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Abstract

I ntelligent Transportation System (I TS) is

sensors and communicati oes stecur mofaraidernDlryei e«

surface transport. One of the most viable f
mai nly as prototypes. Serval automobil e man
Tesl a, Honda) ommli Ineconc ompp &ni eGoo(gd .eqg. NAKI a,
Huawei ) have invested in this field, and wi

estimated in 2025 to 2030. Currently, t he

sensors and a prior 3D maehi cTlhee asreen stolres freoy
driverless car to capt uGoempahrei n3gD idtast ae novfi riatns
prperepared prior known 3D map, the driverl es
vehicl es, pedestr i anesa)t uaneds per.nga n ebruta f Hu rafgasc, ¢
signand take relevant@aacupeingr MWaph Bheeinmi
perception probl amoisablrenkboaimedat nom t ask.
technol ogy foriogrenmaptiirsg Mohd | pr Laser Scar
technol ogy can safely and rapidly acquire h

point clouds with the measurement of surf ac:e

with intensity eaadat anioltedondy wourffeacet hof t he
pavement mar ki ng i nformation that are embe
navigation. Rel evant researches have been f

from MLS data to ¢alilBeldithieo s p thlaopvee vaenmd rmadien ac «
and efficiermrexytr rafcptavodnendtt imar ki ngs can be fu

i ntensity c¢or rbeacsteido ne nehmach cveimmechdw Thus, t his
AAA



robmestthod -0t omaocthendat i on opratvreanetnitomar ki ngs d

frompwLSit. cl ouds

The proposed workflow consists of three co

classification. 3IDML Bpceiprrto caerkes udgn v etrhtee d i nt
radi ometmectaegd yamtbremleasceég | magery of the
t he pavement mar ki ngs are automatically ext
al gorithms, i ncl udinreg g @boawnmdGs nyg hrfeadhcelrdinmg,
gr owi ng. Exhabkcyedtipavement mar ki ngs are cl
parameters using a manually defined deci si ol
MLS dabaagatred in Kingston (Ontari o, Canad:

respecawiitvhel siaqintilfy di fferentt wBd &EGL e-8Xr on men
Ssystems. The results demonstrated that the
93% in completeness, 959 ciom ec orersgpetcite ye,l yam

Xi amen dataset89%Whi ¢éep8dt, ve&OIBYW, when using Ki
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Chapter 1 Introduction

1.1 Motivation

I ntelligent transportatiohosymaemsy¢eéams) h
resuddv elffopamgportati on systems by informat.i
communi cati on(sSGStMAC, h.n®0 b rtsr yds transportat.i
significantly improved by nbguiilndfirnagstmeive truoc &d
as integrating infrastructures (roads, traf
systems via wit@é@Besant bemppel 6girtensamcsep oaft atth e
system sigmhfaincamtgl yroadi ngafetaffiicmpebfici

environmental sustainability, and reducing i

The current development of ilfitfe fneutsegi aml

f orm offhel TdS.i verl ess cars aretasgtsil hmatiend tthe b

aunched decdSdkeew enakt poegd ideermmer ciodl t dal e

fully autonomoubetvwdeénr!| 281L¥Womb@Ch@pan( es

in automotive and oabentgended@me@dep udi ng Tes
Ford, Genemald aMotGomrog,l eH . Agap Ireo,b oBaicd uv;e hetcd e
capable of traveling bet ween dlesetvierrdteisossn sc awi
driven not by hunatnewmruitndahiea dfaauar.d¢ ¢Tch emaevi gat
of the driverless carsinThetrbiesr®dr omendisng e
dri ver.l elsts ccaar beolacgoui e@dbwntthe radar, Li D

camer as.-mdlrt ed olfi gdhnrd DrRaregitngoon( Li DAR) sens

]

ange60 roomf A@ddm car and creates 4dGoomIimap of

driverl ess cwri twa@ddrltIhe2&Tond one is a pri

M



3D map. Di fferent fr,omthihe detadielvedfodaR dma@md]
the machine. The highly precise mapeat i ndi
itself on t hd stor afnfaibthielc et besphatk@bng correc:
(Gui zzalOlal )scenani drwveré ess car tries to ov
front of it omara miotiteohevatyhe Tk e &wlrsendogteh etrh at

| anemove into. It has to follow the | egal re
| amMméwi dt h lafnet leetd ettlm@gt hif @aadmp Intgh e maneuver

al so need to be taKdénusintthe aandimhe rat icam h
detailed | ane model . Such a | ane model need
boundariies andsrurchhutasonl ane types, l ane tr a\
mar king types and | aneKespe.e dEONIdSep tt tinegd o d end
i nformation of | aned,o udruwkecrlmy dsetda tiino ntalrey porbg cei
Ther etfhoeriegca abbleeogni ze t he morwaitmg tohbej e3cl smat ph,
such as vehicst®Wsthnttheepedhiten i dMadmuavps, ng | S

transfordcdetlf fcomt aiperreceeptli omnaltiaz&ti on probl e

To capture the awdmnind moms3Dehocl es, Mobil e
technol ogy is applied bef orne etfhfee cdiriivvee ralneds se
met hod for acquiring highlilegfacemnciang, 3DPrteacpa
da{®uent @0&8)MLIS. ,systems are the mobil e mapry
Li DAR, which capture 3D point clouds from th
scanners. The | aser scanners are mounted on
t he ranwgrei ndgpattahed movement of t het vadkicn g . T

navigation devices, and the vehicleds traje



navigati on satellite system (GNSS) Thed I n
i nformati on uwsxad i-treefdg eea®ebpeoi nt cl oud from t
MLS offers manin elduwgdhnhagcgceusr acy, high point d
acqui sitiont hi¢notre gaxhanBplEeGRA ¥YDaser scanner s
RI EGL -¥MX systeoem8 demme aps ur e me natn da c5c umemic yi on
(RIEGL,THRemaX) mum effective melaslurmmddlmttosr at e
per second. As a result, Mbhe smpPHtemwncah 201 I
width at tHBOmkpeed@herfefB3@r e, MLS is a feasibl
for sur vepipoérgahe ur bawi lelnevd maolph.me@20 281 ed
3D point nolromad | datiamnporvasntt hef or mati on of t
l anesd6 geomewdry, ahdnésd tyabpeavempeald imnfmornt m
Thendi spensabiplse dét iav er Iseod d edcci agd eomlak Je5
However, processing the point cloud data to
| al-iont ensisv.e Tphreorceesar ei phoeatglsehal3 Depgest cl c
coll ected by wMiléSumMdEiSoyfsdtat a i s inchdgdibley | al
MLS data is uhgtrhhet MLt8ddatThai hds unevenly d
t his C o n tt dnet ;csftt teedtridcn g a n d efficient MLS dat a
information afurlgamé o nle e demaea edvreil voeprmeenstsi scfar s .
noted that imafjoorronéttyl eombe & shidest theed r oadt mas ki ngs
t hi s osctuusdeys fon t he extraction and réoognitio

building the pri.or map of driverless car

1.2 Objective

The main purpose of this study is developa semiautomatic workflow for road



marking detection and classification usBIg pant cloudsthat areacquired by aehicle

mounted MLSsystem The positioned and recognized road markings can be transformed

to the detailed lane informatiqns uc h as | anes & g e o tsuppoy , bound
the operation of the driverlessclm t hi s study)] st heBMBREN(ELt ayof
of Xi amen, Fujian) and King Starcegaiti r €8i tayndo
col |l datomride RIWOGL -¥BMX syptewisdeldde bFuj i an Key
Laboratory of Sensing iand anapretni nWnifveoerr s$ my
the Tulloch Enginegeeresgéb®Oitdatwai, | éOhtraes ®@ar ch

are | isted bel ow:

(1) Completely extract the road markings

accuirmcgi fferent environments

(20 assi fy thei nmtoamadt harrku plgsagdr detshaecblas @ d

extracted i nf odranwatathoghf a.o mu MhA B8y

1.3Thesis Structure

The thesis consists of the five chapters.

Chapter 1 i ntroduces the researfoh | baed grl

addressing the research objectives.

Chapter 2 reviews fundament al kmewlad ckegle of
studies about the road surface i nformation
and digital i mages/ vi deos.

Chap3t edresbei besdly ar easds tamed dessitg ndeadt avsoertk f |

algorithms details for road information extr

n



Chapter 4 first presents the extracted anc
t hdLS dat sl aafdRoRidngi n Xi amen using the progy
al gorithms. The results were compared with
published methdoMES &etandf the King Street,
the proposed workflow and algorithm with mo

and potholes issues

Chapter 5 concludedhemsmabatpobont eaowmsd o dastehaer C

directions.



Chapter 2 Background and Related Work

2.1Principle of Mobile Laser Scanning

2.1.1 Components ofa Mobile Laser Scanning System

Mo billaes er scanning (MLS) may be defined ac
depilmyg portabl eontraadr Baahnetrd srtpapinkl w eda lcll e
georeferencedf opoidiitgi tlabudrsepresentati on of
environments. Compared with the early mobil e
vi deo c( aSncehrwaasr z-S heen @@ E7 ; Lemmensa, MRG1l1ls)yst em
nowadasyer mal |y i namgtgirmdleddiwgitthaler cgmaeamaEes ) s
Gl obal Navigati on Sradecddudre,nerytsita@lm NeEGNSIBr) e n
(I Mdnd a Distance Meas(@t sme2nGl 8lrnidd ac al eopr a r(tDnk

of Transp@ofiadation

The | aseemistanhaeosreantpiasots t he surface of
and receives therbawdkisecsad taredt wal sasge mea
|l aser seahnbohgagfimesght (TOF) Vasselpmaseamsdi Ma:

2010

The TOF (sxlasnmprglkbsatdgeedl anner s emit a | aser pu
and receives thdhkRapkhidcat tteraevce | p nlgsd.i me r ec
used to nodeiasstuarrec et hbeet ween the scadmsredand t
system, the phase shift and the number of t
Both of these approaches wutilise the amoun
i ntensi tht oofn a hgoisur face:baBean stcaoawnmgh thhae

measur ement r amges etdh asc atnmer gsl set has a hi
C



and accuracy.hel npludassleddi t 8 o amaorete s s miotea b3 @
reconstructi®o,n oOdicralraaagne eanfwsilari d remetnlit@ s epdh a s e
scannems eamrPpnophieactastaiophedcnemad ur ement, S uUC¢
asi gdiat ahae@gogw20.15Thus, the majority of ML S
wi t h -bpauslesde s oa n reexrasmp | fe the maxi nRilnEGLange o

VQ450 is 800 m.

The optical dapi tcackl dcrla evefr atshe t arget surf ac

original 3D poacngubgleddadert Fatanarece s . The raw
| ackheexture information,cahnodte plevciudeae¢wicDh
geometry informati on. Fusi on of ptrloa utcreu & Dc ol

trueu edl oisnt wdhliacthd ctahne feacablciuaaitéed at i on an

comsucti on.

