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Abstract

 prsnt img-s rnring tht llows r viwpoint wlkthroughs o urn sns using just
 w photogrphs s input. Commril pplitions suh s Googl trtviw, Bing ps t. us
ruimntry orms o img-s rnring or urn visuliztion; mor sophistit pprohs
us th ull D mol o th sn s input. As th qulity o D mol grs, rnring rtits r
osrvwhih rstilly ru th utility o suh pplitions. In this thsis, w propos img-s
pproximtions to ompnst or th lk o urt D gomtry. In th irst pproh, w us is-
ontinuous img wrping gui y qusi-ns pth mps whih improvs visul qulity ompr
to prvious mthos tht rly on txturing D mols. is pproh involvs  smll gr o mnul
intrvntion to mrk olusion ounris in th input imgs.  uil upon this in th son p-
proh y vloping  ompltly utomti solution tht is pl o hnling mor omplx sns.
 ovrsgmnt input imgs into suprpixls n wrp thm inpnntly using sprs pth. 
introu pth synthsis to rt pproximt pth in poorly ronstrut rgions o th img n
us this with our img wrps or gnrting high qulity rsults. ompr our rsults tomny rnt
lgorithms n show tht our pproh xtns vry wll to r viwpoint nvigtion.

 lso prorm prptul nlysis o iffrnt img-s rnring rtits in sprt usr
stuis unr ontroll onitions.  us vision sin to invstigt prsptiv istortions pro-
u whn  singl img is projt on  plnr gomtry n viw rom novl viwpoints. 
us th xprimntl t to vlop  quntittiv rmwork or priting th lvl o prsptiv
istortions s  untion o ptur n viwing prmtrs. In nothr stuy, w ompr rtits
us y smooth trnsitions (lning imgs) with rupt trnsitions (popping) n vlop gui-
lins or slting th il troff unr iffrnt ptur n rnring snrios.  us guilins
rom ths stuis to motivt th sign o our img-s rnring systms sri ov.

 monstrt n pplition o our pproh or ognitiv thrpy. rt th irst virtul rl-
ity pplition tht uss img-s rnring inst o tritionl omputr grphis.is rstilly
rus th ost o moling D sns or virtul rlity whil prouing highly rlisti wlkthroughs.

vrll, w liv our work is  signiint stp towrs r viwpoint img-s rnring
sign on soun prptully-s ountions.
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Résumé

ous présntons un pproh  rnu à s ’imgs (BI) qui prmt, à prtir  photos,  nv-
igur lirmnt t générr s points  vus qulonqus ns s sèns urins. Ls pprohs
préénts épnnt s moèls D t onnnt liu à s rnus  qulité réuit v uoup
’rtts. Dns tt thès, nous proposons un pproximtions sés sur l’img pour ompnsr
l mnqu  préision  l géométri D. ous utilisons un wrp ’img guié pr s rts 
proonur qusi-nss qui onnnt liu à uoup moins ’rtts. En s snt sur tt p-
proh, nous vons évloppé un métho ntièrmnt utomtiqu prmttnt  tritr ls sèns
omplxs. ous sur-sgmntnt ls imgs ’ntrés n suprpixls qui limitnt ls olusions sur
ls ors s ojts. ous introuisons l synthès  proonur pour rér un pproximtion 
tt proonur ml ronstruit ns rtins régions t lulons ls wrps sur ls suprpixls pour
synthétisr l résultt inl. ous omprons nos résultts à  nomruss pprohs rénts. ous
vons nlysé ls rtéts  l’BI ’un point  vu prpti n omprnt ls rtéts générés pr l
mélng  plusiurs imgs v ux s trnsitions tmporlls rusqus. Ctt étu nous  prmis
’élorr un méthoologi pour l séltion ’un on ompromis ntr ls ux. ous vons égl-
mnt nlysé ls istorsions prsptivs t nous vons évloppé un moèl quntitti prmttnt 
préir ls istorsions prçus n ontion s prmètrs  ptur t  visulistion. Comm ppli-
tion, nous vonsmis nœuvr un systèm  rélité virtull qui utilis l’BI à l pl  l’inogrphi
tritionnls.

vi



Representative Publications

C , .,  , ., C   , G., C , E., H , ., n D , G., .
A multimo immrsiv onptul sign systm or rhitturl moling n lighting. IEEE
Symposium on D User Interfaces ( DUI), – .

C   , G.,  , ., n D , G., . ilhoutt-wr wrping or img-s
rnring. Comput. Graph. Forum (Proc. EGSR), ( ): – .

 , ., C   , G., L , .., F , .., n D , G., . rption o
visul rtits in img-s rnring o çs. Comput. Graph. Forum (Proc. EGSR), ( ): –

.

C   , G., D , .,  -H , ., n D , G., . Dpth synthsis n
lol wrps or plusil img-s nvigtion. ACM Trans. Graph., ( ): : – : . I -

.

 , .,  , C., C , E.A., C   , G., B , .., n D , G., .
rption o prsptiv istortions in img-s rnring. ACM Trans. Graph. (Proc. SIG-
GRAPH), ( ): : – : . I - .

C , E., G , .,  , .D.,C   , G.,  , ., n D , G., .
minisn thrpy using img-s rnring in . In ro. IEEE irtul lity (short p-
pr). o ppr.

vii



Chapter

Introduction

Computr grphis tritionlly hs our stgs: () gomtri moling, () optionl nimtion, ()
mtril/lighting sign n () rnring. vr th lst thr to our s, omputr grphis hs
volv immnsly n n now hiv ultr-sophistit spil ffts. n o th most importnt
gols in omputr grphis hs n to gnrt rsults tht r inistinguishl rom rlity. Looking
t th stt o th rt in gomtrimoling, omputr nimtion n glol illumintion, it is ir to sy
tht lmost ll nturl n mn-m phnomn n  simult with stonishing lvls o rlism,
givn nough tim n rsours.

In fft, th pross o moling n rnring involvs muh mnul s wll s omputtionl
ffort. Computtionl omplxity o h o ths stgs n  n importnt tor, ut on o th
most signiint ottlnks is mnul moling n txturing whih n  vry xpnsiv n tim
onsuming. For xmpl, suppos n pplition rquirs showing  gnri urn town squr. It will
tk  smll group o rtists ys to mol vry til o  typil squr – th gomtry, mtril
proprtis, txturs, lighting t. using stt o th rt ommril sowr. An intrsting trntiv
woul  to quir n xisting sn nus th t to utomt somormost o thmoling pross.
is si intuition, oupl with th vnt o igitl mrs l to th onption o img-s
pprohs hum et al.,  whr hnhl mrs srv s th quisition vi. Img-s
pprohs n  ivi into two lsss: thos tht ttmpt to synthsiz nw imgs rom th sm
viwpoint utwith iffrnt pprn, n thoswhih ttmpt to hng th viwpointwhil kping
th sm pprn. ormr r known s relighting pprohswhil th lttr r known s image-
based rendering pprohs. is thsis ouss on img-s rnring; th or prolm sttmnt
is to “ptur  sn in  w photogrphs n visuliz it rom  novl viwpoint in  rgion roun
th input viwpoints”.

Conptully, it woul  possil to otin physilly orrt rnrings only i th sn n  r-
onstrut in ull til rom th input photogrphs. o this n, pprnmnipultion pprohs
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rquir th illumintion n mtril proprtis o th sn Dv, ; Lffont et al.,  n
viwpoint mnipultion thniqus rquir gomtri ronstrution o th sn Buhlr et al., .
As isuss in Chptr , rpi vns hv n m in th il o D ronstrution. Howvr,
prt pixl urt ronstrutions r still vry hr to otin, mor so i th sn is vry omplx.
In th sn o prt gomtri ronstrution o th sn, it will  thortilly impossil to o-
tin physilly orrt rnring o th sn rom novl viwpoints. ror, our trgt is to gnrt
plausible rsults, to whih n w invstigt th ollowing qustions:

• How n w gnrt plausible r viwpoint nvigtion using img-s rnring?
• How n w in th notion o plausibility in th ontxt o img-s rnring?

 ormr is the lssil qustion tht img-s rnring rsrh hs ttmpt to nswr. ur
work vns th stt o th rt y vloping nw thniqus or img-s rnring in our sp-
ii ontxt, whih w xplin in th ollowing stions. n o th most importnt tors tht istin-
guishs us rom prvious work is tht w irtly pl ourslvs in th ontxt o free viewpoint navi-
gation, whil most prvious pprohs hv trgt viw intrpoltion whr th trgt is to gnrt
viws tht intrpolt th positions n orinttions o two input viwpoint.

. Context

Bing  t-rivn pproh, img-s rnring is snsitiv to input t n ploymnt on-
itions. ror, it is importnt to lrly intiy th us s or our systms.  trgt strt-si
(su)urn imgry ptur using hnhl or vhil mount mrs (s Figur . ). ypilly,
suh imgry ontins rhittur, vgttion, popl, vhils t.  only hnl stti sns, so
w ssum tht thr r no moving lmnts suh s popl or trffi in th photogrphs.  n-
sity o ptur is typilly to mtrs twn iffrnt viwpoints.  intn to rnr ths sns
rom viwpoints orint roughly in th sm irtion s th input viwpoint, within ∘ o th vr-
g orinttions o ptur mrs. ur gol is to llow th usr to nvigt in  zon o to mtrs
roun ny o th input viwpoints. Exmpls o novl mr pths n  sn in th rsult stions
o Chptrs n , on suh xmpl novl viw is shown in Fig. . .

is is n inrsingly rlvnt ontxt sin th sussul ploymnt o virtul tourism nvly
et al.,  n strt-si visuliztion Kop et al.,  s ommril systms lik iroso ho-
tosynth, Googl trtviw t. Currntly ths systms r rstrit to trnsition twn viwpoints;
th isply rsult is  rom on img to th nxt.  ition o free viewpoint img-s
rnring to ths systms will llow th usr to hv  muh mor powrul immrsiv xprin.



. . rolem sttement

Figure . : Exmpls o urn imgry us or img-s rnring.  top row shows on input imgs n
ottom row shows th top viw o th sn with plholrs or input viwpoints.  novl viwpoint, shown
in r, lis r rom th pth intrpolting th input viwpoints, whih w rr to s free viewpoint.  input
viwpoints losst to th novl viwpoint r shown in lu.

. Problem statement

nt vns in omputr vision n grphis mk it possil to tk - photogrphs, us u-
tomti mr lirtion nvly et al.,  n multi-viw stro to otin pth/isprity mps
Gosl et al., ; Furukw n on, , n thn us sur ronstrution Kzhn et al.,

; Fuhrmnn n Gosl,  to otin  D mol.  rsulting D gomtry or proxy n
 rnr y rprojting th input photogrphs onto th proxy n lning losst viws Buhlr
et al., . is is in  powrul pproh tht gnrlizs to our ontxt whih n  xpt
to giv prt rsults i h stg o th piplin provis prt output.

In prti, th ov piplin hs svrl limittions. First, multi-viw stro pprohs hv i-
iulty prouing D gomtry o suffiintly goo qulity or orgroun ojts with omplx shps
suh s trs, or shrp pth isontinuitis suh s vhils prk in ront o çs, or poorly tx-
tur ojts suh s wlls, or usy txturs suh s vgttion. uh situtions r vry rqunt in
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urn sns whih r our min ous. Consquntly, img-s rnring pprohs tht rly on
Dmols n suffr rom rtits or suh sns. on,mostmthos hv n vlop only or

smll isplmnts twn input viwpoints n only hnl viw intrpoltion itnik n Kng,
; Fitzgion et al., ; hjn et al., ; tih et al., . rn visuliztion hs to  sl-

l to vry lrg sns. ror, slins twn input viwpoints r xpt to  lrg. or-
ovr, viw intrpoltion rstrits th utility o img-s rnring us it is somwht quivlnt
to  vio.

ur ntrl prolm sttmnt is to vlop nw img-s pprohs tht monstrt pr-
viously unttmpt lvls o sophistition – r viw nvigtion, whil ssuming sprsr rsours
in th orm o input imgs, or mor omplx sns whr prprossing stgs, nmly multi-viw
stro, r not xpt to giv ompltly urt rsults. istinguish ourslvs romprviouswork
y pursuing  hrr st o hllngs:

• urn sns in thir ull omplxity,
• miniml pturs with wi isplmnts o up to - mtrs twn input viws,
• omplx isolusion ffts u to irrgulr silhoutts o multipl orgroun ojts,
• plusil olusion n prllx in spit o poor qulity D ronstrution in mny rgions, n
• r viwpoint nvigtion.
 sonry prolm is to quntiy img-s rnring rtits. r r lmost no mtris

or quntiying rnring qulity o iffrnt img-s rnring pprohs. is is us o th
shr numr o tors tht fft th inl rsult, .g. sn omplxity, numr o input imgs, sim-
ult viw positions t.  trgt prptul nlysis o rnring rtits; to whih n w vlop
xprimntl stups, stimuli n protools or prinipl stuis n monstrt th utility o suh
stuis to img-s rnring stups.

. Main intuitions

ulti-viw stro lgorithms gnrt  D point lou o vrying lvls o ury n nsity -
pning upon sn ontnt.  nsly ronstrut rgions r typilly plnr rgions with suffi-
int strutur txtur. thr rgions n hv  muh smllr st o ronstrut smpls. Currnt
thniqus or sur xtrtion Kzhn et al., ; Fuhrmnn n Gosl,  n pln itting
inh et al., ; Gllup et al.,  prorm vry wll or nsly ronstrut rgions n om-
pltly ignor th othr rgions, ithr stimting thm s los or mrging thm with som ominnt
pln. in, ths pprohs r glol optimiztions, thy on tn to ignor smll lustrs o D
points on poorly ronstrut ojts us suh rgions gt outwigh y othr wll ronstrut
ojts. As  rsult, rnring rtits nsu in suh rgions.
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 min intuition is to tivly utiliz all th D points otin rom multi-viw stro, vn
th smllst lustrs on poorly ronstrut ojts.  lint iffrnt pth lyrs o th sn
using silhoutts n us th D points in h rgion sprtly. ypilly, pth t ny pixl llows
prvious pprohs to rprojt th pixl into  novl viwpoint.  ssum tht vry w pixls in n
img rgion hv pth; w rprojt th ntir img rgion into th novl viwpoint y using  shape-
preserving warp. ur wrps r gui y th smll numr o pixls whih hv pth n rgult y
img-s D onstrints whih sk to minimiz th ovrll istortion in th inl rsult. is high
lvl i is hiv y iffrnt mns in Chptrs n .

Anothr importnt i tht ontriuts hvily to th suss o our pprohs is tht w n-
or silhoutts in n img-s mnnr. rvious pprohs pn upon silhoutts ing p-
propritly rprsnt in th ronstrut gomtry Eismnn et al., . ln itting pprohs
Gllup et al.,  improv this y using grph uts to rinor img gs into th itt plns.
s grph uts n  thought o s joint optimiztion on img gs n D plns whih n l-
wys us plns to l into rronous rgions i no gomtry is vill ovr  signiint rgion
or simply u to numril issus. Intuitivly, oupling silhoutts rom gomtry stimtion will l-
wys prorm ttr in trms o urt silhoutts.  omput img silhoutts in  prpross n
us thm to isolt th shp prsrving wrp o iffrnt rgions, rsulting in high qulity olusions
n prllx ffts.

vrll, w monstrt tht our modus operandi o ormulting th whol prolm in trms o
onstrints tht trgt plusil img synthsis is highly fftiv t ompnsting or rrors in ron-
strution.

