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ABSTRACT

Combi ni nmagn da cptaisvwseé ve i maging sensors enables creating
Then, these 3D data can be wused for various applic
autonomous vehicles, etc. Typriarld yar d i iDiARt alnlde & aome r t

Bot h of these sensors have advantages and drawbacks.
accurate 3D pboDARBIialtowd panutddiarssiur f ace t,exdswahsasand
tradifgrcs and al pha numeric information on facades. As
i mages require more computational resources, and in
| ower due to poor vi suearl ionrvelsitghgta tceosh daifalezoeosksf.Ilg oTahp Wwsh i pc
SLAMense 3D reconstruction and | CP to efficiaadtly ge
t hecrow egiisntneavi gati on frame to provide a cohbhestent a
environment. The workfl etvepbnssfictwef gt #pdoe SANSMc e s s i |
ocodoman®@ POFcan mbabedbpit dpeD AR I nt c ltohued .s tTehreeno I mages ar e
byt erseaddense 3D retceomrsitg wgegaeanernat e densleCRed ihmtd ecdl oud. Fi
toog egiLsStDbaArR and phot ogr a mmeft moanfee ep opirnatp ocsl eodu dnset hod i s t
the KITTTheaarteaswltt.s show that data f ugsuiaoln t@ otfwot hpeoi r
mo d e |
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INTRODUCTION

Overrdedyemdr edwdr® city modelMohairlpepimagr egstequs al |l ow
col | damgiesgdartoaund t©h etaltées ¢ Trwadred feccrad, and nati onal aut h
t o mhawlymbhppi ng ,plsalttgUanssannede Ae,c i MJIBId/bi | e Mapping Syst
One of dheael mange i s toekgvanttt ofrfobidlemé bt g@apad de le d
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by t he &plsactiifboerrne o mbif naheomari ous dat a tshhenéamsmaal bows
extralcRAR{ii gehttect i on aandd t Ra& @ gniesnygs)t eermes d e |l ys elnsed

confi gfuomabi o ® ma p pRengga radyignoge ms h ms , Simultaneous Local]
(SLABM)NdI e adjust ment (BA), camdnodseagd et g demty a enms @ hi ng
gener at e poi ht DA&nodunda gfedbomvever, there asmpecicfriidc i cal
i mpl ementation problems with each technique. For exan

di fficule prechlgatehree Bc or r enottii com olfi stthoe t i obmddnti ber, Li da
Li DMRP i nt cl ouda pctaunreebsuet gce textures and details (s
i nformation on facades) of haDibmesdal .p osiimgthd¢tlodvioriyd, t he (¢
to theaileaplionfasd(fkatiumpgadt of vaswydhyasamalies, tdhand cw
Toeup parthddD mapt hi s paap ewo rpkrfol pooksieDd Rp mag®issu d c |
dat asetrsegamdiesroat hceonmimo n echtmanree det aiFligdcavypopé gt dcl oud
gr aph SistAdwsesadedn s ere 8®nstruct Lo DARG ngr ad wabeh se&md piomad e
cl oNest usw€met howod fuse Lidar point cloud mapglpisngreo i
frame
The rest of the paper is orgabirziedbygemReldldtoavd . The
Worsksecti bmetxétiets ome wi |l | s u mmafradbraled i thilge 3wvDo rnkafpl oiwnc | ud
algorithms and méhekods DARr apdacaseiewg iRmeasgostehcet i on of
compaandost atthress ucsso&dreyphespapedoebBiigaiwbnh
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Theatda foufsi DAaRYd phot ogra mwmaed silve edilsgadcr yasi ous
appl i csatctd ns est management , city planningobaotaitastr op
utilétResear chmasgifsrcam!| i nedhremoskadi nog m@mwuesri on
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GP®8eniardé &aj damowi c zt heet facladrudBeR &) ast e dswerroem uisneadg et o
correct Li DAMMoptehearmpadet osildown i n an apprpoltieccdteixoonnF of he