Th&PS reobseewms, potshetsitonmadredit verowvi dgs
hi ghly pmpasiudrnadiag tenl satellit@®@l sceomfHIGyrriacta o n
Department of 2)0.48@pweveart,i otnhe woadlieci omieng ¢
when the GPS receiver i's under p&HIS ssat el | i

|l ocatedsiumraumpideede tbet aal | buil di ngs.

TheMbLonsi sts of three accelerometers and t
me as urtehd eien axze)s, (&, d M he angul ar rate i s me
acceleration axes. stleptthlee twitggn alacpred cea adii g
calcul ated for @On flifdUessdmpglre mpe&rPiSgd.t he per f
iml uenced by satellite signal strengt h. Howe

|l eadhe decreasei mdsitthieo raicrcgf Pauredn t cer ieetn tailn.g, 2
T



should beheotedot Batcah bleheiogdmpaecncsuarbaatden dppyo s i
informabmom GPS; while the positioning accu
T h u s |ntegraiomof the GNSS/IMUis able to providea high accurate position and

orientation for the MLS system.

ThBMIlIi s installed orcl|lttldte omea@arofvhekésveb esi
di stance (Talaya et al ., 2004). The DMI of f e

drift when the vehicle | ocatllva eiwn odn tdiree s kwh

2.1.2 A Mobile Laser Scanning §stem

Ave hi-mdent edyBMLS8S mused in the mapping of r
spacet csaunf fa fcfieernt speed to kaegquiprdeag gei t h
amount of dense and precise point cloud dat a
2012Zhe MlbES Nt colndadsn i nteasi by dpphi ¢ethato de
infrastructures automatically, such as bui
manhol es, traffic Asi grh,owmpmo li exse Fdermdv i gsolBaga.t t |
rendered with the Iingesgathegereattdooeofr opai mtar &
di sti ngulihse gVMlLfS¢ BGL -¥BIX i s mounted on the rec:
l¢tontains two tiletaech Iszxsa@imfes e tharmedfas BiBOW s
directioxl oskwdbet ¢eéilted ang)eand the gaanat
is N®Dth the scannerb@dandithedyawdbitcoét 36f
configuration is calAs lidoteimbbves al ofA¥ot pat
navigation sgGPBemMbased ©OMI tracks the wveh
attitude fref edienechgged Duaes etro stchaen nd infgf edraetnal

mo v e nsepnete dan f raengdu ennachyb ¢ h e ske aohar acteri stic:

y



obtained point c¢cloud are different from air!/l

pattern, di stri bdathieomat apds pof ratb b doafd strdrhali n &
targesaglt in thetdsipgoniinfti cdaennts idtryo pb eoyfond 30 m
There are other factors that i mpact the poi

frequency and point measurement rate.

T
GNSS antenna

Profile of #2 Scanner Profile of #1 Scanner

Fi gurAeMo2b.i | e Laser .Scanning system

2.1.3 Georeferencing of MLS Data

Theri nciepayefneriiensg i | | ustraibd | as &isgmthdmre@er
to | PEraitret in its coordinat el asnyds tsecr&Enb yr anmegaes
Thdame po®ihi soanpfierr anysdtoemed into the coord

mapping frame.



GPS_\_

Laser Scanner

L RIMU(Aw, Ag, k)

Mapping Frame

Fi guaRr i2nei pHeberencing.

The parameters t hraetf earreencud negs mert mmlae | gead i
2. :hdohd indi thted ocation of target P in the
sys;:tdnm represents the position of the
framehfi ndicates mahéromt ahieond MU cloam@i nate s
refers to the scan baemgraen dantdh er paatghearred eat rdiee t thha

is determined by systeMBarabermrat i @ln. an2l0 n&)a.s

TablldPaz .amet ersebtereheiggoequation.

Paramet eDescription Source
® o hd Coordinate of target
® hd Coordi @GRE& et @efina fnama GPSntenna
: - Rotation matrix fromj|l MU
ML mapping fr ame
e The vector from PlaiseriLaser sca
scan aMpbetheadscan r a
v o The offsets from theSystem c
LR origin. and measu
o R iy The of fsets _from t helSystem c
scanner origin. and measu
Y ¥ e W Rotatiordr ommt rliaxs er spSystem c
system and | MU coordijand measu




The coor di nRctaen dofe a atlqouug teattoend 2b yl

(D) a 0 ()
O Y 1hRROY YR QA|Q a 0 &) 2 )1
@ a 0 @

2.2 Road Surface Detection Using Mobile Laser Scanning Data

I n order to extract thfei rrsadadstmeagpr koiandgtso ed X ti
sur face f rvoonh utmee rlaavr gL S Awa mit etcy owfelr eat o d s
develtoopedlet ect roads fran LiomAR sduawiaa cheT hdee t ¢
MLS dathaefmegm2D feé&dtft uteéb) ngcan | i,ne)se3@POment a
gencet fie@at ur es filtering, r andd)o ms usrafnapclei ngr ocwoinr

(RANSHACOfvgxehsaldgor it hm

I n 2hef eatur evahi ltther irmmgsd adgptirevietnse el evati or
val ue, poi nt densi tyaland 2Q®PDidg m ancktt yh oda Intaene dl
Density of Projected Point (DOPP) to segment
projected poi nt as an i mportaaet (a®ilt eri on
i mpl emented elevation ©ob]J eetsnd-r eme it &@moagde o |
intensity i nohegres i tayn df ial tpeori ntto extract the ro
develaopheider ar chal classkbodat-toand mpéh b ds

on intensity and elevation informati on.

I n the sedomcdncdti engeotrdyeeg MVvELNSt adtaitocan )i s s pl it
(or row of a range IiTrhaegea)etleeaeftaroem tolfe tdnet mraat
det ertrhiener egi on ofFitrhset roofa da lslu whtsheeg meaw eMdL S
i nto poryof al o of , Ahdg t peocesrsocessed by di f f

Mc EIl hi nney redmoavied (h2i0glh0)el evati ons from t he

MM



rapid icthatlpegpe of t he splwineh tThhed gmepaars eeswté r o |
identsfitderight aeadde of t hei mplaame nftaedy &t mav
window process on successive road cross sect
et al .de(t2t4)d curb points by the calcul ati
di f feesr elmnet ween a poiint earxadh Faucsa rmeli igmab.e ur 8 h e
surface can also be detedMaemcandharraahds&hnb
(2®0 analyzed the histogram of height devi at
road extract .Zhaor aad <Shrnabasenldiuct 200n2e) s can
based cl| @dysiempclactyiionrng hei gletpadatveatihen range
buil di ng surcfegceot hredadsugudrafcaels hémws ndhews,t utdiye
conductSenddpyg et, RAINS AWCazsOnip0l)e ment ed t o detect

boundargach. scan | ine

I n the t h3 Dyce oondftteeagt airrye)st hfei Irtoeardi nsgur f ace i s
a3D fesatlutering. Hervi elml anud afedeinloiranal ( @k
poiamtdiet edonu mes andbawseitht s manpgsul aor chaebkt aeceot
of t he gLriouu nedtd eavle.lao(pdei@d i31) a | el evation model
|l aser dat a. A probabilisti cutnmdtiosnegdle mbyect haea
objects on the road. Then the sl ope and hei

and adjaceml cgfl ade®tdiver edenur bi gatden of the

Il n the fo(srutrif aceae)\@gsane maarl | nf200d4ced a sur
growi ng algorithm to segmenhe te@ennpeocitnitvi ¢ lyo
smoot hness odf tthhee oprltahnoeg, o narl di stance bet wee

pl ameerteaken 1 nB@asadcwouwntt.he surface growing ¢

M H



(20dejyineategal |l zethe featugecemeypes atgardun
topol orgeilcaatliaboaggh |l al assi fication, the road su

based on the distance to the vehicle traject

I n ter mg oufndt he mov al met hH anpd ,e m&md e de tR ANIS A
to fit the dlsawmrefsaond, tdred rtolme poi nts within
extracted €Gabohet gabun@2013) simplified the
the space regular voxelization. Al voxel s

fragmeatgetofpal es were grouped and extracte

tridi mensional nei ghborhood analysis was ap
and the slices of the targets joiYu ted iatls ne
(2®Dpartitioned point data into an octree str
grew upwanei gbbours Woxel s, and then the groc
reached the top boundary. I f theedéftivaedon
threshol d, the cluster of these voxels is

| abel ed as ground points.

Four categories ofterchandegmemnmimace sedt eé ot iTar |
Thapp!l i ctaheeloenv adtfi-benn s iptoyi nand i st enpd feg,gmatnfdi | t e |
but the extriancdli aotni areedsyll htesyybe rnee based segmen:
foewsn the detectisom odr hdhhebavad erdgteld el eva
scanAtaped chaingeemplbesyYy®edei ngui sh curb or ro
ground (McEI hi;nnYeayngetetaladt. , 2@mDALB),. Ghiafnf er en
road edgesodmeet esatitumdeiale,sat extracting the road s

t otssnoot ODmes vMiaitnhep asar amehes s hneetihgohdt devi ati on

MO



measures the $moaghness) of the sur2face ( Ma
Zhao and Shibasaki, -2PDA@)bafepBddeghomectdtrii €«
f eatfuirletsesr ianlgl e t o extnr aac tglrobaad swraflaece Her vi
(20¢8)atied the nor mal vectors of the points
et al tr@GIdP merdolml em 1 ntmoa katrhzeD rp fnaebtt heond,

than Herviedmanhfa®dgiadddahnei eoyr face growing
tlkees the copl anartitthye anan sciothenreacttiiorn tagnd ndet e

in a glmbtalitms oneels emda mmge r .