For prptul nlysis, w numrt som o th most importnt rtits n prorm usr stu-
is tht llow us to orrlt priv visul qulity with sn n rnring prmtrs.  most
importnt insight in th sign o prptul xprimnts is to isolt th rtits using simplii s-
tups tht llow prinipl nlysis, whil rmining suffiintly los to tul img-s rnring
stups tht r intrsting rom n pplition s wll s rsrh prsptiv. ur stups llow us to
ontrol th gr o rtits using  smll numr o prmtrs in th stimuli; usr stuis unr
ths onitions giv  irt rltionship twn rnring prmtrs n priv qulity.

 strt with th stuy o prsptiv istortions, whih r inhrnt in ny mtho tht rprojts
n img ptur rom on viwpoint into nothr viwpoint.  thn stuy th mor omplx s
o visul rtits rt y lning ontnt rom multipl input imgs to synthsiz ny pixl o th
novl viw. us th guilins rom ths stuis using iffrntmthoologis in h o Chptrs
n .
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. Contributions

High quality image-based rendering  min ontriution o this thsis is in th orm o img-
s rnring lgorithms sign or urn nvironmnts tht r pl o prouing high qulity
rsults in th sn o urt D ronstrution. It is wll-known tht multi-viw stro mthos
Gosl et al., ; Furukw n on,  n prou imprssiv rsults or rhittur ut
thir prormn grs on luttr sns. ur pproh is in lin with th rnt trn o img-
s rnring systms tht us D point lous prou ymulti-viw stro irtly Gosl et al.,

; inh et al., ; Kop et al.,  rthr thn xpting  D msh whih n  xtrmly hr
to otin or luttr sns, spilly urn imgry ontining vgttion, vhils, rhittur t.

Free viewpoint navigation is is th irst rsrh work in img-s rnring to tivly pro-
pos r viwpoint nvigtion whr th novl or simult mr is llow to nvigt quit r
rom th input viwpoints in th sn. Almost ll prvious pprohs, th rlist to th vry ltst,
hv only rss viw intrpoltion Chn n illims, ; Fitzgion et al., ; itnik n
Kng, ; hjn et al., ; Gosl et al., ; tih et al., ; inh et al., ; Kop et al.,

. is is n importnt issu us r nvigtion xposs th tru vntg o suh systms
y llowing  sn ptur with just  w photogrphs to  visuliz in rih tils in  vrity o
pplitions, on o thm ing h-trk virtul rlity systms, n rly prototyp o whih is lso
monstrt in Chptr .

Perceptual analysis lssi vlutionmtho or img-s rnring hs lwys n viwr
opinion. om pprohs us img sttistis Fitzgion et al., ; howvr suh mtris r suit-
l whn th pproh is xpt to prou physilly-orrt rsults. ost img-s rnring
systms trgt plausible or good looking rsults, with som pprohs using non-photorlisti ffts
Gosl et al., .  only wy to vlut suh systms is y mns o prptul stuis. is
thsis proposs prptul nlysis o visul rtits whr simpl rnring n input t stups r
us to isolt th rtits.  t rom th stuis llows us to orrlt th svrity o rtits with
sn or rnring prmtrs.

. Current and potential applications

 ltst vrsions o ommril prouts lik Bing ps show mssiv ronstrut urn rs
(s Figur . ). is gr o D inormtion is suffiint or rly xprimnts with our img-s
rnring pprohs. It is lr rom Figur . tht th D inormtion is suffiint to rnr lrg
struturs vry wll ut tils suh s trs t. r rprsnt s lurry los.  pprohs rom
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Figure . : Ltst vrsion o Bing ps suggsts  ir mount o D inormtion is vill or omplt itis.

Chptrs n r sign to work with qusi-ns D inormtion n n thror  ppli
to ths ommril systms to prou high qulity wlkthroughs t vry lrg sls.

Aprt rom ths lrg sl systms, img-s rnring hs th potntil o ing usul or ny
omputr grphis pplition whih sks to visuliz xisting ojts or sns. r r xmpls
in othr rnhs o omputr sin whr t-rivn pprohs hv grtly simplii worklows
whih wr othrwis ompltly mnul, or xmpl motion ptur Livrmn,  whih is now
onsir n inispnsl tool or nimtors. imilrly, it is wstul to or rtists to mol xist-
ing sns whih n inst  quir vry sily. Aquisition ollow y D ronstrution, using
ommril sowr suh s Autosk D , is likly to suffi or som o ths pplitions, sp-
illy thos whih l with los ojts. Img-s rnring hs  rol to ply or ll pplitions
whih rquir opn sns whr th pross o onvrting point lous or pth mps into urt
D mols is muh hrr.

 prsnt n xmpl o on suh pplition in th ontxt o virtul rlity in Chptr . 
us img-s rnring to mol urn sns n us virtul wlkthroughs in ths sns or
minisn rpy. Exmpls o othr pplitions n  lightwight gms, quick and dirty D
moling or virtul rlity or simultor krops t.

. Overview

 rst o th thsis is orgniz s ollows:
• Chptr givs  isussion on prvious work in omputr grphis, vision, gomtry n pr-

ption tht is rlvnt to th thniqus sri in this thsis.
• Chptr prsnts  novl img-s rnring pproh s on vritionl img wrps

tht is pl o hnling som o th most omplit tst ss ttmpt.

http://www. dapp.com/catch

http://www.123dapp.com/catch


Chpter . Introdution

• Chptr uils upon th prvious pproh y vloping  lol vritionl wrp s on im-
g ovrsgmnttion.is is mong th vry irst thniqus to prsnt r viwpoint intrtiv
nvigtion using img-s rnring.

• Chptr sris prptul nlysis o visul rtits ssoit with img-s rnring
systms.

• Chptr sris n virtul rlity stup using img-s rnring. ough still in rly
stgs o vlopmnt, this is th vry irst systm o its kin.

• Chptr summrizs th rsults o this thsis n proposs immit nxt stps s wll s long
trm rsrh vnus.



Chapter

Previous Work

Img-s rnring hs n n tiv r o rsrh sin its inption in th orm o img
intrpoltion Chn nillims,  n plnoptimoling illn nBishop, . It gn
s  pproh or viwpoint mnipultion, whih hs mtur into gnrl sptio-tmporl novl viw
synthsis. vr th lst two s it hs orrow rom n inspir rsrh in vrious rnhs
o omputr grphis n vision, whil spwning  numr o ommril pplitions lik Googl
trtviw, iroso hotosynth t.

 rlist pprohs suh s plnopti moling illn n Bishop, , light ils Lvoy
n Hnrhn, , lumigrph Gortlr et al.,  n viw pnnt txtur mpping Dv
et al., , wr sl-ontin. y i not rquir ny prprossing. As th omplxity o sns
inrs, th us o D gomtry m prvlnt Buhlr et al., ; Eismnn et al.,  us
it hlp ru th numr o input imgs whil improving roustnss towrs olusions. in
thn, img-s rnring hs n ssoit with D ronstrution n othr omputr vision
thniqus rlt to gomtry stimtion.

 ovrll gol o this thsis is to gnrt img-s rnring rsults or urn sns whr
th min rquirmnts r () simpl ptur stup using hnhl mrs, n () r viwpoint
wlkthroughs, whr r viwpoint mns tht th novl viwpoints my not  on  pth joining in-
put viwpoints. As w show in ltr stions, multi-viw stro suffrs rom rtits s th omplxity
o input sns grows. Img-s rnring pprohs tn to us th D gomtry s th only on-
strint to rprojt input imgs into trgt viwpoints. is n l to  vrity o rnring rtits.
ur intuition is to ompnst or th lk o D gomtry y using img-s pproximtions. 
rprojt input imgs using D gomtry s  so onstrint whih is rgult y shp-prsrving
onstrints tht r inspir y img wrping pplitions. orovr, looking t th importn o
silhoutts in plusil viw synthsis, w xtrt silhoutts using img sgmnttion rthr thn -
pning upon pth mps or D mols to provi urt ojt ounris. is gin srvs to
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() Input img () Gosl et al.,  () Furukw n on, 

Figure . :ulti-viw stro. Dpthmps or input img in xtrt using Gosl et al.,  n Furukw
n on, . onstrut rgions r shown in lk whil unronstrut rgions r shown in whit.
ot th unvn istriution o pth smpls n omplt lk thro in som rgions.

ompnst or th lk o orrt silhoutt loliztion in D ronstrutions.
Givn th ov,w s tht ourwork rws rommultipl rsrh omins – stro ronstrution,

img-s rnring, img wrping n img sgmnttion. In this hptr, w isuss th stt o
th rt in h o ths omins.

. D reconstruction

Dspit imprssiv vns in rnt yrs, stt o th rt D ronstrution n still giv inurt
rsults whih n prou rnring rtits whn us in xisting img-s rnring rmworks
Buhlr et al., ; Eismnn et al., ; inh et al., ; Gosl et al., .  isuss rnt
vns in multi-viw stro n thir limittions in this stion.

tro ronstrution hs n on o th most tiv omins o rsrh in omputr vision. itz
et al.   prsnt  omprhnsiv ovrviw o th rly work in multi-viw stro ronstrution.
ost o rly rsrh in D ronstrution ous on isolt ojts suh s sttus. nvly et al.
  opn th oors to ronstrution o vst opn urn sns. Hr w rviw only th rnt
vlopmnts whih r rlvnt to img-s rnring.

Multi-view stereo  vlopmnt o lrg sl strutur-rom-motion nvly et al.,  hs
provi  stl solution to th long stning prolm o utomti mrkr-lss mr lirtion
or lrg unorr imgry. is vlopmnt hs grtly vn multi-viw stro rsrh llow-
ing rsrhrs to xprimnt with  wi vrity o tsts i.. outoors, inoors, ommunity photo
olltions t. n not just sprt ojts. Gosl et al.   us pln-swp stro or stimt-
ing pth mps or h input viw. inh et al.   us  volumtri grph ut to stimt ull D
gomtry o n ojt. hil th rsults o ll ths pprohs r omplling, thir most importnt
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limittion is tht thy r sign or los ojts tht hv n photogrph rom ll sis. y
n to  initiliz with  ouning ox n o not giv goo rsults or unoun sns suh s
urn imgry.

 ov limittion hs inspir lrg sl multi-viw stro systms. Gosl et al.   prsnt
 multi-viw stro pproh or lrg ommunity photo olltions rom th intrnt. ollys et al.
  prsnt  rl tim pproh or vry lrg sns ptur using vhil mount mrs sim-
ilr to Googl trtviw. th-s multi-viw stro Furukw n on,  mths tur
points twn input imgs, stimts thir pths n uss ths to stimt pths o nighoring
pths. Extnsions o Furukw n on,  hv n us to ronstrut ity lvl ronstru-
tions in Agrwl et al., ,  rom hunrs o thousns o photogrphs. thr pprohs
suh s Ltut et al., ; Hip et al.,  stimt pth o  lrg numr o intrst points ol-
low y Dluny tringultion; th inl D mol is gnrt y omputing n insi-outsi ut
on th ttrhr rsulting rom th Dluny tringultion.  rsults r nsr thn Furukw
n on,  n sm losst to thos provi y th ommril solution Autosk D . 
us Furukw n on,  to rovr  D point lou rom input imgs; th hoi o multi-
viw stro lgorithm is not ritil n n  rpl y Gosl et al., ; Hip et al.,  or
ommril prouts lik Autosk D or Aut D mrt DCptur .

hil signiintly iffrnt in implmnttion, thsmulti-viw stro pprohs r irly similr
in prinipl. y mth img turs twn imgs in unorgniz photo olltions n stimt
thir pth. y thn us this pth to initiliz pth stimtion or nighoring img pths. 
rsult o ths multi-viw stro pprohs is thus irly similr. As shown in Figur . , ths p-
prohs giv vry goo rsults or rgulr struturs lik çs. Howvr, th qulity is muh wors
or txtur-poor rgions, usy txturs n irrgulr gomtry t.  istriution o ronstrut
points or pth smpls is highly irrgulr n vry sprs in som rgions.  loliztion o silhou-
tts is lso inurt on mny sn ojts.

Surface extraction from D point clouds  D point lous omput y multi-viw stro hv
to  onvrt into polygon mshs in orr to  rnr s ontinuous soli ojts. s p-
prohs, known s surface reconstruction, n  lssii into two typs - ronstrution rom un-
orgniz point lous n thniqus tht us unrlying strutur in point lou t. rominnt
xmpls o th ormr inlu Hopp et al., , oving lst squrs Lvin, , oint st sur-
s Alx et al.,  n oisson sur ronstrution Kzhn et al., . s pprohs
ronstrut  watertight mesh whih is not pproprit or open urn sns. Howvr, this prolm

http://www. dapp.com/catch
http://www.acute d.com/smart dcapture/
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() Input img () Kzhn et al., 

Figure . : ur ronstrution. () Input img, () oisson sur ronstrution Kzhn et al.,  on
D point lou xtrt rom Furukw n on, .  qulity o D mols is r rom prt or

omplx sns whih mnists s rtits in img-s rnring.

n  rsolv y mnully rmoving spurious tringls rom th D msh tht ths pprohs 
to rt wtrtight mshs.

 son lss o lgorithms xploit strutur n r known s pth mp usion thniqus
Fuhrmnn n Gosl, .  D point lous otin rom pth mps r inhrntly stru-
tur us ny two nighoring pixls in  pth mp giv two onnt points in D sp. s
o not suffr rom th wtrtight sur ssumption ut rquir lmost pixl ns pth mps. s
pprohs r not il or our xprimnts us pth mps or th sn w intn to trt n
 rronous (s Figur . ).

As shown in Figur . , th D msh otin rom oisson sur ronstrution Kzhn et al.,
 r r rom prt.  irrgulr nsity o D points n th omplxity o th unrlying g-

omtry o th snmk sur ronstrution  vry hr prolm. rrors in Dmolsmnist
s rnring rtits whn us with img-s rnring pprohs suh s Buhlr et al., ;
Eismnn et al., .

 us oisson sur ronstrution Kzhn et al., , s rommn y Furukw n
on  , to rt D mols or us in othr img-s rnring pprohs Buhlr et al.,

; Eismnn et al.,  or th sk o omprisons.  xprimntlly osrv tht, howvr
rronous (s Figur . ), it gv th st D mols mong xisting pprohs, whih mks or ir
omprisons.

Piecewise-planar reconstruction om thniqus xploit th t tht most mn-m struturs
r piwis plnr n us this prior to irtly gnrt plnr gomtry, thry irumvnting
sur ronstrution ltogthr. s pprohs omput th D point lou n pln itting in
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Figure . : iwis-plnr ronstrution inh et al., . () Input img, () xtrt plns, n ()
rprojtion o gomtry in  novl viw. Clrly, th orgroun trtor gts mrg with th kgroun ç
n rsults in rnring rtits.

two sprt stps Furukw et al., ; Gllup et al.,  or s  joint optimiztion ičušík n
Košká, ; inh et al., . Furukw et al.   usmnhttn-worl priors n gnrt xis-
lign D plns to pproximt th sn gomtry. inh et al.   us  gnrl piwis-plnr
prior to gnrt D plns; whih is xtn in ičušík n Košká  ; Gllup et al.   to
strt-lvl imgry ptur using vhil mount mrs similr to Googl trtviw.  plnr
gomtry gnrt y ll o ths pprohs is vry ompt sin it only onsists o  smll numr
o plns.

Aprt rom th ovious rstrition tht som sn gomtry my not  piwis plnr, th min
prolm with ths pprohs is tht thy tn to mrg poorly ronstrut orgroun rgions with
ominnt kgroun plns (s Figur . ). Clrly, ths pprohs woul ll short o hnling
ss with poorly ronstrut gomtry s shown in Figur . .

Discussion It is lr tht stt o th rt D ronstrution n giv rronous rsults or omplx
sns. pthmps or D point lous n  vry sprs or som rgions tht ontin no txtur or
vry usy txtur, n Dmol gnrtion n  xtrmly hr or opn urn sns in th prsn
o orgroun luttr, spilly vgttion. Img-s rnring in th sn o D gomtry n
suffr rom vrious rnring rtits.  sign our img-s rnring pprohs in Chptrs
n to ompnst or ths limittions y using plusil pth synthsis in poorly ronstrut

rgions n img wrps.  ompr our rsults to img-s rnring pprohs s on point
lous Gosl et al.,  s wll s D mols Buhlr et al., ; Eismnn et al., .

. Image-based rendering

in th sminl work on plnopti moling illn n Bishop, , mny img-s rn-
ring lgorithms hv n vlop, suh s light ils Lvoy n Hnrhn,  n unstru-
tur lumigrphs Buhlr et al.,  mong mny othrs. A numr o intrsting pplitions hv
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Figure . : Img intrpoltion without D gomtry hjn et al., . Intrpolt img (mil) gn-
rt rom input imgs (l n right). ot tht th slin twn th input img is o th orr o just 
w pixls, whih is on o th most importnt limittions o suh mthos.

rsult rom this work, .g., mr stiliztion Liu et al., , vio nhnmnt Gupt et al.,
 n ommril prouts lik Googl trtviw.is il hs n stui in  numr o iffr-

nt ontxts using  wi vrity o pprohs whih hv vry iffrnt inputs n trgts.  lssiy
ths pprohs y thir input t rquirmnts, highlighting why rtin lsss r unsuitl or
our ontxt whil othrs prov insuffiint us o rstritiv priors or lgorithmi onstrints.

