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Abstract

) Rpaissive stereo ZH KDYH DQDO\]HAGK W KIP DIIHHEWRRHSYLQ® SLSH
WKH TXDOLW\ RI HYWLPDWHG GHSW RPHISOH ;A3KDYE EXDQW|
LQIOXHQFH RI DOO WKH SURFHVVLQEVEORRARW ROH SWKHK H WX\
LPSOHPHQWHG ZLWRd W KHHDVW W1 W MADK/QHUSTHFHV L F HH BOIOTFWLY F
LQIOXHQFH RI HYHQ VPDOO PHFKDQLRIEMN RLYPNQHGPHQRWQ
UHFDOLEUDWLRQ :H KDYH GHYHOR $iH® 0L QRYH® IRHF PRE E(
ZKHUH VHQVRUV DUH VXSSRVHG WRZBNVUEHBLEGR\ 2X[H® XV
FRQVLGHUV URXJKO\ FDOLEUDWHG KB R}MMHAEHD RG WKM\L D \G F
IUHHGRP ZKLFK \LHOGV D UREXVW IMRIOKWLRQ DQG VSHHGYV

)RU W K HagtizeweptRsensingZH KDYH FRQFHQWUDWHG RQ WKH X\
VHQVRUV ZKHUH WKH LOOXPLQDW LLRIH WRXGHEHH/G D\ORG WWKKCHA/G!
LQWHJUDWHG LQ PRELOH GHYLFHVH ,\DW&KH GBRWDLIG\H B H B VI
HODSVHG WLPH GXULQJ ZKLFK D OLGKWMU B HDD/OEIDFOIXWRQW!
HOHPHQWYV 7KH UDQJH DFFXUDF\ RI\ FRVASHPDW H&) ZG WXL K
LQWHQVLW\ RI WKH UHFHLYHG UHIO®B® HG SWLLIKW OH\ D DO
PHDVXUHPHQW ,Q ORZ VHQVLQJ RSHDD WIRQ E HP B&N WWSKUR FI
RUGHU WR DFKLHMH YWKHPE BW. D A 5 XRHIGF L @/ IQIRW ALIVODR 8 HH D W
‘H KDYH WKRURXJKO\ PRGHOOHG WZR RR VWQW LDAIZ DDW 5 UH.\
KDYH PRGHOOHG D VSDWL D Giged-paResrUndieD) &/H G 6QXR KV @& RFELNWWL
SDUWLFXODUO\ SURQRXQFHG LQ OREHPRYHGE D ¥ FOQIGIUW MR Q
IXUWKHU SURFHVVLQJ :H KDYH GHYH®RSSIGHY \PHHW X3R.GE ¥ IRLE
RI DGDSWLYH QRWFK ILOWHULQJ )XWH\PHHQRRU HQ RZH/ K DLYOH V
SUREDELOLW\ GLVWULEXWLRQV DQBPSLROLGED W PG WKH BRIKQ
RQ WKH QHZ PRGHOV ZH KDYH GHY LS HK IDRX H DIHR WAL YAHK B HX
FRPSOH[ YDOXHG UHSUHVHQWDWLR QHRR I'W.RH VQHIDV ¥/ \GD D I00Q\
QRLVH YDULDQFH

&XUUHQW 7R) GHYLFHV KDYH FHUWDRQ @RIF KGR WR DICF G
DQG OLPLWHG DELOLW\ WR FDSWXWMWRKRORY WR FRPEWQ R QV
GHYLFHV WR FDisW XDUQepti RO REDWID DQG IXVH WKHP LQWR D
UHIHUUNGWpRs-@Epth: 9 = :H KDYH LQYH VW lnilbi\deHsGr d&tk H F DV H
fusion DQG GHYHORSHG DSSURSULDWH PHWKRGWR DOWRUM)KR
U H Q G H UdispdclBs@iGin-painting )LQDOO\ ZH KDYH DQDO\]HG WKH '
E\ 9 = DQG GHYHORSHG D QHZ PHW K RWGH SRIH . WQYWHDIWLLFR. @ 2\
FRPSHWLWLYH SHUIRUPDQFH LQ FRPSUHVVLRQ DQG IXVLRQ

7KH WKHVLV LQFOXGHV D OLVW RI WKEJV\RKMZBRXUR R GKIO
UHVHDUFK ,W DOORZV WKH GHYHORSHD PHMK BB g JHQR PEG
LQ PRELOH ' LPDJLQJ FDU DQG URERW®XDUOULJDWLRQ DQG



JRUHZRUG

0\ ELJJHVW OLIH YR\DJH KDV VWDU® 8GRI E ¥ RRWWAK\YDFG GG
(JLD]DULDQ LQYLWSIRVRKPGHYHQW WMRUGLWEMMEZW RSPRBW X Q
D EULHI FKDW LQ DOPRVW D VSORWWKERW G W,KRIVGFRHPISQ H\
P\ OLIH 6XFK DQ RSSRUWXQLW\ GRHAHPRXWHADNGDFPH VROFHIR
WKDW EHFDXVH RI P\ SURIHVVRUV HDWKERRE S $ RUWEKIOL &R WR
WKH VFLHQWLILF FRPPXQLW)\ RI 7DP S8R UHQS LIQHYGE W¥\VRR PN
RQH RI WKH UHDO VFLHQWLILF PLWIVMO 6D \RDWWVKIN SEKODEF
WKH JUDWLI\LQJ IHHOLQJ RI EHLQJHW LRAQLHH \R IL QX WRKSIH fLVH O
3URFHVVLQJ B6LQFH WKHQ P\ DPELWERROKDFREHMIDOL BHRWEH W
LQ WKH VDPH ZD\ DV WKH FROOHDHDOWV\LDS EWIRNLHD WH G
ZHOFRPH H[WHQGHG WR PH E\ 'U 8]XQ®6F '§DQNQDD\D® QO6'K
<DQJ 3URFF%RU'U BWDQNRYL({ DQG W P HRUMNIOQWKRWHE A U
LQ WKH WHDP , ZLVK WR H[SUHMHYVB6WRFNKRBF L Z&
PRWLYDWHG PH WR IROORZ WKH FKDWOOHQJH RI SXUVXLQJ C

, UHDOO\ DSSUHFWDWG@FWKH 3UR D WPDORWIFKEH W RKHR[WUD FW
VFLHQWLILF JHPV IURP WKH GHVSHUDWH DFRAR@\GD &/R IRWH RK LR
VWA\OH DQG KLV QHYHU VD\ GLH D V&W QWX/GH.L WR ZIKIRGPVKW KD ¥
WR VKDUH DQ\ DPRXQW Rl KLV SHUWVR®D D ML\HD Q & K& N WIKI
'U *RWFKHYD GLG QRW PLVV KLP WRRSPXMK W XLIQQYJI VWRKK |
PDQXVFULSWY LQ WLPH IRU DOO WK HUHIDHDGC 1LV NVRX EFPR WV K
GHPDQGLQJ VXSHUYLVRU EXW DOVRHXOD/SBGYRH\LRKORRHP DWQL\
GXULQJ P\ WLPH KHUH LQ 7DPSHUH

0\ ZRUN ZRXOG QRW KDYH EHHQ FRPERHWNGHMOWEESE YRS
DGYLFH RI 'U 5 %UHJRYLU 5REHUW QGZDOVDSEE RSKUH DWHK \
WKH SUREOHPV , HQNRINQWL B D W G QIKRHDMKEH FOOUMISHHORL DUH W K
JR WR 3URI )RL ZKR QHYHU ORVW S U W LK \ZHKHHROH B [ SYGRD K.
obvious things $OHVVDQGUR DOVR KHOSHG PH F D U UK WHKRHX IVQUHY\L M\
ZRUN , ZLOO QRW IRUJHW WKH KHOSHRIHUWFEIX X UIDQ G R YZ D¢
DQG GHOLJKWHG ZKHQ $QGUH\ OLNFK IO\ VPHK ZN WXKWL & Y D C5X
VFLHQWLILF VRXUFRWWHWHIDHYKD Q WV MDK RO \PBI HRUILGI) PW WK
VZLPPLQJ FOXE 7KH QH[W SHUVRQ L iiZ L IKH\D R O KDOM\R LY G3 URR
VW\OH 5DGRPLU DQG KDYH QHYHU PLVVHG DQ\ RI \RXU FR:

, HISUHVV VLQFHUHKN RWKIFQW V X8R LPAL®DDUVUU %+tDER XD QG
6FKUDGHU IURP IRUPHU 1RNLD 5HVHDUFHKO&HDMWMWH G U R DHP\G\
JXLGDQFH ,Q IDFW \RX DUH WKH SRRBIQHEZ KRSEHWHORSHG

, ZLVK WR VKDUH WKH FRQWULEXWURQW¥6RI| &KKXIAK YWKUHD/ L
%HO\DHY O06F 6PLUQGFY OUUDERMEY O06F BBXROLRHQ6FDQG 06
‘'H *DPPD , DGPLUH \RXUH VP D VULRXDWNQBWU N OWO W& B WV KPUHH L (
RZQ ZRUN , DP JUDWHIXO DOVR WR73URKIRILIDWNRYRILN FEDR
DQG 3URI 9LQHO +DOPVWDG 8QLY HHD/ILWY DIGR Q. XK B2 UW R Y8 N3
7TRWVN\ 'U 3RQRPDUHQNR 3URI /XNLQ DQG 3URI $EUDPR



Foreword

JXUWKHUPRUH P\ JGDWRHXOO D IRQWR R OB K WL YURU H 6HH[UD\PL i
=DJUHE DQG 'U =LOO\ 5REHUW %R F K RPEW XYW W BDFRWP P
KHOSHG PH WR LPSURYH FRQVLGHUDR® WKBQW KMV LOR O,FK
19,',$ 6DQWD &O D@D WIR D W UMH D Q LR/YSHRIGWHIQW. PV N 16 Q F H

, UHVSHFWIXOO\ DFNQRZOHGJH WKH KIRYU N$ RP MG H8 WYHD P- IR
DQG 6HUJLR , PXVW\DBVRHIHFRPBHWDJSHND BV V] DL@® DOVR
KHUH WKDW 'U 9DJKDUVKDN\DQ PXVW XEH WHKIN H/ FDOQUGN B | V
HVSHFLDOO\ ZKHQ , ZDVQIW DQQR\H@JZRIPNESBEXWWHULQJ

, QRZ KDYH WR DSRORJL]H WR 3URI RO WMH WRIWY DOV R 6 M
UHVHDUFK H[SHULHQFH , JDYH KLP WX LRX K DPSHMQMHEG Y HRIM H
, KDYH DOZD\V ZDQWHG WR VHR ®@nBRaHR@aR 8O DSRO

7KH JUHDW LPSUHVVLRQ , JRW RI WRKVQHQF DB G HEO) LD
LQLWLDOO\ IRVWHUHG E\ WKH DPDRM)JOR PDWW HUK®E BRIQWWAHM
800D 6LOWDORSSL 3LUNNR 5XRW\SHRSIOH QL D) GRXLBKR PII
GHFLGH WR VWD\ LQ )LQODQG DQIG SHRSOH DQG ILW LQ ZLW

, KDYH WR PHQWLRQ WKDW P\ FRPEPB WRQ) MKIMDRGL JIOQDQ
5HV $VVLVWDQW , 7RGRURY 78 *DBMKRWRORRRB FBWKRXW\
IRQG PHPRULHV RI WKRVH JUHDW W/IZQRO\ H B BIY OH RKSH\QI\WW ¢
6IUNLMIUYL ODNH ,QGHHG P\ SRV HWHY KD @HYH D EIR)GM GO
P\ WUXH IULHQGYV ZKR DUH DOZD\MYZUXMENDP H'U ' 0D \W\V R
7RQL %DUWHN /L]BFLIPRYJIKH "W 7FKDPPRMODD3URIE OHVDL
'U 'DQLHO\DQ DQG 6HEDVWLDQ 7KLBUWQFHY HVQRWDRAKEZA
multiplied, DQG , UHDOO\ ZLS K WRXD NH GWKWRABIPH GUBDW WLPH D

, ZRXOG DOVR OLNH WR PHQWLRQ PR¥KNG®G GHKRRG, WWHQG \
KRSH WKDW VRPHGD\ VRRQ ZH ZL OO RMUWIKHUOAR YH WKIHAN U M
1HOD 'U +ULVWRYDLGRLIRQUD2O,MD]RDVIRQWRIQEKRJ DQG 3O
DOWKRXJK OLIH KDV SURSHOOHG XMWGRDQKGYILE I HDOWW 8 B W &
/LIH KDV FRQWLQXHG WR EULQJ QHZ UQIHQGMVDA\RPW BDQ@R
$XWRPRWLYH 6\WWHPVWSPAELD D YXKDMNY WQGPV KRB OHDIRBYV
$OOHQ 'U $QWLU 'U 1JX\HQ 'DQLHQ@ 6DBXHOLKKLWDVK
ORODQGHU 'U .DSVDODYV

7KLV WKHVLV LV RIH®IXF DEMHHFG XWVR I OWKRRXWG \RXP SAOK QH Y
KDSSHQHG 1RZ , DP VWDUWLQJ P\ D MEKEfetSIVRW 6Y HW ©R\DL
DQG *HREG\EHLQJ WKH Bwb\iMeSIRAGIIN KW PUV 3ROLQD DQG (
SXUVXH P\ OLIHTV MRXUQH\ ZLWK BKHQSHEN® QP,\ IR IYAZROAQN!
XQLYHUVH LV GHVLJQHG VR SHUIQEWOK EW AD/X ¥ K\ \R® ROYUH \ B |

OLKDLO *HRUJLH)Y
7TDPSHUH 6HSWHPEHU



&RQWHQWYV

$EVWUDFW
JRUHZRUG
&RQWHQWYV 9
/LVW RI SXEOLFDWLRQYV 9,,

1RWDWLRENUBIYGDWLRQV

,QWURGXFWLRQ
2EMHFWLYHV D QG WHRSHKRLQVWHKH WKHVLV
BWUXFWXUH RIWKKOILOAKMWLR 8XEOLFDWLRQYV

SUHODPL® V
&DPHUD PRGHO

&DPHUD VHQVLQJ SULQFLSOH
3LQKROMER@MWHR HO
6WHUHR FDPHU®DHSMWXSVMLPDWLRQ
&DPHUD PLVDOPRERGW WG DHR VHWXS
6WHUHR FD P RQDDRIEDREW /RVQ
6WHUHR PDWFKL®@H PHWE&RGYDIRIUW\ HVWLPDWLRQ
7LPH RI IOVURQW SAHKD FLSOH
1RLVH LQIOXHQ@FVLIQQOD PRFKDQLVP
JL[HG SDQARUMHQ
6HQVLQJ QRLVH
/RZ VHQVLQJ HQYLURQPHQW
" VHQVRU | XWIER QLBNE RAHQL V
9LHZ SOXV GHSWKGIRWBDUWHSRBVHQWDWLRQ
" IXVLRQ RI DV\PPHWULF QRQ FRQIRPCE)/ 9LHZ SOXV GH
" IXVLRQ
6XSHU SIPHQWDIMWLRQ
&URVYV PRGD Q]IMWILBNYK OIDQJ
% L O DIW @ WB O
1RQ ORFQV IR HU
OHWULFV IRU IPHWHK/R/G OV BHKWI RUPDQFH
*HQHUDOUWWPRU P HWULFV
6WHUHR FIDPHEUDD W LR Q
6XPPDU\

BWHUHR FDPH WD) G FDOWEYDWLRQ
AXDQWLILFDWQR QORI MAXH. WRQPHQW
6FHQHU\
&DPHUD JHRPHWU\
,PDJH VHQVLQJ HQYLURQPHQW
7HVW VFBIQ® WLHRAX O W V
3URSRVHG XQVXSHWIYRYHXQ GHIFABWIHEUDWLRQ WHFKQLTX