Tablz&udnmary of different road surface detecti ol

I nf ormat Adant ages Limitations Exampl es
OPoint (6Straightfor{06 Difficusltteetpg Di stiinggriossmd and building by d
OEl evatioHi gh tampanterrain point (Liaa et al., 2004
efficiency 60 Cannot removRemiorntghe high object by el evati orn
from the road |poidretnsi ty fieltt20bl.ng ( Guan
OPoint {|0StraightfolrdCannotbaden e¢ast Detection and vectobARatdiaom iy
OEl evatioHi gh ef fici classification with inteB28pP7y and
OEdge ofoDetaotghe acdoOThe -bcausrebd r oa I nitial results from European
edge of the|ldetections faijmapping project2@MCEI hinney et al
© in urban ar (0Need vehicle Partitioning MLSct nooo sdrectaedc t ¢ rbo
c OWithout adqinformation fdgground (208 et al .,
_ information)| Cutblmsed road extraction based
_ densitgtepsi successive roadetc,raobsOsl4ds)ecti on ( Gu
- OHei ght |6Detietgie rogoNeed vehicle The histogram analysis wasdeitmep
« deviatiqsurface aec(information fqgheight dewitataican reomadd sur face 2 Ma
o 0Scan rgsmoot hness ( Ve hibcolrene | aser geqmentdeadt abywas
) successiveeshi aeearxt pattlcead e x tTrhaemt e
classifhedhomitoont alaaondr diengi tal
(Zhao and Shibasaki, 2002)
g: 0Sl ope OProcesGlionbga|d The compl ex Curb detection based on 2DBM bui
O, [OHeight |[scal e depends on cal Road side detection with awgelu
”wf di ffereri 3D features Sohei2loi&@dn,
= 6Nor mal
©_,_ |06Copl andgodProcessing [06Ti me consumin Segment t he |l aserthpoant suctk
—- 25 ( Normal |[scal e al gor(Vobemel n2aOnp 4et al . ,
;om and The poéiomds were partitioned by
w;_ 0Connect surface segments were detected by
© (Pu et al., 2011)
< 0Smoot hyfdNo need of |[6Acuracy depe| I mpl émM&ANSAC to fit a plane f
2 information|model fit the |ground points within a 20k2ance t
< OHi gh computfdCannot handl ¢
efficiency | arge elaevamnice
0 0ConnectidNo need of |6 Cannot handl Il mpl d mgootxel i zat i oinntghred vipeted isthig
© o along v¢information|with | argarelags!| i crealtyozea and extract the pole v
-30" directi (6Hi gh effici Appl yi nlgasveqibwealr d growing to re
o= entire point2@)1®uds (Yu et al .,
>(6
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2.3Road Marking Extraction Methods

I n getherabad mar ki ngs have tnhuec hurhp agihretre dr erf
sur fTalceer.ef or e, their relatively high intens
mar kwngh the assistanc®B8asktddiohf edra¢mat sovoatr &esoc
can be categorized into two groups: (a) di g

|l aser scanning data based.

2.3.1 Images and Videebased Road Marking Extraction

The use of di gital romdgemar Rndg vexdepactfioo
invedfogayeaexsr adhmisstrswos sotfeps: candi date ext
mar king cl assighecattiuadry. oFfakKheyr ol | ahi and
exampl empt emgnt-leelst dels mol di segment ati on to de
road mar looidngcsonnecwedkeaddomtcdalerds from the binar
on the shape of the road marnkiltnogsey adsisesfei Cci &

road mar kings.

I n ordercome owe difficulty of i nconstant
identi fied wi t h i aedle dimkedt @hdrheoslhdoilndg . s eBgense nt
KheyrahBadcROi®Rr ocessed the i magaeatliifnedbyhki
and ri ghtbalsealrdon the changes oWantgheetl uari .na
(20@amMWMat hiebtel al .ap(p201lexd) I nverse Perspective
transform the peat ewieecw iivmea gemagred iinmml ement ed
(Freemael aod, A1991) to detect ttheadmaret endar ki
by | ane markowgmankidngs weOtsexthraeds eadl diisn g

1979). Thesae omdredd oalsp lglcoabtalo nt horftelssdxa Irdaictg ofmor

MC



proaanskspeéored different sgamtehMliSo ndiantga sitnrtaot edy:

stripes/ profiles.to avoid spatial variance

One omaitmechaltihe magges ofand extdrearsg ihbeans e d
i nconstant l umi nancgeveiméheagpr maeksn@®@g aned s U
refl ected sunlight i nherits t War dfbascatdovrasnt a g
wouhtlftelte detection, osuwmadbera,r ki inges of day
vehicl es @a8des haHilouer sp2p. €3t tv e s e nMdgbrs theanss
good perifrordnmatneect i ngFirrcsaad oniaraklils, g stehae hdet eamtc
sunl i ght TThhed eNslgSsdeams. wor k i n wil ohsahyaptdwevat her
occumg the raad 9opefgatteoi didregy steh Bt orvaefvfea rc,.
s ome fweocutiatrpsact t hdea mamtsainmr idtsyp gyt MBS s bamas
range, i nciacheanceurdmglées epa ogdabIiemisPaB) t o t h
i mages-basddosmet ho-daseadtthmdMLIravé nicloemist awtwn

|l umi wiasn sldhee. det afidrst warlildib®S8ecsts sed 2. 3. 5.

T a b I13:e&5undmaryof impacts of road marking extraction

Data source Impacts Description
Images and videog Weather Cloudy weather reduces the contrast betw,
markings anghavements
Time of day Cameras can be used odlyringday time.
Occultation Vehicles on the road cover the road marking.
Pedestrians walk through zebra crossing.
Shadows Shadows of buildings, treeand vehicles redud
the luminance of the road marking.
MLS data Scan range Atmospheric attenuation
Incidence angle Lambert's cosine law
Surfaceproperties The srface roughnessgrain properties and
albedo determine theintersity of the road
markings.




2.3.2 MLS Based Road Marking Extraction

Il n MW sytsd eenstract t hhefeirrcsad smarpkiinsgst o di s
surfaces pointsTheowand r mavrtiVildBgtsbbdtreesdd on t hei |
high refl ectance nisnBtayhed fom mt tbde MlaS dd antaan ,k etn
extr patoiccamnss bassi fi ed 1 n(tao) tghlroebea Ic aitnetgeonrsiietsy

gl obal intensity filtetrhmgsholtdi pygepepgmestsa n

With ragdarbdltty nftielntseir i ng, iSmpa denmae nate dala. s(i2
threshold on i nt lereosaidt ymafrokri ndjest. ecEdetagt e t al
intensity valiunet ell&dsdd/i bautitcdhhre in a search w
t hreshohekrfaci¥amog . et aktrdet0d®) conganmduous e
broken | anesuddnedgaraslkh yotpwaelpi rivgalsihhelre rtta k e n
ML$oint balsewdon intensity.Tahned rddise viaasteison i nf
detected Bbheompaditngrine .Hodevdreaegevme @t S O0me n

i hhoser aehd emar ki ng results due to unevenly d

To eliminatwasiihgaceadvebghvegndi stri buted poir
Jaakkola et al. (2008) condwudbtaddrae etxudyct o
They oj ebeediSnt | ot areadsst er a husHé@ggm@asPreocessi ng
al gortiot hexst r a.d-ti rmd miéifnntgednlis,j tty i mage was pr of i
t he .sAluadnyg t he spcohdl eo,rdar curve fitted t
measurements to reduce the variance of the
correctnbonavear a3ge f iflotrerd ewaosi sappgl itehde corr ect

constant threshold was used to extract r oad

St udveead saodertaken ai ming @ausseodncloyngt ahe
My



intelCdieny.et ael edtRddd 8hiseddyngpaakes scan | i ne
mar ki ng points by wusing adaptopeséetdea asiolsdia
dependent threehdédeog meéhobdad mar kings, an
anal ysis to extract (20B®@henatrtkkn edgisol d nwaV® ssep
function of the distance to oveKwemamre ¢theald.i ¢
(20applai erdange dependenttd hextshadtdi ngad umat k
intensity amfder asingsa tuesgad el 0VD®Ps) s, e IKmamar et al
anBGhen ¢€éR20@dn be concl uded tahser ansmagridiesral e n ¢
thresholding segmentation. The algorithm pr
segme mth hneeet bogr opYsede(b2Zym9) and( Kesmadr et al
l ongi tudinall rosbgme,gthactdiidedse pandence wafs i nten

used di fféGean waysal, 52014; Yu et al, 201

Guan et al mpl @2n@ h4deedn sliptpye ntd e ntthr ensh o li di ng

segmentation to extract road mar kings. The
section was fitted to a Gaussian not sal di s
were segmented into somet banhsalaswloatdad gby ot

esti matGah dmesamndalr dYuw eeti a®lp b he 2 0dhcspdei nsdt eannt ¢ e

mu Hthir eshol di n.gi s ewhlmeadidats wf ace poeidntisntwer e
t he bl ocksd.al Andp adstresen asseagg mé heateidon owgpartiti o
bl ocks inton wagomikBndesgmeot dwhygy Ohsesmet hod i n
Tabl esudnmari zes the advanthtehes e daredt ¢ogf onirtoaatd «

mar king extraction from MLS dat a.

M ¢



Tablde&Sudnmary of road marking detection te
Met hodl nfornAdvant|Li mitati|Exampl es
Gl obal [6l nten|0Si mpl egdl naccuraUsing road pay
i ntens| extractioas ground cont
filter]| dat a
(Toth et al .,
A simple gl oba
filtering was
extract road n
et,ak010)
Gl obal [0l ntenf0Removi|0ODi stanceThe intensity
i ntens| some vadependent|icorrected radi
firlitreg |O0Di stajlof roadcorrectiodi stparmaa tgd oba
preprofvehicl|{marking intensi (Y afaiklkig
of int{(trajec|intensi al . ,. 2008)
correct
Mu I-t i ODi sta|0EIl i mi ndThe inteSelecting the
threshiyvehicl|{the inflvariance |along the scan
segmenijtrajecjof incomarkrienngain mar ki ng point s
intensilsegmenand20Q9)
mulkti di sturbed Expressing t he¢
threshoextr @actoic@f uncti on oo fe xdti
0Partitioroad marking (
on the in2009Kumar et 4
of the nalPoidnetnglietpye nd e-n
trajector{threshol ding s
road mar ki ng €
et al ., 2014)
Di st-daeapendent
threshol ding s
road mar ki ng €
al .2015)
It I's noted that the inconstancy of t he i

extraction resddlhtre.shDHhdarn efgasepmlmawmb thitti®@ nmi ni n

the i mpact of thé¢/oisbsamamsi 200t0t; a IKIGima®d  ikdy

al ,YB0Oe4 aBase@0a@b t he iftiemditnghse rferacae ew,

research gaps in the field fl Mrionaigt endhir ks n g

were conducthead | e@mg idnngetm tdhe i ceamc loifng, rutti

pot han e s dlelcearyetf hoirse cotniceeynt r wd iefdf sotnechy ar eas t

explore the extraction obadeflitciens. road mar



Secbydaj ority of the researrcihc da¢ a@r rneoctt i wmd
reducing inbenhsireteyrvadi amx d&ig jég setxutdrya ccta nodnu c t
Jaakkol(RA0O®E&huiaslh.i s adtmsidiyatri mdpu ci mpradedmetric
correction of | aser i nt gmsmptryo vfeo rt hreo ardo anda r nk

extract.ion resul t

Thil jyd mo st of studies were condumuédi on r e
threshol di nosegmemnhat 2609 ;Gukaunmaert ;¥atl .etl .2 0 1240
al . ) )ywdaGhoDut t he winmpdoewsnddiendl otvlee come t he un
di stri butAldt hionutgehhsgneusintoil di ng segmenctlaagasison ¢ a
variance i n eacte s engneavstult g maviam iiamcebhe trave
| ongi sedmBa&lca.us e zoef otfhet se ,window bsasssedtaimnkt h
could tesgltintensity varilamge sieldameaiftlsasitr avi
the window basedusmd hbdt stmpubdade bemar,ki ng ex
especioalelricnoghme undevsemrliyouti esd uiamtdd mugipé yorvo a d

mar ki ng extimadthiien trhesu st

2.3.3 Scanning Range andncidence AngleEffectson MLS intensity

A | aser | niegahrt , ilnafgfhatt btedhve r ef |l ecti on and tr
el ectromdpgatle oat r enigitthe nosfi t y asneasmnuer dddyends
the randgleadaromphsecanneo, the incidence angl e

materi al property.