Image interpolation without D geometry A numr o pprohs us img morphing without
xpliitly ronstruting D gomtry or novl viw synthsis. Chn n illims   gnrt
novl viws y intrpolting ns optil low twn input imgs. Light ils Lvoy nHnrhn,

 pl input mrs on  D gri n intrpolt viws y prmtrizing th light rys using 
D rprsnttion – two oorints h or intrstion o light rys on th mr n ol plns.

itz n Dyr   gnrt trgt viw on th lin joining th optil ntrs o two input viws
ssuming no olusions. Lhuillir n un   mth points n rgions twn imgs using
 qusi-ns mthing lgorithm n gnrt novl viws y intrpolting mth rgions. is is
urthr improv y using onstrin tringultion to prsrv stright gs in th imgs Lhuillir
n un, . A til nlysis o smpling issus or rly thniqus n  oun in hum
n Kng, . ixl orrsponns omput using pipolr gomtry r us in hirmhr
et al.,  to improv th rnring qulity o th lumigrph Gortlr et al., . A high-qulity
pproh or intrpolting two imgs is prsnt in hjn et al., ; thy prou risp rsults
y using grph ut to rt smlss trnsitions. tih et al.   prsnt prptully orrt img
intrpoltion; thy prtition input imgs into homognous rgions, mth ths rgions n omput
 sprt prsptiv trnsormtion or h rgion. is srvs s  orrsponn il twn
imgs without xpliitly ronstruting D gomtry. Lipski et al.   us th orrsponn il
stimt y tih et al.,  n viw morphing itz n Dyr,  or sptio-tmporl img
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(a) (b)

Figure . : Joint stro n img-s rnring. () tuio ptur stup us in itnik et al.  ; itnik
n Kng  . () Input imgs r shown on l n right n intrpolt viw shown in th mil. s
pprohs r limit to viw intrpoltion ovr irly smll slins.

intrpoltion; th rsults r us in th mo Who Cares .
s pprohs r powrul n roust ut only hnl smll slins twn imgs.hjn

et al.   rport  -pixl mximum slin. Bing lrgly olivious to D gomtry, thy hv
iffiulty hnling olusions n r lso stritly rstrit to viw intrpoltion. s r ritil
rstritions in our ontxt; hnling wi slins n olusions r two most importnt prolms.
As  rsult, ths pprohs prov lrgly insuffiint in our snrio.

Joint reconstruction and image-based rendering ny pprohs stimt pth/isprity -
twn img pirs with th sol purpos o img-s rnring. itnik et al.   omput is-
pritis twn pirs o imgs using rkov rnom il priors n intrpolt thm using  ly-
r rprsnttion uilt on top o isprity mps. is is pt in itnik n Kng,  to work
with img sgmnttion whih provis silhoutts. Fitzgion et al.   us img-s priors
to prsrv strutur in synthsiz viws in  omputtionlly xpnsiv optimiztion. Hornung n
Kolt   xtrt viw-pnnt pth mps irtly rom input imgs n mrg thm in rl
tim using  min iltr on th G. y r sign to intrpolt stro pirs or strutur stu-
io pturs using ptur rigs s shown in Figur . . s pprohs xploit th prior knowlg
tht two mrs r nighors, n trt multi-viw tsts in  pirwis shion. y sm to 
tightly rstrit to smll slin stuio pturs n viw intrpoltion. y r lrgly s on
stro ronstrution, n n  xpt to suffr rom th sm prolms s multi-viw stro (s
tion . ) i us or unorgniz wi slin urn imgry.

Image-based rendering using D geometry ost morn pprohs us xpliitly omput D
gomtry in orr to hnl lrg slins twn input imgs n r viwpoint img s rn-
ring.  lumigrph Gortlr et al.,  ws th irst pproh to suggst us o ors D gomtry
ompr to plnopti moling illn n Bishop,  n light ils Lvoy n Hnrhn,

. iw pnnt txtur mpping Dv et al.,  uss  usr-rt mol o simpl
rhittur n projtiv txturing to prou omplling wlkthroughs. Higl et al.   prsnt

http://graphics.tu-bs.de/projects/whocares/

http://graphics.tu-bs.de/projects/whocares/
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() Buhlr et al., 

() Eismnn et al., 

Figure . : Img-s rnring using D gomtry.  lmost imgs r rsults tkn irtly rom th
rsptiv pprs. il n right imgs r rsults on othr tsts gnrt using our implmnttion o
Buhlr et al.,  (s tion . or tils) n uthors’ implmnttion o Eismnn et al., . Ghosting
n mislignmnt r lrly visil whn th proxy is not urt s shown in ths xmpls.

plnopti moling tht uss D gomtry o th sn in th orm o  D pln. s pprohs
us  rstilly smllr numr o input imgs thn prvious pprohs suh s light ils Lvoy
n Hnrhn, . ith th vlopmnt o multi-viw stro Furukw n on, , uto-
mtilly ronstrut point lous n Dmols hv rplmnully mol proxis Dv
et al.,  or singl D plns Higl et al., .

nstrutur lumigrph Buhlr et al.,  is  gnrliz img-s rnring rmwork.
It omputs th olor o trgt pixls y kprojting thm on to th D gomtry n rprojt-
ing into th input viws. Contriution rom multipl input imgs is ln using wights omput
using rltiv istns twn ntrs o projtion o mrs.  min vntgs r tht it l-
lows input imgs to  tkn in n ritrry mnnr n oul xtn to r viwpoint wlkthroughs.
is pproh in works vry wll givn prt gomtry ssuming no olusions. Floting txturs
Eismnn et al.,  introu olusion hnling n  orrtion pss s on optil low tht l-
lvits lning rtits u to inurt gomtry.min limittion is tht th olusion hnling
ssums urt silhoutts in th D proxy n optil low orrtion is limit to mislignmnt o
up to - pixls. Huswisnr et al.   prsnt  rl tim visul hull omputtion or ynmi
sns; thir img-s rnring pproh is similr to Buhlr et al., , pt or tim volv-
ing D gomtry. In othr rlvnt work, Alig et al.  , prsnt wlkthroughs o inoor sns;
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thy ompnst or inurt gomtry y using  vry lrg numr o input imgs. Amint point
lous Gosl et al.,  is  viw intrpoltion pproh tht uss  non-photorlisti rnring
styl in poorly ronstrut rgions. inh et al.   prsnt img-s rnring or rltiv
surs y ronstruting two pth lyrs or rltions, whih is urthr improv in th orm o
 grint-omin pproh Kop et al., . Both o ths pprohs omput pixl-ns pth
mps to intrpolt twn imgs. Bht et al.   lso us  grint omin pproh to trnsr
tils rom  smll numr o high rsolution photogrphs to  lrg numr o low inition vio
rms.y us D gomtry in th orm o sprs st o D ronstrution to rgistr th photogrphs
n vio rms. thr thniqus hv n vlop to rowsing vio rhivs Blln et al., ;
ompkin et al., ; ths pprohs trnsition twn vio strms using D ronstrution o
th sn.  gol is to provi  smooth trnsitions rom on vio strm to nothr rthr thn
plusil novl viws.

Discussion  vlopmnt o th ov pprohs whih us D gomtry hs ntwin img-
s rnring with multi-viw stro. s pprohs whn omin with st possil ron-
strution o th input sns using ithr o Gosl et al., ; ollys et al., ; Furukw n
on,  rprsnt stt o th rt in img-s rnring systms.  us this omintion to
show omprisons in Chptrs n .  inility o D ronstrution to prou prt pth
mps or urt silhoutts or urt D mshs omin with th inility o rnring piplins
to sussully ompnst or ths rrors mns tht vn th most sophistit img-s rn-
ring systm woul ll short o our trgt o rnring th omplx urn sns using s w imgs
s possil in  r viwpoint wlkthrough snrio.

. Image warping

Amjority o img-s rnring pprohs Buhlr et al., ; Eismnn et al., ; inh et al.,
 us D gomtry s th only onstrint or rprojting n input img to  novl viwpoint. 

sk to ompnst or insuffiint D y using img-s pproximtions. o this n, w wrp
input imgs to novl viwpoints using D gomtry s  so onstrint whih is rgult y othr
D onstrints whih sk to prvnt istortions in th inl rsult.  mthmtil tools w us r

inspir y img wrping pplitions whih llow usrs to orm n input img in  vrity o wys.
 hllng or ths pplitions is to gnrt ontnt-wr wrps, mnipulting iffrnt prts
o th input img in iffrnt wys without introuing visil isontinuitis, ormtions or othr
rtits, synthsizing plusil imgs whih ppr just s onsistnt s photogrphs. is hs l to
 vrity o pplitions suh s rtrgting, viw morphing, img intrpoltion t.
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Figure . : ritionl wrps Gl et al.,  or rtrgting.  input img (uppr l) is wrp to prou
th rsult (mil).  slin msk (lowr l) is us to impos onstrints on th vrtis o  rgulr wrp
msh, whih gt orm to th inl unrlying wrp msh show on th right.

Retargeting using variational warping nipulting th spt rtio o imgs hngs th spt
rtio o th ontnt n ls to ormtions. Img rtrgting pprohs try to prsrv th spt
rtio o slint img ontnt whil shiing most o th ormtion to rgions whih r ithr unim-
portnt ormk it hr to priv th istortions. Aprt rom th sm rving pproh or rtrgting
Avin n hmir, , lmost ll othr pprohs Gl et al., ; ng et al., ; hng et al.,

; nozzo et al., ; Chng n Chung,  hv us vritionl wrping (s Figur . ). A
omprtiv stuy is prsnt in uinstin et al., .

s pprohs hv lso n pt to vio rtrgting ol et al., ; Krähnühl et al.,
; ng et al.,  n pnormi imgry H et al., . Among rlt pprohs, Crroll

et al.  ,  prsnt img wrps tht llow th usr to hng th prsptiv o input imgs in-
orporting  vrity o usr spii onstrints lik vnishing points, lin sgmnts, lin orinttions,
plnr rgions n ix points.

s pprohs provi th si mthmtil tools or vritionl img wrping. All o thm
ovrly uniorm tringl or qu mshs on th input img n omput th wrp y mns o linr
Gl et al., ;ng et al., ; hng et al.,  or non-linr Crroll et al., ,  optimiz-
tion. y ll hv () on or mor unmntl guiing onstrints .g. rsiz img ounris in
s o rtrgting pprohs, ()  st o rgulriztion onstrints whih prsrv th strutur o th
wrp msh .g. rigi trnsorm Gl et al., , n () som optionl onstrints to prsrv spii
spts o th img .g. lin onstrints in Crroll et al., .  wrp img n  synthsiz
y rnring th wrp msh using th originl txtur oorints or h vrtx. is mthmt-
il rmwork is rrr to s  variational image warp. In som ss, pr-pixl mpping twn
input n trgt img my  vill rom optil low or pr-pixl pth Diyk et al., ; im-
g wrping thn rus to simply mpping vry pixl to its trgt lotion. In ontrst, vritionl
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Figure . : D img wrping Liu et al., . input img (l) is wrp into iffrnt novl viws (mil
n right). op row: wrp imgs showing th unrlying wrp msh n th D points in r. Bottom row:
inl img r ropping th wrp rsult.

wrps sk to minimiz n nrgy untion tht wrps ll pixls o n input using  muh sprsr pixl
to pixl mpping.ismthmtil rmwork is lso th sis o img wrping or othr pplitions
s isuss low.

D imagewarping In ontrst to th Dwrping onstrints in ll o th ov thniqus, D img
wrps r gui y sprs/qusi-ns D gomtry n morph n input img to nothr viwpoint.
 motivtion oms rom D shp mnipultion Igrshi et al., ; hr et al.,  whr
th usr nimts  D skth y pulling  smll numr o hnls n shp ormtions r mini-
miz y rigi/onorml/similr/ffin onstrints. D img wrping rpls th usr hnls with
D ronstrut points or pth smpls whih n  rprojt into ritrry viwpoints. Liu et al.

  us this i or D mr stiliztion y wrping h vio rm rom th originl viw-
point to  viwpoint on  stiliz mr trjtory (s Figur . ). y o not hnl olusions,
howvr this is not  mjor prolm in this ontxt us vio rms r wrp to viwpoints in
los viinity.

 most importnt ingrint o D img wrping is rgulriztion in th orm o rigi Igrshi
et al., , ffin hr et al.,  or similrity Liu et al., ,  onstrints. s p-
prohs monstrt tht  vry sprs st o guiding constraints, .g. usr hnls Igrshi et al., 
or Dpoints Liu et al., , n  sussully ompnst y ths rgulriztion onstrintswhih
msk privl ormtions. Howvr, olusion hnling n wrping ovr lrgr slins r still
opn prolms.
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() () () () ()

Figure . :Comprison o iffrnt ovrsgmnttion lgorithms () Flznszwl n Huttnlohr, , ()
ori, , () li n otto, , () Lvinshtin et al., , n () Ahnt et al., .

Discussion  ov isussion shows tht vritionl wrps r pl o gnrting plusil
wrp imgs using  sprs mpping twn input img pixls n trgt img pixl. In Chptrs

n , w monstrt shape-preserving image warping s on vritionl wrping, tht prsrv
img silhoutts, provi olusion hnling n r roust ovr wi-slins twn input n
trgt viwpoints.

. Image segmentation

n o th importnt prolms in img-s rnring is olusion hnling n silhoutts. As
isuss prviously, D ronstrution os not lwys prou prt rsults t silhoutts. n th
othr hn, purly img-s pprohs r muh ttr t xtrting silhoutts.  stt o th
rt in img sgmnttion Hoim et al., ; ir et al., ; Arlz et al.,  n lssiy 
vry wi vrity o ojts. Howvr, ll img lssiition pprohs r s onmhin lrning
n nnot  xpt to sgmnt ll ojts prtly spilly i n img hs multipl prominnt
ojts. is n l to unr-sgmnttion n prts o ojts n  miss-lssii. Appnix A
omprs img lssiition pprohs n shows ilur ss.

Oversegmentation Img ovrsgmnttion is th pross o iviing th img into hunrs o
smll rgions o homognous img ontnt ll superpixels. uprpixls ptur all th silhoutts
whil lso prouing  lrg numr o runnt ounris. In ontrst, mhin lrning s
pprohs n on miss silhoutts in som rgions.  runnt ounris prou y ovr-
sgmnttion r unsirl, yt nign.  gurnt tht ll silhoutts r ptur y suprpixls
is n importnt vntg.

 sminl work on suprpixls hi n lik,  us sptrl nlysis o n n × n mtrix,
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whr n is th numr o pixls in th img. is quikly oms vry slow or vn mium siz
imgs (roun mgpixls). usqunt work on ovrsgmnttion n n lik, ; Flzn-
szwl n Huttnlohr, ; ori, ; li n otto, ; Lvinshtin et al.,  improv
th omputtionl ffiiny n llow or mor usr ontrol ovr siz n shp o suprpixls. tt o
th rt ovrsgmnttion LIC Ahnt et al.,  n sgmnt lrg imgs in  w sons whil
prouing rgulrly shp suprpixls s shown in Figur . . A til omprison o ovrsgmnt-
tion lgorithms n  oun in Ahnt et al., .  us LIC or ovrsgmnttion in Chptr .

It is importnt to not tht suprpixls orm th sis o mny img lssiition n rognition
lgorithms us thy ptur ll prominnt silhoutts in n img.  us suprpixls or th sm
rson. thr pplitions o ovrsgmnttion inlu viw intrpoltion itnik n Kng, ;
tih et al., , pth stimtion Cigl et al., , improving ronstrution o mn-m stru-
turs ičušík n Košká,  t. s pprohs irtly stimt pth or suprpixls n
n  onsir piwis plnr ronstrution pprohs whr suprpixls provi th piwis
plnr rgions.