9



Contents

JHDWXUH SRLQW HQW IDRDONILROQV HPWDIVOEKR T RXWOLHUV

2SWLPLDSBIURD FK
(ISHULPHQWY DQG UHVXOWYV

6XPPDU\
1RLVH PRGHOLRVLMQGRGAIQRY RI I0LJRE GHOAML ¥ 8 GROG LLWPLA
JL[HG SDWWHUQ QRUW HPPRAHRMLRQG UHPRYDO
)31 PRGHOOLQJ
5HPRYLQJ MWK H RPISRQHQW
SHPRYLQJIL QKHRRBORQHQW
1RLVH PRGHO RI 7LPH RI IOLJKW VHQVRU RSHUDWLQJ LQ
%LYDULDWH GLVWULEXWLRQ PRGHO RI 7R) VLJQDO FRF
BUREDELOLW)\ GNKMW SKDX\WLRRPBRQHQW
3UREDELOLW\ KW/ WRPEBXWKRB® RRWSRQHQW
'"HYLFH FKDUDFWHPHDW.L R LDRXG RIDDLD R PH@W LQJ HQ
3UREDELOLW\ GLVWULEXWLRQ SURWSH IDWIGHM [RIGD YHFW
DPSOLWXGH
'"HQRLVLQJ RI 7LPH RI IOLJKW GDWD VHQVHG LQ /6(
([SHULPHGIWROW V
6XPPDU\
' UHVDPSOLQJ DQG WKH VIQWKHVLV Rl 9LHZ SOXV GHSWK G
*HQHUDO IUDPHZHRWINP BROL @J=DW G IXVLRQ
OXOWL OD\HU FRGLYKE GO XAXNBHULQJ
'"HSWK UHFRQVWUXFWLRQ
"HSWK PDSQH @EB®ILRQ
(QFRGLQJ VFKHPHYV
(QFRGLQRKWOHHUV
([SHULPHGWROW V
" IXVLRQ IRU DV\PPHWULF 9LHZ SOXV GHSWK FDPHUD VH
3URSRVHG VFKHPH
([SHULPHGWROW V
(QG WR HQG ' LPDJHGJRQ\DWHNPPEDWI LR 2 \EHOWW@S LQ O
FRQGLWLRQV
6XPPDU\
&RQFR®VL
6XPPDU\ RI WKH WKHVLV
2 W K H U BRRQVRIQLY
%LEOLRJUDSK\



ILVW RI SXEOLFDWLRQV

7KH WKHVLV FRQVLVWY RI DQ LQWVRGKEWRILF SSXEW LIFQGV DI
EHORZ ,Q WKH WH[W WKHVH SXBQL®@DWLRQV DUH UHIHUUH

83 @ *HRUJBHY%RHY $ *RWFRBQXDNYBAD + , Q| OXMHWQIFAH RVHAD//P R Q DA
TXDOLW\ RI PRE L Prbceedifgd 5\SXE R O QR 8 S 6DQ -RVH &

8 @ *HRUJSHYRWFKHY DQG 0,Q4+DRB®NN HO F DR SO LIGAD RIQQY VBH U
PDWFKLQJ TXDOLW)\ D QPrddedtirigs ¢fRED IMEatiohe Sy@posium on Circuits
and SystemdSCAS'13  SS %HLMLQJ &KLQD 0D\

B, @ *HRUJBHYRWFKHY DQG 0 +DQQXNVHOD DBWLRQWBHE& QDLAPR
IRU PLVDOLJQHG WrateedikyR ofE EEPIhtésriatibnal Confernce on Image Processing

ICIP'13 SS OHCGBRXEBQBHSWHPEHU

3 , @ *HRUJBHYWUHJRYLU DQYHYLIHERIWAKWHUQ QBLYVHPRROGBOL®J

7LPH RI1 10LJKMBEEHaQMALLQNS on Instruentation and MeasurementY R O QR SS
$SULO

B3 @ *HRUJBHYWUHJIJRYLU DQ@GBLY H*RWFXIHMNKW UDW JIHQPGIRDZE X/ BIOR/H Q
(QYLURQPHQW QRER F SIDHD) GB\R P D LIQ GIRDIEER FranSacthsQR Imdge
Processing YRO QR SS -XQH

8 9@ *HRUJLHY%SHO\DHY DQG $ *RWFKHY 3*'HSWKURDSELFR@SUL
LVRWURSLF VHIPHQWDWLRQ D PrGeddihgs(cDData IChrh@essidrGafarandd X F W L R
DCCY4 SS 6 QBZEI$SSG LO

3 9@ *HRUJDA® $ *RWFKHY “"2QF VOKHZDGE HBPWHVU QMWL RE® SUH
International Workshop on VideBrocessing and Quality Metrics/PQM’ S B3KRHQL[ $=
JHEUXDU\

B9, @ *HRUDGBE $ *RWFKHY 3$ JHQHUDO IUDPHZRPXND WLU VGFHHBNRKI
IXVLRQ LQ DV\PPNWIHFWH H'Z UISHBXEEE/Jdu@nal BAEmMBrging and Selected
Topics in Circuits and SystemsPDQXVFULSW VXEPLWWHG LQ 6HSWHPEHU

3 ,@ $ &KXPKYBBDJIJDHXYG $ *RWFKHY 3% VSHHG RSWLPL]JHG 5*% -
LPSURYHG ,GRoQeRdings 6 $PIE YR O S LoOF® )&BQFHEUXDU\






IRWDWLRQV DQG DEEUHRH®

2QH WZR WKUHH GLPHQVLRQDO
$:%1 $GGLWLYH :KLWH *DXVVLDQ 1RLVH

%S SHURH@WBUURQHRXV EDG HVWLPDWHYV
ESS %SHVEV[ H O

&&' &KIHUFRXSOHG GHYLFH

&026 &RPSOHPHMQWD® R[LGH VHPLFRQGXFWR
&5/% &UDPBR /RZHU %RXQ

G % '"HFLEHO

'R) '"HIUHH RIAUHHGR

(&2 (GH FRQWLRXWAQIEH UV

*7 *UR X Q GJWRIXXQ\GK W U X H

.33 ,BHD SURBISUSH@LQH

30 3KRWRQLF OL[HU 'HYLFH

VvV W

MMV WR VXFK WKD
7R) 7LPH KI 10L

0% ( OHDQ $EVROXWH (UUR

06 ( OHDQ 6TXDUHG (UUR

506 ( 5RROHDQ 6TXDUH (UUR

1/0 1RQ ORFDO OHDQV

5* % FRORU GDWHHQQ U}E& EOXH FKDQQHOV
3615 3HWRDO WR QRLVH 5DWLR

63 6XSHHO

VW 6WDQGDUG GHYLDWLRQ

9 = ILHD XV GHSWK

<)

<LHOG J®WREWIXO



Notations and abbreviations

®p v
@ 4
8=ML & _

é

440

~opeY oL
JaFdacb Feae
% &Yoabo9
D
p pBO>’" & & Lp
YY L s 6

Qo

P YL > ajd &chs?

yiu;

z
Ly és

® .

é6

OR NP E;PMP E I

i
>ESS@
poVY

PR
6 6LsY

%HORQJV WR "OHIW ULJKW® LPDJH LQ WKH
ODWKHPDWLFDO H[SHFWDWLRQ PHDQ RSHI
9DULDQFH RSHUDWRU

&URVV FRUUHODWLRQ RSHUDWLRQ
$PSOLWXGH RI D KDUPRQLF VLJQDO ~QRLV
%DVHOLQH W WRNQ\EONWORQHY BEWWDQFH
3KDVH GHOD\ RI D KDUPRQLF VLJQDO “QRL
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ORGXODWLRQ IUHTXHQF\
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5DWLR EHWZHHQ DPSOLWXGH DQG QRLVH V
,PDJH "KHLJKW ZLGWK  LQ SL[HOV
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' QWURGXFWLRQ

7KUHH GLPHQVLRQDO ' LPDJLQJ SURWX®DHV ZRU RGP D WR R
WKURXJK WKH VWDJHV RI VHQVLQJV RQDWKHQU DX®D®D YL VD
FRQYHQWLRQDO ' LPDJLQJ ' LPDJLUGHI HEW&MR WD E L W K H. W KZKJR
< FRRUGLQDWH LQ WKH>&® UAVKYWEKQLYV NSRWHZR\ (O HQ NHGH W |
GLVWDQFHV IURP WK W R PDK H QRIE WHHIBWRAKE-H U@ R \W IV SRV XRIRIG H U
VHQVLQJ DQG GHSWK HVWLPDWLRQ QVH FIQOL TWH\H ¥ D DKEID W
GHYHORSPHQWY UHVSRQGLQJ WR WHKH DHRIGHVRE QDD RIDLW
DVWURQRP\ KDG WR DFFRXQW IRU AXQWD®RBW DQ GV H RXRAD
SRZHUIXO LQVSLUDWLRQ IRU UHFHQWOMAYPDFHYDLQUE R QW
ZKLFK LQ WXUQ LKDWB OWINYDIO BHIQAKE B3 R XPMLRQOW DQG !
DLPHG DW HPSRZHULQJ WKHLU KX P BMX &MKU VD DIGN R DFLISIXW D
YLVXDO ZRUOG

'"HVSLWH WKH P\ULDG RI WHFKQRORILH\D QK 6 REWKRB V \
UHPDLQ FOXVWHUHG DURXQG WZR PDMRW WDHERBIGHULHV L
Alexandria FLUFD $' LQWURGXFHG D WDidpdeF N I7&L \G & HLYRLHF HF
PHDVXUHG \WMR DVGHORIEEVHUYDWLR QraS®®L Q WH$ \§ B UY R3L KW O Q
baseline $ DQG WUDFN WKH FBKWR MKHQREYXHUY®BOREMHFW VWL
RI GHJUHHV 7KH GHSXIVIKVFRPISRQH@afguldion HHYLO\L Q J
—f4;$ F I )LJIJXUH D )DVW IRUZBPQIGTXMR PR & KRZQ
JLIXUH F PHDVXULQJ WKH GLPHE@DERGWRD MRLF ¥ R URENHVFIW
RQ WKH VXSHU SRV MWYZRRBPRKHVSROW K RREXDOW HX KD LFIDAD J H
UHODWLYH SRVLWLRQ RI WKH OL 1M \RR RUEFHMW YNDHMLSR.@ J PW K
SRVLWLRQ UHVSRQVH LQ UHODW KRQRWE R HUK K & \R B XIF\WF YU D@ L
IRU D NQRZQ SRVLWLRQ RI D OLJKWHVRXQ FBH REWXBHYHSREL
WKH PRGXODBWRRRQMQBOMKH VRXUFHV 7KLV DYIRLGWWKH C
DQFLHQW VFLHQWLVW GRHV QRW RIQWH KiBtRelWWRH Q & HID ¥ IDIQ\P €
ZKLFK LV HLWKHU

Structured light ZKHUH WKH VFHQH LV LOOXPLQDW\HG (EG VK HI
UHFRUGHG UHVSRQVH LV FRPSDUHGHRMWNVH DI N\R Z2Q@U Hl
Amplitude-modulated harmonic signalZ KHUH WKH UHVSRQVH LV TXDQV
GHOD\ EHWZHHQ HPLWWHG DQG UHIOHFWVAH &R YLIQDOV |
Phase-modulated pulses by scattered light of a laser be#hfk FDOOHG /,'$5V ZK
WKH UHVSRQVH LY \VEKBILRHDNKXRWMHGHRBKBRLOM WY & HD\VQ GHWU QI C
EHDPV > @

7R VDYH SRZHU paiielU FQIG RISV UALU D VHQVLQJ SULQHF
WUDFHG EDPFRHQ@R XWKH 7 KH LibD @Y EdsinSovephiia FRPSLO®HG E\
Apianus L Q > @ FRQW Reqoviub evibts WAKRNW G Frisus GHVFULEHG D
VWHUHRVFRSLF UDQJH HVWLPDWLREWS BRQBHYGR E®N & EHR/QI
PHDVXUHPHQW DSSOLFDWLRQV F | QLYXUWWHP WEZR REV WU
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YJLIXUH '"HSLFWLRQ RI HDUO\ UB QLK IV N6 QVQ IDDRE OXMBLMEGR BV [
X W L O Herodf Blexandria FLUFD  $ ' E XFWHRRQEAWSDVVLYWR GRQIIR VHC
VFKHPH SURBRWGHEIsE L>Q@F RS\ E\ RWRikiINAtiohaV LibraR/ | F
PHDVXUHPHQWPRIQYLBRY G\ UHVSRQVPHS KD WEWX\U | K5U REPHHSMUK. FH V W
ORFDOL]HG FRUUHWSKDIGHRFNWBUHD FDPHUD

ORFDWLRQV DUH IL[HG E\ WKHLU EQMHOHL\QIRQEYB DVVWWDAR IR
YLVXDO REVHUYDWHEWRKU Y PWMRR @ C5FRVHRWGE R QV FD VBHIDFR R D S|
VLPLODULWLHYV LQ WKH VDOLHQWLS WG FWRIY W KRR RE M H U YIHQ
EXLOGLQJ DQG WKHQ HVWLPDWH W KHIMBE DHRWY BIKLFEOODQ
REVHUYDWLRQ GLUHFWLRQ NQRZQWAWRHWDIHRDNRW U HY G RXQUEHD
WKH HQWLUH VWU XFWSXURS RJDVWKHG VIBEW KSR NQWZVRXR FHV W
GHQVH ' UHFRQVWUXFWLRQ HJ WRH DRRXVO GIRHQWHRX
SULQFLSOH LV WKH EDVLV RI DO OJ G/MBSHUKH R VLW DB Bl WELLRLQ \P Hi
G 3L[HO GLYSHHMIHNHXKIFIRUMIHVYSRQGLQJ SRLQWYV DUH
QHLJKERUKHRBGsVDAB G WKHARRMVIGHLQDWH LV FDOFXODWHG E\ D
WULDQJXODWLRQ MdGEFRIS O HOXWLOL]HG E\

KHQ XVLQJ SDVVLYH GHSWK VHQVL@J SRQ B PKIDWHWWR REIH WS
FDPHUDV SODFHG DW GLIITHUHQW ORFDMWFWR QWU LRQROR N G B W IWR
UHVROYHG GHSWK @KMW PD® HAUHE H € ¥ WERXOM RREDDY € G LV KIH

JRU FRQWHPSRUDU\ DFWLYH VHQVLQ QN HFAKRHRBIR UQ HM WV K
VHQVRUV DUH IDYRUHG DV WKH\ DU} V¥ DB/ ELOHD ® IWG.IREILY Bl \
GHYLFHV GHOLYHU SHU SL[HO GLVWDQHV LIDQRSUW B WV ROQ H L\
FDSWXULQJ G\QDPLF VFHQHV ,Q JHQBRDA UM V¥ R@QHGWRR QA
GDWD XVLQJ DFWLYH LOOXPLQDWLRQWXNRBP B RER@DDMIHKR XV
EHDPHU LOOXPLQDW H \hedrfafiargk ROH QEBIQW ROWKD &026 VHQ\
WKH OLJKW UHIOHFWHBHEWAN LIQ RPK MHK®F HQ HW K B FK HRLV R U
LQGHSHQGHQWO\ FRBPSHM\RBVRW KK HF REUHBHDLGY K5 ® DWHHI O K IE WAHH (



1.1 Objectives and scope of the research in the thesis
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 )LIXUH +LIKOLLRWM G @ RWHU Y E B PRI HWWRDIJ H V

VLIQDO ZLWK WKHHHVPLIOWBG AKH HFBKWE@ RO BWW S XK RVHMVKH PL
LY SURSRUWLRQDO WR WKH GHYQRHYN KDIY HWFKE
WHFKQRORJLFDO OLPLWDWLRQV VXHKIDVXORZHWU K SHIWQDW® L
FRORU FDPHUDV YHGLWKWHDBOVRLARW\LWWRREPOWXBR FR

$ VROXWLRQ IRU WKLV LV WR FRPELQH WRER RHUL WKW GF
9 LHZ RU GHSWK = G Datldlities7 KDY W 2RR RAH PIRKHHQ DOLJIQHG
LQWR D FRPPRQ SL[HO JULG L Q sBnsBrliiR&sion Z ® Bl \B\W R EiD HFD\D C
" IXVLRQ DUH UHODWHG WR HIILFLHQW RIHQRIP SQLORU PRV B/
GDWD ZKLFK LQ WKH FDVH RI D ORZ \USDURODON LRFD \G W SIW K G
ZLGHU DUHD RI WKH FRORU VHQVRED WV H M HXDPS\0 DQR URWR
UHJXODUL]DWLRQ DSSURDFK WR HQBEBRWHK AKX TWKD QKD WRW
WKH ' VWUXFWXURGH RGHOHREMREOWE GHKWD SURGIXFHV W
" UHSUHVHQWD W LYRHQ OZ R XOKN E VX &/ R D § S U HIGD MPLIRIQ V

2EMHFWLYHYV DQG VFRSH RI WKH UHVHDUFK L

‘KLOH ' VHQVLQJ SEHBELESOMNUKDGY 6 AHQE HH DWW B EHDQ WKW L
LPDJLQJ GHYLFHWDOH TPKH FYR P H@ND O KitbliMy GIVYIIRAHV P ZK L FK
FDQ EH NHSW LQ WKH SRFNHW D Q G HAW L&KH B SOU YOHQUG KILDIWKW]
VHQVLQJ WHFKQRORJLHV WKLV LV ZKBEWNWIKH RIXHN B WS G
SURFHVVLQJ VWDJHV DV VKRZQ L@ )RDXHHXO O\ KRDSMWWRL FHHG|
VWDJHYV DUH PXWXDOO\ LQWHU GHERRGGE QWWS$DPLSIR UL KOD BV
SLSHOLQH DQG JHQHUDWH YLVXDSDDUWLIDFWV DW WKH YLV