Kaasal ai nen et al mpqdeid apigehn gz éadn gil kke o n
the intensity measurements from terrestrial

equatiorwas useds below(Wagneret al, 2006)
H M
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whereP:; is the received powek; is the tranmitted powerDr is the receiver aperture,
Ris the range, anf is the transmitter beam widti.is the backscatter cross section.

Assuming all variables are constant, the previous equation can be simplified to

- 0
) va 2 .)
whereK is a castant, represeinig a combination of the variabléy, D;, andb;. The
geometry and parameters involved in the radar equatepresentedn Figure 23. The
laser scanneremits thewaves the receivercapturesdiffusion reflected waves and

measuresheintensities.The transmitter and receiver are side by side at the same Igcation

while thetransmitter and receiver are drawn at different locations for clarity.

Laser )
Receiver

Transmitted power P

% I

Aperture 0, s ,/ Aperture D,

Fi gux@e ®met ry anidn vpoalrvaerte tiernrost{ I uWacgereetr equ at i
al .2006)



The exmdrreismielntsn t he st udyaacahedtu adeled @©3011)
indicated thatrohghliyntiolsi ¢ 9i(Bgeion ©.9) at
rangesloadndOf.urAtthea s miathé idmisesesdcrot ,di fferent
TLS dedteavisatge i ffir mann tElqyd)a.t | Mena  Lr.eldt afinmath si t y
other kinds of TLS acdossaseasdae brogbthess
di st dmauess. t he eefnfsiictiye nccoyr roefc tiimtn depends on
Anot her ' i mitation of the correction 1is the
support of raw range dat a, the calculation
trajectory intoeasesonhéebtabmptexony Afthdegh
range can bbyi wistdhieamghtee dg hlt y bcko ssicnaes noafn tahneg | e
rankt he error will0fYIipe edmpt i 6hn ¢ dwhliointh eneere ad s

rel atpi bregpf¥eeemd t he measured intensity

Il n the isntcudldye ncre anlhgéei emmcmsair symenetnspi r i c al
correcti washunotduoed to use incidence angl e
(Kaasal ai2nCenl et al

0O— @ AQp @ AQp AT-© 2 ).
wherreepresents t ha@ si ntchied evhaclguiesnodflhe,nit efnise ¢ tyar
al bed®j s aghrHaei n si ze .ofmd he nmMatcateakr & has no
Lambertianc o mp o,n ewmibi peepresents a full¥Y—Lamberti
©] FQAT-O ;

For extraction of road markinglnthédemaasri
that the materi al propertanwdogr @am&sttagmti.s sar

Not e & Raand fQare proploan@odalustothey are co.

H O



As a resuPt)d4d choqu dtei esm mpl i fi ed as bel ow:
O— 6 O6AT-O @)

wheoanadare the const analsbaddang rdacipe nadf onhé¢ hma

Therefore, the intensity value received by
angteHowever, an accurateal nwlsdttnmpe ediamgd tei @
of the | aser beam and ,whiramal| -c vymegd mien g f witthhe

massive s€alAB8Busiamploem and rough way to get t he
scan angle rank recorded in MLS data as an ¢
90Ut 9 Wwi t hWanc clu rASPRS(dE&r ds Co2ndniillt)tse ean angl e

basedUmeitnigead-0 00t o e€he &i dlé retttir@me efonfeor y.

absolute value of the scan angle rank is clc
is planar. The a@aoglieaer afmk tWwiel Isclae used to c
according to Equation (2.5) in Section 3. 3./

sensitive to the cross slope of the road th
only expitioersméthleod a

Besi kéesmctdence angl e, t he surfacet reoughne:s
opt iccatlt.d8ghieng ougher the surface, the higher
Because pavement bgurfoage tina f jpodfiné b ad eonuednst s
woul d have wvarious i ntensity values. Ther e
Equation (2.5) i's not able to eliminate th

roughness of pavement s.



2.4Road Marking Classification

The cl asdimaridiappecofsfeend ane geometry with
rich asgudhuds olnane types, traversal i nf or ma
i nf or.métuisgmnt be mdtiromd markond9sicbdnt hel det ai
model swmplor t driverless <cars andWiadwv atnlfceed ¢
i ncreasi ngddteaBi&inedasd froet wortk clhpmd aqytuee,s time det ec
recogmiosidngnar ki ngs dferveeriore e oveBrdes eyce h@ 15 .

i mag Vvideo ankldaspeodi ndal gcolroudh ms, the <cl assifi
commonly consists of three steps: splitting
of objects and recognizing road marking obj e
2.4.1 Road Marking Isolation

Eaclbl ased road marking has its shape that
ot hdhse. first stagevhobe tooasckgmaenkindie into
recognition. The road mar king 1 sol attheon can

Houdh ansftomenc-ieéged analk Weg sboaasnedd (a3n)al ysi s.
() Hough transform

As one of thpopoetexcoimpnt echni ques used i
det ectwiates ed rtamsf orm to detech meciilhieseardas
l'ines a(ReketbI®®7)al .Li bbal asapli d@2084 multires
Hougyhandfacsremd al gormdahh tomclengcbf road coni
(2000p | eerdkeonutgh transfoxmradcusecamnmdingat lwe aeay ki |

the Hough transform is efficient, but can onl

(2) Cbmasedranal ysis
Hp



Anotdsterrat e gyngf aotrth &ids omaatikd entgesc tiisng t he conto
road mar kiengsa.bplpl(il® @r7epa sfdumizeygl gener al techn
edge deteéetticdrmpisxéli edn an i mage to a regio
gradi ent bet weeme itdhkeb opKrixeey r ocanlda hiit sainslo Br ec k
empl cayecdobtsed apprtoachheopixela of road ma
simplified the 1isolated shapes into a <cl os

DouglPasker deri M8t q ue2sO(0V8u) .and

B Relpaomed anal ysi s

Franke et al. (1998jnplemented a cola-connected component (CCC) extraction
segment imagedo produ® a database containingandidates of road markings
Maximally Stable Extremal Regions (MSER®susedto prune the image to partition as
the candidates of road markin@d/u and Ranganathan, 201Boucher et al. (2011)
detected road marking objects as connected comporestsd on theirgeometric
parameterssuch asminimum bounding rectajle and the rectangularity. Euclidean
distance clusteringgasalsoemployedon unorganized and insular road marking points to
obtaincandidate road marking clustéhéu et al., 2014)

2.4.2 Feature Extraction

Feature extraction retrieves the shape mtttion (e.g. geometric parameters and
descriptory to facilitate the shape recognitiotyang et al. (2008)compared and
discussed the characteristics and performancesradusshapebased feature extraction
approachegsee Figure 2.4)it should benoted that majority othe road markings are
line-shaped or rectangulatherefore, only a portion of shaped based extraction

techniquesvereused in road marking recognition studies.

HC



Complex coordinates
entroid distance function

One-dimensional
1 function for shape

Tangent angle
Contour curvature

representation Arca function
Triangle-area representation
Chord length function — Distance threshold method
Polygonal {Merging methods ———————1 Tunneling method
approximation Splitting methods — Polygon evolution
—Adaptive grid resolution
— —Bounding box —Basic chain code
- —Convex hull —Differential chain codes
= — — [~Chain code Re-sampling chain codes
< o .
= [ eL atlalfm:errelatlon | —Smooth curve decomposition [~Vertex chain code
2 camre —ALI-based representation —Chain code histogram
1= —Beam angle statistics :
o . Square model shape matrix
] —Shape matrix )
= Polar model shape matrix
2 —Shape context
s —Chord distribution Invariant moments
7o) —Shock graphs Algebraic moment invariants
— _| Moments H:Boundary moments Zernike moments
Region moments Radial Chebyshev moments
Homocentric polar-radius moment
Orthogonal Fourier-Mellin moments
Scale-space Curvature scale space —
{ . : Pseudo-Zernike moments
methods Intersection points map

Fourier descriptors One-dimensional Fourier descriptors
Wavelet transform Region-based Fourier descriptor

Shape transform
domains

Angular radial transformation
Shape signature harmonic embedding

Fi gudrlen 20v e

R-Transform
Shapelets descriptor

rvi desof i phap(eSotuercchen:i 2Mien®8y et

Franke et al. (1998romputed the attributes of all segmented regions for road

marking recognition and

employed the template matching method on the distance

transform images. The attributes are tiheaa bounding box, aspect ratio, length, and

smoothness of contour. Rebut et al. (2004¢d onalimensional Fourier descriptor as

the shape signatures for

the recognition of the road arrows. Li et al. (@ledtified

arrow markings based onedtshape information, such as chain code, moment features,

length and aspect ratio of a minimum bounding box. Tournaire et al. (268d)various

variables (i.e. centroid an

d orientation, the width and the length) to describe rectangular

marking. In adition, a projection based methagsused to determine the ROI of arrow

al



markings, describe arrow markings with wavelet feature, and then recognize the
markings with SVM classifier (Wang et al., 200®heyrollahi and Breckon (2010)
calculated many feature placement of simplified contour shape for classification,
including the aspect ratio of the glyph (i.e. height divided by width), normalized central
moment, horizontal/ vertical projection of the glyph and fuzzy zoning of argésescu

and Nedevschi (2010) appli®ANSAC to extract the edge lines of the road markings,
and then classified the markings based on three charactef$tefirst character is the

ratio between the outliers and the total number of points ondeblime. The second one

is the deviatiorfrom the line for the outliersThe third one is the position of points with

the maximum number of error on each si#f@ucher et al. (2011ralculated the
minimum bounding box of connected components in an image and then classified the
components int@rosswalks and arrows by their areas, rectangularity and profiles. Wu
and Ranganathan (201@¢tected corners in road marking regions, labeled the corners as
the points of interest (POI), then calculated the histogram of oriented gradients (HOG) of
eah POI as the features of the shape. A routine template matching was implemented to
recognize the road markings. Yu et al. (20@kssified the road markings based on the
size of marking, the direction of marking (variance between the orientatioraring

and the direction of trajectory/cutimes) at the first level of hierarchical classification.

At the second level of hierarchical classification, the small road markings were rasterized
into 2D binary images with a size of nxn. EackC2binary images correspond to an nxn
dimension vector. Since the nx dimension vector is the feature vector representing a
specific template, it changes when th® 2Zmage is rotated. In addition, each small road

markings consists of four directional templates, idelg south to north, west to east,



southeast to northwest and southwest to northeast. Based on-lheseages, the Deep
Boltzmann Machine (DBM) (Salakhutdinov and Hinton, 2009) was designed and
developed forthe classification of these small road markinglervieu et al. (2015)
projected the point cloud vertically to generateogtho-image and the intensity value of
the lowest projected point was set to the pixel. The intensity imagelassfiedby
Model&datadriven Reversible Jump Markov Cha#onte Carlo(RIMCMCQ) algorithm
The RIMCMC sampler was applied to check whether the target is similar to the road
marking pattern With the assistance od simulated annealingthe sampler process
detected the road markinggough the minimization dhe output otheenergy function.