In ontrst, w us suprpixls or linting rgions with unrlil or poor pth n using sp-
il prossing or suh rgions (s Chptr ). s unronstrut rgions woul rmin s suh
vn i w us itnik n Kng, ; ičušík n Košká, ; thy il to ronstrut us
o rsons tht hol or ny D pth stimtion pproh – lk o txtur, stohsti txtur, omplx
gomtry, insuffiint imgs t.

. Perception of image-based rendering artifacts

ur trgt is to synthsiz plausible novl viws o vry omplx sns using s w photogrphs s pos-
sil. vill img t is typilly muh sprsr thn wht woul  rquir to gnrt prt
novl viws. is hmprs th lvl o plusiility us o inorrt prllx, prsptiv istortions,
sptil rnring rtits lik ghosting n tmporl rtits lik popping.

r hs n rnt intrst in stuying prption or imgs gnrt using img-s rn-
ring.  gol o th mjority o ths pprohs is to mk “prptully-optiml” lgorithmi -
isions tht hlp msk wy rtits, somtims ompni y prptul stuis to onirm lgo-
rithmi hois.

Perspective distortions  most ommon prolm with rprojting n img ptur rom on
viwpoint into nothr viwpoint is prsptiv istortion. rsptiv is n importnt u tht hlps
trmin th D lyout o  sn up to  sl tor gwik, . ision sin hs stui pr-
sptiv in th ontxt o pitur prption ousing on how prsptiv istortions fft th prp-
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tion o D shp. Consir th pitur o  slnt rtngl. gwik   ormults th priv
slnt o th rtngl using vnishing points; mor spiilly, using th ngl twn  lin rom th
viwr to th vnishing point n  lin rom th viwr to th rtngl. hn  pitur is viw
rom th ntr o projtion, popl r quit urt t rovring th D gomtry o th originl
sn, inluing th slnts o surs in tht sn mith n mith, ; Coopr et al., . I th
viwr’s y is offst rom th ntr o projtion, prsptiv-s us no longr spiy th origi-
nl D sn; inst, thy spiy  iffrnt, istort sn. ur trgt is to quntiy this fft s 
untion o ptur n viwing prmtrs.

Rendering artifacts Almost ll img-s rnring pprohs umult visul ontnt rom
multipl input imgs s th novl viwpoint trnsitions ross th sn. islignmnt twn in-
put imgs whn thy r rprojt into th novl viwpoint, us y inurt orrsponns
twn th imgs, rsults in rnring rtits. A mjority o pprohs ln multipl imgs,
whih n l to ghosting rtits whil voiing lning n l to tmporl isontinuitis known
s “popping” rtits. om pprohs us prptul stuis to tt rnring rtits or slt
rnring prmtrs to mitigt th rtits. orvn n ’ullivn   prsnt prptully-
motivt omprssion thniqus or th lrg mounts o img t rquir or lumigrphs. Brgr
et al.   tt ghosting rtits in imgs using img gs; howvr, thy o not nlyz th -
tors tht l to ghosting rtits. hwrz n tmmingr   prsnt  prptully-motivt
pritor or popping rtits or gnrl omputr grphis pplitions. y o not ompr pop-
ping rtits to othr ltrntivs suh s lning.most losly rlt prptul stuy on img-
s rnring thniqus is th stuy o ovrll visul qulity o pnormi trnsitions orvn n
’ullivn, . y onlu tht th mgnitu o th pth isontinuity t silhoutts is  ky
tor in visul qulity. is work ws n importnt irst stp towrs th gol o unrstning th pr-
ption o rnring rtits. ompkin et al.   ompr ross-ing ffts using iffrnt orms
o D rprsnttions o th sn – ull D gomtry, D point lou, singl pln, D orrsponns,
no gomtry or rupt hngs with no ross-ing t ll. y onlu tht using ull D gomtry
is y r th st solution. ur stuy n  onsir orthogonl to thir work us w ix th D
gomtry o th sn n vry th rnring prmtrs tht ontrol th gr o ghosting or popping
(s tion . ), whil ompkin et al.,  ompr iffrnt orms o D gomtry or gnrting
trnsitions whil kping th rnring prmtrs ix.  ov pprohs stuy “xpliit visul
prosss” whr th prtiipnts r xpliitly sk to jug th qulity o th stimuli y prorming
tsks or nswring qustions. ust et al.   stuy “impliit visul pross” whr prtiipnts’
rspons to stimuli is msur y n EltroEnphloGrph (EEG). ust et al.   show tht
iffrnt rnring rtits invok iffrnt rsponss rom th rin. is osrvtion justiis th
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n or th omprtiv stuy o iffrnt rtits prsnt in this thsis.  vntg o impliit
stuis ovr xpliit psyhophysil stuis is tht th rsults r not is y th ntur o qustions
or tsks prorm y prtiipnts. Howvr, th min rwk is th low signl-to-nois rtio in th
t ror y th EEG, s not n prtilly llvit in ust et al., .  rltionship
twn inrns rwn rom xpliit n impliit stuis is lso unlr spilly whn th two r
ivrgnt.

o th st o our knowlg, thr r no prptul stuis tht invstigt ghosting n pop-
ping rtits with rspt to h othr in th ontxt o img-s rnring. Exssiv lning
ls to ghosting rtits ut rts smooth trnsitions twn viwpoints whil th ontrry givs
risp imgs ut popping rtits in trnsitions.  stuy o ths opposing rtits is ritil us
most img-s rnring pprohs prsnt  troff twn ghosting n popping rtits y
twking prmtrs until th rsult “pprs goo”.

. Discussion

Amjority o img-s rnring pprohs r rstrit to stuio pturs, smll slins n/or
viw intrpoltion hjn et al., . s pprohs r not irtly pplil to our trgt.
thr pprohs tht us D gomtry Buhlr et al., ; Eismnn et al.,  r promising
or our pplition, ut thy r svrly rstrit y thir hvy pnn on accurate D gomtry.
ulti-viw stro Furukw non,  n sur xtrtion Kzhn et al.,  n provi
D gomtry or ll lsss o sns, ut thir rsults n  vry inurt in omplx sns. s

limittions rnr th stt o th rt inqut or our trgt o r viwpoint urn nvigtion.
Inst o rlying on D gomtry lon to provi silhoutts n rprojtion onstrints, w

rsort to D onstrints xtrt rom imgs. Img ovrsgmnttion Ahnt et al.,  n i-
vi n img into hunrs o superpixels whih rlily ptur olusion ounris. s offr 
promising ltrntiv or rinoring silhoutts. ritionl D img wrping Liu et al.,  n
synthsiz plusil novl viws using  smll numr o ronstrut points, lit without olu-
sions ovr vry smll slins only.  pursu this irtion o rsrh in th ollowing hptrs to
sign img-s rnring pprohs whih us D gomtry s on o th onstrints in  systm
whih sks to prsrv th intgrity o th inl rnr D img y using D onstrints suh s
vritionl wrping n ovrsgmnttion.



Chapter

Silhouette-aware Warping for Image-based

Rendering

 prsnt  img-s rnring solution tht rsss our trgt o hnling urn sns with
 smll numr o input imgs.  solution prsnt in this hptr monstrts tht our intuition
o using img-s onstrints to ompnst or lk o urt D gomtry is in  powrul
i.  two min is introu in th hptr onur with th min gols o th thsis: irstly,
w us silhoutts xtrt rom imgs n qusi-ns D point lous, whih improv roustnss
towrs inurt D mols; n sonly, w vlop  silhoutt prsrving img wrp tht x-
pliitly nors onstrints to ru istortion in inl imgs. s l to signiint improvmnt
in rnring qulity ompr to prvious work. ur rnring piplins os not nor strit r-
stritions on novl viwing pths suh s viw intrpoltion, whih omin with improv rnring
qulity, is n importnt stp towrs th ultimt gol o r viwpoint nvigtion.

. Introduction

tt o th rt img-s rnring piplins us th st qulity D ronstrution Furukw n
on,  with viw pnnt txturing Buhlr et al., ; Eismnn et al., , rsulting in
powrul systms whih hv n shown to hnl  wi vrity o sns. Howvr, ths systms
hv svrl limittions, th most importnt ing thir pnn on urt D mols whih n
 vry hr to gnrt or omplx sns. Gomtri ronstrution pprohs o not giv urt
rsults or orgroun ojts with omplx shps suh s trs, or shrp pth isontinuitis suh s
vhils prk in ront o çs. uh situtions r vry rqunt, spilly in urn sns. Con-
squntly, img-s rnring pprohs tht rly on urt gomtry n suffr rom rtits
or suh sns. hil it is possil to improv ronstrution qulity using mor input imgs, th r-
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() Input imgs () sr ssist silhoutts
& pth smpls

() ilhoutt-wr wrp () Finl rsult r lning

Figure . : ()  us - input photogrphs n multi-viw stro to rt  ns D point lou. () ith
our usr-ssist prprossing, th usr signts importnt silhoutts n w ru th D point lou to∼ , pth smpls pr img. ()  silhoutts n pth smpls gui  silhouette-aware warp, ppli to
imgs t h rm. () ur rnrr gnrts  high-qulity inl img whih hnls hr ss suh s

trs n othr orgroun ojts.

sults or omplx orgroun ojts o not improv proportionlly. Aing mor imgs rus th
isprity, mking it sir or stro ronstrution pprohs to mth img turs. Howvr, this
os not hlp th s o txtur-poor surs or usy txturs suh s vgttion us ommonly
us mtris suh s normliz ross orrltion rmin miguous in suh situtions irrsptiv o
th isprity.

 prsnt  nw pproh whih rsss ths limittions. ur ntrl i is to ompnst or
inorrt or inomplt gomtri inormtion y introuing silhoutt prsrving vritionl wrp-
ing. ous on sns ontining hr to ronstrut omplx orgroun gomtrywithin th ontxt
o wi slin img-s rnring. ur min ontriutions n  summriz s ollows:

• th rprsnttion onsisting o sprs pth onstrints n silhoutt gs, whih nls
shp-prsrving vritionl wrping or wi-slin snrios,

• th introution o silhouette-aware wrping in whih “lsti” gs sor istortions us
y (is)olusions whil pth isontinuitis r prsrv, n

• n ffiint rnring lgorithmwith  goo tr-off twn lurring n olor isontinuitis.
ur pproh grtly rus rtits ompr to th st omintion o stt o th rt th-

niqus, whil ovroming th limittions isuss ov (s rsults Figur . n . ). In prtiulr
w trt sns with hr-to-ronstrut ojts n viwing pths whih o not intrpolt th input
mrs.  rquir only  smll numr o imgs, rsulting in  lightwight ptur pross.

. Overview

 input to our mtho is  st o imgs lirt using nvly et al.,  n  D point lou
gnrt using Furukw n on, .  point lou n  projt into th input imgs
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to giv pth vlus t rtin pixls, whih w rr to s depth samples. ur pproh hs thr min
stps (s Figur . ):

Preprocessing ur pproh irst slts silhoutts roun orgroun ojts (trs, rs, t.) or
h input img (tion . . ) in  usr ssist shion. s silhoutts r us to orrtly hn-
l pth isontinuitis.  son stp imts th st o pth smpls to  sprs uniormly
istriut st. is stp lso ills in poorly ronstrut rgions using pth rom nighoring points
(tion . . ).  rsulting pth smpls srv s onstrints or our img wrp.

Silhouette-aware imagewarp pth smpls rom h input img rmpp to thir rsp-
tiv sir inl positions y rprojting thm into th novl viw. s t s guiing onstrints or
our img wrp in th orm o projtion nrgy. A similrity trnsorm nrgy prvnts ormtion
o wrp msh tringls.  in “lsti” tringls roun silhoutts whih sor th istortion -
us o pth iffrns.  lst nrgy trm minimizs wrping rtits tht istort th shp o
silhoutts (tion . . ).

Rendering o synthsiz ny novl viw, w pr-slt losst input imgs n wrp thm with th
silhoutt-wr wrp. At ny pixl o th novl viw, w omput th lning wights or th pixls
rom h o th wrp imgs.  thn ln th two nits to giv th inl rsult whih givs
motion prllx.  lning wights r sign to orrtly iminish th visul impt o strong
istortion prou y th lsti gs roun th silhoutts. Finlly, w us n optionl oisson
synthsis stp to llvit sms.

ur img wrping works or poorly ronstrut ojts us th silhoutts sgmnt th im-
g into ontiguous rgions t iffrnt pths.  uniorm st o pth smpls provs suffiint or
orrt D wrping o h rgion, rsulting in signiint qulity improvmnt ompr to mthos
whih rly on urt D mols.

. Extracting silhouettes and depth samples

ur pproh rquirs pr-nnott silhoutts (Figur . ()) n  uniorm istriution o pth
smpls on h img (Figur . (,)), oth o whih n  provi y  vrity o pprohs. ur
or img-s rnring pproh is inpnnt o th mthoology us or proviing ithr o
ths.



. . Extrting silhouettes nd depth smples

() () ()

Figure . : () ilhoutts mrk t pth isontinuitis, () originl st o pth smpls otin rom th
, ronstrut D points (shown s lk pixls), n () uniormly istriut pth smpls s-

lt y our pproh. ot th rgions with no originl pth smpls r lso ill with nw smpls.

. . Silhouette selection

ilhoutts n  mnully uthor in h input img or omput (smi) utomtilly. orn
img sgmnttion lgorithms Arlz et al.,  n  us to xtrt img ounris uto-
mtilly. Consiring th importn o silhoutts or  vrity o pplitions (ojt rognition, D
ronstrution t.), sgmnttion thniqus hv n pt or xtrting silhoutts or olusion
ounris rom  singl img Hoim et al.,  or motion squns tin n Hrt, ; H
n uill, . Evn though th g mps rturn y ths pprohs r imprssiv, thy on
hv mny ls positivs whih n to  rmov mnully n missing gs hv to  mnully
. In ition, g-mps hv to onvrt to inry mps using  tst pnnt thrshol.
n, thy n to  onvrt into polygonl urvs using hining h n Chin,  n lin
sgmnt omposition .g., y Dougls-ukr lgorithm Dougls n ukr, . oisy g-
mps suh s thos in our sns n mk polylin pproximtion miguous.

 xprimnt with suh pprohs xtnsivly, oth y pplying thm irtly, n vloping
xtnsions.  osrv tht, in prti, sgmnttion ollow y th sm gr o usr intrtion
os not giv th sm ury s mnul uthoring n n tully tk longr thn irt mnul
g mrking. ls rr to Appnix A or  summry o our xtnsiv tsts n  omprison o
utomti mthos with mnul uthoring.

In viw o th ov, w prrmnul silhoutt uthoring ovr  omintion o sgmnttion n
usr intrvntion. nul uthoring took - sons or h img in our tsts. is is muh
str ompr to th tim n to mnully rt pixl-urt gomtry y hn. For ojts
suh s trs, suh gomtry rtion woul rquir  skill n xprin molr n vn thn
woul proly rquir hours o work.  llvit th n or mnul silhoutt mrking in th nxt
hptr y using img ovrsgmnttion (s Chptr ) n  iffrnt wrping strtgy.
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. . Depth sample selection

() ()

() ()

Figure . : () plt o ll input smpls with pth rnging rom grn (nr) to r (r) n splt siz 21 × 21,
() sm splt r rtining roun smpls, () sm splt r hol illing, n () outlir smpls with
wrong pth shown in lu ox.

 D point lou otin rom multi-viw stro Furukw n on,  n  projt
into input imgs to giv pth vlus t rtin pixls, whih w rr to s pth smpls.  gol o
pth smpl sltion is to rtin  uniorm istriution o pth smpls ovr th img, illing r-
gions tht hv w or no smpls n rmoving possily rronous smpls nr silhoutts or spulr
rgions.

Decimation  splt th D point lou with  lrg splt siz n pth tst nl.  ount th
numr o pixls tht h spltt pth smpl ovrs.  slt  sust o sir siz tht ovrs
th mximum numr o pixls (s Figur . (,)).  splt siz is not ritil s long s it is not too
smll; w us × in our xprimnts.



. . hpe-preserving wrp using D onstrints

Holeilling pth smpls rtin r imtion r spltt on th img. I  winowo n×n
pixls os not ontin ny spltt pth smpls, w mrk this winow s  hol.    smpl
whih projts insi this winow t th pth o nrst nighor smpl.  hoos n th sm s th
splt siz us rlir (s Figur . ()). It is importnt to not tht th nwly  pth smpls r
gnrt on  pr-img sis n r not photoonsistnt. y o not ugmnt th ronstrution;
thy simply provi onstrints or stilizing th img wrp sri in tion . .