&RQVLGHU WKH SDVVLYH VHQVLQJHAMFRLE HE KLH) WWHHULFHR RS
PRGHO SDUDPHWHUV LQFOXGLQJ WKH KRPRRWISKAKZKLSEHKR
UHIHUU¢htBraicR DW XVXDOO\ GRQH LQ IDFWRU\ FRQGALMULRQV
,GHDOO\ WKH FDRHifieDV LDHUHWKBMYRDUH DOLJQHG RQ D SO
FRUUHVSRQGHIFKRWIBBMDO OLQFRSDHLAMLHOWKR WHKMHO
FHQWHUV &DSWXUHG VWHUHR LPDJHM WQR® Y J\RX VK DYGBR
PRVDLFNLQJ ZKLWH FRORU EDODQFKBYHGHDRIHAL @ L IXQ\G LP
FRUUHVSRQGHQFHWBQE R PHMGH VDK i (MDH/Q DIU HWIOHF \ER B\ F D
WKH\ PLJKW JHW PHFKDQLFDOO\ PLRRU LIJURPG WOKCHN FHLP R Q DT
SDUDPHWHUYV $V D UHVXOW WKH GHSIWKLM \WWISHFW DR Q \ZIL P
PRELOH VWHUHR VHWWLQJV ZKLFK D U DYGIIH VP XRZ FYUHRWD |
LQH[SHULHQFHG XVHU FDQQRW EH DY EHDBWIR QS ISUFRRRHG DU
VHDPOHVV DQG IXOO\ DXWRPDWHG FtD OHIEWDOWH\RIQV W H F K QU

&RQVLGHU QRZ WKEHUDRWKY H HHMDIVQ DIV IKRH UPH. T LDUNYPUHLS W/
SRZHU FRQVWUDLQHG GHYLFHV ZRX®GJIQDCR QR KUWEOHN Z KL R
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ZRXOG UHVXOW LQ QRLV\ LPDJHV 7EWLQRIPROGLYLRRON Q3
SURSHUO\ PRGHOHG LQ RUGHU WR GHYHORS VXLWDEOH GH

7KH VXEVHTXHQW VWDJHV Rl ' UHF RURWUHFRMLLYRHD JB IR PXIW
ZKLFK WKHQ JHQHUDWH YDULRXV SIGIHDAQQ GUW&M ZRDBKKR DM
UHVDPSOHG ' UHFRQVWUXFWLRQ D GRVYRVKHTXHO B W IDR DOEHW
DQG GHSWK PRGDOLWLHV ZKLFK RUWL BLHDMKH LW R K FKKHPRIRR
OHVV WH[WXUHG WKDQ FRORU LW LAFLLHKQW BN ILRHUS W I YA HUDHATEKC
FRPSUHVVLRQ VWRUDJH DQG WUDBVBPSVLRQ JRIDAD VWKM
DVVXPHG UHFRQVWUXFWLRQ :KHQ HRHGRXROWD D QBFRORAMHL
VFHQHV DUH XVHG LQ DSSOLFDWLROQNLWHDUU LYQH ZUHD W K i
LQYROYHV GHDOLQJ ZLWK VFHQH REFDXDURGWDRIG 'SG HBDQ

7KLY WKHVLVY DLPV DW FKDUDFWHUH{1HUDWION WMdRWHIURHH/GR\
sensing conditons DQG RITHULQJ VXLWDEOH UHPHGLANJIL@Q HEBKR LK)
%RWK SDVVLYH D@QG/ DFWYMWWDQJIW WBH FRQVLGHUHG

JRU WKH SDVVLY HHBUWRAKHKRIYV WR G FUHNY B B WFHD® HRLUOD W/HKAHV X S
UHVHDUFK REMHFWUIKH £Q M WIRQIFGhatp\ fnd &elisidg-pipdtine DIB
DQG WKH HIIHFW RI SK\WVLFDO PLVDURUYPRQWW H HVWDHH @/ \V
GHSWK PDS HVWLPDWLRQ %DVHG RIXWRBWWWANKRPUHRMNK R CD (R
FDPHUD UH FDOLEUDWLRQ DQG UHRWRAXGWWURG WRVDRRSI B
EHHQ SURSRVHG

JRU WKH DFWLYH VA\VWHPV WKH UH\DHDFRMKHR E MKEWLY G R
WKH QRLVH RFFXUULQJ LQ 7R) GHY IWIHR/QXR SN RB LRXOR D YE
UHYHDOHG WKH VW U R Gided-tt@XnsieF)3 IR | ¥ RLFBEKDWVGEHHQ DG
E\ D QHZ PHWKRG IRU )31 UHPRYDO )XWWRMHPRUHQ R WKXU
PRGHOHG LQ RUGHU WKDW WKH\ FDQLES RHWRRBGZEUMDLQ B
FRPSOH[ YDOXHG GRPDLQ

7KH VWDJHV Rl ' DIQFER QW ®W K FRARIPRSQ H\QWLHRVQV K DIY W HEGH M@ L
IRUPXODWLQJ D XQLILHG IUDPHZRUN ®\D\QX® XQWL D ] IDYJ PPX-B
VHIPHQWDWLRQ RI WKH DOLJQHG KKRPBERFEKIMIQPQGSFRORU
GHSWK UHFRQVWUXFWLRQ DQG IXVH F® X\ Y HEXMH® QWD K DN W
VRIWZDUH DSSOLFHDWLRQRHDXPHR QBDRIISRYE SHRAWDWOLQJ X

6WUXFWXUH RIWKKBLWKNWR BXEOLFDWLRQV

7KH WKHVLV LV D FRPSLODWLRQ RUHMQH YV FALKK) W HN_HF DSHEEKC
7KH WKHVLV FKDSWHUV DUH DLPHG D W HNSIDWAKQ LUHV DQ\G \
SXEOLFDWLRQV &KDSWHU JLYHV /GG MQGHQWUINI WHWRE
IRUP WKH EDVLV IRU WKH GHYHORS HEKMHIWRKURG R Q &\K\U 5 WHIR)
DQDO\VLY DQG UHFDOLEUDWLRQ HFISIXEODWKHGSDISHUYY >3,
SUHVHQW WKH SURSRVHG PHWKRGRORHE \SIRW HQW HV® LGHS WP
GHJUDGDWLRQ VRKLFHWDLQHIV X % HIRHRQLWD OK BYWDPHHQ DQD
>3 ,@ DQG WKH HHHEMHD PIQ,B3\KD® QY >3 ,,@ KDMSURSRVF
XQ VXSHUYLVHG UH FDOLEUDWLRQ WUWHFRULYDPODWQRQ FW\WKR ¢
UHDO WLPH

&KDSWHU VXPPDUL]JHV WKH ZRUN SHQRWAKG RQ € RE FWM
FRQGLWLRQV JLYLQJ DQ RYHUYLHZ ,RI WRE® FRIQW DR B X WLXEQ
LQ >3 ,9@ DLPHG DW DQDO\]LQJ W K®JURD H | RUF)I3H QDAD RLEIWZH.L
IRU LWV UHPRYDO ZKLOH DUWLFOMNWAFD@ $RUY B PN WK DR



1.2 Structure of the thesis with links to publications

PRGHOLQJ WKH UHODWHG QRLVH DQGSORPRYLGRRSOHE[\ DD (
YDULDEOHYV

&KDSWHU VXPPDUL]JHV WKH SDSHUV BXPW3RQ@ | PLPRG
HIILFLHQW FRORU JXLGHG GHSWK ULHS WH\DH 6 %W DWKLLRRX JK >S@!
QHDU ORVVOHVV HQFRGDYIPPBWGLFIALRQVHAKLFEYK 1V WKHQ
GHYHORSHG LQ >3 9,,,@ )LQDOO\ SDEHW\YWH@® ISRV HDIW
YLVXDOL]DWLRQ LQFOXGLQJ SUDFWHWEK® G P SSOH/RHOR/S BIS LIRY
SXEOLFDWLRQV DORQJ ZLWK VSHFDIQ6 Q/IRDIX VQ 8 QN\L HDZ. RIHGE®) C

&KDSWHU VXPPDUL]JHV WKH FRQW URHEXWLKRH Y HRO DMWKHG W
DSSOLFDWLRQV DQG ILOHG SDWHQWYV

7KH DXWKRU RI WKH WKHVLV LV WKH 9LU@W Q& VKIOR/UEIHP S X
FRQWULEXWRU UHVSRQVLEOH IRU WKH &R MWADIRSH K6 B/ORIIP W
WKH DQDO\VLV RI UHVXOWY DQG WKHWKH NWOIWRQGE @UYWH
SXEOLFDWLRQ >3 ,;@ DQG KDG D IOW R LGHQURR SebhhiQP W & M OU

DQG WKH H[SHULPSéiohi DO ZHWNIDHX W HRIQUVW OLVWHG DXW
&KXFKYDUD KDG D OHDGLQJ UROH L (BeGibh¥ HOMSQ GJ WKHW
GHYHORSPHQW RI WKH ' Sstfi®FHVWIQE WKSHOGLQHRFFOXVLR
D O J R USettidhP






SUHOLPLQDULHYV

7KLV FKDSWHU GHVFULEHV WKH EDPNIURX Y& HQ HHEZHBUIRK K
JLUVW D EULHIKIHDBRISSVHGR @ DRP HW Q GPHRUGOHQ QIQSSUWMHF W L Y
LV SUHVHQWHG 7KHQ WKH JHQHUDDQS UD Q/FNIS O RRA DARHISMD
RYHUYLHZHG 7KH FKDSWHU FRQWLQXHW YHQK DY BYHQFLS.
LV WKHQ UHODWHG ZLWK WKH JHQHQ ZRRQRHQN FRQWQ BL\WKR!
DFFXUDWH QRLV.D SR GMMpED¢@ BoiseD QG WKH *DXVVLDQ QRLVH
LQ WKH UDZ 7R) GDWD DUH SUHVHQWWGEGH +®NSWK MG\ @
HVWLPDWLRQ SULQFLSOHV WKH FK DiewphitideptR QWL GXHW [E \
UHSUHVHQWDWLRQ DQG UHODWH GRSU RFHWIVR. R0 L\DW D J'HIX WIX
FURVV PRGDOLW)\ ILOWHULQJ 7KH F KD SVMKHU HFYRDDPDVELHRQ ZR. A
IRU TXDQWLI\LQJ WKH SHUIRUPDQFH RI WKH GHYHORSHG P}

&DPHUD PRGHO

$ GLIJLWDO FDPHUD LV DQ RSWR HQWHRQVRYLH\G RY WKUW K D
' ZRUOG VFHQHU\ LOQWR D ILQLWHRQNMBGUHWSODSIHH R @ DD
ZKLFK UHSUHVHQWYV WKH UHVSRQVH®VLI)I BOBPHRWSKBW
W\A\SLFDO KDUGZDUHI IDPSEDRRYDVHW LIR P RRQW LQW\EIRANDJH
RSWLFDO VA\WVWHP VHUYLQJ DV D OREJSDWY ILBWHUKBQCH®
SULQFLSOH DQG WKH SURMHFWLRQ FRGHO AWRLDIWOALG M VIRH U
WKH IRUPHU EHLQJ UHODWHG WRVWARD Y@ BENVER QW @W RKMOHR
DQG WKH ODWWHU EHLQJ UHODW HGKW R BVIW XVWUW G X\FRAHQUHD O Q)

&DPHUD VHQVLQJ SULQFLSOH

7KH FDPHUD VHQVLQUESYLWRHS®WHRGEHMOQRF FRWRHUOHR Q R
OLJKW VLIJQDO LQWR SL[HO LQWHQNHEEBR\ SXBRWHQ WH RN R
EDVHG R Q cofripidhkeHtaly netal-oxide—semiconducto& 026 > @ch&gkdD

coupled device &&' > @ ,Q ERWK FDVHV HDFK HOHAHQR TDQD QY WH ]
GLJLWDO YDOXH SURSRUWLRQDOXWRV W KW & PHRIGHIED O VMKMW
W R Divay¥ Krbcessing pipeline,33 > @ LV DSSOLHG WR EULQJ WKH DF
VSHFLILF FRORU GDWDQI PUW R WH EKVWFEXIFRHP CHWL F5 FRCRRU<89 7K
PRGXOHYV SHUIRUP RSHUDWLRQV WXHARWVYHDIGH QDR WHQWRW |
YDOXHV FRORU ILOWHU DUUD\ LOWHUISE EODWOQRQQJRUD @GBIO
JDPPD FRUUHFWLRQ EULJKWQH§NOXGRHV/WRIRDGWD H W W/K D\
FRUUHFW DQ\ NLQG RI LPSHUIHFWLRMHWP LGWURGARDG® B\H®
RSWLFDO GLVWRURWL R HRWIUWM ERVI RipeeEitRw X GH EFIOXGR LQJ
J)LQDOO\ WKH ,33 LV UHVSRQVLEOWKIRURRRQRH Q/KHQINVS & O MW
FRPSUHVVLRQ DOJRULWKP H+H J +BWF -3(* @



2.1 Camera model

JLIXUH &DPHUDRGSGHRM BF VEIURM IR F VBILR® RSAUH. PAR.GIO® EWYV FDPH
SDUDPHWHUYV GH\Wwki$) DFSE HW RexiED VIEHFW YLHZ G FDPHUD H[WULC
H FDPHUD PRXQWLQJ SDFNDJH

BLQKROH SURMHFWLRQ PRGHO

7 KPinhole camera modeLV WKH PRVW ZLGHO\ XVHG PRGHQONRU FD|
PRGHO KRZHYHU DQG WKHUH DUH P& UJH GHAXKHOD Q HRHIEHG ZK
JRU WKH SLQKROH PRGI+@ ;&<ZRUNE BREQGWG WR DQLLPDJH
STA2DQG LWV ORFDWLRQ LV WKH LEA MUKV Bl FOM IQRIQ LR GIEWDK H DU\F
O FYy O P BKHUH LW MRLQV D\XG VERH F® FSHRULD R 8 WAKD O FH Q
RSWLFD® EMQWKHY GHILQLWLRQ EHFRPHV WKH FHQOWHU WIKS
LPDJH LV FRQVLGHUHE RVRHEFDR QD BS®OD/QRLODU WULDQJIO}
FRRUGLQDWWHY WKH ZR UD&; 2KRR U G)ILQ B WHHW EF

L %e‘gacs
ZKHUWY UHIHUUHG W8I lngth Hmi M/ IRB LDH/ LPSRUWDQW DVSHFW |

WR IL[ WKH RULJLQ RI WKH LPDWHGR\RU BH QDKWHHS U LQW IEX
ZKLFK LV WKH RUWKRJRQDO Sy RMQPHW WH R@ BRIHWKGDRSHW L F D O

, B e
ZKHUHLY D YHFWRU GRW S¥RGXFWKRISHOD@®HR QRDOGO 7KHC

EH UHZULWWHQ LQWR D PRUH FRQGWWIOH GRBUGRQ B WW DR L
E\ WKH SULQFLSOH SRLQW

B:ET B U T
LENEUO L>i® 0L N U OB u
S r r S

ZKHYIHY DQ LGHQWLW\ PDWUL[ D Q Gan¢taldalibiativhunalrix>L M\@UHIH U |
ZKRVH SDUD P H \Warher¥ iniethad ofidnta@tiort-p@rametersR UV infisos. 7K H
VFDOH SUDPHWHKH VKHDUDEFRBRDODQWARWHMUKH UHSUHVHQWD
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SL[HOV $V PRGHUQ VHQVRUV SUHG FPH@WD WOK H\DHY 1$ DATX DK
RIWHQ RPLWWHG DV WKH\ DUH KFH.WHBDW H U [L S RWHKIL ¥ VWKHHID \
ZRUOG UHIHUH@FWMLM URWRMQIAWQ DQG WUDQVODWLRQ GHILC
zy:u;DQG D WUDQV O DURIY YHIFW/LRMH O \

y Bap L ? L o

s r r...'sa r eceQa ..'a Feceda r
L er .. ‘s al eF er ¢ ¢ i® L era Jeal
reced .'ea Fecea r .'ea r r s
ZKHUH WKH WUDQVODME@?Q%&MRUDWWDEE URWDWLRQ PD
HDFK D[LV QiktiQ BWad@ EDQdl i DQJOHV F I )LJIJXUH G 7KF
L® DUH FDOOHG FDPHUD H[W HeudttirRits S DKID PHEW MWUILY GRYDVIL B &
:saahbBa,EORFNV LQ )LIJXUH F SURYHG HVSQ RHHO WU R® DIW