A number of geometric parameters are used as representatives of the markings shapes
in theroad marking classification. Table 2.5 summarized the geometric parameters that
can be used to describe the features of the rca#tings, and the shape descriptors that

are used in road marking classification.

H ¢



T a b I5:e&Sundmary of different geometric features of road marking shape

Shape parameterg

Description

Examples

Area The number of pixels the shape Franke et al. (1998)
Foucher et al. (2011)
Yu et al. (2014)
Danescu and Nedevschi (2010)
Perimeter The number of pixels in the boundary of the shapeg Franke et al. (1998)
Tournaire et al. (2007)
Mathibelaet al (2015)
Compactness/ How closelypacked the shape is
Circularity

Eccentricity

The ratio of the length of the major axis to the len
of the minor axis. Measurement of aspect ratio

Franke et al. (1998)
Li et al. (2007)
Kheyrollahi and Breckon (2010)

Rectangularity

How much it fills ts minimal bounding box: ratio o
object/area

Foucher et al. (2011)

Circularity Smoothness of contours, ratio of ¥4Pl x Area) /| Franke et al. (1998)
(Perimeter2) Danescu and Nedevschi (2010)
Orientation The overall direction of the shape Tournaire eal. (2007)

Yu et al. (2014)Mathibela(2015)

Centreof gravity

Centroid of the shape

Tournaire et al. (2007)

Advanced shape
descriptors

Description

Examples

Moment A statistical properties to describe shape Li et al. (2007)
Kheyrollahi and Breckon (2L0)
Chain Code The contours aréescrbed as a connected sequen| Li et al. (2007)

of straightline segments with given lengths al
directions (Zhang and Lu, 2004; Liu et al., 2007).

Kheyrollahi and Breckon (2010)

Shape matrix

Shape matrix is a@ € matrix to present a regio

Yu et al. (2014)

shape
Minimum The smallest rectangle that contains every point in| Franke et al. (1998).i et al. (2007)
bounding shape Foucher et al. (2011)
rectangle Hervieuet al. (2015)
Profiles The profiles countite number of pixels in the regig Wang et al. (2009)

in each row/column on Cartesian coordinate sys
(Yang et al., 2008).

Kheyrollahi and Breckon (2010)
Foucher et al. (2011)

Onedimensional
Fourier
descriptors

A onedimensional function derived from wotour
coordinates by applying Fourier transform

Rebut et al. (2004)

Wavelet
transform

The wavelet descriptor decomposes a contour
components of different scalesntaining global ang
local information respectivelyYanget al, 2008).

Wang et al(2009)

Shape transform

Distance transformation converts a binary digi
image, consisting othe target and notarget pixels,
into an image where all netarget pixels have a valu
corresponding to the distance to the nearest fez
pixel (Borgefors1986)

Franke et al. (1998)

Histogram of oriented gradients (HOG) cour
occurrences of gradient orientation in localiz

portions of an image (Dalal and Triggs, 2005)

Wu and Ranganathan (2012)
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transl ation and rotation invariant.

2.4.3 Classification Methods
A number of super vi sveddecvleal sospiefdi cfactri orne cnoegt nhi

mar ki ngs.

Danescu and NedHdesschied20h6) road mar ki ngs
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extracted 1022 s ampmlde fploytphgse fsreqgqm emmeals and
neur al net wor k (rAeNcNo)g maolaads gre.dAidkein ntgi onal | vy, Z
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in the study eeoncaecuctaWidt h{ ¥ OHEed Jacrhi it regti loyn, olf a ssel
on the difference of size, the zebra crossi
mar ki ngs. These two mar kings wil/| be furthe
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i dentyt hteedmphb at e ment hboatisierdghteenmp | a tTea k jpt ohegl
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( KNN) assi fineoriasaed ¢ ¢h tt hai hhe gF dbarsieerutdddcsreidpt o
to descrisod tthhe gapmpe mar ki agdesWgngdea mblt
class support vector machine (tSWel)ectho cal assi
classification method. The SVM cl assifiers
trained to form the hietrhlsuchi dalbhncldassiahiceat
result of road mar®tngi peEIM o™ el Yi ema@és (2
of ssmaaead mar ki ng-sidremnd tmae Kshneaplsilcwarses i f i ed
the various acratoewgomarelsi nigib.agpaedectmanfgguhagr ped
warning mar king )aMat ha eoted ral malr(d&s0stigflgi ed t he
mar ki ngs ding toi nscein dchl Cansnsdei stRiammalm Fi ealndd ( CRF)
probabilistic RUSBooby empbeybeagmttemtufr @b mev

functi ons

| waisdenti fied frmachéel &@@vnievmgyrted lavgiod @ [t yh mss e
for road mar ki ngt hree csotgundiyt iBoanm e siecxticeedpntdd y Ne d e v
(201®) whubtwesr e enoaodedsi mpl e decitshireomdtr ee
mar kilngs.s rheet emh cthh anteo tl ietalr ms nrge @pfu igraeneptl reasi ni n
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the decision tree relies on the strong pri
mar Ki ng gui deknoawsl esdtgreo,n gc apnr ibor easi |l y encode

rulwés |l e the machine | earning algorithms neec

Based on the prior knowledge of road mar ki
selected tanbd eadmnugiedearxddudc higomar ea, width a

detailed feat uswd | dx tbreaicatsi&Sadnc t meotnh oa3d 5. 2.

Based on t hel iftienrdainesemif r ediclr aseiaficéd t he
mar ki ngboi ot @oh a@&madedéhteacekgehdlayssi f wedl debel t s
suffiscsupmpitnmed oe wferdr i velrhluesker ears. a need t o i

detailed classification of the road mar kings

2.5Chapter Summary

I n this chapter, gteheo ff utnhdea mM&LnS atl e ckinmooM| cegdy
on road surface exwaraevi ewedromhm Wafi etay aof
ro-amar king extraction and recognition from t
ar e di scussed. tltt hies MLdbendatifa eds t mar e sui
i mages/ videos to detect and recognize the
extraction wil/l be applied i4nghaeblkesxmer i me
intensity correctionowe |rharbkei nugn deexrttraakcetni otna
strong prior knowl edge of the marking shap

manutabl gl assify the road markings into detai



Chapter 3Proposed Method

This <chapter provides an owngr veixeew acft i wor k
classi,and ateli dhod adopt edSeicnt itomi s3 . rletsiemhtyrcohd. u c e
area and st efsal ldoaweads ety an oweaerrkvfileow opr etsheen tpe
Sectiofhe3. workfl ow is di vi deidngi ngroeptriorcees s is
extraction and wi s$tdiildes &g eSbenc,t i wimi c3h. 3, 3.4

respect$Seectsiyvonmasi hkese chapter.

3.1Study Area and Dataset

Two studverseerleeacst ed within thishee€f€eaychf o

Xiamen (see Figure 3.1(a)) and the other 1is
3.1(b)). Xiamen 1is a port city on the sout
survey of mobile | aser scanningl wlaand aRirnmgd
Road on 23 April 22032 dystaenRl ETGHLe -¥RiHneg Road
fo-uane road with a centre median. The total
10 km. This primary road in Xiamemrsis shhadrnas
(e. g., Il i ght poles and traffic poles). The
are in good condition. Seven samples of the

di fferent types of road mat kRsrygs)f owerreabaht

proposed met hod.

The King Street in the City of Kingston, O
test the robustness of the proposed met hod i
survey was carrlioendg otunte fKivneg tStnmeeset g and th

coll ected on August 294502048 8stlkeyn & r RmMEGLh e\

on



Engineering. Different from Xiamendas la:ldand

t woane | ocal road. Tebedewsli kkenarel | bcasesd a
sides. Duemédaiontderameceat@eper ati ons and road ¢t
deficient i n the sample of Ki ngston. Thus,

than the Xiamen daectaxXetasmenl Wathsetst weye us.
of the experiment to assist the algorithm c

empl oyed to test the robustness of the propo

Fujian

China™

=S,da mp L &l am
Sa mpPRe '

©  City seat
City bound:
loresis] 100mi

Google earth

Google earth
:

© 2002 Hor sty e Quses iy e f Canaca, M) Rassurces Conaca.
Ity

(b)
Fi g ulr $udy3ares (a)Island Ring Roadh Xiamen, Fujian, China, and (Kjng
Streetin Kingston, Ontario, Canada

op



The average ©point deaarsd t Ki rod s t>Xina m@a&o adsaett ass
poi nftas/dm 4,08 MArse/snp e cTthiev etlwoswe & thaesne converted |
the for mat o0$t drmdsa riida sitenr i tsheed m Bhiten gL AS f or mat
contains binary data consisting of a Header
DatBhe Header Bl ock consi sntgs poofi na muwinmbiec s [
coordinate bounds. The Vari abl e Length Rec
met adata and us elth e a Pwliindatbatna dragcaar ds t he
coordinates, , codearxilttaw,s craent uaamgleeo trimatntkr i but e
information (ASPRS Sfidmcecatrddcoir@ommiltA®efi 126
il lustrated in Table 3.1, and theweoerdinat

adopted within this research.

Table 31: Point Data Record (SourcASPRS Standards Committee, 2p11

I t em Description

X Coordinate

Y Coordinate

Z Coordinate

I ntensity The intensity value 1 s ¢t}
pul se return magnitude.

Return Numb{The Return Nsembeetusnt hen
out put pul se.

Number of R The Number of Returns is

(given pul sjgiven pul se.

Scan Direct|The Scan Direction FIl ag ¢
scanner mirgoat wabettamel
pul se.

Edge of Fli|The Edge of Flight Line ¢
the point is at the end ¢

Scan Angle [The Scan Angle ®arnlk inumb

(90 o Yi90ef tlof accur abtyod @r onh et 9s0c an a

side basedbenng ni®@dk o, t aedl ef{
aircraft in the directiorn

GPS Ti me The GPS Time is the doubl
which the pdadint was acqui




3.2Description of the Proposed Workflow

The proposwdt hment hbtlo 8 s issttisdgled,ses ncl udi ng

preprocessing (see Figurdse¥ei Juf apnd. 2r(obaddd ma

mar ki ng clseebesgtir eaB8i d@0c) )

MLS point
clouds

Non-ground
Points Removal
Ground
Surface Points
|
v v
DWW Intensity
Interpolation Correction
: :
/ DTM / IDW
" Interpolation
3#*3 High-pass
Filtering Intensity
v Tmage
Roughness l
Image .
i High-pass
Region Growing Enhancement
Segmentation
v
Road Surface Enhanced
Area Intensity Image
| |
Road Surface
Intensity Image

(a) Preprocessing



Road Surface Extracted Road

Intensity Image Markings
Otsu’s .
Clustering
Thresholding T
Image Segmentation
Denoising l
/ Road Marking
Road Marking Reference Segments
Area Data y
P | Feature Extraction
h
Accuracy Decision Tree
Assessment Classification
r
Extracted Road Classified
Markings Road Markings
(b) Road Marking Extction (c) Road Marking Classification

Fi g u2 WorkBow of road marking extraction and class#iion: (a) Workflow of
Preprocessing, (b) Workflow of Road Marking Extraction, (c) Workflow of Road
Marking Classification.