Silhouette depth samples o voi mixing orgroun n kgroun smpls on ithr si o
th silhoutts, w onsrvtivly rmov ll xisting smpls within  smll istn o silhoutts n
rpl thm with smpls using th pth rom thir rsptiv si. is nsurs tht th silhoutts
lrly sprt smpls with iffrnt pths.  osrv this os not ompromis wrp ury
us suh rgions r too smll to ontin signiint pth grints.

Manual outlier removal is optionl stp is usul whn thr r mny smpls with inorrt
pths.ur intr shows smplswith olor o pths, whihmks it sy or th usr to intiy
suh outlirs (s Figur . ()). y n  rmov y  simpl slt-n-lt’ oprtion t ny
stg o th pross.

In our xmpls, D ronstrution prou , - , pth smpls or h img. sing
th pross sri ov, w rtin - smpls pr img.  osrv tht - K smpls
i not improv th wrp qulity n lss thn smpls l to wrping rtits.  optiml num-
r o smpls tully pns on sir output img rsolution. A highr sir lvl-o-til
woul rquir mor onstrints or th wrp, hn mor smpls.  ntir pross, inluing usr
intrtion (i n), took out minuts or  tst o imgs.

. Shape-preserving warp using D constraints

Givn  novl viw, xprss y  mr projtion mtrix CN, our gol is to wrp th input imgs
I1, I2, … , Ik so tht thy mth th tul sn s it woul hv ppr in tht viw s ithully s
possil.  thn us th wrp imgs in th rnring piplin (s tion . ).

Dnot y Ci th mr projtion mtrix o input img Ii. I w knw th mppingUi rom vry
pixl x ∈ Ii to th orrsponing Dpoint p, i..Ci(p) = Ci(Ui(x)) = x, thn thwrp o img Ii into th
nw viw woul  simply CN ∘Ui. Howvr, w o not hv  ns pr-pixl D ronstrution o th
sn. n th ontrry, w wish to us only  smll st o pth smpls or fftiv img wrping. 
thror rpl th pr-pixl wrp ov with  sprs st o onstrints on pixl positions n  wrp
prior tht itts th wrping untion to  smooth (xpt t (is)olusions) n lolly prsrv
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Figure . : rp msh tringl or n r  similr trnsorm.  lol oorint rm{(v2 − v1) ,R90 ⋅ (v2 − v1)} tth to th tringl is shown in grn.

th shp o th img ontnt.  hnl olusions y xpliitly moling th sir wrp hvior
long silhoutts, s will  sri in tion . . . ogthr, th positionl onstrints n wrp
hvior priors in n nrgy untionl whih w minimiz to wrp th input imgs.

Setup In orr to omput th vritionl wrp, w isrtiz th img omin y ovrlying  tri-
ngl msh on img Ii. Eh  o th wrp msh hs or mor pth smpls.  not th input
wrpmsh vrtis y v n thir wrp positions y ṽ, whih r th unknowns in th wrp optimiz-
tion.  in th vritionl wrp s  linr optimiztion; th ull wrp n  omput y solving
or wrp vrtx positions ṽ n rnring th wrp msh with th originl txtur oorints.

Reprojection energy ll tht th pth smpl prprossing stp rom tion . gv  sprs
st �i o uniormly istriut pth smpls or h input img. For h pth smpl D[x], w
lot th tringl T o th wrp msh tht ontins th pth smpl. Dnot th vrtis o T y(v1, v2, v3) n lt th ryntri oorints o th lotion o th pth smpl t pixl x in tringl
T  ( , , ):

x = ⋅ v1 + ⋅ v2 + ⋅ v3 ( . )

 rprojtion nrgy msurs th istn twn th wrp position o th pth smpl n
th il rprojt lotion using th novl viw mtrix CN:

Ep[x] = ‖ ⋅ ṽ1 + ⋅ ṽ2 + ⋅ ṽ3 − CN ⋅ C−1
Ii

⋅ D[x]‖2 ( . )

whr C−1
Ii

is th k-projtion mtrix o img Ii.



. . hpe-preserving wrp using D onstrints

Shape preserving energy o minimiz th istortion us y th wrp, th wrp must  lolly
shp-prsrving.  thror us  similrity nrgy trm, suh tht th trnsormtion o h msh
tringl is s los s possil to  similrity trnsormtion. Anlogous nrgy trms wr us in Liu
et al., ; hng et al., ; ng et al., . Consir  msh tringl T with vrtis (v1, v2, v3)
n tth  lol orthogonl rm to it: {(v2 − v1) ,R90 ⋅ (v2 − v1)}, whr R90 is  ountrlokwis
rottion y grs. Assum tht v1 is th origin o th lol rm; v2 n thn  xprss simply
s (1, 0) in th lol oorint systm s shown in Figur . , n v3 s (a, b) givn y:

a = (v3 − v1)T ⋅ (v2 − v1)‖v2 − v1‖ ,
b = (v3 − v1)T ⋅ R90 ⋅ (v2 − v1)‖v2 − v1‖ ( . )

s lol oorints n  us to xprss h vrtx o th tringl s  linr sum o th sis
vtors o th lol rm:

v1 = v1 + 0 ⋅ (v2 − v1) + 0 ⋅ R90 ⋅ (v2 − v1) ,
v2 = v1 + 1 ⋅ (v2 − v1) + 0 ⋅ R90 ⋅ (v2 − v1) ,
v3 = v1 + a ⋅ (v2 − v1) + b ⋅ R90 ⋅ (v2 − v1)

As th tringl unrgos  similrity trnsorm, th lol oorint rm rmins orthogonl n
lol oorints (a, b), omput rom initil positions, rmin th sm.  inl vrtx position ṽ3

n  xprss s  untion o lol vrtx positions n inl position o othr two vrtis ṽ1 n
ṽ2.  similrity nrgy trm n thus  xprss s:

Es[T] = ‖ṽ3 − (ṽ1 + a ⋅ (ṽ2 − ṽ1) + b ⋅ R90 ⋅ (ṽ2 − ṽ1))‖2 ( . )

. . Silhouette-aware warp

 nrgis sri so r r smooth n shp-prsrving vrywhr. Howvr, th wrp shoul
hv isontinuitis in th viinity o silhoutts us o th pth isontinuitis. hn onsir-
ing  smll nighorhoo roun  silhoutt g, th wrp my hv  isontinuity prpniulr
to th g (to mimi (is)olusion) whil rmining shp-prsrving in th tngnt irtion. 
mol this hvior y onptully insrting  nrrow n highly lsti n prlll to th silhou-
tt tht is llow to sor hvy istortion u to isontinuity (s Figur . ()).  shp o th
silhoutt itsl, on th othr hn, is prsrv y ing  urv-similrity nrgy trm sri -
low, thus voiing istortion o orgroun ojts. In orr to proprly isrtiz th img omin
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Figure . : () Constrin onorml tringultion us s wrp msh with onstrin silhoutt polylins
shown in r, n () two prlll onstrin polylins (shown in r)  or th silhoutt polylin. Any
thr onsutiv vrtis on ithr o ths polylins orm n glt.  tringls wg twn ths gs
orm th lsti n.

n ormult th silhoutt-spii nrgy, w tk ll th silhoutt polylins (rom tion . ) n
uplit thm, offstting th rsulting prlll gs y pixls (s Figur . ()).  rt  on-
strin onorml Dluny tringultion whr th oul silhoutt gs r th onstrint gs
(s Figur . ()). All tringls twn silhoutt lins long to th elastic band n r xlu
rom th nrgy trm shp-prsrving nrgy in Eqution . , thus llowing th n to  lsti.

o prsrv th shp o th silhoutt itsl, w rquir th silhoutt urv to lolly unrgo 
shp-prsrving trnsormtion.  nrgy ormultion is similr to Eqution . , ut it is in
on th silhoutt urv this tim, inst o  D rgion. Consir thr onsutiv vrtis lying on
th urv, inx w.l.o.g. s e = (v0, v1, v2).  ll suh  squn o two urv gs n edgelet
(s Figur . ()). A similrity trnsormtion o th glt emns tht th ngl θ twn th two
gs, s wll s th lngth rtio ‖v0 −v1‖/‖v2 −v1‖, rmins th sm.  n thror writ th urv
similrity nrgy trm s:

Eb[e] = ‖(ṽ0 − ṽ1) − (‖v0 − v1‖‖v2 − v1‖) ⋅ Rθ ⋅ (ṽ2 − ṽ1)‖2 ( . )

whr Rθ is th 2 × 2 rottion mtrix tht rotts th g (v2 − v1) onto (v0 − v1).  fft o th
ov silhoutt-wr isontinuous img wrp is shown in Figur . .  smooth wrp sri
in tion . will us hvy istortion nr pth isontinuitis (s Figur . (,)).

Liu et al.   us nrgis Ep n Es lon whih woul llow homognous istriution o th
hvy istortion ovr th ntir img. In ontrst, our silhoutt-spii nrgy trm Eb prsrvs th



. . hpe-preserving wrp using D onstrints

Figure . : op row: An input img wrp to iffrnt novl viws without ny silhoutt hnling. Bottom
row: m img wrp to sm viws using our silhoutt-wr isontinuous wrp.  lsti n tht
sors ll th istortion is shown in r.

lol shp o th silhoutts y soring ll th istortion in th elastic n. hn pixls om
olu, th lsti n nls urt msh ol-ovr long th silhoutt. hn pixls r is-
olu, th lsti n strths without orming th silhoutt (shown in r in Figur . (,)).
s ns r ltr ill using txtur rom  iffrnt img in th inl rsult (xplin in -
tion . ). us, our img wrp is roust to wi-slin (is)olusion.
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. . Total warp energy

 optiml wrp minimizs th wight sum o th rprojtion, similrity n silhoutt nrgis
rom Equtions . , . n . ):

Ei = wp ∑∀x∈�i

Ep[x] + ws ∑∀T∈�i

Es[T] + wb ∑∀e∈ℰi

Eb[e] ( . )

Hr, �i is th st o ll pth smpls, �i is th st o ll wrp msh tringls n ℰi is th st o
glts o img Ii.  us th rprojtion Ep n silhoutt nrgy Eb s strong onstrints whih
gui th optimiztion n th shp prsrving trm Es s  wk rgulrizr to prvnt istortions
on ll tringls outsi th lsti n. us, w st wp = wb = 2, ws = 0 (or lsti n tringls)
n ws = 1 or tringls outsi th lsti n. Evry input img Ii hs its own wrp msh n n
ssoit linr systm Ei; w us pn to wrp multipl imgs on prlll ors.

 nrgy Ei is qurti in th unknown wrp vrtx positions ṽ; w thror it hs  uniqu
minimum tht is oun y solving th sprs linr qution ∇Ei = 0. us th irt sprs Cholsky
solvr  olo, . ot tht th systm mtrix os not hng or novl viw prmtrs
viws sin only th right-hn si o th linr systm hngs.  thror promput th mtrix
toriztion n only prorm k-sustitutions t runtim.

In our xprimnts, w oun n initil × wrp msh to  suffiint or × pixl output
rm rsolution. is smpling is lolly rin to insrt th silhoutt gs, s sri ov. 
omput th inl onstrin onormlDluny tringultion usingC inu, . Finlly, th
wrp mshs r rt y rnring th wrp mshs using originl vrtx positions s txtur
oorints.

. Rendering

o synthsiz  novl viw, w irst slt  st o our imgs whih n  us or ll pixls in th inl
img.  osrv tht thr to our input imgs r suffiint to synthsiz  novl viw.  wrp
ths imgs to th novl viw using our wrp ormultion rom tion . . thn omput lning
wights o th ontriution rom h wrp img t h pixl in  pixl shr n rtin th st
two nits.  inlly ln th nits using wights whih r vry similr to unstrutur
lumigrph rnring Buhlr et al., , xpt tht w us pr-pixl lning. Buhlr et al.  
omput lning wights t wrpmsh vrtis only n us stnrpnGL ilinr intrpoltion
to otin lning wights or h pixl whil w omput th lning wights or h pixl irtly
in  pixl shr; this givs ttr rsults s ompr to th originl pproh.
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gradient map for Poisson synthesis

for Poisson
synthesis

Figure . : nring piplin. () rp imgs, () omposit txturs ℛ0 n ℛ1. ixls rom sm wrp
img r shown in sm olor. () ℛ gnrt y lning rom ℛ0 n ℛ1. () oisson synthsis output ℛ′
using ℛ s Dirihlt onstrints n grint � rom ℛ0.

c
ic

n

Novel view

Input view

Geometry

x

θ

p
n
(x)

() ()

Figure . : () Angl θ us or omputing th pnlty Png( ̃Ii, x), n () wrp img showing pixls outsi
th wrp msh in lu n pixls insi lsti n in r.

Blending weights For h pixl, w slt th st two imgs or lning using  pnlty shm
inspir y Buhlr et al., . Consir pixl x o th novl viw with ntr o projtion cn n 
wrp input img ̃Ii whos ntr o projtion is ci. Lt pn(x)  th point whr th ry shot rom
cn through pixl x intrsts th sn gomtry.  rquir gomtry is gnrt y spltting ll
D points s pth smpls into th novl viw; hols r voi y tringulting pth smpls. ot

tht this gomtry is typilly muh orsr thn  gomtri proxy gnrt y D ronstrution
Furukw n on,  n sur xtrtion Kzhn et al., . Howvr, our pproh is
roust to gomtri inuris us this gomtry is only us or omputing lning wights.
 us th ngl twn (cn − pn(x)) n (ci − pn(x)) s n ngl pnlty (s Figur . ()).  lso
in  il-o-viw pnlty tht hks whthr th pixl lis insi th wrpmsh ̃Ii (shown in lu in
Figur . ()). ur lst trm pnlizs lsti n pixls us th txtur in suh rgions is xpt
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to  hvily istort (shown in r in Figur . ()).

Png( ̃Ii, x) = ros (⟨cn − pn(x), ci − pn(x)⟩)
Pov( ̃Ii, x) = { ∞ i x lis outsi th wrp msh,

0 othrwis

Pe( ̃Ii, x) = { ∞ i x lis insi th lsti n,
0 othrwis

( . )

 inl pnlty is givn y

P( ̃Ii, x) = Png( ̃Ii, x) + Pov( ̃Ii, x) + Pe( ̃Ii, x) ( . )

 us prptully-s guilins rom Chptr tht xssiv lning us y unstrutur
lumigrphwights n  ojtionl. st rsults r otinwhn only two imgs r ln
or h pixl in th novl viw (s tion . . ). In orr to ln only th two most suitl imgs
t h pixl, w rt two txturs ℛ0 n ℛ1, whr ℛ0 is ompos o pixls hving th lowst
pnltis rom ll wrp imgs ̃Ii n ℛ1 th son lowst. Contiguous loks o pixls look up
rom th sm wrp img r shown in iffrnt olors or ℛ0 n ℛ1 in Figur . .  omput
lning wights rom pnltis n stor thm in th lph hnnls o ℛ0 n ℛ1, rsptivly:

wℛ0
(x) = 1 − Ψ ⋅ (P(ℛ0, x)

P(ℛ1, x)) , whr Ψ ∈ [0, 1]
wℛ1

(x) = 1 − Ψ ⋅ (P(ℛ1, x)
P(ℛ1, x)) = 1 − Ψ ( . )

 txturs ℛ0 n ℛ1 r lph ln to giv th txtur ℛ.  gin us th huristi o mini-
mizing lning rom tion . . n introu n xtr tor Ψ tht mpliis th iffrn in th
pnltis o ℛ0 n ℛ1, thry ruing th gr o lning. For xmpl, Ψ = 1 woul us wℛ1

to lwys rmin 0. I th rtio o pnltis P(ℛ0):P(ℛ1) is : , stting Ψ = 0.87 woul us th rtio
o wights wℛ0

:wℛ1
to om . : . is grtly rus th ontriution o ℛ1 vrywhr xpt

whr its pnlty is vry los to tht o ℛ0. In ll xmpls prsnt hr, w hv us Ψ = 0.87,
whih givs goo rsults in ll our xmpls.