2010) . In this reseantti, theDARgdataet wasi asfedrnti omat ch
cudrtal her i.Altigheeagsqur v gylses in tbkplobteggryhéomasi bnof
the characteri dtni cdsheofselcipMAR bdadpthao.aehsors are used foc
clouds, and thewm,egt sHceteece dtil baitd ptpaobachboi s i mMhibe focus
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PROPOSED APPROACH

Thipapprresenwer Kd Impwtolhve dermabillse ohappi rogrheoruglisn g
Li DARidageased powintth ctthbeudabi |l ity to efduaBemtgly proc
sequence Aasfh d wEagrdgh.@ r opmetldod conmast lpsftitedse p e
Li DAR issceagnisbtuesriendy f actorn tdr @GRICSE HtRdMrz®itdo sPe §)8 € a n
mat ching and GPS/tsN& pbheesesmomeoss mpgeé n areensper oces s e (
3D r econsetcrhuncioqiuoge n vye pei nFti adalhlctasdte p of t he hiesed ICIPl ow
used for htemo gpaoignt cd omrdesn ifhteomeenehod aslO@ssedomwds h
l eng®hTBénchdnatr & Gedtger eThealkooR@lBApte system is the
whi c hi fsipceaclcloyo ridsi ntabtée Itghjes t e mmer a .

6DOF Scan Matching
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Figurel. Overwo rekf lod w

Factor graph SLAM for LiDAR point cloud

| mhits sweptriedgmleitDAR point cmeuldodegpptltiBldiée omoalhiiss st t
to produce a mpet mit.dall by daec qagprpdetrget bwhsd glreap e posesof
the platform, incl udelnl@glgl@tbet sbnfacbhodegbédphudesd in t
i preseéemti gad Teifsct or c gmapahsnessas nbdes the unknown vari al
grapgmd heonstaraé nposesKIfTrTdm GPhsetled$ at ed awoduttihen
transformation parameters bet weeam GHRbealcgoorrsietchent i ve po
we Gb&E€PS CP i mpl eThesotna tbipoena.mi zati on pr obilsem owlfvdd ewiftalc t
LevenMerrguar dt. optimizer

The osnecultiiAR i nt ¢l ouds can be transformed into on
obtained from the factor grapiNfe;, utsBORmMeESuaAt sstciamalbeOu
Removal ) efmoidépsees ent ed in Fhgupleéd b poli @dd @ oauedn s
15638360 pPomttshe qualtihteatpiovientasn aolfy stihset hcel ocuodr riess pprndaji eng
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Figure2.Fact orf ogr emh i mating the platform pose

(©)

Figure3.Resul t s of eghe.t LianD A(Ban) ,r ewgei sstheorwe dt hpeoi nt cl oud be
The results afterSdmpidteejrg@cntgi oins osfh o3wbn pioni n(tb )i.nt o i mag
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Photogrammetric 3D Reconstruction

Theequebter eo gwiagyhdmadglelsBsz@d ifmgpriesseearstructi on.
Thet erma@e i mul t aanceqouunsrieyd t he LTHHDAR$SBMANasrga el vy
appliine®@D reconstructi ont eacphpnhibgeueetsc onsi Hewabéy, compht at
probhdmmeeder al reduhdedett FiclewgnsitOuus diaamseol | ected by
amMSand obusc¢cts can bDaosthyd riirme ohardird/desd m ornees ud inriencgt i on
s mal numbeatsurods t hat adwee reaskskeiddt thees qfuard i $FMof the po
derived fAwmmampdesbBwgdOae sample image from the sce
Fi gwiTdhed resul ting trrecve sitmaugdd oanr oo what nt Fegderei ¥4a
cloud is very sparsebaGleaarfloyr, ntahpipsi niga stubletddgetneva nrnoonttmre
computwatsi arun on a MacBook -B65,B8WiGBhama m2H B2t &3 Hazp hG ocrse i 7
600t00ook 1f B6rihM&dges, just for illustrating the comput af