(1) Preprocessing: the raw point clouds are preprocessed istépsto reduce the
volume of the data and overcome fh@blem resliing from theuneven distribution of
intensity data.

The firststepis theroad surface detectioithe nonaground removal is implemented
to extract ground points frothe MLS data. The ground surface points are rasterized into
a digital terrain model (D) by inverse distance weighted (IDW) interpolation. In the
DTM method, the road surface is distinguished from other features by its smoothness and
connectednesg hesmoothness of DTNk the absolute value calculated by %83igh

pasdilter.
oy



The secondstepis the intensity correction and enhancemehte intensity value of
the ground surfae points are corrected by the scan angle rah&lowing by the IDW
interpolation. After scananglerank-basedintensity correction and rasterization, the
corrected intensity image is further enhancedheyarge sizenigh-pasdfiltering process

(3) Road marking extractionvi t h t he application ¢theé Ot suods
corrected and enhanced intensity image is used to extract road mélogsed by
denoising process.

(4) Road marking classification: the extracted road markings are clustered by a region
growing segmentation. The road marking clustersttaga segmented into road marking
segments bythe neighbourcounting filtering process Eventually, the road marking
segments are classified based on the geometry features using a manually built decision
tree.
3.3Preprocessing oMLS Data
3.3.1 Road Surface Extraction

The raw MLS data -gncltmdepovarspusuabnas |
veheisc,l trees, p ol lne so,redbenrthithoat € d s h g 8 braonacde f r om
points andcamputoavfei otcheeency of r otadseanbkhnng e
road points are removed prior to the extra
introduced in thishastap ,upiwacIldu dirnmgvi a gy o X0&dIM

higplassl tering and region growing segmentatioc

3.3.1.1Non-ground Points Removal
A voebxaesled upward growing method is employe

i nt o grtounanryd onuamnd Thonebhhed parcdlicdud asi pbonan

o



octree struct usekiwurhe a3 .v3o(xae)l) .siFzoer (each vox
nei ghulpovenrok esleli ure 3. 3(b)), ancextpremtsitlhe gr
iteaches the tbptbeuabdavagtsimand | efr tthent dmhev px
threshol d, the creseergdobtibdepei noxel uds i
voxels are | abeled as ground poatnggasiCtehder w

noground points.

Figure 33: Octreestructure and upward-Beighbous voxel: (a) Octree partition structure,
and (b) upward growing scher{®ource Yu et al., 2015)

3.3.1.2IDW Interpolation of DTM

Il n the remouale -gorraowcneds spoiantls (e. g. pedestr
shafts and buil di ngpgi natr.élch eoeuntlasd aidne f rod m t rhaew
points concentrates Td % uorft htehdea treadw oM LuSned aatna
i mprocemplhe ati opnat hef grovuedcypoints wild] be
by I DW i ntWettheDWtii mner p@l avadlogngi sriteargrol at ed

witmei gbhbbeeygwealogiricgl calgec wleamt ¢ dhe for mul a bel



dw 0 « 0
)
X prQ

whex @ s wehieght -tohf pohientky wiad thien ftumeti on of d
Q;Ui s #the ploy ntalguee t hat can eithem bes darmez v
number ofgmpiodwhiese p messents the elevation of t
| DW i nter pol gwheddnr eipsr etsreentBTM he intensity of

intensity image of the ground.

3.3.1.3High-passkFiltering

The main features waehat aet arcsssdeads bbnyesase aad
connectedneystshe Isnurdarcer aolf the grass s rou
Additionally,exdsoé& awaualrd itmesiulsthéddehechange
height on t he rreofaodn iepdaudrnsdl atreyr. iTisthBaMp | Tiheed t 0O
absol ut éiVareanstunigti tlaé esoughnesa38f aMbltbe sur f a

hiplakersneadr e smo¥%dgur e

1| -1 -1| -1| -1
1| -1f -1 -1 1

1| -1 -1 1| -1| 24| -1| -1

1| 8| -1 1 -1 -1 -1f -1

1) -1 -1 1 -1 -1f -1f -1
3x3 high-pasilter 5x5 high-pasdfilter

Figure 34: lllustratiors of the high-pasdilters.

Théighlass | ter c ocepnalg e/ i tthhet he average v al
nei ghbodr and assi gnsgrtvhael udegf fwd & ehn chd gehs atblse |

valsuedi cate that there is a,shéarep relugwhateisesn
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the surfacet hrédooauddisastenfuiomlietber| gwauadd cu

threshobdefbeed based on the asbsolute value

3.3.1.4Region Growing Segmentation

Il n order to i mprove the computational ef fi
rast enrtio2Deadi nit ensity i mage wusing the | DW inte
el evati on i nformation was | ost after t he

information wa2 rmhgenedavhi ohttwas essenti al

extraction.

Onef ot he critical parameters in intensity
(pi xel size) of grid to store the result of
the intensity 1image and the comput a i onal €
| arger grid size | eads to | ower gpasttiialctr es
det ai |l s. The fine grid i nterpol ation captu
increases the computational wor k. dbi ompr oV e
and provide accurate and detailed road mar ki
grid size of I DW interpolation wil/| be under

3.3.2 Intensity Image Generation

Il n order to i mprove the cotnhpeutraota do nsaur feafcfel
rasterized into a 2D intensity 1 mage using
el evati on i nformati on wa s | ost after t he
information was retained in the 2Dadmamgeki

extracti on.



One of the critical parameters in intensit

(pi xel size) of grid to store the result of
the intensity 1 mage ianmdcyt hoef croonapdu tmdari koinmd &
| arger grid size | eads to | ower gpattiialctr es
det ai |l s. The fine grid Il nterpol ation captu

i ncreases the computatcom@mut avtoirknalToefi fmpa ioe re
and provide accurate and detailed road mar ki

grid size of I DW interpolation wil!/ be under

3.3.3 ScanAngle Based Intensity Correction

The unevenly disibuted intensity leads to the largedfass variance of road marking
points, whichaffects the extraction of thead marking. A variety of methodsvere
developed to overcome thgstribution issuef MLS data.For examplethe MLS dataset
can be partitionedinto subsets, such as segments or profilesietiucethe in-class

varianceand improve thextractionperformance

In this study, a scan angle based intensity correction was adopted to reduce the
variance of intensity directly. The firstep of the correction was to figure out the linear
relationship between the cosinetbé scan angle rank arttleintensity of road markings.

The scatterplot associated with the intensity ima@ee Figure 3.5)presentsthe
relationship between pixel imsity and the rasterized cosine of scan angles. Figh{&) 3.
illustrates the scatter plots including all of the pixel intensities f@ample05 The

clouds on the bottom and top of the image refer to the pavement pixels and the pavement

marking pixels wih high intensities, respectively.



Based on Equatiof2.4) in Section 2.3, the measured intensity values have a positive
correlation with cosines of incidence angles. According to mathematchiction the
Equation 2.oldsfor pixel data interpolatedy IDW. Thus, the linear regression model
generated fronthe intensityimagecan be used to correct the intensity value of MLS data.
Figure 35(b) demonstrates he scatter plots corresponding t
pixels that were selectedanually.After the removal of the outlier, the linear regression
model was built using these pure road marking sampl@he formula of thelinear

regression model is presented as below:

W PUPPY CTXWT ( 2.

In this regression model, thedguared i9.77, and the Ralue is less than 0.0001
indicatesthat the model can explain 77% variance of the road marking pixel intensity.
The correlation between the cosine of scan angle and the intensity value is significant.
With this linear regression moddhe road marking intensity can be corrected by the
cosine ofthe scan angle rank; anadajority of the inclass variance of the road marking

intensitywill be eliminated

Intensity of Pure Road Marking vs. Cosine of the Scan Angle Rank

Figure 35: Intensity of theSampleO%and its associated pldg) the plot of the cosine of
thescan angleankvs. intensity andb) Scatterplot of pure road marking pixels. Green
points are the inlier and the cyan @siare the outlier. The red line is the trend of the
linear regression.
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3.3.4 Large-sizeHigh-passEnhancement

Aiming to eliminate the wuneveanglliaentkr i but i
based correction rioaadi mulrdnmme retrapsittiotnrdi sz ehtei o n .
rasterization of 't he c oesrirzeeeptaesdg hi enntheannsci etnye nitm
be zetdi loin the corrected iIintensity iIimage to e

caused by various surface roughness.

The prifncaihpel efoiddiesrtt himsguoad mar ki ng pi xel s
pi xelws nidbbansed ,prsouccens sas the 313 kernel. | n t
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pavement .

The designed kernels of ptakes ffiillters dsees &
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i dealpatsisghconvol uti on. Additional l vy, the com

nei ghbour pi xels are equitabpass Ttiel tceornvoan

interpreted by the mat hemati cal expressions
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px el and noenieg haofoxuarlt.s | tt hiademeslaymetdwo cl asses
road markingi andhpavmangepinx ¢ hel 3ashddeame
valwhei |l e the roadi ggheki hgsehavey vHthe than
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mar Ki ngs andtepawoearveesifiiti omchi cates the target p
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i€l ass vari anfcheehiresdadld i alpatpos . toerxddtar mgota d
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Based ont didoeeke t he ¢ o ntividehai ltgilacsns i | t er I's u

di stitnlhgauirschad mar ki ngs from the pavements

The appl i ddaealgph sodf i fsihleteeore ve t he unevenly d
intensity tphelbbpsemhe (tLar ¢ eftrsom ot thee hda csk g rnaguin s
the window size is smaller than the object,
backgwoluhdbédi gbft @eimdow si ze is significant]
t htearvwgiebté out sramditmmg background; (2) the re
maked dieladplass process free from the i mpact o
Al t hough eéé&edisatenbBbute unevéehkyvani ahee whbl
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t hger epaott endi a8t ithlperi sbad marpkavneggneemidrsesmo | viee t he

unevenilbutdead tirntensity probl em

Based on the chardedgledsIsterc,s tolie tkher nel h a
requirements as foll owsl.ardge sglb pthait hhe rloardn e |
mar ki ng pixels &erdopdlWegmredalh eiixeel shoul d be s

avotihde i niphaec ts poaft i al variance of the intensit

SamplieOekt etdo verify the minihmugiadkselrineil S :
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The performaphesbhnteément will be evaluat e

the best size of the filter wildl be provided

3.4 Extraction of Road Marking
341 Ot subs Threshol ding

TheOt sués thresholding method is applied t.
discriminant analysislt segments the image automaticaMith the optimum threshold

thathelpsminimizethewithin-class variance. Is assume that the image is bimodal and
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the illumination is uniformthereforethe bimodal brightness can be determibaded on

the differences of the material s6 properties

The road surface area is preserved in the intensity images in the format of @ther th
asphalt pavements or the road markinyéth the assistance of the intensity correction
and enhancement, the illumination in the image is unifdrtus, the enhancednd
correctedintensity imageis able to meet the requiremeri6the Ot suds tghr eshol c
method andthen the global thresholding pcess can be employed to preprocess the

intensityimages.