GLPHQVARMQV7KH SURMHFWLRBOHEDWF NG R{ERH 'MW HUV
L 5> s

,Q WKH FDVH RI XQNQRZQ @GHSWK E & KDYRHD/WDL YS® R MGIWWALIR Q

\' ZKLFK LV FRPPRQO\ GHUL¥HIG SREQUVLIKEEG DLRQ IMNVD U\ V
UHVDPSOLQJ PHFKDIQHVRA\H GR G DVKIH | SIURIB (MINVR UHJXODU BL[HC
vy DUH IXUWKHU H[SODLQHG LQ 6 XEQEBFWIWRQPLQVLFM RIKW KH
GHYLFH DUH NQRZQ WKHQ WKH ' GDWWKEPEDBIGI BERVVYHEOHYVI
PRGDOLWLHV + WKWIKGHYWK UIRGG®WVEEW DL WLV W D& PHIPD S
ZKLFK DUH SRVVLEOH RXWSXWV RKQGLTPKHHNH QD \WRIQW KB Y K& 1P
FDQ UHSUHVHQW VQKHI ' ZRUO® @ EWRDDDW NME \WHHWB D O

I§S<¥BG ETE ELPB
2QFH LWV H[WULQVLFV DQG LQWULQ@WLEW SWHR WOREZBG RO\

FDPH4Da+t4a @+ WK D VXEVHTXHQW UHVDPSOL®@JHR UMIKK C5W
JULG

'LITHUHQW QRQ OLQHDU GLVWRUWLRQWHPD X\RHG GO MG HE\F
WDQJHQWLDO DQG UDGLDO PRGHOW >7RaV IKFCEYGH W R EW VWAHDUNV
LW LV DVVXPHG WKDW WKH FDPHUDURDWWHIEQ>F @O LEWU DVQH
PRGHO RI WKHVH GLVWRUWLRQV

6WHUHR FDPHUD VHWXS IRU GHSWK HVWLPDW

7KH PRVW JHQHUDO SDVVLYH GHSWK MIHRPVVQHDERURBRBK LS
FDPHUDV ZLWK LGHQWLFDO L&WDQGVHEEVKBMQURIWH G7 KOHN W K
VKLIWHG E\ D EDVHOLQH IWWMD @ VOCHVERBHYBDFMMRQ FKURQR XV
VFHQH IURP WZR SHUVSHFWLYHV WKKXWLURUPHLYJ DO/WHUBR
VWHUHR PDWFKLQO WIBFK® RT)GH U \FAIRS B @\G R KHKSIURMRH V FH
WZR LPDJH SODQHV DQG WKHVH DIRUBRUSREWHGFRIQPD S5 M Q
LI WKH UHODWLYH SRVH RI WKH FDP HD\D\G # QF W KEHGWEH UM R
HIWULQVLFV WKH GRSQW RY [FDIAQ)D W HG@ SIREL W WHH U H R
GLVSDULW\ ,Q RUGHU WR VLPSOLIW NH H D/RVHHDH/R DRIHWIF & L O
WKH OLQHV FRQQHFWLQJ FRUUHVSBRGQE D MRR. WKW EDN HKRIL
WKLV LV QRW DOZD\V DFKLHYDEOH EROSPDFIAIEH ¥ R QUWK\H DU



2.2 Stereo-camera setup for depth estimation

J)LIXUH (SLSRODU JHRPHWU\ PRGHXD RO VWHHFWHRLHIEP HU DU MRS |
WULDQJXODWLR B SSWK GIVIWSICPHD YARIERE&L UYH.FHVY L IFRRQJ

GLJLWDOO\ LQ WHKIDOLEHDWR FEQ PIHQRE HAVLYDLI L\FWD VLHR\Q 8 K H
HVWLPDWHV WKH PLVDOLJQPHQW PR GUHJRRQWY® ON IOH QGIVWEM
FRUUHVSRQGLQJ SPLQW®QJ WXV W R BHH RDRIBW FKLGEXF QNI D .
FRPSXWDWLRQDO FRPSOH[LW\

&DPHUD PLVDOLJQPHQW LQ D PRELOH VWHUHR VHWXS

7KH JHQHUDO VW HIU\H RREPMHIGU B\ WHZNROSMH SDUIHD W bl DFEDDR HLLG H Q
ZLWK VLPLODU FDSWXUH VHWWLQUN $QGL OQ ¥X\QMLU DMKLHR QD U\H
WR EH SHUIHFWO\ DOLJQHG LW LV FRREPRGLMSD IWKHG PIRRE
LOWHQGHG SRVLWLRQV ZKLFK UHVXMWW IDQ H ¢ HOQHDUDLO QUH-
WKLV
WKH IDFWRU\ GHVLJQ RI FDPHUD PR GWR & M UDIFRIAN KR/
FDXVHG E\ DWWHPSWV WR PDNH VHQ @R UVFXPMNO &/HRUKD G
FDPHUDV ZLWWK QGWRFWO\SDUDPHWHUYV
,QWHUQDO GLVSODFHPHQWYV PLJKW ERH RMOOHV A B PEAUW KRR
HJ VFUHZV ZHOG JOXH HWF ZKHQ WKH PRGXOH ZD
'LVSODFHPHQWYV FRQ §H RRDRYHEE GRRILIAH E & DAQKHF D R UPW |
RQ WKH GHYLFH + EHQGLQJ WHPSHDRWKL® YORED WH\K
ORGHUQ LPDJH VHQVRUV KDYHVEIVEHQ®BL QD WOMHPHQW U
URZ WR URZ DOLJQPHQW RQ VXFK INWPD@O VFDOH LV D
$FFRUGLQJ WR WKH SLQHKRerfdct PRIGHHOHR VHWIXG KDV WHR
PLVDOLJQPHQWYV LQ QLQH YDULDEIQHWHERPHUR)NVG W RID V¥ Q@
7KHUH DUH VL[ Rl WKHVH IRU WK HDRD® & G DWKRWHI URIS UBHVIHIQ
FDXVHG E\ WKH RSWLFDO V\VWHP HIHBKQGE) WWRH FKWDLGUAH\S @

6WHUHR FDPHRQ PQGLEUMPWILILFDWLRQ

&DPHUD FDOLEUDWLRQ DQG UHFWLJILVD\NBR QL QRGIHNEMWRXH B
D S S UR BEréaalibration UHIHUV WR WKH ZD\ RI ILQGLQJ WKH UH
FDPHUDV LQ D VW H U H ReddfizaibhU DHVH WX SVRZ MKHH ZD\ RI ILQGL
WUDQVIRUPDWLRQ PDWULFHV FDO®KAG D BEWRU\ VOKHKREZRJ
FDPHUDV > @ > @ > @ > @ ZKIFKGQEMAE-QW FQULHPHRW C
VHH )LIXUH E F ,Q VXFK DOLMWHGHIRP BRHW HWSX R QGHIY
GRQH KRUL]JRQWDOO\ HJ IURP OHIW WR ULJKW

7TKHUH DUH WZR P\DA R UMD N PN SEpefviBeORLEQIDBVIDRML RQ X WL
UHIHUHQFH SDWWHUQ RU DQ REMHFW>Z IV B @QVIXQ R Y LWW G XFF
XWLOL]JHV LPDJH IHDWXUHYV WDNLQRQ@QW R HIRFPHRX QW 8/DK/EX SX
VWHUHR FDOLEUDW L R QuridankRevtaDnvitrikdV \& K P DRV GC@IdNFOKIAE H V
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FRUUHVSRQGHQFHYV
6 Ly "0R° e—pa®> pas L or

ZKH®HLY D VNHZ V\PPHWULF,RDVDUWE ERISHODDWBURMHFWHG S|

RI WKH VDPH V&HQH SRIDW DOVR SURYLGHV D JHRPHWUI

)XQGDPHQWDWVHRYWUYLFY D OLQHDU SURMBEWILRWK RSHUDW@ |

WR SRIpQMbsyL & <pavaSIQWR D Q4QMW 54y RI RQH RI WKH LPD
SODQHV LQWR WKIHH RWRHU 7RH OL®FHARUK HH\DSOROQHEGG HSLSRC
DQG KDYH WKH SURSHUW\ RI RpMID O Q\ HQ WH UD/AHVF WIIR@IO RQ
WKH SLQKROH SURMHFWLRQ PRGHQWWKIHWKH. REOH. A.IV OWHHA
FDPHUD LOWR WKH LPDJH SODQH RI WIOH IRMMHAJ RQHX XK E L
HSLSRODU JHRPHWGH IERG\GWEND LQWRWERYM G HIHRWWILLHG VWHI
VHWXS GHQRWHKE EHBERIPHWHUSDUWLFXODU FDVH LDXWWHRIH W
LQILQLWN LQ RWKHU ZRUGYV W EI-DOTR?Q(J)(WW\RKQ-IXEDS)LBRIDI-HJ (
DSSHDU LQ WKH ERRIG BOWMOODHNK WHKKH SLIHO URZWQJ7KXV W
KRPRJUDSKLHV VKRXOG EULQJ WKH IOSLOSRQBDUUHOD VB URQ
JHRPHWU\
r r r
bavl By O&PA WT, QITH L er ri 'Fbsl
r S r
ZKleplngL b,éi‘p@é*,)RU WKH UHFWLILHG VWHUHR VHWRB®XH 1 )LJ
RI VFHQH SRIREWDLQHG IURP PDWFKHG SRLQWYV DV IROORZ)
O R LE2y < LS
U €y éN x

ZKH@$H! ' LV WKH EDVHOLQH OHQJIJWK2 DEGr WKH GLVSDULW\
6WHUHR PDWFKLQJ PHWKRGV IRU GHQVH GLVSDULW\ H

(T VKRZV WKH UHODWLRQ EH& ZKHQ BWSMK K D\ GV S LR
PDWFKLQJ FRUUHVSRQGLQJ SRLQWW XFRQEWWUDQ @HGH D VFIB
JLIXUH E F

7KH PDMRULW\ Rl VWHUHR PDWFKLQDJMHWYJRQGWKHPWYI RRR N
EDVHG PDWFKLQJ > @ $ VLPLODULRW HIRARKVK RPWHIDROWD DVV
UHIHUHQFH EORFN DQG WKH PDWF KIQQP LW DXHW IGH VFSROAW. WX ¢
QXPEHU RI WHFKQLTXHV KDYH EHHQ IGHHDWMR B M 6 HIFIWW ® | DWk
DSSURDFK $Q H[WRIQWK¥YN H QD®\YL \Z HW B CSHDUNR B PDRHW K R G
JLYHQ LQ > @ ZKLFK UDQNV WKH PXU®BRQWVWEHRVQW SYHU R UWR
WKH XWLOL]JHG FRVW IXQFWLRQ > W@V YBIBDH\F K R@W VP RIPWHK
YDULDWLRQDO SULRUV > @ DGDSWIDWL)WLRYGRIDIDIWALR@ C
SURJUDPPLQJ > @ > @ JOREDO FROILGHQFBJADEULYBOQL
ILOWHULQJ UHJXPDSY]DPWE&RQ RG PRIDW R R WEKIHMDHW L R

7LPH RI IOLJKW VHQVLQJ SULQFLSOH

$ W\SLFDO 7R) GHYLFH DV LOOXVVRUDNVHIBQVRYLDRGHD Q DF
VRXUFH 7KH OLJKINRRRLWLMVOEKR EVWO\P R R GOXLJ BW HVG KXPUP RW\ S L
QHDU LQIUDUHG 1,5 ZAYKOHNENVNR WD W HQMVAH WKH UHIOHFW
P KEP @ $ FURVV FRUUHODWLRQHRSHEDMWL RQ SHOHIPG GEH
WKH HREBW/QKGWKH NRIRFRQMGE QXRXYV VLIQDOV $VVXPLQJ LC




2.3 Time-of-flight sensing principle

JLIXUH 7LPH RQJGLUIKW VFHMH LD QG\HVY LE HSRRR/VSEQH KDUGZDUH |
VDPSOH LQWHJUVY RW MWRKH FPUBRHFE VLIQDO
FRQGLWLRQV WKH UHVXOW RI WKHVRBRRY FIRUD @ RWWHR GF R
KDUPRQLMZILW®DDJLYHQ FRUUHODWLRQ RIIVHW SDUDPHWI
MPEL N E;®QP E |
QFLAMK QE #,... “fiP E g
N:P E&PRA; kB .. “fi:P EPEG
IR L t®BG L s Z&EHWHQRWHYV D RBHIRWKG\H SKDVH GHOD\ RU
%GHQRWHVY PRGXODWLRQ RIIViHGH RRIWRR/GW & B W L B Q DRIRIQYWOUD
DQG LV WKH FRUUHVSRBOGDBW LFHU LW BHQ,RURMV\P $@HPHQWW G
LQWHJUDWLQJ LW RYHU WLPH D QG MWEH R X $XQ/FRVL\W ROHRA
YDULIDEOMH )LIXUH F .1 WKH LQWHJUWKNH PR GWXPHIW LIRWDH ¢
WKDWLLPF PL - 6 D 3WKH RXWSXW Rl WKH LQWHJUDO LV D F
3:1; L‘|;“MP E@R SE #.. ki Ed
ZKHUHL iPLV WKH SKDVH IURR EEQFEHWE&HWMHUPLQBIGW G\
VDPSQOLQUQ 0 D> RBSRLYWR,45% A & &P ciLté 0 WKH DPSOLWX(
# PPOWKH RAIPHOMQG WKH SKDVH GHODR 9R& DERIGBERH |V HW
FDQ EH XQDPELJXRXVO\ HYWLPDWHS L@ 0 @HDVW VTXDUHV
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%g_ﬂgé%é
ZKHYMC 4®&=D IXQFWLRQ RSHUDWRU GHILQHG DV
=N€=L P?éég—:,iAl' p
JRU WKH VDNH RI VLPSOLFLW\ WKLWR YK if RP\S FFRHDQYW G HHIFW
>34:AH,2<4t4 0 ZKLFK LV WKH PRVW FRPPRQ FDVHHXVHG LG

UHDOL]DWLRQV Rsample Bty VFHHKWHPH > @ > @ > @ )RU W
DPSOMMWRQ@KB SKDWIHNH D VLPSOHU IRUP

# LU E'U T LP=A @
ZKHWHEP DUH WKH &DUWHVLDQ FRAMSRAHQWY GHWHUPLQLQ
ULgBgZ t ULsB3t

&RQYHUVHO\

UL#.. UL #ecoi
7KH UBQMWSURSRUWLRQDO WR WKH SKDVH GIH@QDNI GYHQ E\
FDOFXODWHG LQ WKH IRUP

G, Oy,
& =L

ZKHYHV WKH VSHHG R DHAYK W $0Q GAA?DISIMK IRXQG IURP UDC
& E\ (T

,Q D 7R) GHYLFH WKH DIRUHPHQWLRQ HG V3HJ RFEW &S DM LIV
IUDP3V; LQ RUGHU WR REONMDDEOSWKWMXRHWPODB PADOYH GHO

PD$: : F 1 )LIXUH RQ M UDFWRVE HD EDWXWR W/IKWHHWW BN FYHD O
,QVWHDG WKH REVHUYHG PHDVXUHGXUYBDPKXAW BIUK FRY R D
NLQGV F I )LIXUHV H | &RURPBRRFRVD\DE, DWKWHRKD U

DSSHDU QRLVN\ DQG GLIIHU IURP MEG; JURXQG WUXH YDOXH\
1RLVH LQIOXHQFH LQ D 7R) VHQVLQJ PHFKDQI

BHQVRUV XVHG LQ 7R) GHYLFHV DUHRVS&E LSKR WRQW W SOV
> @> @ 7KH VHQVHG RXWSXW P D\DEHGALQIOXNIFG GE » P@Q
FRPELQDWLRQ RI LW IDKHEFGEJIUDEWRNE HT ¥ BIQMMG LWL FDV W
FRQWDPLQDWLQJ WKH WUXH VLJQDO :{ WGH@WILIV BQGN F
FRQWDPLQDWH WKH GDWD VHQVHG BARDDVYRY HEHMLFH Q RLUAK
FRQVLGHUHG DV DQQMG RLWLKXH FRP SR WHGERQAG QDS HDKH/ |
FRPSRQHQW VSDWLDOO\ FRUUH O DWRIi@AZHatwrK ntisKk H VLIQDO D

J)L[HG SDWWHUQ QRLVH

JLIHG SDWWHUQ QRLVH )31 LV SUBYH@W>L@H Y KH\VRXIWMD
QRLVH FDQ EH H[SODLQHG E\ WKH WWHRNWE U BI@® HARHD WYL | ¥
YDU\LQJ FDSDELOLWLHV RI VHQVLQUJQD®PHDMWQW RWIHVH BX
ZKLOH EHLQJ UDQGRPO\ GLVWULEXWHG PP BBO DVKHIGS LHH ION'Y
WKH WHUP )31 6HQVRU HOHPHQWYV DURZWASVHAD @ RN WHIRG H



2.4 Noise influence in a ToF sensing mechanism

J)LIXUH 6HQVHE "GPWIRIEIOQRKW EH¥E¥LFRKDVZVEHEPBHPSOLWXGH
., G PRGXODWLR® RIKOHMK GCHQMAD®QG | JURXQd& W QRWHK RADKSH
VWUR@QIOXHQFH RI )31 YLVWHKEOH DV YHUWLFDO VWUL

