Google Ceres Solver

Ceres Solver - 3T0o oTKpbITast bubIMOTEKA, HanncanHad Ha C++-, pe-
Ha3HAYEHHA JIJIsi MOJICJIMPOBAHUS U PEIIeHUs OOJIBINNX, CJIOXKHBIX 3312t

onruMusanuii (B acruocru, bundle adjustment). 91o MEHOrOMYHKITHOHATB-
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Hasl, pa3BUTas U MPOM3BOIUTEbHAA OMOIMOTEeKa. B pamMKax mcciieyeMbIx

aJICOPUTMOB C TIOMOIIBIO 9TON OMOJIMOTEKN PEIIAIUCh CJAEJIYIONINe 33, Iaun:

1. YTouneHme TPOCTPAHCTBEHHBIX KOOPJAWHAT TOYKH B AJTOPUTME Jie-
TEKIIMU TOYEK JIMHAMHYIECCKUX OOBEKTOB. Y TOUHAEMbIE 3HAYCHUA: KO-
opauHATE Touku X € 3. M3BecTHble 3Hadenna: N mpOeKImii 0coboi
Toukn x; € R?; N mOJI0KeHuit KaMephl, OITICHLIBAEMbBIX BEKTOPOM JIJTH-

HoWt 6: 3 - BekTOp Bpamenus r(R), 3 - Bekrop cmerenns t;

2. YTO4YHEHWEe TTPOCTPAHCTBEHHBIX KOOPIWHAT I'PYIIbI TOYEK TUHAMUIE-
CKOTO O0bEKTa B aJITOPUTME PEKOHCTPYKITUU TTOJIOKEHUS JTUHAMUIIE-
CKOTO O0BbeKTa. YTouHdeMble 3HadeHud: M >= 5 KOOpJAWHAT TOYEK
X; € R3. Ussectunle 3nadenusa: N X M IPOEKIHii 0COOBIX TOYEK
x;; € R? N mosioxenuil KaMepbl, OIMUCBIBAEMBIX BEKTOPOM JIMHOL

6: 3 - BEKTOp BpallleHud I, 3 - BEKTOP CMelleHud t;

3. YTouHeHWe TPAaeKTOpHil TPYNIbl TOYEK B AJTOPUTME PEKOHCTPYKITUN
MTOJTIOYKEHUS JTUHAMUYIECKOTO O0ObeKTa. Y TOUHsgeMble 3HaYeHusd: M >=
5 KoopamHAT ToueK X; € R3; N mosio:KeHUil KaMepsl, OMUCHIBAEMBIX
BEKTOPOM JJIMHOM 6: 3 - BEKTOP BpalIlleHus I, 3 - BEKTOP cMmernienus t.

Nssectnble 3navennd: NxM npoekiuilt ocoObIX TOYeK X; ; € R?.

4.3. KannbpoBka kKamMmepsbl

Mt mosrydeHuss BHYTPEHHUX IapaMeTPOB KaMmephbl - (DOKYC, OITUYe-
CKUIl TIEHTP, KO3(MDOUITMEHTHI JUCTOPCUU - BBITIOJHSIACH KAJIUOPOBKA Ka-

Mepbl ¢ MoMOoIIbio Kanunbpopounoii jgocku n Camera Calibration Toolbox
for Matlab!.

4.4. Docker

ORB SLAM Ttpebyer namuuane ROS Indigo - mpomexxkyrounoe 110, opu-

€HTUPOBAHHOE Ha Pa3pabOTKy IIPUIOKEHUN JIj1si PoOOTOB, Tpedyioliee B

lyww.vision.caltech.edu/bouguetj/calib_doc/
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cBoto odepeab Ubuntu 14.04. [losToMy OBLIO IPUHATO PeIeHre B3ITh OPU-
muasbubiit docker-obpas osrf/ros:indigo-desktop-ful ¢ mocrasienuem make-
toB BLAS, LAPACK, Eigen3, boost, opencv, suitsparse. Docker? - jerko-
BeCHas aJbTePHATHUBA BUPTYAJbHBIM MAIlIMHAM Ha 0a3e CHCTeM BUPATYaJIu-
3aIiy Ha yPOBHE omepannoHHoil cucreMmbl, Takux kKak LXC 3. ORB SLAM
nMeeT rpadudeckuii nHTEP@Ec B BUAEe OKOH OTOOPaXKeHHsI 0COObIX TOYEK
Ha TEKYIIEM BHUIEO W CPEIbl BU3YAJU3AINKN TPEX-MEPHON KapThl T0S I'Viz.
[Tosromy docker-marimte ObLI IIPEIOCTABIIEH JOCTYI K X Server ¢ IOMOIIHIO

yTuauThl Xhsot:

>xhost +local:ros-orb-slam

>docker run -it -h ros-orb-slam \
--env=""DISPLAY’’ \
--volume=""/tmp/.X11l-unix:/tmp/.X11l-unix:rw”’ \

ros-orb-slam

, T1Ie ros-orb-slam - docker-oopas.

4.5. Habop maHHBIX

11 TecTupOBaHMS AJTOPUTMA ObLIN 3aIIMCAHBI TECTOBBIE BUIEO C IOMO-
mbio cencopa Kinect pazperenuem 640 x 320, cHab>KeHHbIE KapTaMu TJIyOUH
JIJIsT Ka2KJIOr0o KaJpa, Ha KOTOPhIX HAOJIOMAaeTCd HeKasl CTaTUYeCKas CIeHa,
IIPUTOIHAA JIJISI BbIAEJEHUsI OCOOBIX TOYEK, W OJIWH WM Oojiee HeaedopMu-
PYEMBIX JIMHAMUYIECKNX OOBEKTOB - POOOTHU3UPOBAHHBIE TEJIEXKKH, IBUXKY-

muecs npsamosimHeitno. Habop maHHBIX COMEpPXKUT:

e 3 BUJIEO 3AITUCU C KapTaMu TVIyOWH, HAOJIIOIAIONINX OIWH JTUHAMUIYE-
ckuii 00bEeKT, IMpeaHa3HAUYEHHbBIE JJId OIPeJIeJIeHIs TOYHOCTH PEKOH-
CTPYKIIMKA TPACKTOPUN TUHAMUYECKUX OOBEKTOB: 2 3aIlUCH C HAE3I0M
KaMepbl Ha JUHAMHYECKHN O0ObeKT, 1 3alnch ¢ IapaJiieJIbHbIM JIBU-

KEHUEM;

2yww.docker. com

Shttps://en.wikipedia.org/wiki/LXC
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Puc. 1: Ilpumepsr nzobpazkenunii Habopa JTaHHBIX

e 2 BHJIE€O 3AIIUCH C KapTaMU ITyOWH, HAOJTIOIAIONINX JIBA JTMHAMUIECKIX
00beKTa, JBUXKYIINXCA B PA3HbIX HAIPABJIEHUSX, IPeIHA3HATCHHBIE
JIJIsl OITpeJieJIeHUs TOIHOCTU (DOPMUPOBAHUSA KOHCEHCYCHOI'O MHOKe-

CTBa TOYEK MHOXKECTBa AMHAMHNYICCKUX 0O'BEKTOB.
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Puc. 2: Macka guHaMUIecKOro o0bLeKTa.

ROC-curve ROC-curve

0.8 |

06 ] 0.96

0.4

02 |

"tracktypes/tt-mean3 txt! —s— "tracktypes/tt-mean3 txt" —s—
"tracktypes/tt-mean2.txt’ "tracktypes/t-mean2.txt"
"tracktypes/tt-max.txt" —a— 0.91 "tracktypes/tt-max.txt’ —e— ]

0 0.2 0.4 0.6 0.8 1 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

(a) mrs kaxkmoro 200ro Kajapa. (b) mst mocaenmero Kaapa (yBeJUIEHO).

Puc. 3: ROC-xpussie, rjie TP - uctunno pjunamudeckne 109k, TN - ucTUH-
HO craru4deckue Toukn. Kiaccudukaiys mo HanboJIbIeil ommbKe mokasaJia
HE3HAYUTEBHO JIYIIIUA Pe3yJIbTarT.