3.4.2 Image Denoising

There are three principal sources of the noise: the irregularity of the road surface, the
boundary of different adjacent pavement andahsence of point datdhe scanangle
rank-basedintensity correction is onlgapableto eliminatethe intensity variancéor a
flat road surfaceln the surveyingof a poorconditioned road, the laser beam may scan at
the crack or theutting slope.The relatively smaller incidence anglef the cracks and
rutting would result in arighterintensity compared tdheir neighbouing road surface
and cause false positive in the thresholding result. Another false positive cbeald
resuled from the boundaryf two different pavementsvhich is enhanced by the high
passenhancementBesides, the gaps generated from a low point density between the

points may also cause a false negative.

Three denoising methodsintroduced by Adam and Bischof (1994je emplogd in
this research, including median filteringgighbourcounting filtering and region growing
segmentationSmall pixels offalsepositive andalsenegative can beliminatedutilizing

the median filteringapproach The segments dfalsepositive with mediumsizes (i.e.
ny



small fragments of cracks, and manholes) can be remosied theregion growing
segmentation if they are smaller than the smallest road marking segment. Hdahever,
region growing method is not applicable for thege segments dhlse-positive, which
occur at a depression or boundary between two different pavements. Fi§(ag 3.
demonstrate the intensity image of a pedestrian crossing, wherdanteesity of the
concrete pavement is brighter than asphalt pavémdiite concrete regn is detected as
markings §eeFigure 36(b)). Figure 36(c) illustrates a 1815 kernel whose convolution
is equal to the number of marking pixels in a15 window.Because concrete region
has morehomogeneouseighbouring pixels thapedestriarcrossiry, the concrete region
can be detected durimgeighborcounting filtering.After the neighbouscounting filtering
(seeFigure 36(d)), these large false positive regions are hollowed out and broken into
small pieces that could be removesing theregion growing algorithm.It should be
noted that theneighbourcounting filtering is applied in the case study of Kingston to

compress the noise caused by depression and different pavements.
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Figure 36: Neighbourcounting filtering: (a) corrected intensity image of road surface,

(b) extracted result from enhanced intensity image, (813%ernel oeighbous
countng, and (dnheighbourbased filtering result.

The last step in the road marking extraction is thealsing process. Method and

function of the road marking extraction approaches are summarized in Table 3.2.

n o



Table 32: Summaryof road marking extraction.
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3.4.3 Accuracy Assessmat
In order to evaluate the performance of thad marking extractignan accuracy

assessment will be implemented with manually letbedference data.

Tab | dlustBate@confusionmat r itxhbeif mar y cl as igfnad&gat i on,
i ndi datuee gpositi QanBarde pmegatnitvea; fal se positi
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T a b I3:6A cahfusion matrix for binary classification
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The overall accuracy,asthe most useeémpirical measuras not enough tevaluate
the performance ahe extraction especially for this studserethe proportion oftarget

class is small in the study area.

o O o I § I e I
€0 Qiaadud | ree; —_— (5).
on oe¢ "Qn Q¢

In the extraction the accuracy of theoad marking extractionis muchmoreimportant
than theaccuracyof the pavementdetection. Thereforethree commonlyaccepted
performanceevaluationmeasuresrecall, precision and F-Score are employed in the

accuracy assessmedsee formula 3.6 3.8) (Sokolovaet al. 2006)
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Precision isa function of the true positive and false positive, vhiadicates the
correctnessof road marking extractionRecall representsthe completeness of road
marking extractionThe FScore isevenly balanced or partial to precisjomheri p
orf p, respectively In this study, the completeness adopted and the precision is
replaced bythe correctness. Both completeness and correctness make the same

contribution to the FScorel(  p) (see formula 3.9 3.11)
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In order to validate the proposed extraction method, the evaluation results will be
compared withthe outputs fromt her er ecent | vy publ i shed road

met hods with MLS data. The comparison will b

3.5 Classification of Road Marking
In this researchthe road marking recognitiaconsists of three steps, includingad

marking isolaton, feature extraction and road marking classification

3.5.1 RoadMarking Segmentation

The first step of road marking classification is dividing the extracted road marking
into segments, where angighbourregion growing segmentation (Adams & Bischof,
1994) isemployed. The region growing segmentation has the capacity of separating
different clusters and enssréhe connection of the pixels in each cluster. During region
growing segmentation, regions that are smaller than the smallest road marking are

removed fom the road marking segments.

2 vNg Ay 3 M ¢ gza 6 s N&

(a) Extracted (lmadRen@ir&m ngr owi ng segmen:

Figure 37: Regiongrowing segmentatiorfa) extracted road markin¢h) region growing
segmentation result.

Figure 37 shows an extracted road marking and the segmentation result, in which the

PH



noise and little clusters are removed in the procedure of region growingditroadthe

road markings which are attached to each other could be merged into a largésegion
Figure 3.7 (b)) This large road marking should be segmented into a few road markings to
guarantee the subsequent recognition of transverse road markingelarad crossing
stripes. Taking the width and junction into consideration, the large road marking can be

easily classified into two types: the thin road marking and the wide road marking

The segmentation method consnstasdofvi d&or g:
mar ki ngs, and splittingneoagétchoamartk inmggsfidtt eju

appltided ect the thimndwitdeirrogd naadri koinrsg s

[ ] number of Neighbors Thin road marking segments |:-:| Number of Neighbors

0 160 B Wide road marking segments 0 208

Junction road marking segments Thin road marking segments
Junction region

_ Wide road marking segments B Wide road marking segments
I Small road marking segments

(d)
Figure 38: Segmentation of large road marking segmdafsieighbourcountingimage

of large segmentgb) neighbourcountingimage ofwide road marking(c) junction
detection based ameighbourcounting, and (esegmentation result of large road marking

The width of road mar ki ngqeigdambole ai mpfi exrerl ed

showRi gu8( @ )n3.t er m® adf npiheblhhse,gwi de road mar kin
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neigBboumus junctions can bendegbebtheadebdy ¢t}
filteringgd) FeEbowe 8he detected junction reg

are separated aste g nuenncttaitoinosn. rTehsek if@elnrasl Br es en

3.5.2 Feature Extraction of Road Marking

After the road marking is partitioned into segments, geometric parameters of marking
segments will be calculatedo achieve thdranslation and rotation invariee of road
marking shapandimprove thecomputational efficiencyf the feature four parameters
wereemployed in road marking classification, including area, perimeter, estimated width
and orientationArea and perimeter, as the basic geometric parameters of a road marking,
can be directly calilated. The estimated width is the function of the width of a segment

from area and perimeter:

oy CZWi QW
U RO 0T "0a 9o Qi (3%

Although this estimated value is not the true width of the segment, it can indicate the
thinness of road mairkgs. Table 3 shows the area, perimeter, real width, real length
and the estimated width of each kind of road markings. The estimated width is fairly
accurate when the length is much longer than the wikhshown in Figure 8, road
marking of someclasses can be distinguished from others according to(seeaFigure

3.9(a))and width(see Figure 3.9(h))



T a b 14:eRoa8 marking geometric measures

Road Zebra Continuous | Broken Broken | Diamond | Arrow Word
markings Crossng | line line 1 line 2 (Straight)
Shape | — [ 0 | m
Width (cm) 45 15 45 15 15 15 20
Length(cm) 600 8000 100 200 Null 300 Null
Area (crﬁ) 27000 120000 4500 3000 677274 5400| 13080
Perimeter(cm) 1290 16030 290 430 903 649 1221
Estimated 42 10 31 14 15 17 21
width (cm)
Error (cm) 3 0 14 1 1 2 1
Graph of sample02_object Graph of sample02_object
047
* B Conirueos dge e 036 I Coniouens e s
" I Narrow broken line 018 I Narrow broken line
10 Others 014 Others
I Road arrow 013 B Road arrow
9 M Road diamond 012 M Road diamond
8 I Wide broken line on [ Wide broken line
I Zebra crossing 01 I Zebra crossing
g7 £ 009
<6 g 008
s oor
’ s
2 003
002
1 001
0 0
0 S 10 15 20 25 30 35 0 5 10 15 20 F-3 30 35
(a) (b)

Fi g u9 Road3narkig shape feature: area and width: (a) area of labeled road

markings, and (b) estimated width of labeled road markings.

Based on area and width of the road marking, rectangular markings can be detected

and recognized, but irregular markings having similaaand width, i.ecoad diamonds,

may be misclassified. In this case, a Minimum Bounding Rectangle (MBR) is derived to

present the extent of each road markiegefFigure 310). According to the width of

MBRs, road markings can be classified into the noedking in thin MBRs (e.g. zebra

strip and broken line) and road marking in wide MBRrrow, diamond, character and

number).

Based on the MBR& the main angle of a road marking can be calculated. Compared

pp



with longitudinal markings, transverse markingsé a higher variance of the main angle

in a section of the roadt makestransverse markingdistinguishablgrom longitudinal

markings.
= R = N
— e =/ =05
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(a) (d)
Figure 310: Road marking boundaries anmdnimumbounding rectangles: (a) and (b)

show the boundaries of the road marking segments, (c) asdd)the bounding
rectangles of the road marking segments.

Comparedo other shape descriptors, thee of the parameters (i.@ea,perimeter
and estimated width hastwo advantages for road marking classificati@ompared to
shape desptor and template matchinghese three basic shape features require
relatively low computationawork. They can be calculated rapidijpan other advanced
shape desiptors, such asmmoment, bain code profiles, Fourier descriptor and wavelet
transform.t is noted thatheorientation of the road markings is raniform andvarying
thereforethe template matchingeeds tdeadapted to allow mukangle matchinghais
based on the cost of computational power. Assumingethelt of theoad marking has
different instances in eight directionsthre study areasaccordingly eight templates need
to be developed for mulaingle matchingThis increases thamountof computation.
Another factorthat wouldincrease theomputationcomplexity of template matching is
thetemplatesize In theclassificationprocessthe size ofoad markings mges from Im
to 6m. The increased size of the road markingguires larger templates in the matching
process, which complicates the computational wbrkaddition, these three parameters

(i.e. area, perimeter and estimated width) can be easily used to represent the shape of the
pc



road markingsEachroad markinghas is owncharacteristicsuch asarea, perimeter and
width. Thus, in this study, tse three basic shape parameters are used to descript the
shape of road markings fduarther recognition The MBR and its orientatiorare then
employed to mak the different road markings more distinguishable and recognizable

from others.