W\SLFDOO\ @B8sH RowW-wizé/ VWULSHY RI VOLIJIKWO\ EULJKWHU |
DFURVVY WKH DFTXLUHG GDWD

YLIXUH VKRZV D W\SLFDO FDVH RN DWPKIQ BWHR & QWVHFRIH)B3
LQ WKLV UDZ GDWD DV Z#tO0SEDMH DMICH PIRFGSXOO.DWEIGRIQ FRQV
FRPSRQHQWY FDOFXODWHG GLUHFWAULPRP WKG RRLNUPBW
VXJIJHVWHG WKDW WKH QRLVH LV @ SDHSIHIQOEH QAVR U-URID-DWHHIG
LQ 7R) VHQVRUV LV VLJQLILFDQWDQRILVIHUE QW5 IIURCPI L RIUC
7KLV LV WKH UHP VIR SHKWD WRIGH Q HBHGV R PR X BIW HW HFD/QL Y H O

6HQVLQJ QRLVH

(YHQ LI FOHDQHG RI )3DUMKHRQWD BIDQMIWHG E\ RWKHU QRI
SUREDELOLW\ GLVWULEXWLRQ Rl VXRMK I PIMESKEDRAE FHQ P F
Lower Bound &5/% IRU DQ XQELDVHG HVWLPDWRWUGBKDREKR W \WRV
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® 2EVHUYDWLRQ GDWD
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JLIXUH2EVHUYDWLRQ SORWIRA UG DBUMIR G REHDDHEH QHEPVS-OE \§ K GW D ¢

DQ DULWKPHWLF PRD® >LV@ LYXIHOQKMHIDRY OV OH FFHDSMLBQFHYV IR
FRPSRQHQWYV ORU BDMKHH FDVH
a6 | A _A a6 A
& L éél‘eUA & L
7KH VXE LQGH[ GHILQHV WKH PRGD @IQND WK R/ IBI UL HDE 1D UHDEOH.
VROXWLRQ GHWKHHUREIHCERHE HDFK RI WKHWDVPRQUKWRGEBOL
FDQ EH GHWIRORIRYHVG>D® > @
NG &i\ 6:6C?5 _,Z\
& RT @Ry GRS
ZKHUH ) )
~ 0 0 .64 "
U—l!ﬂol_ a®éL tge

/RZ VHQVLQJ HQYLURQPHQW

$ ORZ VHQVLQJ HQYLURQPHQW /6( D3 .,D@ RSIE@UDVELO@ RR(
SDUWLFXODU 7R)HIHY BAID WWKKIHP HEGHIELNW KR UK HAR @ X D@HW K H |
VSHFLILHG IRU WKH QRUPDO RSHUOBRRIQQYDPRIEG E )\ QE ROW K WK
)31 QRLVH 7KHUH DU PWZRU YURXISIYVWRLRQ PAXFW DX Hi QYU VW |
WR WKH IDFW WKDW U#H10HFR/IL WIKW\ UBIFSIQ Y W& GH. JKW DG H\
ODZ DFFRUGLQJ &R VFHQ® UD@JH

# R,185

ZKH8HLY VRPH IL[HG WHUP FRHIILFLHQWJH@HHYEE LROFIDWDR
30'7HRKamCube 20> @ WKDW UHYHDOV VXFK UHODWRR® LV V
VFHQH UHODWHG | DWMWWRLD/O W XFIK CCRZMBHBF MOWH FAN.MYK. WA D LRNE W
UHIOHFWLRQV IURPQ¥V¥XGHFW\ ORI ORW FPQRGLXIVWE&DIWHG OLJK!
SLQQDFOHV ZLWK VKDUS IDFLQJ HGXHW WUWEDSSH® @G JEMW
VLWXDWHG REMHFWYV $GGLWLRQDOODDAWKQKQRK YBUQBRWHYR
W Kolvhse wrapping effectF | )LJIJXUH H | ZKLFK PDQLIHVWY LW
6HFRQGO\ WKHUH DUH IDFWRUV UHWB QKX LW WKW HVP S W
LWV VLIH DQG SRZHU FRQVXPSWLR@QWRWERWWIBD DO ®H LIQH
LQFOXGH WKH PLEDPWNXV L HWVFIURHD KRR ES WRHWKRH WWWGYH LO
RU DSSO\LQJ YHU\ VKRY W HAQJWHJIUDWLRLROWVPRIVFDSWXUHYV
WKURXJK ORZ LQWH JHJDWWRQ@r L-Q3MH UMIRZY LQ )LIXUH D

RSHUDWLQJ PRGH WKH LQIOXHQFHXWLDRQ IHW XM R X DROIOW KEH @



2.5 3D sensor fusion and free-view synthesis

YLIXUH (I[HPSOLILHG FDVH RI /RZ BH®NIQLUWRG H LPROGKHLGW 6 (6R U F
UHGXFLQJ WKH LQWHAUDW EHDQ WOLPKHIMFDO LOOXVWUDWLRQ RI UHIO]
UHIOHFWLYLW\ W *+ WHUBBSHABLOMRRIQRIQAH. GHQW DQJOH + PXOW
ZLWK UHJLRQV Rl FRBWHWGSRRRBPAG RUILREW IQIEY @88 VRPH
UHJLRQV WKMHSBHDWIPRMELQHG

FDQ EH GLVUHJIJDUGHG ,Q /6( WKH QRWV N LIQF D X MQF B HEYHHC
FRPSHWH ZLWK WYXH YHIQXWGSDRKD LDSFSHDW Y GRF XQWQAWJI VHC
WKDW KROGV WUXH EXW QRLV\ LQIRUPDWLRQ

"VHQVRU IXVLRQ DQG IUHH YLHZ VIQWKHVLYV

2QH RI WKH ZD\V RI UHSUHVHQWLQJ RVBI®LJIYIHFE QR W HRPHIGY
PRGDOLW\ GDWD FRQVLVWLQJ RIVDRHHSWHKOPDH ® Q@ Q GF
IURP WKH GHVLUHG SHUVSHFWLYH 71HHG FDRQBH UHGE D U GY
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JLIXUH 9LHZ SOXV GHSWK GDWD SS/DK LR GDROA W L KONV SYBIXWE R ¥R
Ballet EArt DQBadly GDWDVHWYV

FRPSRVHG RI D YLUWXDO FRORU F D PIHUHQ D/'DIGH FIRQWVRERY LE
YLUWXDO ' FDPHUD WKH SL[HOV FIXREBEGGA GRRUGHQD WHSB\H
ZKLFK LV UHIHUUHGHWR AW U X/F\M QRQ WS © IRUWKSHF LM H UY LU W
EH UHQGHUHG IURP WKH UHFRQVW UGRV8H® WIFF\YHYEH MHPGO®
PXOWL PRGDO UHSUHVHQW D WleR-Qlud-déptki ViX B O &\R UFR B Y H B GH\§
GHQRWH WKH H[LVWHQFH Rl WKH GPBWK & LMRGDQ LWK H O R
VHWXS ,W KDV EHHQ XVHG LQ D QXABEHR RFIRGS YO L FDMWH RQ
UHQGHULQJ DQG PIQWEHWHD & ZH@HO Y W X J P,WQ MWH G QU BD W H
UHSUHVHQWLQJ ' VFHQH ZLWK D VWHHWPH R IS\DALHIQ WKB MWLKVH W K
ZKLFK ZRXOG EHURN WIKPHDWW BUHR YLHZV

,Q '"YLGHR FRGLQJ WKH UHSUHV MWK QW WK LAD B QKXW H X R
WKH GLVSOD\ IRUPDW DQG IRU VHUPKQWY DIWIHZXG LV SQU'S OB
HJ SRODUL]JHG JODVV EDUULHUW | L@ OGH®RW ISFXX0D b RS W@F
YLHZSRLQW UHQGHULQJ LW KHOSVOLAD [5 URMIOEH. Q § @D B HK
PL[HG UHDOLW\ WWHB WVIL§ WHUWKNRKFFRR/IVVZ QW K IHQV DFURIED O V F

9LHZ SOXV GHSWK GDUWPDWHBUHVHQWDWLRQ

7KH FRPPRQ IRUPDW RI 9LHZ SOXV GHBWHK DQE DGEGWDKINH IS5 |
FRORU YLVILEOHG WHWHOHIHFRUUHV S RODO/IMRIF GBHIWW®E® YQ DOXWHWNSD U
Rl WKH VDPH SL[HO UHVROXWLRQ@D, LY DOBH/HG E\ WKKHH YL R'W
RI,FRORU SL[HGWVW&E>1s 4 § aDAOQG KDV SL[HO FRRUGLQDWHY UHC
WR WKH FDPHUD S{JLR:I\][H;IEJW&:MED-IW\V@/H'PKH FREOIRW BMLYROGLDWH
ZLWK D GHEWAKMOFGROHRU LQIRUPDWLRQ LV JLYHQ&L(@QSYWRPH FI
FRORU X¥SDFa> @ DQG WKH GHSWK = FDQ EH LQWR UWUWKHHW |
DSSOLFDWLRQ XVH + HJ LQ WKH) FDEAHUR D A WELD'WIDV-H Q&v R U V
LQ SDVVLYH VHQVRUWEE\ BGLVSDUGLW® YIDAXEH IRU HQFRGL!
T X D Q Wieide Gepthv > @
Vo Lg— >

— = 7= >6) 2k
Ya Es/Aoé'E%QEp Q,ZE

ZKHY#ac<eoie DUH WKH PLQLPXP DQG PD[LPXP VHQAFH® N DO X}
DQGLV WKH WRWDO QXPEHU RI TXDQW R®WDREGRSOWHNH G\ J L8W
IR@ DGV DQ ELWD EQWHAHB & tKHQ VHQVHG E\ VRPH DFW
VHQVRU GHSWK PDSV DUH QRQ FRQIMRPBHHOZWEKWERZHR ORS)
UHVROXWLRQ DQG IORDW, GlJ:LS R EQW G KJRWIDXE B0 QW X K

FDVHV WKH RXWSXW RI WKH 9 = U RSMHHFWHQ\W DMOLRIQ RLWQMD




2.5 3D sensor fusion and free-view synthesis

UHVDPSOLQJ 3DHuUdibd BHEDWRFDWHFKQLTXH IRU ' IXVLRQ LV E
QH[W VXEVHFWLRQ

"IXVLRQ RI DV\PPHWWLF QYRZ SRFIMGHSEIWNK FDPHUD VH

7R) GHYLFHV DUH DLIP\W GVNGS M EQ UL MORFCHUDHD J HK IRO HVWKH DPS
FRPSRQHQW EULQJV VRPH LQIRUPDWIRR QG B E R KMV WKH WO |
LQ FDSWXULQJ YLVLEOH FRORUV > @ 7KJ)QGHNREHY HIES % H\W ¢
NLQG RI VWHUHR VHWXS DOWKRXIDKQWHKHN®OYH ELHHEFRO B
WKHLU FRORU FRXQNMV 3NUWM H BIRIDGRWRODWHW R K Q$ SURFH'
UHIHUUHG WR DV ' GDWD IXVLRQ WIAR (PHDISG/H B QR @R®H S WK W
LQWR D IXVHG FRQIRFDO DQG SL[HOOB®LRQWEBFEHEN W B FOWLKY
WKH GDWDVHWV GHVFULEHG LQ > @GDWIR GXKHOQWRWIQH
SHUVSHFWLYHV Rl WKH WZR VHQVRUV IRENCKXEGLRQVY HEZJ
DERYHPHQWLRQHG GDWDVHWYVY VXFK PWHDWKBEH 7KHH LB
FRQFHUQ LQ WKH IXVLRQ SURFHVV RWHWKD R FXHODIQWY HRY
UHVROXWLRQ ZKHQ FRPSDUHG WR ARORY VHQVLQJ KOHBHD
D W\SLFDO SOWV&HZKIL]JBIHRHOHPHQWY RI FRORW ¥HB®VRUV KL
1t 41 > @ 7KH ZLGHU HOHPHQW VL]H PGWRYR/ HQWR W\ YLWOG
UHIOHFWHG VLJQDO LQ WKH 1,5 U DI SH F& OBV T2KHIDWDLP M & F
LQWHJUDWLRQ WRPMLDIOVEHRBED XMWIIREOM 3 @ > @ > @ F
WR WKH HYHU JURZLQJ UHVRWOXWHR® RU[FRR U7 ¥ H GURWMH R/
UHVDPSOLQJ Rl VXFK GDWD UDLVHVYIRKNPOOHN\NODIPSYOWU B RV H/
ORFDWHG VDPSOHYV

7KH 9 = VHQVRU IXVLRQ VWDJH FDQ ENWKSPDUI@HG BOWR
DOLJQAHQWRQ XQLIRUP GDRNISUWRIMBPW®OIGQG D W DV KIS FD\PHE ®
ORZHU UHVERROXWRR/@ PRGDOEW\2IRPOMKYVULR@IGHWHFWLRQ F
£ D )UHH YLHZ ' VIQWKHVLV RU E ' GLVSOD\ YLVXDOL]D

"IXVLRQ

7KH ZRUOG BBHQMWWHUDOO\ SURMHFWHG RQWW LIRQM JK®D L
YLIXUH D 7KH UHVDPSOLQJ RSHVUIDG WD W B RIXD/GR EMJ LLGH)
XVXDOO\ WR WKH JULG RI WKH FR/GRIUIVHG WPRS R V¥IE \E R WK
GDWD QRQ XQLIRUP UHVDPSOLQJZPU@ DQ@FIDWQQRW BH D WS
E\ VWDQGDUG LQWHUSRODWLRQ >XDUHV @SS, QR[WHD\GL R R
7KLV LV D PDWKHPDWLFDOO\ PRUH FKDWRHQBRUHSURSORMF
IURP WKH ORZ UHVROXWLRQ UDQJRROR RPDRE W R LVEKHU K DN
VSDUVH QRQ XQLIRUP JULG ZKLFK GRIQV GRQGPWHRQ W Kt
SHSURMHFWHG GDWD LQWURG XFH VH D D®LSIOHQH QBN RYFEHIZ VS DKIF
ZLWK GLV RFFOXGHGVBGHDW FADSY RU KROHYV

$ GLUHFW QRQ XQLIRUP UHVDPSOLQJQVQIMUR &XNMND QA HRFY
VHH WKH H[DPSOH RI QHDUHVWapoHdi defi€E RU  }1JXAHVDP EOL Q.
WKH RWKHU KD QG D@ HSKHK WPFHFD OLLAV\VIRIRR \8 K HIKI) ZWVY. RQ F
ZKLFK RIITHUV VRPH XVHIXO VLPSQWI FFIRXIGR DYQ 7B UH &

E\ D FRQQHFWHG ' PHVK Rl ORFDO SFRWOHBFRQBQ YXWIBEBVH G
HQFORVHG VXUIDFB URMHDF WSHIEQ @ Bl BHE RIQ WEK H RO RLF SILI LW
ILQGLQJ WKH GHSWK DQG LQWHQVQW\SDPRQ@XHKEV EIRW KHD 5K RINH
RI WKH PHVK YHUWLFHV DV VKRZQ LRI M BEXUDO JR B L WHKM LSPEL
VXUIDFH ILW LV JLYSKKGKLQ Q¥ IDEGHW RDAR FDQ IHH KVHIGH Z V\C
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J)LIXUH "IXVLRQ D ORZ UHVROGRWRRY 7B G HRORW VY BWRHXGE
18 SURMHFWHG 78) GDBADM XSBHY DB 8G KERBRVEHEOHWRORWSXW™ E 9
FHOOV F SRODRBHRIQW XWHFKQLTXH

5HSUHVHQW BDMAP BOHEQFMORVHG VHWYV RI UHJXODU SRLQWYV
DacdiDABAL gF1a3L ¢F>34a3 RY L oF34a?7L sF 543
&UHDWH y RHV'URMHFWHG HQMOR % RO WIRMPWD WHG LQ
ZRUOG VSDFH ZLWk YeHYW E RE D y
,QLWLDOL]H UHQGH B BRSIBXAKKBUY DVVRFLDWHG ZLWK
WKH VDPH SL[HO JULG DV, WKHFFAROR& aVAH® VRU RQH
)25 ($&+ SRQAIJRD )
352-(&% LQWR LUUHJIXROD WISRIFRWRU VHQVRU JULG
. 1 .a .a a
Loy éa L Coapan-s
),1' VXUIDFH ILW SO DRUHDXPRWILIRWHG GHSWK YDOXHV DQC
LOQWHQYLMWLK® 4P@Y ;- 4A Lo%sao
),1' DOOHJXODUsSR&GWIVL <s & 8R4 &KH FRORU VHQVRU JU
LQVLGH HQFORVHG DUIHIEREEHRYXOO
s Oama ¢