- 13
3

Figure4.3 D reconstruction by HBFRMsaf(ea)heThle emei Mftorc Irewd.n
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Tduidledpsoei ntf rcd o uigin@yeeqou,evieucs&et er eoScan 3 Dercdanomauter uct |
i n thifsorpanpoerreedeGai ber Ehe alippd@d&echd orf Lilbe abkiybvioso?2
Vi sual OdormathmBy L2A)S (Ef-ddcaxliemat e miemeg &ei benr gt al . 201
anlI TEREOMAFPMEROppspd!l i ne conhepsts of four

1) Sparse feature extraction and matching. | n he f itrtsa fsd dtpwireosrsmaea re
extracted from i magkescrtihpthormatch the feature

2) Egomotion estimation. The t mon padamareatddmg tr anolfatmoovni nggnd r «
pl atdroeg mesThena¢g@amoti on estimati on iingcaaocdd,gared by m
betewe t he | eft and breit gMete ninmfsageeust .i avse werlalmeass

3) Dense stereo matching. Onc e, t Ipeo sridlédtwiswd ed drwearraes known, t hen,
t h3eD obj ect s pcaacne bceo odeet? IDnvaetensk. @ t

4) 3D reconstruction.| n St epn&, pohnhpt cl ouecsye molkeh .dtehrd vieals te potcen,
the point cl ot st edrbotamizn edhi hgomre merged. i Mbo one |
increase computationbdbeefédoeciemgyt henolimsbetet of poin

A fetr prosttasseanghmagebpoped el ianpep |l &ioR g f i hdeeenrs, e
reconstontlh? @@2[Boi,ntese ghr e

DATA FUSION WITH ICP METHODS

The | ast stepsinoouatwdhr kthleowi DAR and i mage point
tries tm o6nengpbont cloud to the other one with mini.
cl opesht pairs. The objective function can be for mul ¢

v AOCEB &Y, nf & h (1)

Figure5.(@dsbbws thec@mWstruction via StereoScan 3D recons
point c¢cloud after SOR filter.
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wheoves the matmbteidRatf§ 80 ,Q N8R are the twexpoéesnsed!| oud
i homogenous. Yioadtbdd nradcmecsyg e aosf ionmmNiox e that the points
Q are ordergdang arehabhewplapoGEGosnspta rpiongntt o gitrheGl CRCP met |
a probabildappliicednioid® | mi si(n8 ezgdli oatd P® pces s

The main advantages of (IS&R anhe tehtodasiwtehraesd QtOh) e i sail mpploisd it
of two point c¢clouds can highly influebhetotédetmatct@Pn
procwessans htewom pbbintltsoc commdomabme usi ngt skkeas®ensat i brati
parameters offewvmedily eleTdripdo iahhzocohnsehdnsvimied @ & n6
which the white phiasts proeé nfthrlouredtiugirecaeamudapjoient.s ar e t he
The-regi strati omi tihs Gl exPT baenstve ditGW. met hodsiRas@l tempar ed
section.

(@) (b)
Figure6. The 3D vi ew lodf @proé nltiCde | pinumiegeas)s. t { & )s demavisi n

RESULTS

Compare ICP and GICP

I'n sddhesiwa firstlayatghmep areeswlaCile t abdgure 7 il lustrat
t hreegi stered poi nltCR |anuddisGhpGfohdeu cseadmeb yvNoetwe atsh atth et hFeirgeu r
an offset between the ttlwe mpe®d nin&rledd dasiidcahg halsi g thtee e dhyy
wall s and vehicles. On the other handt i thked t ®ame har
(d) . | T&®usperGil CrPms n terms of FHFngtucwdaBg o apdelu EDaACRy . I n
odometry and tvriasjuele foovdioEmseatnrdy af t e inTallalt @e If pursd ven tp rtolcee s
val ues of RMS WetVviwsmajl ¢dd ddpRisi@dnt Z2) from not fused, I
resuThe quant i tsdtoiwse tdrmal ¥ CiPs can matching two point cl
X and Z ditrheec tpiearf otrhmmemce of GI CP.
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(d)