3.5.3 Decisiontree Based Hierarchical Classification

Base on strong prior knowledge of the road marking caiteoadmarking segments
can be grouped into classkased on theigeometric parameter§.e. areas, estimated
width, MBR area and MBR width)A decision tree is designed and develofmdthe
classification The hierarchical tree of road marking categories tleatelopedin this
study is illustrated in Figure 3L1Accordng to the People's Republic of China National
Standards: Road Traffic Marking (2009), the road markings in Xiamen dataset can be
classified into two categories: longitudinal and transverse marking. The orientation of
road marking segments can be measurgdhe main angle of MBRsIransverse and
longitudinal markings have a high and low variance of the main angle in a section of the
road respectively. The difference of orientation varianeetpted as the rule fte first
level of the decision tred.ransverse markingsf the Xiamen datasenclude stop lines
and transverse reduction lines. At the second level, longitudinal marking segments are
separated into two grousmsed on th&BR width. In the third level, if the width of the
segment exceedH4&m, it is refer to a wide MBR (i.e. road arrow or froad arrow);
otherwise, it is referred to a thin MBR (i.e. strip of zebra crossing, broken line or
continuous line)In the fourth level, zebra crossings, broken lines, continuous lines, road

arrows ad nonrroad arrows aréurther classified into specific subclasskeased on their
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area and estimated width

Road Marking
Segments
Longitudinal Transverse Marking
Marking Segments Segments
Thin Bounding Wide Bounding " Transverse
Stop Lines A )
Segments Segments Reduction Lines
™  Zebra Crossings — Road Arrows
A5em*300cm Go Straight+ Turn Right (Left)
— Arrows
185cm>650cm
45cm*600cm U-TurnA
-1 Urin Arrows
133cm>x3585cm
™ Broken Lines
Right (Left) Turn Arrows
15cmx200em 133emX585em
N Straight Ahead Arrows
15cm*600cm . 90cm* 600cm
> 45cm>100cm
Non-road arrows
> 45cm*200cm
Road Diamonds
—»  Continuous Lines 140cmx270cm
. N Road Words
Width:15~20cm 100cm*240cm

The classification results illustrated in kure 3.12 At the first level, the marking
segments are categorized into transverse markings (red) and longitudinal markings (white)
(seeFigure 3.2(a)). At the second level, the longitudinal markings are divided into thin
MBRs (white) and wide MBRs (réd(see Figure 3.2(b)). Figure 3.2(c) shows the
subclasses of thin MBRs, including zebra crossings (purple), broken lines (green) and
continuous lines (yellow). At the fourth level, the categories of the road markings are

subclassified into the specifitypes (e.g. 15cx200cm broken line and 45eh00cm

Width:45¢cm

Figure 311: A hierarchical tree of the road marking categories.
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Figure 312 Decision treeclassification (a) thefirst levelresult (b) the second level

result (c)thethird levelresult (d) the fourth levetesult

3.6 Chapter Summary

This chapter introduces a road marking extraction and classificatiorflovorkA

preprocessing stage is progem, focusing on the detection of the road surface and

reduction of inclass variance dheroad markings anthe pavementsA high-passfilter

with a window size of 83 is applied on the digital terrain modehster) The absolute

values of the filteredesult arethenbinarized to extract road surface from the ground

surface. In addition, a scamglerank-based intensity correction and a large window

high-passfilter are implemented to decrease thecliass variance athe road markings

and increase thdifference betweethe road markings anthe pavementsTh e

Ot subs

thresholding ighenemployedto partition thecorrected and enhanced intensity inmge
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Based on a manually labeled reference dataset, the performance of road marking
extraction methodsi evaluated with three measu(es. correctness, completeness and F
Scorg. The third section introduced road mar ki nq

a treebasedhierarchical classification faroad markingsecognition



Chapter 4 Results andDiscussin

The chaptert hleegienssul wist hand di scussions of
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4.1 Preprocessing oMLS Data
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(a) MLS dat a (b) Ground surface poi.l
FigureMLS data oML Sadwptle,07¢(b) aground sur f

4.1.1.2 Road Surface Region Extraction

The road surface region was extracgéd by t
passl tering, thresholding and region growin
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4.1.2 Intensity Image Generation
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extraction resul ts.

FigualeDW.i nterpol ation  wietshg&rtssda®t mpdém nt i nt ¢
Sampl &@GInptl® 06

4.1.3 Intensity Image Correction

I n order to extaasdmaglaslrsieade mairtky ngorrect
usedcotroa ect vari ous intensity valuBse caused
corrected | marengirteyseinmadges ns FeghedercdHndhatst
bet ween recsaudd pahvéeimeas senhdoarcdedor e oad mar ki n
b eeacmmordeet ecHoawdvwer , the variance of pavement
corret@incarensiofytwal weugh pavements on the r

to be distinguished from the road amad ki ngs
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cannot be distinguished fromTheaef cmmneki agd o
scale fidalkrwag wappgertaken to eliminate t he

di fferent pavement roughness prior to the ro

FiguxeCoédrrected IntensiSamglma@e from Sa

I n theory, the application of-ct hsisainmceeensi t
and 1 ncr eascel atshse vbaertiwaenecne . The i mpwasement |
demonstrated in the histogrilamsi of clSaap!| ¢ ©2a

di stribution of the pavements amcmanddeamrt mataaed r
using the i1intensiThg-ctasse wtgpravempeenotasd sand r O
mar kdegsease from 21.23 torddgdpddcdthianalliyB2 eB 8&n

bet wehbeewnad mantkhengpavedeaotsasésof 78m421. 10 t
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Histograms: Intensity Image Histograms: Corrected Intensity Imoge

4000 -

[ 5000 |
3000 [
4000

2000 |

Frequency
Frequaney

20003

1000 |

100 150 250 g 50 100 150 200 250
Data Value Oata YWalua

(a) (b)

Fi guati sA&t.ogr ams o fsatnhde prasvgedn)dmas tko qigam o f
pavesanndt r oadi mMmamKii tng a(dghbee ® gr am obBampdavement
road mankcogrected intensity i mage.
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of t he cionrtreencstiitoyn i ndi cat-an ¢griebthh stelde | ad inrse t
correction works well on a gl obal scal e. N o
have different slopes and r oughhsecsan ammline t
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4.2 High-passFilter Enhancementand Accuracy Assessment
4.2.1 High-passFilter Enhancement

I n this sesecstiihemldixtehen ellVaiwipesa i Saagmp |aen0d2
SampltedD6geapttitnmde of the kernel . The <corre
Samp2lwea® pr o che sgslaesds Ibtyer s i n di ffereqtataizes.
are&ampliesOtmetconsttamahivgadeure t han the i1intensi
and | ower than the .inTleerse ft yr eo,f trhepaads sntacr eksi sn
enhancement can be -gataa amltee eilds taimpindw & llhlet n o

i i nabipzhéed suds t hmred hloadindi ntghe extraction r es
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pavement were suppressed and identified as

el iminated usi ngedrhentratgiiom. gr owi ng
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image

Error
image
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pr oc etshse nrgo ardy Wl dhuafiedfar ® m t he lias earc tsucaa nlnye rc,o mp
the boundar yweligmdgwiptalvemeat . I f the kernel
kernel wi || cover some brighter roa& mar ki n
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4.2.2 Accuracy Assessment of Road Marking Extraction and @mparative Study

T hfei

Sample04

Sample05

Sample06

nal

Figulr3e Rlesults of road marking extr a
Af tleepr eprosteeanmijogfittyhe road markings are
i malgwethr ee i ncompllhet eermarrki mgse caused by t he
t he window spiazses dfi Ittheer hoirgh he | ack of suffi
Tabl2e Quantitative assessment -Ssong compl e
Performance (%{ Sample0l] Sample02] Sample03] Sample04 Sanple05| Sample06
Completeness 89.42 93.36 94.19 93.88 90.80 92.03
Correctness 96.02 93.55 96.06 95.60 97.50 95.12
F-Score 92.61 93.45 95.11 94.73 94.03 93.55
Af ttehre i nt ens i thyi gdaosrsrheacnt ci@otme)Blingel o b a | Ot subs

t hr esabolwdis

TN

extractioni seshownofnrbBiadumar &i b§s

i mpl ement @dheonsdsheweraeampt esmoved



extractiusrn3ngsmeédisan filtering Aasnds hroewgni oinn g
the quantitatiVeblZsisdes oposted ( s®ead mar ki ng
capabl ee®9d8%acbmphet eness, 95%cocblere ®tce nes s a
compl et eness tihseos maedtstm e s & dhhainsdimgdhtaitn gs o me

mar king pixels were misRBleassofitde drtcayt lnd
mar k,jtresseimaeaeaual |y | abell ed refdamamgedad ar e |
mar ki Thes®t beeperformance of proposed met hod

resul t .

4.2.3 Comparative Study
The following section wild.l undertake a <co
proposed method and ot her st uadnidess (iGuean Chte ne

2014) and sYuYus eme tal®d,i n2tOeln5gietnyer amade from pc

clouds were used in Guano6és and the proposed
while 3D point clouds werecdicestiy @pephdeda
studi es. The evaluation results of these th

shown in Figure 4.14 and Figure 4.15. One of
extracti oen® o ntl hye floocrues mtarr &diifigeGualodsg tYhés an
the proposed method have extended the extr

mar ki ngs.

Compared with Guaméass edp pmwmlcer, of mar ki ngs
using the praposdodowmeti moaridgu4. 8lax(eal)d4 @) t he
di stribution of point density, Guanbés met ho

Gua@amet hod sti | | suffered from the i nconst ar
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could not be distingui s htehde frrooamd( sbeoeu nftoag gylh e p

4.14(c) alntd i4s 1&I(€9 )noted -based Ywbhs| eneGhhadod:

proposed metbhaosde dar el hpirxdélor e, Yubs method w

bl urriamgictaeaes higheGudonmngpndpesessmeéehhaod
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Chendéds method result, (c) Guandés method res
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The performance of these four methods is e
vari abl es, i . e. compkcerendsee dabliectdnd&9s ai
the proposed method out matches Chends and G

met hod in terms of the completeness.

Tabl3e @uiathnati ve evaluation resulmethobdbddi ffer

Sampl e Sample 01 Samp’0

Met hod Chel Gua Yu Prop¢ Chel Gua Yul Pr op¢(
Compl et( &1 75 8 6 9 3 8 9 7 1 89 9 3 9 1
Correct®y 91 90 92 9 6 92 9 1 9 1 9 8
F-Score (%) 82 8 8 9 3 92 80 90 9 2 9 4

TT



4.3Road Marking Segmentation
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4.4Road Marking Classification
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