)25 ($&+4 '2
&$/8&8/$7( UHVDPSOHG<GHSWK YDOXHV
)Ey O < 83'$7( YEQK K

7TDEOH 3VHXGR IFIRGR RHYBRSXOQQYUDDBRULWKWHE\KWY LTXH
ZKHUH WKH GLIITHUHQFH LV WKDW \R WH, RBKEP R IS R)OQ @/ [EHHV U A |
SVHXGR FRGH LQ 7DEOH KDV KLJK FORPERW EWMLB D@L ARP

WLPH RQ D VLQJOKURQHVDRUS RPSEWH.RWKRB WKDQRFDOL]HC
EH LPSOHPHQWHG RQ SDUDOOHO FRPIRMWILIQDSKDBWORYPN F |

XQLWV *38 > @ > @



2.6 Super-pixel segmentation

JLIXUH 6XSHU SLOMODOWABRQVHDPH OXEWBRBNVYILEWOAKHRXHVS XW 63
ERXQGDULHV YLRRBOLDIOG RBQ &H &\WD W PVIBVR Q

6XSHU SL[HO VHIPHQWDWLRQ

6XSHU SL[HO EDVHG VHJPHQWDW L PPQ BHODK\G D'QI X P SRQ VRD Q W
DV LW FDQ KHOS WR LPSRVH VWUXF\BKSW® PQ6S VFR QRRIWHKR
VXSHU SL[HOV DUH JRRG FDQG L G DWVRKVL\Y RO UXIDO/HZW K H HG B B B
QRW DYDLODEOH RU LV DPELJXRXV DS HbI JXNGBOV LDARMW V F
FRPSDFW UHSUHVHQWDWLRQ ZLWK CFFDD PRESSHKW 5 W HRQBHX B
UDVWHU SL[HO RQ QHDHZUHHXEA DX WIRIQEX SHU B HEVOX DG D
KRPRJHQHRXV LQ WHUPV RI FRORU DSSURBIFWHNY HR B KHIH
VXSHU SL[HOV WKDRHEDQBER FALWPISEBRWILYHDEO XVRVHULQJ >
6(('6 6XSHU SL[HOV ([WUDFWHG YLD ((QBIRISD HIM RH Q/ %DIPS S|
FOXVWHULQJ DUH JLYHQ LQ )LJXUH

$Q HOHJDQW IHDWXUH RI WKH VX®B B\ [WE&H B HVHL QWG
63V DV DQ LQSXW SDUDPHWHU )RU @/ KHWU®XPEIHWKHW DP HJ
FOXVWHUV DQG WKH LQGH[LQJ W KPR\ RRIOW R PW XW KN H)&LH W
63 VHIPHQWDWLRQ LV LQVWUXPHQWRYY LRUDINVGE QM WHH Y
H[DPSOH LQ )LIJXUMH ZHDSUHVHBW WKHGN&EIRHOWQQV DQ LPI
KRPRJHQHRXV VXSHU SL[HOV 7KH 6BIEQXQWHUG QO RLFDLQIL K
FRORU }JSRLGWV: s 4 2kiHVH SRLQWYV DUH FKRVHQ WR EH HTX|
LPDJH FRRUYGLTADNIOVRUGHU WR URWIK VDPBSOERODWHIWYV >

Q 4GL :afm; -
ZKHUB@GGDUH WKH SL[HO GLPHQVLRQV RI WKH VBQVRUHPYV
,vDUH FOXVWHUHG WR IHUG3 VB WHHIR BIGWOVY DV IROORZV
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HDFK LPDJH PL[RIOLIKBRUKRR8HHGLQJ VXSSRUW UHJLRQ
QHLIJKERUKRRG VHHGLQJ VXSSRUW WCHPHIME ROV DXQIBF WL
,v LKH FORVHVW, WALR L\OHDHJG. M RE RVIEKQIWMWY IRX QG E\ DSSO\LQJ
ELODWHUDO FRYWWRKAHEP BQYW.IQV

AL f BaksF J8EA}LF v K

ZKHMH,ADUH ZHLJKWLQJ FRQVWDQWYV 7KB W& X VWHHHWGLLAWI LSR
}pb ZLWK WKH DULWKPHWLF PHDQ IR D WHG B KVOWHDVVLIQHC

5 ~
}p L?o P‘YD@& v_

&URVYVY PRGDOLW\ UHJXODUL]DWLRQ ILOWHUL(

'"HQVH GHSWK UHFRQVWUXFWLRQ FPQ@ EHUMHHGBIS &/IKGDP ¥ LG L
SUHVHQWHG LQ DUHDV RI PLVVLQJ GHS®SW W HG IBVLVISHDRH @M
UHJXODUL]DWLRQ SURFHVV WKDW HY'$OREMDW WE& HF RIGIROW VDL
FRPSRQHQWY VKRXOG EH DSSOLHGG @ QRUIBHH WRK H HIFFRUD\PVB |
$ QDWXUDO DSSURDFK LV WR HPSOHRG &R RKHMOF PGS W P D B HI
EDVHG RQ WKH K\SRWKHVLV WK D WLR EERFKR RS IRX PMWKKH IH R Q.F
H[LVW LQ WKH WDUJHWHG GHSWKDP B 8RKHMY ZRWREY DREMHHE
DW WKH VDPH GHSWK DQG KHQFH W HKHR ¥® 06 RHQ MRD JIH FHLGN T
FRQJUXHQF\ 7KH GOV HPLSR HWSDHAN ¥ IHI K DE3-HD® IGGHIS WIKWKD S
WKH GHJUDGDWLRQV DUH FOXVWHUHGP PR\EKQEH BWK ¥RUR
(I[IDPSOHV LQFOXGH ORVV\ GHSWK FR PEUHWW LZRKQ QR UV WHK HG 1
REWDLQHG LQ ORZ VHQVLQJ FRQGLWLRQVGLWB RN WHRS W & HV K
VHFWLRQ ZKHUH 8 HSMD\WBELERMMRIO R WIHR/Q 9 = VHWXS

&URVYVY PRGDOLW\ UHJXODUL]DWLRQ HFX® PHO WD FEND IFQJY V&
PHDVXUHPHQW RU GHBWHVHWHNHIRODWURI® WQRWKIH IRPEORI IL
VLPLODU SDWFKHV LQ WKH FRORU LRDIJBHSYWE WDWD WHQ
FROODERUDWLYH PDQQHU $V LV WEEBSKOVG W R/ G I HLIRA NG (
ILOWHULQJ SDUDPHWHUV KDYH WRH EFHDIBGOBWHG WR WKH DC

,Q WKLV WKHVLV WZR VFKHPHV |RIUOMHMQ P K®L 6 L BH HIH
7KH ILUVW RQH LV XVHG IRU WKHKMDIYW\RP IEW B WK O B FRIQW X
39,,,@ $ PRGLILFDWLRQ RI WKH EILG®NWHUU DR BL IKOWWHDFWRD
DJJUHJDWHG FRVKE RQKR RG RN EHIQTG XVFHBPHAKIY XNFRE IRU
RI GHQRLVLQJ 7R) VHQVHG GDWD >3 ,REDWE@R G FIRWEKGIHD R (
PHDQV ILOWHU KDV EHID® VP S\OKH HVGBWRDILFV RI VXFK

%LODWHUDO ILOWHU

HLIJKWHG O B WeiRXO@MDMWHHGEH Q HUWKSFHLBHOHO VWY HLIJKERUKRRG
D L(ﬁYFaa-FYF a+|DV\é
ZKHUH & DUH SDUDPHWULRHRGVKDRYWBDYQWD VG LR W & Bl WAL
SUR[LPLW\ DQG LQWHQVLW\ VLPLOIXW.MG BY@UDKHQL \D DES XD
GHSWK SL[HO ) )
gL
LQ RUGHU WR IRUP WKH UHFRQVWUXFWHG PDS



2.8 Metrics for assessing the method’s performance

1RQ ORFDO PHDQV ILOWHU

7KH QRQ ORFDO PHDQV 1/0 ILOWHUJLD/QD SRZKOMIB PHRRNO L
NQRZQ WR SURYLGH D VROXWLRQ FRODWHHIG LDLWW RWW K HS HT !
UDQGRP SURFHVV XQGHU FRQVLGHWDDW.R@®BO@RLVE P&RWQX
i:;L:;EZR;

i1 'LV WKH UHDO RU FRPSOH][ JYD®XIHNG VOKRH L\QREY MW DR/Q |
LOQWHURBRYW\DYGL L G DGGLWLYH ZKLWH QRLVHI1ZLANK *DXV\
eka®é 7KH JHQHUDO LGHD LV WR ILQG DO ® GV XFNL ¥IL]AHL O\
FORVHQHVYV DV ZHLJKWYVY LQ D ILOWHWLIDQL @U RFMHW NV KEHD/N B G HI
IURP D VLPLOEDBUEWVEKD® O\ LW LV WKBH: QB LV\; L IPOWHK RX\I\KHIO/
FDQ DOVR FRPH IURP DQRWKHU PRGDORWRHIE ID//:FKEDUR X (
i1 B 3ZKKBUHV D QHLJKERUKRRG RI SL[HOV HY HHWIZXHMHWH
D UHIHUHQFBQSDO WBWEKWKLQ D VHWWFRW DQURKDDG WKH SL[H
DUH GHWHUPLQHG DV

. — — 6
g 4fL—.0 ¥5 F (¥4,
ZKH&HV D SDUDPHWUL]HG *DXVVLDQ VP RRWHQO QI NHUHQUI DI B!
SDWFK LV ILOWHUHG DWW R IZ WIKH BHHNEHIDA E KWHKLQG RIK
& LAy 2: aiMi;
ZKH@HA] LV D UHIJXODUL]DWLRQ ZHLJKW
g d;

g:alL ! Y. o 4;
Arpg 8 —-E

DQLY D SDUDPHWHWRWRHK LPRVNE YDULDQFH
OHWULFV IRU DV MMWKRIAN VEKIIIRUPDQFH
*HQHUDO LPDJH HUURU PHWULFV

(UURU PHWULFV DUH DSZ3O01LHGsSR@LHE DY YDREHMWVLQJ UHYV
FRUUXSWHG RU UHVWRARPGE DBEGHWHD FEREHVIURX QGG WUXWK
PHDVXUHV SHUFHQMA BHFRIHBUQR W R®WHKWKUHVKROG YD

sl s FE
Mean absolute error I#' L —Z & 4
Mean squared error /5" L —ZAgéﬁ 5
Root-mean-squared error 4/5' L %5
Peak-signal-to-noise ratio 2504 L tr 25‘49@2!—1‘ZA 03
Sum of squared errors 55'A55% 8
Percentage of bad pixels $#& L—S@;l—:A srr>"2

PHDVXUHY SHUFHQMAM BHFRIHBUQR YW R®WEKWKUHVKROG YD



Chapter 2. Preliminaries

6WHUHR FDPHUD FDOLEUDWLRQ
,Q WKLV WKHVLVY VWHUHR FDOLEUBSWILRIQLRHWLQGEG VT KD QMW LE
SURSRVHG VROXWLRQV
Sampson distance error v > @

OHDVXUHV WKH VXPDRIGLKMW RQYMHIWR RA BUW M 8 AW H G RPS DSKRR L
FRUUHVSRQGLQJ SRLOQW-24Q WKH PDWFKHG SDLU

k> pa®> nafo
0> yad . >:0> yad: >:0> yash >:6> nad: .

wl
ZKH®®Y. LV WKHURZ HQWU\ LQ D PDWUL]
Vertical disparityerror ; > @ > @
pA L <f”>b?é B?a b L [:t; F :t;[
ZKH8HN>®@? YDULDQHN POQWKHPDWR@GDPHD@GHR®BDWILWRU
Projective distortion errors. gag; > @ > @

OHDVXUH WKH DPRXQW RI LOQOWURGXMPHGE ZFURNHWWLYMIBUN
KRPRIJUBISK\WHUPYV RI VNHZ QHVYV DQGsPHDY N UKD Q@ WMWK RIIRH
LQ GHIUMHGKWPHDVXUHV WKH SURSRUWLRQDO VL]HV RI WKH '

ol 2 11 ?  .5<4 L
s¥L @A e L8@ A

ZKHUH
L & taré?s L & tai tas
L& tani tds L A A ta%s
DUH PLGGOH HGJH SRLQWYVY LQ WKH VWHUHR LPDJHV
6 XPPDU\

7KLV FKDSWHU VXPPFUEREGFHRPH EHOIMVAK JURXE GV KRIU EW KI
GHYHORSPHQWY GHVFULEHG LQ WKHFDRPIHWDFRB&SWB UZD V) LEJ
SUHVHQWHG 7KLV LV LPSRUWDQW IRH FLOWXKL QH WSKH W HDF
FRRUGLQDWHY HVEFBPHUDO V HW WLVOWVWRERH SH UDAS HEMWRY H Y
QHHGHG LQ RUGHU WR SHUIRUP VWRHWHR/ PRAEHKQEEBIVWVL QB8 HQ
RQ WKH LPSRUWDQFH RI WKH FDOUIRWDW®GRWKMQIGQHMEWDHBH®
Rl PHFKDQLFDO PLVDOLJQPHQWYV ZKHOF&LEUIKWHIGQF DOH GD \§
DQG WKXV LPSBIWH WKSEWXFHXWLPDWLRQ

‘H SUHVHQWHG WKH 7R) VHQVLQJ SULQFEDSOH.YOLQGE WX
FRPSRQHQWY RI WKH PHDVXUHG KD U P RGIQFV R UYQ VX F R KBV V.
VHQVRU HOHPHQW MWIHDY WD\ ORE LREQZ R U B HHUP SWRD I BT
PRWLYDWLRQ IRU DWWHPSWLQJ WR GRIDWD E QY WXIEJK WHQH R B!
PDLQ QRLVH W\SHV QDPHO\ WKH VG B@WD)G O \DRRSU WK & DD/GHEG. !
ZLWK *DXVVLDQ GLVWULEXWLRQ ZHQHGSWHKWHWDRNFBO Ol & SHR
PRGH DV LW LV WKH PDLQ WRSLF RI UHVHDUFK LQ WKH WKI

$V ' LPDJLQJ LV DERXW FRPELQLQJ KR QRU VAL WHUHHR AHK\M |
WRzZzDUG WKH 9= ' UHSUHVHQWDWLR@W,IR®DRNIK\LVENFF
DV\PPHWULF WKDW LV WKH W@WR WSDQW.BG UHIVWOX
GLITHUHQW ILHOGV RI YLHZ 7KHUHIRUWWMRVWIHEOGHHGHA |



2.9 Summary

DOLJQ WKH WZR PRGDOLWLHY DQG SURIGXHIY H@W B [LHRQ H:G.
DW VRPH WHFKQLTXHV ZKLFK ZRXOGFDOY EHA \MAHGLED IV WH H R.C
DQG GHSWK PDS :H VSHFLILFDOO\ ¥BHFHQWH® LVRIKHFRXQFHHLE
FRQFHSW RI FURVW JORAGLIRGYL WAOWHBX I WRKU UHH FHRRQWIWYU X F W L



6WHUHR FDPHUD DQDO\VLV DC

7KLV FKDSWHU VXPRWDWLFH¥RWKMH LVERAW KRR QS/DWHWIDWHG &ZH
HPSOR\LQJ VWHUHR,, K@ P HUWDWW > 3Z H 3SWIHARVHH@WD O QI UD[BHZ R U
FKDUDFWHUL]LQJ WKHKVLBRDOXHIQWIHO WKIPHRUNVKRIY W KRH) WKH
VWHUHR PDWFKLQJ DQG VXEVHTXHQWHGWSWKG HWW ILF/D \WU B ¢
RUGHU WR TXDQWLI\ WKH LQ I Oix&yQd-plodedsing IKipkelise) 3JD PRHQV H U V
WKH VDPH GHSWR V,Q VIIKH WHSAL XS BOKH IRRW LYDWDR®@ IRU G|
QHZ WHFKQLTXH IRU FDPHUD PLVDOLJQRHYQM HE® PWBH @D DWE
>3 ,,,@ :H SUHVHEWD UH VKIOMK\WH d KHB PVS4-EW IUW R YHWZARL WK HR V W
> @ > @