Poisson synthesis  ln txtur ℛ my hv sptil isontinuitis.  pth ounris or
sms o ℛ0 n ℛ1 my rmin visil, spilly th lsti n rgions whr th txtur origints
rom n img with sustntilly iffrnt viw. o rt  ttr inl output img, w us oisson
synthsis to inpint th sm rs mor grully.  rt th grint mp � rom ℛ0, n its
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ivrgn mp iv � . ot tht oth txturs ℛ0 n ℛ1 ontin ontiguous pths o pixls look
up rom th sm input imgs.  grint insi ny o ths pths is th sm s th grint o
th originl img, whih hlps rtin risp til.  or th grint o th inl img ℛ′ to 0 or
ll pixls lying on pth ounris ℬ0 o ℛ0, whih mounts to smooth ompltion o thos rs. 
synthsiz th inl output y solving th oisson qution:

∇2ℛ′ = iv � sujt to ∇ℛ′|ℬ0
= 0 ( . )

 initiliz th oisson synthsis with th ln rsult ℛ n prorm  w multigri Joi itr-
tions. is hlps smoothn pth ounris n limints ghosting gs us th grint mp
is rt rom txtur ℛ0. is n  sn in th inst o Figur . (right). ur pproh thus prrs
smooth sptio-tmporl trnsitions ovr lning mor imgs.

. Results

o provi ir omprisons, w omin stt o th D ronstrution Furukw n on, ;
Kzhn et al.,  with th st st o thniqus vill or r viwpoint wi slin img-
s rnring.  us unstrutur lumigrph Buhlr et al.,  rnring with pr-pixl ln-
ing, in ontrst to vrtx lning us in th originl mtho.  urthr  visiility hking lgo-
rithm Eismnn et al.,  to giv olusion hnling.  us this hyri pproh or omprisons
with our rsults in Figur . n . (s lso vio ). Givn th lk o urt gomtry or or-
groun ojts, prvious pprohs hv ghosting rtits n inorrt olusion hnling. isiility
hking os not llvit olusion rtits us th proxy us or rting visiility mps is r-
ronous.

 prsnt th rsult o our pproh on hllnging tsts whih nnot  ronstrut u-
rtly. Cstl- is  stnr multi-viw stro tst trh et al.,  with  orgroun ojt
(trtor) in vry wi slin imgs. iwis-plnr ronstrution inh et al.,  givs un-
ptl rtits on th trtor. Aqurium- hs multipl orgroun ojts t iffrnt pths,
whih r known to  iffiult to hnl hjn et al., . trt- n r- show our rsults
or gnrl urn sns with vhils n trs. r- tst h mny inorrtly ronstrut
points on th tr, whih wr mnully rmov.  prsn o vgttion mks D ronstrution
n sur xtrtion vry iffiult; mnully moling suh sns is lso vry iffiult n tious.
 slins in our tsts vry rom pixls (  o img hight) in Aqurium- ; pixls
( ) in trt- to pixls ( ) in Cstl- . ith miniml usr input, our pproh gnrts

sults vio: http://vimeo.com/ 0

http://vimeo.com/62038846
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Figure . : Comprison o our rsult (l) with prvious pprohs (right) on Cstl- , trt- , Aqurium-
tsts (top to ottom).
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Figure . :Comprison o our rsult (l) with prvious pprohs (right) on r- , llowhous- tsts
(top to ottom).

muh improv novl viws rom  r viwpoint mr pth vn or poorly ronstrut tsts.

Performance  tst our mtho on n Intl on ( . Ghz) running inows with n 
uro G. tting up th wrp msh n toring th linr systm or h input img with
 tks - sons. At run tim, wrping input imgs on prlll ors tks - ms. 
ovrll rm rt is - F or × siz rnr trgts.

Dtset Input imges roxy size ur pproh
Cstl- . B . B
trt- . B . B
r- . B . B
Aqurium- . B . B
llowhous- . B . B

le . : torg or th proxy us y Dmol s pprohs Buhlr et al.,  ompr to th storg
rquirmnts o our pproh. roxy sizs rmshs (vrtis/s) without normls/olors/txtur oorints
in ACII .obj ormt.
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Storage urmtho rquirs th storg o - pth smpls pr img. In ontrst, til
proxis n  quit lrg or omplx sns. (s l . ).is is n importnt onsirtion or ity-
sl pplitions.

. Limitations

 most importnt limittion o th pproh is tht it rquirs mnully mrk silhoutts. ur
xprimnts with sgmnttion pprohs tin nHrt, ; H nuill, ; Arlz et al.,

 (s Appnix A) show tht ths pprohs r not irtly pplil prtly us thy r
nvr  urt n prtly us w n silhoutt polylins to insrt into th wrp msh whil
ths pprohs only provi highly irrgulr ontours.

 wrp th ull img s  linr systm whih is rl tim ut th systm is rthr ig n slow to
toriz t th strt o th pplition. Also, th onorml Dluny tringultion n  numrilly
unstl t th juntion o multipl silhoutts.  glol wrp lso rsults in istortions whn th
novl mr is mov signiintly wy rom th input mrs (s Figur . ), rstriting th r
viwpoint nvigtion zon.  tringultion is lso iffiult to stup or vry thin orgroun ojts
lik rilings. Lstly, th glol wrp ssums tht th omplt sn is in ront o th viwing position
us projtion o ny pth smpl in  viwpoint tht is in ront o itsl givs unpritl rsults,
using th rprojtion nrgy (Eqution . ) n hn th omplt wrp to xplo. glol wrp
os not llow th systm to ignor suh ss, hn th viwpoint n nvr “wlk into” th sn, this
is shown in Figur . .  prsnt  iffrnt pproh rssing ths limittions in th ollowing
hptr.



Chapter

Depth Synthesis and Local Warps for

Plausible Image-based Navigation

 silhoutt-wr wrp pproh sri in Chptr n gnrt plusil novl viws rom
sprs irrgulr pth mps. It lso rsss th ll importnt issus o silhoutts n olusion hn-
ling y  omintion o img wrping n mnul silhoutt sltion. Howvr, this mnul stp
is th most importnt limittion. In ition, this pproh involvs  ull img wrp whih involvs
solving  lrg linr systm tht n  slow n numrilly unstl t tims. glol wrp lso r-
strits th r viwpoint pilitis us it prous xggrt istortions whn th novl mr
is mov signiintly wy rom th input mrs.

onthlss, th silhoutt-wr wrp provs tht shp-prsrving wrps r vry fftiv t hn-
ling sprs pth mps. In this hptr, w uil upon this insight n sign  ompltly utomt
lightwight pproh s on img ovrsgmnttion n lol shp-prsrving vritionl wrp.
 irst ovrsgmnt Ahnt et al.,  th input imgs, rting suprpixls o homognous
olor ontnt whih prsrv pth isontinuitis.  thn introu depth synthesis or poorly ron-
strut rgions y uiling  grph on th suprpixl sgmnttion. uprpixls llow our lgorithm to
oth intiy rgions rquiring pth synthsis n to in pproprit pth xmplrs.  thn pply
 lol shp-prsrving wrp on th suprpixls whih rprous ll th vntgs o th silhoutt-
wr wrp.  improv th rnring lgorithm o silhoutt-wr wrp to urthr ru ghosting
rtits.  min ontriutions r irstly,  pth synthsis lgorithm whih provis pth smpls
in poorly ronstrut rgions, n sonly,  lol shp-prsrving wrp n rnring lgorithm
tht uss th synthsiz pth n ovrsgmnttion to gnrt plusil novl viws.

It is importnt to not tht th gol o our pth synthsis is not to prou photoonsistnt pth.
 gol is to prou plausible pth n us it within th shp-prsrving wrp to prou plusil,
though not physilly urt novl viws, vn whn th usr is r rom th input mrs.  hv
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ppli our pproh to iffrnt sns (s Figur . ), inluing on rom iroso hotosynth
n two rom ollys et al., .  monstrt intrtiv nvigtion sssions or ll sns,
whih show tht our pproh pushs th limits o img-s rnring to r viwpoint nvigtion
n omplx urn imgry. At th sm tim, our pproh is lso mor sll n omputtionlly
lightr thn  vrity o prvious pprohs inluing Eismnn et al.,  n silhoutt-wr
wrp (Chptr ).

. Overview

Preprocessing ur input is  smll st o - imgs tkn rom multipl viwpoints.  prpro-
ss th input t using off th shl omputr vision pprohs.  irst lirt th mrs using
nvly et al.,  n ronstrut th sn using multi-viw stro Furukw n on, .
 projt th D point lou into input imgs to otin  st o projt pth smpls in h im-
g.  thn ovrsgmnt Ahnt et al.,  ll th input imgs rting suprpixls tht lint
rgions o homognous olor ontnt n prsrv pth isontinuitis. ur img-s rnring
pproh is inpnnt o th hoi o ronstrution n sgmnttion pprohs; w hoos th
stt o th rt or ths tsks.

ur pproh hs two min stps: pth synthsis n local shp prsrving wrp, ollow y 
thr pss rnring lgorithm.

Depth synthesis kymotivtion or this stp is tht vn r using th st ronstrution, thr
n  signiint rgions with no pth. ost piwis plnr stro inh et al.,  n img-
s rnring lgorithms Gosl et al.,  ignor suh rgions ompltly. Inst o isring
suh rgions, w synthsiz plausible pth suitl or img-s rnring, whih is not nssrily
photoonsistnt.  ovrsgmnttion n projt pth llow us to intiy poorly ronstrut
suprpixls in h img. Dpth synthsis ills in poorly ronstrut suprpixls using pth rom
“similr” suprpixls o th img.  rt  grph strutur with suprpixls s nos n in 
rul trvrsl o th grph whih llows us to intiy st mthing suprpixls in trms o olor n
sptil proximity.  kp th thr st mthing suprpixls n intrpolt th pth rom ths
suprpixls to   smll st o nw pth vlus into th originl poorly ronstrut suprpixl.
s st mths r gnrlly not immit sptil nighors. us, our pth synthsis is pl
o prorming non-lol intrpoltion tht prsrvs pth isontinuitis provi y th suprpixl
rprsnttion.

 pth synthsis os not ugmnt th D ronstrution us th nw pth smpls r
not lwys photoonsistnt.y srvs s pproximtions suitl or plusil img-s rnring
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within  rgulriz rmwork lik our shp prsrving wrp.

Local shape preserving warp uprpixls now ontin ronstrut pth rom multi-viw stro
or plausible synthsiz pth.  pth smpls my  inurt or noisy or not photoonsistnt;
rprojting thm will l to visil rtits in rnring. o llow plusil novl viws, w prorm
 local shp-prsrving wrp on h suprpixl iniviully, in ontrst to Liu et al.,  n th
silhoutt-wr wrp (Chptr ) whih wrp th ntir img. uprpixls orrspon to wll-in
rgions o homognous olor ontnt, n thus giv goo rsults with our lol shp-prsrving wrp.

Rendering nring is hiv with  thr-pss lning lgorithm.  irst slt our input
mrs losst to th novl mr, n wrp ths imgs to th trgt viw.  our wrp imgs
r thn ln, with wights spii y mr orinttion ut lso th rliility o pth inorm-
tion in h wrp suprpixl. Finlly, w ill hols with oisson synthsis érz et al., .

 prsnt n xtnsiv st o xmpl sns, ll ontining hllnging rgions whih stt o th
rt multi-viw stro ronstruts poorly. ur lgorithm llows plusil nvigtion or suh sns.
 lso ompr to th two most rlvnt rnt img-s rnring lgorithms Eismnn et al.,

; Gosl et al.,  n th silhoutt-wr wrp (Chptr ). ur pproh iminishs mny
o th rtits o ths mthos n provis vry onvining nvigtion xprins.

. Depth synthesis

ur input is  st o imgs o  givn sn, tkn rom iffrnt viwpoints. Ar D ronstrution,
w us Ahnt et al.,  to ovrsgmnt h input img, n ffiint lgorithm tht givs supr-
pixls o pproximtly qul siz n with rgulr shps (s Figur . ()), unlik Flznszwl n
Huttnlohr,  whih givs suprpixls o highly irrgulr shps n sizs u to lk to sptil
omptnss.

 not th st o ll suprpixls in n img y � = {Si}i∈{0…n−1}.  projt th ronstrut
D points into th img, suh tht th pth t pixl x is not y D[x] (shown in Figur . ()).

 st o pth smpls insi h suprpixl is thus � [Si] = {x ∈ Si | D[x] > 0}.  istinguish
two lsss o suprpixls: thos ontining lss thn 0.5% ronstrut pixls, whih w ll target
superpixels (shown in grn in Figur . ()) n ll othrs whih w onsir to hv rlil pth.

ur gol is to synthsiz plusil pth or  suffiint numr o points in h trgt suprpixl.
 o this y intiying  st o source superpixels, whih r sptilly los n shoul illy long
to th sm ojt in th sn s tht o th trgt suprpixl. In ition, our gol is to hv  ully
utomti lgorithm whih rquirs no sn pnnt prmtr tuning.
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() ()

() ()

Figure . : () Input img, () suprpixl ovrsgmnttion, () projt pth smpls, n () target superpix-
elsmrk in grn. suprpixls mrk in orng oul not  ssign pth rlily y our pth synthsis
stp (tion . . ). s r mrk s hols.

r r svrl wys to hiv this gol; two smingly strightorwr pprohs inlu o-
jt lssiition n intrpoltion/upsmpling o xisting pth. jt lssiition pprohs An-
rtto et al.,  giv rmrkl rsults on som lsss o ojts, suh s mn-m struturs,
nimls, humns, t. Howvr, or luttr sns suh s ours, whih on inlu vgttion, r-
sults n  lss rlil. In ition, our xprimnts with .g., Anrtto et al.,  init vry
high omputtion tims. ls rr to Appnix A or xprimnts with stt o th rt sgmnttion
lgorithms.

Intrpoltion thniqus hv n us or rgions with suffiint pth nsity (.g., Gosl
et al., ). For rgions with vry sprs pth, ths thniqus rsult in silhoutt lttning n
ovr smooth pth mps whih iminish prllx ffts uring rnring.

 propos n ffiint n roust pproh whih omins img ontnt similrity n sptil
proximity in th hoi o sour suprpixls mploy to synthsiz pth.  irrgulr shp o su-



. . Depth synthesis

(a) (c)(b)

Figure . : Dpth synthsis lgorithm. () rgt suprpixl (r) n th st o similr nighors (yllow) in
 olor-ontnt sns. () uprpixl grph omput y trting h suprpixl s  no n ing gs
twn jnt suprpixls with g lngth qul to th χ2 istn twn thir L histogrms.  g
lngth nnott in r is  high us o high olor iffrnwhil thos in yn r low. () stmths
(yn) slt y th shortst wlk lgorithm using th suprpixl grph.

prpixl ounris rquirs inition o pproprit istn mtris n srh strtgis oth or
img ontnt n or sptil proximity.  us histogrm omprison to intiy suprpixls with
similr img ontnt n  grph trvrsl pproh to provi  roust n prmtr-r lgorithm.
Dpth vlus within trgt suprpixls r synthsiz using n intrpoltion pproh s on th
istriution o pths in th sour suprpixls.

. . Computing similar superpixels

 irst omput  st o “most similr” suprpixls or h trgt suprpixl. Among mny similrity
mtris or msuring th ffinity o irrgulr img rgions, Grunmnn et al.   hv sussully
us χ2 istn twn L histogrms o suprpixls in orr tomsur olor similrity. thrmt-
ris lik sum o squr iffrns (D) r lss suitl or irrgulr shps n sizs o suprpixls.
suring vrg olor o  suprpixl prorm wors thn L histogrm istn. ror, 
onvrt th img into L sp n rt sprt histogrms or h suprpixl with ins in
h o L, A n B xs.  ontnt th histogrms to giv  D sriptor ℋ [Si] or h supr-
pixl Si ∈ � .  omput th nrst nighors o h trgt suprpixl rom ll suprpixls lry
ontining pth smpls using th histogrm sriptors sp with χ2 istn mtri. is givs 
st o “most similr” suprpixls � [Si].  kp th most similr suprpixls, shown in yllow in
Figur . () or th trgt suprpixl shown in r.  ssum tht ny signiint ojt woul 
roun  o img r, quivlnt to - suprpixls.  xprimnt sussully with -
most similr suprpixls; highr numrs nlssly inrs omputtion.