5. PGBy.TIbTaTbI IKCIIEpMMEHTOB

KadecTBo ajiropurMa ompegesieHus JUHAMIYECKIX TOYEK OIPEeIesIAI0Ch
IIOCPEICTBOM PYyIHOr0 (DOPMHUPOBAHUA MACKUA AMHAMUYIECKOTO 00bekTa. Hu-
JKe IIPEeJICTABIEHBI METPUKUA KAYeCTBa JJIS TPeX THUIIOB KJjaccuduKaTopa,
OIIMCAHHBIX B . BBIJIN ITPOBEIEHBI SKCIIEPUMEHTHI C yKa3aHUEM MaCKU JIMHA-
MHUYIECKOT'0 O0bEKTa JIjIsl IOCJIETHErO K Ipa 3aIliUCh U yKa3aHUeM MACKH JIJIsI
Kaxk10r0 200r0 KaJipa 3anucu (B 1eJisix MPUOIN3UTE/IbHOM OEHKH PabOThI
AJITOPUTMA B PEKUME PEATbHOTO BPEMEHN )

Boabiryio HeraruBHyo 9acTh B KAYECTBO KJIACCH(PUKATOPA BHOCSIT TaK
Ha3bIBaeMble TLIABAIOIINE TOUYKH , SBJSIOIIAECS 0COOEHHOCTHIO PabOThI OII-
TUYIECKOT'O IIOTOKA, KOI/Ia N3HAYAJIbHO CTATUIECKHEe TOYKY TIePECKAKUBAIOT

Ha IuHaMu4IecKuit o0bekT. Tak 2Ke KiraccuukaTop IJI0X0 IIOKa3aJl cebs Ha
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Puc. 4: CoBmeriennbie rpaduKu TPOCTPAHCTBEHHBIX KOODPIMHAT IT0JIYI€H-
HBIX B pe3y/JIbTaTe aJITOPUTMa M C TTOMOMIbIO ceHcopa Kinect

3alliCH, I/l KaMepa JIBUXKETCs IIapaJsljieIbHO IMHAMUIECKOMY OOBbEKTY.
ToYyHOCTh PEKOHCTPYKIIMU TPACKTOPUU IAMHAMUYIECKOTO O0bEKTa OIpe-
JeJigaach CPpaBHEHUEM MOJIYYEHHBIX aJrOPUTMOM IIPOCTPAHCTBEHHBIX KOOP-
JIMHAT JUHAMUYIECKUX TOYEK O0bEKTa C KOOPAWHATAMU, BOCCTAHOBJIEHHBIMU
13 KapThl TVIyOMH, TOJIYYEeHHO# ¢ mmoMoIIbio ceHcopa Kinect.
[I'pacduk mokapoBoii pa3sHOCTH PACCTOSIHUS 0 TOYEK JIUHAMUIECKOTO

00beKTa]
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6. 3akJIroueHune

B pesyabrare mpojenanHoit paboThl OBLIM BBIIIOJHEHBI CJIEIYIONINE 3a-

JTadn:

e Pazpaboran aJiropuTm u peajn30BaH MPOTOTHUII JIETEKITUNA TOYEK JTMHA-
MuuecKnx 00bekToB Ha 6aze ORB SLAM. BoLio nmpeaiokeno HeCKOIb-
KO CITOCODOB KJIACCU(MUKAIIUY TOYEK, ObLITU ITPOBEIEHBI SKCIIEPUMEHTHI,
B KOTOPBIX UCCJIEI0BAIOCH KATECTBO KaXKI0I0 U3 MPE/II0XKEHHBIX CIIO-

c00O0B;

e Paszpaboran ajropuTMm u peau30BaH IIPOTOTUI PEKOHCTPYKIIMU TPa-
eKTOpHUl ToOYeK IruHaMIYIecKnX 00bekToB Ha 6aze ORB SLAM. Boun
IIPOBEAEHBI SKCIIEPUMEHTHI, B KOTOPBIX HCCJIEIOBAJIOCH KAadeCTBO AJI-

ropuTMa B CpaBHEHHU C JaHHbBIMHK M3 KapT FJIy6I/IH.
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