AXDQWLILFDWLRQ RI WKH VHQVLQJ HQYLURQF

'"HSWK HVWLPDWLRQ PHWKRGV EDVHGWRQ D WBRHQD FRIVAU
EHHQ H[WHQVLYHO\ VWXGLHG RYHU URBHWMNHGW FR®ISYD UDQ
UDQNLQJ KDYH EHHQ SURSRVHG 1RGMXEPD\U RIQPI FPIHWHKHR G R ©
EDVHG MdIeWliEDWD VHWY > @ +RZHYHU WKH PHWMKRGV KI
TXDOLW\ SHUIRUPDQFH RQ ZHOO FRPBRY HR® Y& H\Q HR/QIVV X/ IXW k
FDPHUD DOLJQPHQW DQG LQ WKH DKVYNQHAH HRY D QN LRDGS WK L
GLUHFWLRQ IRU RSWLPL]LQJ GHSW E WMWIHP D WSLDRID @/R[F KZQIL"
WHFKQLTXHV KDYH VKRZQ JRRG UHVXQWSHIRRUPDQLFRX A L
GHWHULRUDWHY LQ UHDO ZRUOG G RIDJ)IQUXBRQGLWLRQNW B V
PHWKRG HPSOR\LQJ VHPL JOREDO PDWRRLYEHQHY KDWHBE
FDSW X Wilia/eBleB 7000WDEOHW KDYLQJ D VW Fsukdtia \W Bl W WU® DW 08/
> @ )RU WKH ODWWHU WKH PHWKRRBUSWR & X RKWW HHJ F RVOKGIH R
PDS LV IXOO RI DJW M B AWWD EXRHAGHI FEBR M K D W LOADHD O U WDK H U H |
LV FDSWXUHG LQ SRUWUDLW PR G®\ DDE MDKIHG S RIEY DFSSWHD\U U
DQG SUDFWLFDO \GW H UFROWHM X S RSARIHOZ D Q/ W DV W X&D W D V H

&RPPRQ SUREOHPV LQ ORZ HQG VWWWIHRO M\ P WHPNQD B B O
RI WKH VHQVRUV LPSHUIHFWLRQ\DRH QFKH RR SSADLUAD IOF X OVDAUH F
7KLV KDV PRWLYDWHG XV WR SHU IR UPJDMKN W BPOMNH 6 R R G WK
>3 ,+3 ,,@ :H DLPHG DW PDNLQJ D IDWU F® DSDIRIMRX RV G B
VLWXDWLRQV 5HFHQWO\ SXEOLVKHGHB BWKRIEO VLY GF RGIR.C
LPSRUWDQFH RI RXU UHVHDUFK REMHWHGLPHWKRGRORJ\ @C
PRGHOLQJ WKH VFHGQHUY\ FDPHHIHD VIHH@R\EL QD QIEQ M IY Bl R QVPXHD® O
H[HFXWLRQ DV GHVFULEHG LQ WKH IROORZLQJ VXEVHFWLR

6FHQHU\

JRU UHQGHULQJ RI WKH ' VFHQHV WWHNDBRLRSRYWHGEGRAYORRA
LQ WKH RSHQ VRXUFH SODWIRUPV 3RW RD\SKR@ ROUHD SlOMHNLG
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JLIXUH ([HPSOLILHG SHUIR Sénb-Qdbéed ntaicv F WHEBIRFFRUUHV SR Q (
DOJRULWKP IRU D U HBIM/eRU2\3 AO0DBEHASHRWH WK BW W K IRWWHRIUDH. R V H
FDSWXULQJ R UsukbQaVGIMWILERVH W E

"VFHQHV RI QRQ WUDQVSDUHQW WMWRUHM WO &DWH[WXKHA

F D O@oHhGSkull D QREthday VHH )LIXUH DF $OVR VRPH VFH
Middlebury GDWDVHWY > @ HKBGH DELHPH Q JUBI'W U\RIERLED BVUH [IHRWPHHW U
H[DPSCSEwtBoth FRYHU LV JLYHQ LQ )LJXUH G THBEUHYWHQH

LOOXPLQDWLRQ RU LW FDQ LQFOX®WH VHKDIGRY VS PEOWRIQ IVIK®R
RWKHU HIITHFWV $GGLWLRQDOO\ (DNG RGHKFWM GRIRDOSPRIWILR R (
WKH VFHQH 7KH REMHFW FRPSOH[LGNL@ @& AMH]VZBOU BDW K\CRY H
WKH SHUIRUPDQFH RI VWDWH RI WK RIQNVWHAWAMU R VDDV R W Iv
DOLJQHG FDPHUDYV

&DPHUD JHRPHWU\

7KH PRGHOV DOORZ WE&WUFDPWIUBYVSEEKYBEDVH® L QHW KW R 2
VFULSWV JHQHUDWH GLITHUHQW O\HPIRMMRIIQMHG LOVEHY HRX S
SDUDPHWHUY KDYH EHHQ FRQVLGHWHGE OIRF RO ODRIVQDWKR QUR
VKLIWV )RU HDFK VWHUHR YLHZ D REROCOQARQURWE D'UH GH
7TKHQ WKH UHODWLYH JHRPHWULF G HODMULHRR\ EHWZBHA |
7TKHVH HVWLPDWLRQV DUH XVHG IR B HYIDVWOXD WWE U MR IF CPCHL
UHFWLILFDWLRQ



3.1 Quantification of the sensing environment

YLIXUH & U H D VDM@ V HWWK HFRWL § KRWMB UH DB QWWDMFLRBH @B IW ~ FRO
: UDQJH GDWD GaghP EBWIM URBithdly G UHSURG X Bah@®oMF-DQWDRHW OHI\
RULJLQDOHSURGXFHG

,PDJH VHQVLQJ HQYLURQPHQW

7KH LPDJLQJ FKDLQ KDV EHHQ PR G HOFIESMX UW W R QMKLHU N W
FRPSUHVVHG LPDJHV $ SDUDPHWUL]HWGLRQ GRHRIG RO W K B ULID?
SL[HO ORFDWLRQV DW WKH VWDJHURS DAMWWLU@J > 6 @D \$\W GO
FDQ EH DGGHG IRU HDFK SL[HO 7KSWRSWOFOBQM\GLNW RV \PE
DQG WDQJHQWLDO W\SH > @ %OXG FORGBSHQW X 6 WIRFER
vigneting KDYH EHHQ DOVR DGGHG > @ ,Q D®RGLWRRKRXO \PHR ®HRC
> @ KDYH EHHQ HPSOR\HG WR DFFRXQW &RB SUKNWH R\ S KV
LPDJLQJ KDV EHHQ DOVR UHSURGXFHG E\VWDIHFWLGM W K H
BHWWLQJV VXFK DV EULJKWQHVV H@DREIHIW DQG VDWXUD!

7KH VA\VWHP VLPXO DWHEH D LFX W R P KIHWUSHH D@ DWIER @ BRD S UR
VWDJHV FDQ EH GMWKIQHG LW R ODX\BR @/XRHD F R PREQ Q\HGH LG H S W K
TXDOLW\ 7KH ,33 FORORZQ KDVWDKHIIRMAIMWDJIHV F |
,QSYXW %D\HU UDZ GANNDPSXOWIH) QRLXEB BH@XRWLRRLVH UHG
£4 B6HQVRU OLAHDULHMYLRQD QEB O O/OD QRHWH %DODQFLC
E£7 &RORU ILOWHU DUUDE8&IRARNWHEIBRIO PRRQRAUVLRQ F
A9 $SHUWXUH VKDEIRZ*DRPRYIRUA HFWHQQ GLVWRUWLRQ FF
A£12 6KDUSKQIQIDQXDO VHWWLQJV EULJKWQAEMA SAFRQWUD'
VDPSOLQJ FRAESUHPDBOIR@®RXWSXW

THVW VFHQDULRY DQG UHVXOWYV

$ VHOHFWLRQ RI VWHUHR PDWFKLQBVWHWK® ®\W 6 UH AWD QX%
SDLUV DQG WKH UHVXOWY DUH FRPSDDGG 0®( WHDIPYVRI %$'
SDUWLFXODU 3615 LV PHDVXUHG |IRUOWHIN KXW LSQJUR W K A WHA\G
GLVSDULW\

7KH VA\VWHP DOORXIW /W VR YWH W QDRKLBXY DSBHERWR WRSRC
D PLVDOLJQPHQW PRGHO 2SWLFIBO V&DWHBD UBHRYY R GW
RI WKHVH DVSHFWVIFD QVVEWY URD @O BEHIGQ HBSXWHKQ ANW LPDWLR
IRU YDULRXYV VWHUHR PDWFKLQJ D FRPEW®BW IHRLQV KHIWH U@ C
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J)LIXUH &RQVLGHUHG SDUDPHWUAHN & LWQW SXBW R U HRPR B/HKE

DUH SXEOLVKHG LQ >3, 3 ,,@ ,WDRDYQPHHQ & HARL WK H PR A
IDFWRU GHJUDGLQJ WKH TXDOLW)\ RRRIG/X\CLHP\D \§ & B\ ®H B MIKQ LZ|
LQ JHQHUDWLQJ GHSQWKH D b W\WILDFFMWB/M WFRW N LWRW KDKH VR SK L
WKXV PRUH FRPSXWDWLRQDOO\ FRP SIKK\ ®B@NHRG \L @ KELHFXF
WHVWVY GR QRW QHFHVVDULO\ SURLYQE AREHINWH B G\H U @ R W B (
LOQWXLWLYH ILQGLQJ ZDV WKDW DOVVOWWPWEA F38 RBW YRDRC
PDWFKLQJ SXUSRVHYV

7KH PRVW LPSRUWDQW RXWFRPH RI WKW W WHI WDHRD EO P B C
FDOLEUDWLRQ WHFKQLTXHV > GLQJ VD@ LKW DHWRIW EH
PRWLYDWHG XV WR GHYHORS D VSW FLURFS HBIOR [DWELEWHDWWLHRQ'
RI VHQVRU PLVDOHDWPH® WY WKMHSUHW VHFWLRQ

3URSRVHG XQVXSHUYLVHG UH FDOLEUDWLRQ

2XU JRDO LV WR GHYHORS D UH FDOLEQYHGV EXQQ WBOEBRQWDX |
VWHUHR VHWXSV :H DLPHG WR D Y)KIQG D RHH\W O OF @ WWHMWV LR |
Rl ORZHU FRPSXWDWLRQDO FRVW ZKHWYWH RQ DOSD P DALQWKD YV /1
DUW VROXWLRQV

,Q RXU DSSURDFK ZH FRQVWUDLQ WXH YHWFRI WR)N @R W
roughly-aligned FDPHUDV 6WDUWLQJ ZLWK WKLYV DA\AGK P QWRLLREH LF I
FRPSHQVDWH IRWGSRNYZMAO I PLIHILE /G RY FK DV VSHA IRl H U L
PHDVXULQJ WKH UHFWLILFDWLRQ HXPROWWH V&R Q5 N @ RH R | DRY
FRPSHQVDWLRQ LDMHORIFWKIE STURDRWHGK RAHF KQL NI U H

,Q WKH DVVXPHG SLQKROH FDPHUD RRGH@HDYGGSV R/RH M |
RSWLFDO OHQV KDYH EHHQ HVWLPDW HGWMRYUW ER © SSHQU/IDPHR
DYDLODEOH WKH\ FDQ EH HVWLPDWHGHWX® DAKH DF\D\PYRIDG/
VLPLODU SDUDPHWHUV 7KLV LV H[SUHVVHG DV IROORZV

upliOy T \ BlsB p L §v pLyasagEN <
ZKHUp,DUH WKH SL[HO GLPHQVLRG\GRIL@KN 8REVREOBQGN P
DVSHFW JRRP GLVWRUWLRQV > @



3.2 Proposed unsupervised re-calibration and rectification technique

YLUXUH % ORFARBERYHG UH FDOLERHBDWLRQ WHFKQL
L QUSKMW= Efeti
'"HILQH SURMMBEMWLRQ PDWULFHYV

bt L Up>a?) L 0y>a ' ?

&DOFXODWH DQG QRUPDOLKY FDPHUD RSWLFDO FHQWHUV #*

poUpbhi?% v tOyphi?® T <payEL <pay=d pld y!=
'"HILQH FRPSHQWVIDMWAFE PDWULJ

sZKHUWF p g L g HS 7 LsH—a

(VWLPDWH SURMHFWLYH PDWRH.,EHV RI UHFWLILHG VWHUHR VI
bbLup>ta B p2ph LUy>taF 2
J)LQG WKH UHFWLILFBWLRQ KRPRJUDSKLHYV

6b L pp2Y oY L bpoci
:DUS DQG UHVDPSOH SDLUV

75 .
R | eD@sPlosy A &apby-

<Pav=

7TDEOH 6WDJHV RO ISMFRFPIHRIMWGEPRYHQVDWLRQ SURFHYV
4y b vy
iLHTr sk a8 N s

r r S
7KH LPSHUIHFWLRQ PRGHOFRQYHQHM WKH BDWWRUWLRQV W
SURMHFWLYH GLVWRUWLRQVY DUH UHGNKPININ@MIMWMWHUOD ORBY
ZDUS FDQ DSSHDU FRQVLGHUDEO\ AKRDB[OWHUL QIVQ BVL R | VWWKKOH
GHILQHG E\ D EDVEHQGQUHRWDAWRYD PIKWMWUURWDWLRQ PDWUL
OLQHDUL]HG TwhrIH DS/DAD RIURGHH B @
S F a )
L>adi1&0E + L e a is F 0

FT o S
7KH SURFHVV RI PLVDOLJQPHQW FRPEBWVR® LFQGRQ® ERUFD
WKH FDPHUD KRPRAUDBIQGPDWVYKPRDBUL]HG LQ 7DEOH
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JHDWXUH SRLQW HV QL DIMVEL RKD VIPLOWLEKH U V

*LYHQ D VWHUHR ¥BRQ GHSOFWHWH DRURHYBRHPHHU IFHKCH/GEX LRHU MSD FH - ¢
RI ORFDO IHDWXUHV KDStaE-tv¥afanXReatBe TQrsOGE Q)J7 > @
Features from Accelerated Segment Test$67 > @BinBr® Kobust Independent
Elementary Features %5,() > @ )HDWXUHV DUH H[WUDJFW& @ DWHINW
RO FRUUHVSRQGH@RWRBIJH FRRUGLQDWHYV D YHFVWERWRI GH

LQGH[HG HOHRHPW ZUVIH: s 4 FH RXWOLHUV DUH ILOWHUHG

Boundary Filter + ([FOXGHY IHDWXUH SRLQWV WKV BBN FLCEFOWH
RXWOLHUVY GXH WR WKHUH EHLQJ QHRRPXBVAD/ORLP BVXH GGIRW D L
HITHFW Rl RSWLFDO GLVWRUWLRQV

Local Region Filter+ 'LVFDUGV SRLQWYV WKDW DUH QLWKB WZ®R Y
LPDJHV

Mirror Filter + 'LVFDUGV WKH GLIIHUHQFHV EHW ZWHHQURFKXWIFK |
GRQH La@-toM3igHt D R®iGht-to-LetGLUHFWLRQV

One-to-Many Filter + S HPRYHV PDWFKHV WKDW KDYH WRKWH VDP
PDWFK

Intersection filter +t SHPRYHV LQWH U YMWPRKHGJI SSOLLQW WRK | FF IRQHM F

Global ofilter + $SSOLHVY D JOREDO OHDVW VTXDOHV @ IBQU®RD F
GLVFDUGY WKRVH SDLUV WKDW DRI®DNUVOXDWMG 7KH® DLW LN H
DSSO\LQJ D KLJK WKUHVKROG LQ WKH 6DPSVRQ PHWULF

Descriptorthreshold filter + VHOHFWYV EHVWRRBW QK HMGRSWK H VP D WH K L
GHVFULSWRU VLPLODULW\
$Q LOOXVWUDWLRQ RI WKH IL@rethHU LABzRBRIPH GXYUHHQI R Q WK M

2SWLPL]DWLRQ DSSURDEFK

$V D EDVLV IRU RXU PLQLPL]DWLRQ SWQPW]DRVQ RDH VHGRFW
SHUIRUPLQJ FRQVWUDLQHG JUDGLHQULEHVIERIQW R2QLRH]B]
HUURU RHWULPSSOLHG WR WKH IXQGDPHQWDO LAD WWVH 5 RO W
FRVW IXQFWLRQ WR EH PLQLPL]HGW)\I W WU VR &R PH GH
WKHQ D FROOHFWLRQ RI RWKHUDRMWWIAFYXERPGEO XEWRIWKH |
iwLQ SODFH 2XU LP&GIHRHEG WDWH & QRECOCWKKHHARYOIORZLRQ SD
NMNoal!'B i +RZHYHU PRUH GHYLDWLQJ SDUDBHWHUV FD
DGGLQJ DQ RSWLFDO GLVWRUWLRQWVRHRGIHV\O L P WHDBFW RG B YA
UDQJH DV ZRXOG PHWIEBBPWHDE HQYHS RD PH[WDPY WH HWHK[SHFW
URXJKO\ YLVXDOWX GHWVWWILQFW ORIQW D/XKGE FDPHV BR WIKWR X O (
PRUH LQ WKH KRUL]JRQWDO GLUHFWILRIQ UHR/X®@ WY DQ\ERWHKB
SDUDPHWUK]BWLRQ DIVsDORQJ ZLWK WKH DQJOHV RI URWDW
FDPH[UéDé/é@eVV ,W KDV DOUHDG\ EHHQ QRWHG RWU WKDW
DUH YHU\ XQOLNHO\ WR DSSHDW KQVURDOLVEH HE XXW HWE KIHQ |
UHFWLILFDWLRQ VWWIgHKDYE [EMH P CHDRBDEWWUL]HG IRU D Y
U<5?7:L S EY&®&W' ras