Chpter . Depth ynthesis nd Lol Wrps for lusile Imge-sed Nvigtion

. . Shortest walk algorithm

s nighoring suprpixls n long to vry iffrnt ojts or r off rgions o th sm ojt
in rih urn sns. is n our us o txtur-lss rhittur, stohsti txtur (.g., trs,
hgs) or txtur rptition (.g., winows) s shown in Figur . ().  rin � [Si] y slting th
sptilly losst suprpixls. Howvr, th irrgulr n highly non-onvx shps o suprpixls mk
Eulin istn twn suprpixls vry miguous.orovr, th siz o th sptil nighorhoo
is lso miguous us o th vrying sizs o suprpixls.

 rsolv th ov miguity using  grph trvrsl lgorithm.  rt  D suprpixl grph
y ing gs twn ny two suprpixls whih shr  ommon ounry (s Figur . )().
 ssign th g lngth twn two suprpixls s th hng in olor.  us th χ2 istn -
twn L histogrms tomsur hng in olor ontnt.us, two suprpixls with vry similr olor
ontnt will hv  short g, s nnott in yn or two suprpixls on th wll in Figur . (). im-
ilrly, ny two suprpixls on iffrnt sn ojts r likly to hv iffrnt olor ontnt n thus 
high g lngth, s nnott in r in Figur . ().  omput th shortst pth twn target su-
perpixel STi n h source superpixel Sj ∈ � [STi ], whih nots th pth twn th two suprpixls
involving th lst hng in olor long th pth. is pth is omput y minimizing th pth ost C
ovr ll possil pths rom STi to Sj.

C(STi −→ Sj) = | |−1

∑
t=1

d(ℋ [ (t)], ℋ [ (t + 1)]) ( . )

C̃(STi → Sj) = min∈Γ[STi →Sj]C(STi −→ Sj) ( . )

whr Γ[STi → Sj] is th st o ll pths rom trgt suprpixl STi to Sj, is on suh pth o lngth | |
suh tht (0) = STi n (| |) = Sj, C(Si −→ Sj) is th ost o pth , n d(⋅, ⋅) is th χ2 istn twn
histogrms.  implmnt th ov using th Dijkstr shortst pth lgorithm whr th g wight
twn two suprpixls is th χ2 L histogrm istn.

 omput C̃(STi → Sj) or ll Sj ∈ � [STi ] n hoos  st o thr suprpixls ̃� [STi ] with th
smllst pth osts.  thn plot th histogrm o pth smpls ontin in ∪Sk ∈ ̃� [STi ]. A singl
strong pk in th pth histogrm or two ontiguous pks (s Figur . (),()) init tht ll
Sk ∈ ̃� [STi ] r t similr pths n n  rh rom STi without rossing olor isontinuitis,
whih mns tht th suprpixls r likly to long to th sm ojt.  otin similr rsults
or - suprpixls with smllst pths osts; numrs highr thn on gv multipl pks in th
pth histogrm .g. Figur . (). I th inl pth histogrm hs mor thn two pks or split pks
(s Figur . ()), thn th suprpixls slt y our shortst wlk lgorithm most likly long
to iffrnt sn ojts.  ignor suh suprpixls or th momnt.  us n itrtiv pproh:
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Figure . : op: trgt suprpixl in yllow n th source superpixels ̃� [STi ] in lu. Bottom: orrsponing
pth histogrms o ̃� [STi ]. Dpth histogrm or th irst hs  singl pk initing rlil pth. plit pks
in th son init tht source superpixels hv pth rom  iffrnt sn ojts. is is tru or th sour
suprpixls t th tr silhoutt whih ontins D points rom th wll hin th tr (s Figur . (l)).

suprpixls ill in  prvious itrtion r us to  pth to rmining suprpixls in th nxt
itrtion.  lgorithm stops whn no mor suprpixls n  ssign pth smpls. I no pixls
o  prtiulr sn ojt wr originlly ronstrut, th suprpixls o suh n ojt will in
sour suprpixls rom othr ojts n th inl pth histogrm is most likly to rmin unrlil.
 isr suprpixls with multipl split pks n mrk thm s hols (s Figur . ()).

ot tht w oul inorport sptil istn n L histogrm istn in  singl mtri y
wighing thm ppropritly, ut this woul involv tuning th wights rully or h tst -
pning on img ontnt, ojt shps, t.

. . Interpolating depth samples

 now intrpolt pth smpls rom th source superpixels ̃� [STi ].  rt th omin his-
togrm o pth smpls rom ll sour suprpixls.  thn rt th joint proility istriution
o pth smpls y normlizing th histogrm in siz y th totl r unr th histogrm.is givs
th pproximt proility nsity untion (DF) o pth smpls. sing th DF s intrpoltion
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Figure . :ur pth synthsis s smpls with plusil pth (right) vlus to poorly ronstrut rgions
shown in th l igur (n Figur . ()).

wights utomtilly ttnuts th fft o noisy pth smpls.  intrpolt th invrs o pth
vlus, s pth is invrsly proportionl to isprity Gosl et al., .  inl invrs pth t
pixl x o STi is givn y:

1
D[x] = ∑

Sk∈ ̃� [STi ] ∑
y∈� [Sk]P(D[y]) ⋅ ‖x − y‖−2 ⋅ D−1[y]

∑
Sk∈ ̃� [STi ] ∑

y∈� [Sk]P(D[y]) ⋅ ‖x − y‖−2

( . )

  - pth smpls t rnom pixls in STi .  rsult or th xmpl in Figur . () is shown
in Figur . .  got similr rsults or - pth smpls; highr numrs inrs th siz o th
wrp optimiztion.

Furukw n on  , lik ny multi-viw stro pproh, o not ronstrut sky rgions.
 intiy suh rgions using th pproh sri in Appnix B n ssign thm th prntil
pth o th img or pplying th ov pth synthsis. is is n optionl stp rquir i thr
r signiint sky rgions.

. Local warping of superpixels with depth samples

Dpth smpls rom multi-viw stro n  noisy, spilly nr silhoutts. In ition, our synth-
siz pth is only plausible rthr thn photoonsistnt or urt. Consquntly, irt rprojtion
o suprpixls using ths pth smpls, .g., using th io sh t strutur Chn et al., ,
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Figure . : L: uprpixl sgmnttion showing suprpixls t multipl pths s wll s pth smpls on-
tin insi h suprpixl (shown s whit ots).il: rgulr gri whih is us s wrpmsh, ovrli
ovr h suprpixl. ight: rp suprpixls n gri or  novl viw. rping h suprpixls inpn-
ntly prsrvs ll silhoutts. ot how kgroun suprpixls sli unr orgroun.

will rsult in isturing rtits.  monstrt ths prolms in th tion . .

o llvit ths prolms, w opt  vritionl wrp pproh to rgulriz th inl fft o
pth smpls. In ontrst to prviousmthos Liu et al.,  n tion , w o notwrp th ntir
img, ut prorm n iniviul lol wrp or h suprpixl, whih llows muh mor rom to
nvigt in th sn n rus som rtits (s Figur . n . ).

At h rm, w wrp h suprpixl o h img individually to th novl viw with projtion
mtrix CN. ur wrp stisis two nrgy trms in  lst-squrs sns:  reprojection energy t h
pth smpl tht is rprojt into th novl viw, n  shape-preserving energy or rgulriztion
trm or h wrp msh tringl tht prsrvs th shp o th suprpixl uring th wrp.

 rt n xis-lign ouning ox or h suprpixl n ovrly  rgulr gri whih srvs
s th wrp msh (s Figur . , mil). Eh gri tringl ontins zro or mor pth smpls. 
unknowns in th wrp optimiztion r th wrp msh vrtx positions ṽ. ur vritionl wrp nrgy
is similr to Eqution . , xpt tht w o not hv ny silhoutt onstrints n suprpixl is wrp
sprtly rthr thn wrping th ntir img, whih mks this ormultion  lol wrp.

Reprojection energy For h pth smpl D[x], w lot th tringl T o th wrp msh tht
ontins th pth smpl. Dnot th vrtis o T y (v1, v2, v3) n lt th ryntri oorints o
th lotion o th pth smpl t pixl x in tringl T  ( , , ):

x = ⋅ v1 + ⋅ v2 + ⋅ v3 ( . )
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 rprojtion nrgy msurs th istn twn th wrp position o th pth smpl n
th rprojt lotion using th novl viw mtrix CN:

Ep[x] = ‖ ⋅ ṽ1 + ⋅ ṽ2 + ⋅ ṽ3 − CN ⋅ C−1
Ii

⋅ D[x]‖2 ( . )

whr C−1
Ii

is th kprojtion mtrix o img Ii.

Shape-preserving energy For h tringl o th wrp msh with vrtis (v1, v2, v3), this nrgy
trm msurs its shp istortion r th wrp. Illy th tringl only unrgos  similrity trns-
ormtion, rsulting in  null nrgy vlu.  similrity nrgy is otin y xprssing on vrtx
o th tringl s  linr omintion o th othr two s in Eqution . :

Es[T] = ‖ṽ3 − (ṽ1 + a ⋅ (ṽ2 − ṽ1) + b ⋅ R90 ⋅ (ṽ2 − ṽ1))‖2, ( . )

whr a n b r th sm s Eqution . :

a = (v3 − v1)T ⋅ (v2 − v1)‖v2 − v1‖ ,
b = (v3 − v1)T ⋅ R90 ⋅ (v2 − v1)‖v2 − v1‖ . ( . )

Hr, R90 is ∘ rottion.  ovrll nrgy untion or th suprpixl wrp is givn y

E[Sk] = wp ∑∀x∈�(Sk) Ep[x] + ws ∑∀T∈� (Sk) Es[T], ( . )

whr �(Sk) is th st o ll pth smpls n � (Sk) is th st o ll wrp msh tringls in suprpixl
Sk.  us wp = 4 n ws = 1 in ll our xprimnts.

 minimiz E[Sk] or h suprpixl y uiling  sprs linr systm n solving it using
C Chn et al.,  on th C.  solv thousns o smll inpnnt lol wrps in
prlll, whih is str thn  singl glol wrp s in Liu et al.,  n silhoutt-wr wrp. 
ompr to silhoutt-wr wrp in tion . n lso isuss th fft o th shp-prsrving wrp
s ompr to mthos whih rprojt pth smpls irtly Chn et al., .

. Rendering

nring is hiv in thr psss. In th irst pss, w slt n wrp our input mrs losst to
th novl mr. xt, w ln th rsulting wrp suprpixl imgs to synthsiz th novl viw.



. . endering

Figure . : rp suprpixl imgs (l our) n inl rsult r lning (right).

A inl hol-illing pss omplts th rnring lgorithm.

. . Pass  Camera selection and warping

For h novl viw, w slt th our input mrs losst to th novl mr s on mr po-
sitions.  wrp th suprpixls o h o ths imgs s sri prviously n rnr th wrp
suprpixls o h img in  sprt loting point rnr trgt with pth tst nl. rprojt
th min pth o  suprpixl into th novl viw n us it or th pth tst.  wrp msh o
h suprpixl is rnr with n lph mtt in y th outlin o th suprpixl.  us  so
lph mtt y rnring n itionl pixl wi zon outsi th suprpixl ounry i th nigh-
oring suprpixl’s min pth is lmost th sm s th urrnt suprpixl. is ills in smll rks
twn wrp suprpixls, i ny.  stor th rprojt min pth n th suprpixl ID o
h wrp suprpixl in n itionl rnr trgt whil wrping. s r us in th nxt pss to
omput lning wights. is givs us our wrp imgs whr olu kgroun suprpixls
sli unr orgroun suprpixls n isolusions rt hols in th wrp imgs (s Figur . ).

. . Pass  Blending

 rnr  srn-siz qu into th rm uffr n ln th our wrp imgs to gt th inl
rsult in th pixl shr. At runtim, h wrp img ontriuts on nit or lning. 
lso uplo itionl mtt or h wrp img: min pth o h suprpixl s wll s
suprpixl intiir.  thn omput th lning wight or h o th our nits using n
pproh vry similr to silhoutt-wr wrp (s tion . ).

omput s min o ll pth smpls ontin within th suprpixl.
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Figure . : Angl θ us or omputing th pnlty Png( ̃Ii, x)
Blending weights For h nit, w omput th pnlty n hn th lning wight. Con-
sir pixl x o th novl viw with ntr o projtion cn n  wrp input img ̃Ii whos ntr o
projtion is ci. Lt pn(x)  th point whr th ry shot rom cn through pixl x intrsts th sn g-
omtry. is point n  omput simply y kprojting th min pth o th suprpixl using
invrs mr projtionmtris o th img Ii.  us th ngl twn (cn−pn(x)) n (ci−pn(x))
s n ngl pnlty (s Figur . ).  lso in  il-o-viw pnlty tht hks whthr th pixl
lis in  isolu hol rgion o th wrp img whih ppr s lk rgions in Figur . (l).

Png( ̃Ii, x) = ros (⟨cn − pn(x), ci − pn(x)⟩)
Pov( ̃Ii, x) = { ∞ i x is in  isolu hol

0 othrwis
( . )

( . )

 inl pnlty is givn y th sum o th two pnlty trms Png n Pov.  lning wight is om-
put s th invrs o th pnlty.  us ths wights to slt th st two nits or lning,
onsistnt with th huristis rom tion . . tht lning two imgs t h pixl givs th st
visul qulity.

Adaptive blending heuristics using superpixel correspondence  us n ptiv lning
shm y rting  suprpixl orrsponn grph ross imgs.    orrsponn g
twn two suprpixls rom iffrnt imgs i thy shr D ronstrut points. uprpixls with
orrsponn gs r vry likly to long to th sm prt o th sm sn ojt. thus otin
 list o orrsponing suprpixls or h suprpixl o h img n uplo this itionl t to
th pixl shr. At runtim, i two pixls to  ln om rom suprpixls tht hv  orrspon-
n g, thy r ln with th lning wights omput ov. in thy r quit likly to
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long to th sm sn ojt, lning is unlikly to rsult in ghosting rtits.
n th othr hn, i th two nits to  ln om rom suprpixls tht o not hv  or-

rsponn g, thy r likly to long to iffrnt sn ojts in whih s lning thm n
l to ghosting rtits. is n our i on o th nits oms rom  suprpixl with synth-
siz pth (s tion . ); in this s, w inrs th lning wight o th othr y  tor o . .
is is us synthsiz pth is oviously lss rlil thn photoonsistnt pth givn y multi-
viw stro. In th othr s tht oth nits r rom suprpixls tht hv synthsiz pth,
w us th huristi tht it is ttr to isply inorrt prllx on kgroun rgions; kgroun
prllx rrors ing lss notil thn thos in th orgroun.  thror inrs th lning
wight o th pixl with th highr pth vlu y  tor o . .

ll tht w sl th wights o highst wight nit in th silhoutt-wr wrp (s
tion . ) y n itionl tor Ψ to ru xssiv lning. ur ptiv lning huristis
hr xtn tht i y mking it ontnt-snsitiv. is llows our pproh to voi lning whn
it ntiipts ghosting rtits, using th guilin rom tion . . tht ghosting rtits r mor
ojtionl thn tmporl popping.  ptiv pproh inhrits th vntgs o lning in
most rgions, nmly tmporl ohrn, ut vors popping in rgions whr lning is xpt to
l to ghosting rtits. is rsults in  ttr troff twn th two typs o rtits.

ur tsts show tht th ov tor o . gv stistory rsults on our tsts; vlus highr
thn . fftivly isl lning.

. . Pass  Hole illing

oving th novl viw signiintly wy rom input mrs rts lrg isolu rgions whih
r not ptur y ny o th input imgs. uh rgions ppr s hols; w us oisson synthsis
érz et al.,  or si hol illing.  omput th ivrgn mp rom th ln rsult ov
using zro grint vlu t th hols n hol ounris.  us ll pixls whih r not in th hols
s Dirihlt ounry onitions n solv th multigri oisson synthsis with lvls n Joi
itrtions t h lvl. is rts lurr txtur in th hols whih om notil only whn th
viwpoint is mov vry r wy rom input mrs s shown in Figur . ().