()
Figure7.Fusi onpof nbothouds. (aderaihednc)&cfBreoohe r esu
CloudCompare. (b)deaendvégd) Ghedrelde mae&ks!|l i sdi cate son
di fferences of matching.
T i ;::l::: Il i _-—-_‘_____-_""'\ | Visual odometsy
” | i AN
(a) (b)
T B _ - ' ' -:—L|DARc;domeLry |
w o Visual odometry [
T - |
(©
Vi sublfr(er €di)si mchg mg thr)y arfd ssul trse:
registratio

Figure8.Li DAR (bl ue) and
I CP in CloudCompar e;
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Table 1. Comparison of RMS Values Between LiDAR and Visual Odometrys from Not Fused, ICP

and GICP Results
Odom&KkRtMS Not elugFusi on Fusivbthh
R M §X) 1.1m23 |0. 1@31 1.1&70
R MS§2) 0. 46M53 |0. 017 0. 0MmO08

Investigation on the improvement of the point cloud

Wecomparsi atahde de ntshiet yL i dfAR, i magpeoi anhd ot mmibiersesd t he

i mprovement .ofTfhpoirrtsudTachddrR ganddwguire 9, a threshol d
of dénsittoygpsami ct ed Nooyttndetalt9 % | 2@i0Ot0 0i0s i ay RHRPWrOedD 9

f oFi guaiend9 c attihneg dtehnasti ty of ooudi nal sligARi panht ycli
i nt egwiatth nigmageé poAmtexd mplde whi ch areas are covered
clouds can be.Heeen wpobBibpawwmahé&édObeeheft oSNiodee afhapgi ct u|
not aaltl ol ehesiumetdhe Li DAR speoei nBEi gelimpance0 2t Be pol e is
compl ete after mergi nGhevi $ihmitlhaer 3DiFrgatoench FriucT s éoomins
areas aroundi ®&angsuawhailiddhaeu seece nby atrtee cwerteir agdde fEiheel cc a me r
of VvIiheiws. ar ea cbhamoibret fdlldwed alpt aii gaudbef rlom Li DAR, see |

Table 2.  Sizes for LIDAR, image-based and combined point clouds

Category of Point Cloud | Amount of Points
Li DAR 17563260
| malgased 17288623
| CP Combineqg34851883

Volume density (r=0.05) (17563260 values) [528 classes] Volume density (r=0.05) (17288623 values) [268 classes] Volume density (r=0.05) (31696869 values) [304 classes]
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Figure 9. D e n shii tsyt oqgfr almisDAR poi nt c¢ | oudanfdu)s,i ohD orfe dorn sht rpwd t
clouds (c).
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A : eI e 3 R RN
Figure 100.Ex amp | e -mds éa dnagei nt dclheudni sshipDAaAmapmdi ntn cl oud

(a) (b)
Figure l.Exampl e of two point cloudeconpplrementoneadchh)otls
point c¢cloud, (c¢c) is fusion of both point

CONCLUSION

I'n thise 9ptrodywywewk 3D w tfroerett simag pd atga cowlkteies bed
sysiTdhms wor k fflaccw out igltiazedrsi S toam etcluieD /Rea st er eo dense
3D r econsot rguechteimrcarg ep oa nfdi ncliCdPwd , me rtgwongpotihnet c¢cl ouds i nt
ma p pfi mnagmer he warnlafl lyeziedd 0 soenagt i oknl ToT I s edhaet aT hii isc ldulad eass e t
Li DAR scans, ster ema\Vv imgiaadisd nma n dt dh@eP S ebrhNfSo htevao cleC R f
met Bods ciompactedual ity opoitrhte dlindlwed).r aThgel pshehseul t s s ho
Li DAR potah bH@lidlhalgaspeodi ntafctl ednadtahef usiFamtphreomes €.,
test of | CP met hods C$ loawoimipadheitehvee l1aCPbett er mat chi ng
Gl @WPh the investigated dataset
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