7KH RSWLPL]J]HG VHDUFK FRQVLVWY RI VHYHWD ®@ YW HGQNVW V
VHW RI 'R)V IRU H[SHFWHG OHYHOG HKQVEIHNXWNWHEDB WHIDEGHF

'R) DQG VDYHV WKH UHVXOW RI WWIONWRR® MRKIDWKH.Y BB UWHKIHV
IHDWXUHV I WKH UHVXOW LV ZRUYRQWHKIFQVIWKHGEY/ KHWXS$



3.2 Proposed unsupervised re-calibration and rectification technique

YLIXUH JHDWXUH PDWFKLQJ OW IWO & HW K RAE DBIBIINOZ DIM K R X
LQ "JUHHQ KLJK UHG ORZ PDWFKLQJ FRQILGHQFH

NS Y Mo Syl N v
}&e| 0]=8 }( LI'&-}( P&p

Initialize

}V %0%00(
—> u]v]uli &P
« E Z

(7213

%0 %o 0 (
E s](]

JLIXUH %ORFN GLDJUDP RI WKH RSWLPL]DWLRQ VHLEL

RSWLPL]DWLRQ VHDWEK UL FD QWG HER Y W \8 HUGRSUPGE QW R W
VXEVHW ZLWK LWV OHYHOV DQG WXH R RW G DWR RQQ%U R
SHUIRUPLQJ FRPELQDWLRQ RI 'R) YDD®&HVGIGQ WLKRHD B OOV HF® Y
IURP WKH PDLQ VHW 7KH SURFHV\E LY DMISRI@QW K B YXQBH.KDQDR
WKH UHFWLIL i HWAHRHDG B HWRWPLHE T Xily OLKAH\ QW K U MAKKR OIBF W LI L F D
H[FHHGV WKDW OHYHO RSWLRQDOQ\S WK GXUN VIRFIR R
PHWULFV LV DSSOLHG )LQDOO\ IRLUDHKLR FWKHL QW 8 UHR WD
WUDQVIRUPHG UHVDPSOHG DQG RSWLRQDOO\ ZDUSHG

25 , .
opayk ® Ba@hbsy A &psbe
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J)LIXUH SHFWLIL A RXOWEOXNW\SKKREMNGHIS HRREDEEHH QFRKWPDUN GDWDVH
IRU PHWKR GMIIdRI OHRPMased SDUDOOHORO LIH G XYHGHIHUHQFH

ZKH&#&K aL¥Y DQ LOQWHUSRODDWLREL RYISODWR W @

,Q PDQ\ SUDFWLFDO FDVHV WKH IRKQGGHRWPHGOWDRRB
HIFHHGLQJ WKH VSD@IRIHWRH RWLP DG BQDWUHDEXRH @R GDWD
HPSW\ DUHDV LQ )LJXUHV H KN WROHUR Q W WH DW WWR S
UHVXOW VOLJKWO\ FRPSURPLVLQJMWIQK IUGHDTWH |PHBMJILRQ RO
WKLV FDOFXODWI-H\QWKIFPIZSJFHUBHQW\DHHBLRJ\MIEWIUIH}{M%ES_SDLU GD

rsrr¥?20aba, L1

P& 4
([SHULPHQWYV DQG UHVXOWYV

2XU PHWKRG KDV EHHQ DAY BVEH ZKIQFWEH DRISNFRAXFH LQ 7
WHFKQLTXHV KDYH EHHQ WHVWHIBN RQWB@&WDIVEIWY S@RY LT
SHUIRUPDQFH RI FRo$dsedV KOXWERBQ FRPSDUHG ZLWK RWKF
UHFWLILFDWLRQMakoW KRB >Q I@p O\ @ HOWBG> @ IRU D VHW
UHFWLILFDWLRQ MUKHRWDMHKHWRI LFRIQR/R ’IWHHE) RX WWKLHH B [LOW H L
FI 6XEVHFWLRQ KDV EHHQ RPLWWHG

$V VHHQ LQ 7DEOH RXU PHWKR GVIWDRNH KRJ \ W IR SDHUWL VI
EHVW RU VHFRQG EHVW ,Q DOO FODIVRY J EBWK K LD RKZIHW K & WX
VPDOO QXPEHU RI SURMHBWIsYH K&V HFRRRQRWYYDWHY KLJIK



OHWKR

/ | 5 / 5 OHO 6WG
%HVW >f @ >f@
3URSRVHG
i Mallon > |@
639 zily > |@
Loop > |@
Hartley > |@

3URSRVHG
Mallon > |@

Zily > @

Loop > |@
Hartley > |@

'ULYH

BURSRVHG
Mallon > |@

Zilly > |@

Loop > |@
Hartley > |@

<bUG

3URSRVHG
Mallon > |@
Zilly > |@
Loop > |@
Hartley > |@

60DWHYV

BURSRVHG
Mallon > |@
Zily > |@
Loop > |@
Hartley > |@
7TDEOH &LWHG VRXRKEKN >E\@F RXKIUBWHYRKRPIDUN HYDOXDWLRQ PHWL
DQG VWDWH RI HFW QUHEKWVILFOYWIR @ EOHQDUE PR H

SHUIRUPDQFH 7KH SHUIRUPDQFH ZR XMW EHUISWWKHOWHSIL
WULJJHUHG RU SURMHFWLYH GLVWQRWWDRQW DYIHO B[ FRWXGHH
IRUDQGWR EH DOZD\V S HWIHAKW OB XG\H ZU & DV 2 QV KK Y DROAKKHH
KDQG LI WK@,UWDWQUABFRIHDYHBWWRKHQ\ FORVH WR EHLQJ WK
WKH FRVW SULFH Rl YLVLEOP GSURMHFWLYH GLVWRUWLRQV

7ZR YLVXDO RXWSXWYV RYawW KKHR&@HIFFWH. N.KIRGZ G DLV D)M.H WWH

UHVXOW LV YLVXDOO\ FRPSDUHWealowR WK H RIH A HI IPRDAMWL R QI L
Roof ZKHUH YHU\ IHZ LQOLHUYV DUH{ MPHOQ® DWW EHWK KL &
SURSRVHG WHFKQLTXH SURYLGHY YRHQILURRG HH MWKIH LHFIDWR.
YDOXHYVY LQ 7DEOH JRU W KbrdU WEBIWALHYW KR & PSSLORHY VG H QH
ERWK YLVXDOO\ DQG LQ PHWULFV DBWRZHNWM UN RADKW OHH H & VR D ¥
FRQGLWLRQ IRU OHIW SHRSUbisddtio GH I W KQ E8WUPBPR@MEHLYHG E\ V
RMallon F I )LJXUH ,Q SUDFWLFH VX& K WHWWILIAMNHWLRIQWT
EXW ZLOO REYLRXVO\ IDLO LQ DQ\DWWH[SHOR HW W MVPORWK LRQ
see Sub-section

$GGLWLRQDO UHFMIU LFDWKRQ W HMXIGWEIHBW HD VY RV)IDIXUH

5RRI
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JLIXUH 9LVXDO SHUIRUPDQFH RAKW K HAX$HU RESORMHGEH G HFFRAGH L F O WILY
UHFWLILHG |PRffices DEPhIDRPEAW RResBarch Group G YLV XDO RXWSXW ULJKW
PDS EEmi-global matchDOJRULWKP IRU WKH UHFWLILHGQUHMXOW OHIW IF

V F HQ@jflde, VKRZV D VWHUHR SDLU RI ORZ TXIRAMM\ I QW O DOGIWM
7KH VHK®@Pd,VKRZY UHFWLILFDWARIHFRWLIQRQG UM XBKY LHRNUH
LQ WKH SDLU DUH WD htdt@d ¥ L WEKD WX B @ W D QRaSIEHDAR fotoQp



3.3 Summary

VKRZV UHFWLILHG RXWSXW |RuW AheNiX\Red BIFDPBUD W D& H QKE!
HIDPSOH GHPRQVWUDWHY WKDW WKN D"RRIOO/D BROH UFHRAPOPGHLLER
UHFWLILFDWLRQ

JXUWKHUPRUH WKH SURSRVHG WHHR®LRKQHWVKMHV GEHBHNK WHH
TXDOLW\ IRU D UHDDVFDY HLMWHHW R ISPHBGKGHRBEEVK PDS ULJKW
FRQVLGHUDEOH LPSURYHPHQWKHKF TXDQUWUHNVHPEDH\
HISHFWHG IRU WKLY PHWKRG F I &HSWKGPDS TXDOLW\ LQ )

6 XPPDU\

,Q WKLV FKDSWHU ZH SUHVHQWHG RXWV ERK VEUHLSEXKY LIRROR/
HVWLPDWLRQ :H KDYH GHVLJQHG DQWVUX® FOWG H VW VILY B
LQIOXHQFH RI YDULRXV FDPHUD SDWRRHWBOVVWQR SYEVHY)
HVWLPDWLRQ GRQH XVLQJ VWDWH RUDWKHHGDW WD R\H &/H RS K H Y
ORZ VHQVLQJ FRQGLWLRQV LV PXFK RB UMRFXWO QB Q UIGL] HAGK
‘H KDYH HVSHFLDOO\URPSIK BV P]HGK BVEIERD @& |PWKBIOV WQHRH R\
ZKLFK FDQ VXEVWDQWLDOO\ GHFUHBM Hz WH WV B P W K VMGV E B |
SDUDPHWHUV DQG VXEVHTXHQW VXE R\SWIKRNO FKEBW HIQJFH
GHYHORSHG D QHZ UH FDOLEUDWLRQW SHBHRWDIQEDWKRY
URXJKO\ FDOLEUDWH® 6B PMKDW L7KNWXE JY 8 PHWHAHRUD SD L
DUH PRUH SURQH WR WKH HIITHFWYV @G PQY I UGRHQ RV VI DHDH
PRUH OLNHO\ WR GHYLDWH IURP WRBWDBW R U \WKHOULHE LDOUMH
IUHHGRP ZKLFK DUH PXFK OHVV OL NWQ\DW®RHYGDIR\UDW KHWIOHN-
DQG PRUH UREXVW UH FDOLEUDWLRBPKSD® FRR-EGKLLPH. ] DAV KR H5
EDVHG PDLQO\ RQ PLQLPL]DWLRQ RI WHKHZ6DRBYR @ EBVURRIQ F
VHW RI RWKHU HUURU PHWULFW WRF IG LIVWID QF H LLNVI B
PDLQWDLQ WKH G@& VIXDHEGEL W H FSWILIQ DIEKWR DKV FDHG BG H DEOF
EHVW FRPSURPLVH EHWZHHQ UHFW LRUPDMVEL R @ FWKLD D &/ \ SD
PHWKRG LV UDWHG DPRQJ WKH EHVWKMW LGRFIERHIIDGH YWDV L






1RLVH PRGHOLQJ DQG GHQRL\
IOLJKW GDWD VHQVHG LQ ORZ

7KLV FKDSWHU GHVFULEHV RXU FR @WSMEK WLHRDWL YR MKS$IO
UDQJH VHQVRUV >3 9,+3 9@ > @ RIDWHKE RR) D/ MERIURIXS |
ZH KDYH WKHRUHWLFDOO\ PRGHOHGQNHKRD YALRQGR W WKV V H
VLIJQDO LV VWURQJO\ GRPLQDWHG EDWFERODRLARU BRPDRUHLE
*DXVVLDQ QR MV/KIHDWEEEH @ MRV XUHG GDWD

%DVHG RQ WKH GHYLVHG PRGHO RAWBWLQ@H DSSYIR DSKF
HIITHFWLYH UHPRYDO :H KDYH GHPRQDQ FRW & QW KDWY W KWW
FKDQJHV LWV GLVWULEXWLRQ LQ WHKH DKS$OE RKSHWB G GK K
VLIJQDO 7KLV JDYH XV WKH LGHD RLQRD FFIRPISDHJHZD ORBAG R
ZKLFK FDQ EHKDYH PXFK PRUH IDYRUDEOYDWLQ DMWHRRN R IU\
GHQRLVLQJ PHWKRG ZRUNLQJ LQ WKHIFRHP FHMH [ M P DXHEG LR
DLP RI EULQJLQJ WKH GDWD VHQVHGDE® WK8 ¥6KHVR RUIRH Q
PRGH

JLIHG SDWWHU@ IQRILWHWRBBWLRQ DQG UHPR
)31 PRGHOOLQJ

7KH 7R) PHDVXUHPHQWY KOhdpterEHAMR GHWWUQHKIGVKQ)31 FRQ'
IURP QRQ FRQWDPLQDWHG SKDVH IUDPHNKH 28 1GIHMQ RR/GIHW K H
D VLIJIQDO GHSHRQUGHDMK (BKIDWMH IUDPH
20 5 L A3 E L AL (&:3;=

ZLWK; DAG : EHLQJ WKH )31 JDLQ DQG RIIVHW P&ESRQHQW V
map UHVSHRWIL GHIOsdatabdwH WKH REVHUYHG 3RHDVXHHGW K
FRUUHVSRQGLQJ WUXH VLJODOV SR\QULBEL WK EHB QIRWK VR
IXQFWLRQ VHWWLQJ WKH GHSHOQGH @R BMIAHZ IR X Q WLLISKD LLED ¥
FRPSRQHQW QDPHO\ WKHLUPWE ARKDIRQERHU PRGHO WKH \
LV XVHG IRU DOG ISKaDs\AH aBEUXIWP HD F K SI‘K\WHDIKBIDPIHQZH;QW RIIVE
7KLV LV ZKDW GLIIHUHQWLDWHY WKH)311SYHVPBQMQIL Q@G ARLF
WKHUPDO FDPHUDV ZKHUH RQO\ RAH8 RIKHKWW B/HKWB V MDOVR URE
SULQFLSOH LPSOHMW GE HFDX\OH GRRING KW OBM FIQYFRQWHG L Q
GLITHUHQW SKDVH IUDPHV > @

5HPRYLQJ WKH RIITVHW FRPSRQHQW

‘H SUHVHQW DQ HPSLULFDO DSSURDHRMWRIUA UBWP\RYH.Q L QV WH H
PRGHO WKHVH FRPSRQHQWY DUH JHQHWD BOW ERMW L G 8 WHKC
WKH RSWLFDO V\VWSHRR/ V. VERMF OXIGHH GRRN OB PONRHEN VZLWF
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JLIXUH JL[HG SHRRYBOQV@/MLIHWY UDX G RQRAFIHP/ I HEBWHL GSSXG\H V W D O
PD§, UHPR$HG F ILOWHUHG ADLQGFRPGRQHRXW SXW DIWBU DGDSWI

DYRLG WKHUPDO QRLVH :LWK WKIWKWHW® LUQU R EVHLMD @
IUDPHVH OP vrir :H GHQRWH WKR\2H REWHIUYBWBRW@EEL

<rasab6aQEH ZH DUH HIlhothivg. Y HQ\DVHR&HR® FDVH HDFK SL[|
RQO\ UDQGRP QRLVH $V WKH )31 RIUMHW DV DWKR SGHDH
GHWHUPLQH IRU HDFK SLIHOWKNXWKZEBIQDWHKWHMHVDUH H[W
FRUUHVSRQGLQJ PHD¥¥XUHG2:SKDF:H; IDPHDFK SL[HO WKH F
DPSOLAWXGH: ®KDVHZRXOG KDYH D FORVH WR JHUR PHDQ D

da \ 1 &3\ ray\ ré$\—7‘3ee5ubsection 7R DYRLG SKDVH ELDV D Pl

ILUVW SHU SL[HO DGGRWHHI®BEHUYDWEER VLD GBOWKBQWHG

$IWHU HVWLPDWLQ:J ; WW KHR | DVVHHWV WIRQXHE/ LQ D WDEOH I
LQ UHDO WLPH 7HWHRGFKRXOG BEH SBEOAM B WRHIG GVUR. IFNRHPG HF K D
WKH DJLQJ RI WKH VHQVRU $ FRPSHQQDWIRUWHRI WVEKH SHGH

5HPRYLQJ WKH JDLQ FRPSRQHQW

7KH JDLQ FRPSRHRR\GHOHG LQ LV FRQVLGHU®BYG VLJQEC
FRUUHQDWBIGO\ LW DSSHDUV LQ WKH IRUP EI VXIS BDVVIW U |
WH[WXUH SDWWHUQ FDQ EH D QDO \FKGDQQDW B \NJLH/T XVHIQHF \VE |
EH SURSHUO\ VHW ,Q RXU H[SHULPHGQRR WKKDIQ\GF K QH KIDH/ ¢
PDWHULDO HV\gWEQXRKK F KD GRNV K QWG ERWBQWHD PDMRU SF
GHYLFHYV RSHUDWLQJ UDQJH 6XFKRUWEKI IS IG\RFDIBEISY Y D
DW WKH VDPH WLPH WKHUH DUH QRLW®DHWH BHDWE HH.Q | MMKHHQ'
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