. Results

 prsnt th rsults o our pproh on  wi vrity o tsts, inluing sns ptur y our-
slvs n y othrs.  hool tst is rom iroso hotosynth. ChplHill n ChplHill

http://photosynth.net/view.aspx?cid=aaeb ecf-cfef- c0 -be -bc ae f c0

http://photosynth.net/view.aspx?cid=aaeb8ecf-cfef-4c03-be42-bc1ae2f896c0
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Figure . :A singl rm n orrsponing top viw o th sn or som o th tsts. From top to ottom,
nivrsity, usum , itorHugo , itorHugo , Aqurium- , trt- , Commr, hool, ChplHill n
ChplHill tsts.  top viw shows th input mrs in yllow, novl mr in r n th imgs
slt or gnrting th novl viw in lu.
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ene No. of imges Depth synthesis time (seonds per imge)
usum
usum
nivrsity
llowhous-
ChplHill
ChplHill
Aqurium-
trt-
itorHugo
itorHugo
Commr
hool

le . : Dpth synthsis running tims

r rom th strt-lvl ptur in ollys et al., ; w su-smpl th vio strm to simu-
lt  sprs sul photo ptur. Aqurium- , trt- n llowhous- r th sm s thos in
silhoutt-wr wrp.  itionlly prsnt six nw sns: usum , usum , nivrsity, i-
torHugo , itorHugo n Commr.  show synthsiz viws or viwpoints whih r quit r
rom input mrs in Figur . (s vio ). list th numr o imgs n running tims or pth
synthsis or ll th tsts in l . . nly to imgs r rquir or ll our sns. Dpth
synthsis running tims r rport or n  implmnttion with no prormn optimiz-
tion whih oul  lrt y n orr o mgnitu y running multipl imgs o th tst in
prlll on sprt ors. ulti-viw stro inluing nvly et al.,  n Furukw n on,

 took twn - minuts or ll our tsts pning upon th numr o imgs.mo-
ii th ovrsgmnttion sour o o Ahnt et al.,  to sgmnt multipl imgs in prlll
whih gv running tims o - minuts or ll th imgs in ny our tsts.

nring is rl-tim with n vrg rm rt o F n F t × n ×
rsolutions rsptivly on  -or Intl on  . Ghz C with  uro G
running For / .  hiv F n F rsptivly on  lptop with  ul-or Intl

 . GHz C n  G  G running For . ur lgorithm works wll on
 vrity o iffrnt sns, whih ll inlu hllnging ss o poorly ronstrut vgttion n
othr orgroun ojts (.g. rs). As shown in Figur . , suh rgions gt vry w pth smpls
rom multi-viw stro. iwis-plnr thniqus lik inh et al.,  tn to ignor ths pth
smpls whil ining ominnt plns in th sn, whil Gosl et al.,  us “mint point
lous” to prou  non-photorlisti fft. In ontrst, our pth synthsis ilitts plusil rn-
ring using just ths w points. or on thn not, urn or suurn sns o ontin trs,

http://vimeo.com/ 0

http://vimeo.com/62038845
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() llowhous- () trt- () itorHugo

() Aqurium- () ChplHill () ChplHill

Figure . : riginl ronstrut points or on o th imgs rom som o our tsts. ough rhittur
is wll ronstrut, rgions with vgttion or othr orgroun ojts r vry poorly ronstrut. ur
pproh is pl o gnrting plusil rnrings vn or suh rgions.

vgttion n rs; our mtho thus rprsnts  signiint stp in mking img-s rnring
lgorithms prtil.

. Comparisons

r xists  vst litrtur on img-s rnring thniqus. Howvr, only  w rnt solutions
trgt th typ o tsts w ous on, i.., sns ptur with  simpl igitl mr, in whih lrg
rgions r vry poorly ronstrut.

Overall comparison o vlut our ovrll rsults, w ompr our mtho to thr rnt p-
prohs.  ompr to Floting xturs Eismnn et al.,  using th uthor’s implmnttion.
is pproh lso rquirs  D mol or “proxy” o th sn, whih w rt using Kzhn et al.,

 rom th ronstrut point lou.  us our own implmnttion or Amint oint Clous
Gosl et al.,  n ilhoutt-wr wrp rom Chptr .  lso implmnt th rnring
mtho o Chn et al., , whih is n ltrntiv wrp pproh s on rprojtion, llowing 
omprison to our shp-prsrving wrp.

In Figur . , w ompr our viw intrpoltion rsults or llowhous- n usum



. . Comprisons

() ur rsult () Eismnn et al.,  () Gosl et al.,  () ilhoutt-wr wrp

Figure . : iw intrpoltion omprison or th llowhous- n usum tsts. Eismnn et al.,
 pns on  D mol n thus shows signiint ghosting. In rgions with vry poor pth (s Fig-

ur . ), our mtho is l to rt plusil rsults whil Gosl et al.,  rts  smr point lou.
ilhoutt-wr wrp givs rsults similr to ours r . hours o mnul intrvntion to mrk urt sil-
houtts n /orrt pth smpls, howvr som istortions r still visil whih om muh mor
pronoun wy rom viw-intrpoltion pth (s Figur . ).

tsts. Floting txturs Eismnn et al.,  hv ghosting rtits us poor or wrong D
gomtry ls to txtur mislignmnt whih r too ig to ompnst y optil low. Gosl et al.,

 us   fft y smring n mint point lou or ll poorly ronstrut rgions whih
ls to isturing rtits i suh rgions li on importnt sn ojts, .g., rs, trs t. ur pth
synthsis llows plusil novl viws vn or suh rgions. Dspit th mnul silhoutt mrking,
silhoutt-wr wrp givs istortions in svrl rgions whih is vn mor pronoun i th novl
mr is mov wy rom th viw intrpoltion pth, s shown in Figur . (s vio ).  o
not inlu Gosl et al.,  in r viwpoint img-s rnring omprison us it is
sign only or viw intrpoltion.

 rsults orusum tst or silhoutt-wrwrp in Figur . n . rquir . hours
omnul intrvntion us  lrg numr o silhoutts h to mrk n pth smpls h to
  in lrg rgions suh s trs. Evn thn, th rsults show  lot o istortion us th glol
wrp iffuss istortions us y th slightst o pth grints ovr th whol img, whih om
prtiulrly svr whn moving wy rom th viw intrpoltion pth (s Figur . ). Aing too
mny intrsting silhoutts into th onorml Dluny tringultion o silhoutt-wr wrp ls
to numril issus. In ontrst, our mtho sls to sns with ritrry numr o silhoutts. Also,
th glol wrp isintgrts whn ny pth smpl o th input img lis hin th novl m-
r us suh  pth smpl hin nnot  projt into th novl mr (s Figur . ).

http://vimeo.com/ 0

http://vimeo.com/62038844
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() ur rsult () Eismnn et al.,  () ilhoutt-wr wrp () ovl mr position

Figure . : Fr viwpoint nvigtion omprison or th llowhous- n usum tsts. ur mtho
prous plusil rsults vn or viwpoints quit r rom th input imgs. In ontrst, th rtits o Eis-
mnn et al.,  r lrly visil.  istortions inurr y th glol wrp in silhoutt-wr wrp r
vn mor pronoun, spit . hours o mnul intrvntion.

Figure . : ilhoutt-wr wrp (l) isintgrts i ny pth smpls is behind th novl mr s shown
in top viw (right). is prvnts th usr rom wlking “into” th sn. ur lol wrp os not suffr rom this
limittion (mil).

ur lol wrp simply ignors th suprpixls whih ontin suh pth smpls, whil th rst o th
img is wrp normlly. is mks our pproh suitl or potntil immrsiv pplitions (s
Chptr ).

Comparison with Video Mesh  wrp sri in io sh Chn et al.,  tringults
n rprojts pth smpls irtly into th novl viw. Inurt or outlir pth vlus n us
th pth smpl to  rprojt t inorrt pixl oorints, using ojtionl rtits, most
notil in th orm o rks. ur wrp rgulrizs th fft o noisy pth vlus n outlirs with
th shp prsrving onstrint (s tion . ). As  onsqun, our rsults hv r wr rks
(s Figur . ).



. . Limittions

() ()

() ()

Figure . : () uprpixls wrp using our pproh, () suprpixls wrp using our implmnttion o
io sh Chn et al., , () inl rsult gnrt rom our wrp suprpixls in (), () inl rsult
gnrt rom io sh styl wrping in ().

. Limitations

 most importnt limittion o th pth synthsis is tht i th trgt suprpixl orrspons to n
ojt t  pth whih os not xist lswhr in th img, inorrt pth my  ssign rom
othr similr ojts. is is shown in Figur . (), whr th kgroun tr is not ronstrut
t ll n ns up ing ssign pth rom th orgroun tr.  onouning tors r tht
th trs r sptil nighors n hv xtrmly similr olor/txtur to th xtnt tht th ounry
twn th trs is rly isrnil vn to th humn y.

 shp prsrvingwrp ssums lrgly ronto-prlll pth within suprpixls. It os not hn-
l surs with vry shrp pth grint .g. surs photogrph rom grzing ngls. uh ss
r rr though.

ur pproh is limit y th pilitis o th ovrsgmnttion: vry thin struturs nnot 
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() ()

()

Figure . : () Inorrt pth ssignmnt on th unronstrut kgroun tr whih is rly istinguish-
l rom th orgroun tr, () vry thin struturs nnot  proprly rprsnt y suprpixl n rsult in
rnring rtits, n () hol illing in isolu rgions not ptur in input imgs rsults in lurring.

ptur (s Figur . ()). ur hol illing pproh is vry si; w rsort to lurring in isolu
rgions whih r not ptur in ny input img (s Figur . ()). is oul  rpl y mor
sophistit inpinting Criminisi et al., . Howvr, suh inpinting pprohs r r rom rl
tim.

. Conclusions

hv prsnt  r viwpoint img-s rnring lgorithmsign or urn nvironmnts,
pl o prouing high qulity rsults in th sn o urt D ronstrution.  ompnst
or th lk o urt D ronstrution or hllnging ss y synthsizing plusil pth, whih
is not nssrily photoonsistnt. ur shp-prsrving wrp n rnring piplin us th synth-
siz pth to prou high qulity novl viws.  ompr our rsults to our rnt img-s
rnring mthos n monstrt tht our pproh xtns vry wll to r viwpoint nvigtion.



. . Conlusions

is mks our pproh suitl or intrtiv wlkthrough pplitions suh s h trk virtul
rlity systm, n rly prototyp o whih is lso monstrt in Chptr .



Chapter

Evaluation of Image-based Rendering using

Perceptual Studies

untittiv nlysis o img-s rnring rsults is vry iffiult us o th shr numr
o vrils involv: sn omplxity, qulity o D gomtry, viwpoints, olor/txtur ontnt o
sn ojts, siz o sn, ptur nsity, ptur stup t. rvious work us leave-one-out tsts
Fitzgion et al.,  whr th img sttistis o  simult novl viw r ompr to  rl
photogrph rom th sm viwpoint. uh quntittiv tsts r rlvnt in vry smll slin viw
intrpoltion itnik et al., ; Fitzgion et al., ; hjn et al.,  whr th pproh is
xpt to prou physilly orrt rsults. Howvr, most morn img-s rnring systms,
lik ours, trgt plausible or good looking rsults us th input t is r too sprs to simult
physilly orrt rsults. orovr, iffrnt kins o rtits r osrv simultnously in img-
s rnring rsults. untittiv vlution suh s lv-on-out tsts o not giv ny insight into
th rltiv svrity o iffrnt typs o rtits; this knowlg hs  strong ring on th sign o
suh systms.

rptul stuis r muh mor usul or vluting plusil rsults. Evn though img-s
rnring rsrh hs vn y lps n ouns ovr th lst , prptul nlysis hs lgg
hin. syhophysil xprimnt sign is non-trivil in this s: th fft o iffrnt vrils on
th inl rsult s wll s thir rltiv importn r unlr. orovr, thr xists  wi rry o
pt mthoologis or onuting usr stuis; slting th pproprit on is irly hr.

In this hptr, w ttmpt to nlyz rtits using prptul stuis. stuy thmost uiquitous
rtits in isolt sttings or two ss: prsptiv istortions, us whn imgs ptur rom
on viwpoint r projt on to D gomtry rom nothr viwpoint, n ghosting rtits us
y lning pixls rom multipl photogrphs to synthsiz  novl viw.

o hiv mningul rsults in suh prptul stuis, w n to simpliy th s unr o-



Figure . :Exmpls o two o ommon rtits in img-s rnring, nmly ghosting (l) n prsptiv
istortion (right).

srvtion n isolt th iffrnt tors tht fft th gr n ntur o rtits.  sign our
prptul stuis using  ruimntry orm o img-s rnring - projtiv txtur mpping on
 plnr D gomtry Dv et al.,  tht pproximts th sn, kin to xisting visuliztions
o strt-lvl imgry, .g., Googl trtviw, Bingps,ppyrnDiv t.hil xt tils o
ths systms r not lwys vill, thy ppr to us pnormi imgs ptur t isrt points
long  pth, n rnr using ross-ing inh et al.,  or unstrutur lumigrph Buhlr
et al.,  onto  plnr proxy or h ç.

 hoos miniml gomtry in th orm o  singl D pln n  simpl rnring pproh
whih rprous rnring rtitswith  smll numr o prmtrs.is llows us to nlyz th r-
tits without introuing ny is towrs prmtrs o th systm. In prti, sophistit systms
r sign using th guilins rom simplr systms. xpt ny prtil img-s rnring
systm to  mor sophistit thn th stup in our stuis. onthlss, our stuis provi usul
guilins or sophistit systms lik thos in prvious hptrs. In thir urrnt orm, our stuis r
irtly pplil to urrnt lrg sl urn visuliztion systms suh s Googl trtviw. s
pplitions r xplin in tions . . n . . .  min gol o th two stuis prsnt in this
hptr is to unrstn th prption o rtits n provi prtil guilins tht n motivt
ptur or rnring prmtrs.

Overview In th irst stuy, w nlyz prsptiv istortions y stuying th prption o right
ngl protrusions on çs suh s lonis.  show prtiipnts th istort imgs o ornrs
n lonis gnrt y img-s rnring, n sk thm to spiy th priv ngl in on
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xprimnt n rt how los th priv ngl is to  right ngl in nothr xprimnt.  t
rom th irst xprimnt llows us to mp th ptur n viwing prmtrs to th lvl o priv
istortions.  vlit our rsults y mns o nothr xprimnt. In th son stuy, w nlyz
rtits us y lning or trnsitioning twn multipl imgs in img-s rnring. 
sk prtiipnts to rt novl viws synthsiz using iffrnt lvls o lning twn input imgs.
is llows us to vlop guilins or nsuring il lvls o lning whih kp sptil lurring
n tmporl isontinuitis t ptl lvls.

Contribution For th stuy o prsptiv istortions in tion . , th ontriution o th thsis is
in th orm o:

• prt o stimuli gnrtion or th xprimnts (tion . . ),
• vlition stuy (tion . . ), n
• pplitions to img-s rnring (tion . . ).

 or thory s on vision sin, xprimnt sign (tion . . ) n sttistil nlysis (-
tion . . ) r yon th sop o th thsis, pls rr to ngorp et al.,  or tils. s r
xplin to provi ontxt.

For th stuy in tion . , th ontriution o this thsis is in th orm o:
• prt o onptul sign o th xprimnts (tions . . n . . ), n
• gnrtion o rl worl img-s rnring stimuli or oth xprimnts,
• inl inrns rom xprimntl t (tion . . ).

 xprimnt usr intr whr multipl stimuli r shown to th prtiipnt (Figur . ) n
sttistil nlysis o xprimntl t is yon th sop o thsis, pls rr to ngorp et al.,

 or tils.

. Perception of perspective distortions

Img-s rnring systms rprojt photogrphs ptur rom on viwpoint into  novl viw-
point. photogrph pturs th prsptiv o th sn only rom th originl viwpoint; rprojt-
ing it into  novl viwpoint prous prsptiv rrors pning upon th D gomtry, ptur n
viwing prmtrs. rsptiv istortions r lwys prsnt in ll img-s rnring systms.
s rtits r somtims nign n rly notil, whil lswhr thy n  ojtionl.
o voi showing prsptiv istortions, img-s rnring pplitions tn to rstrit viwing
positions los to ptur viwpoints. Howvr, this is on in  rthr -ho mnnr us o th
lk o prinipl unrstning o prsptiv rrors. A quntittiv mol tht orrlts th prp-
tion o prsptiv istortions with ptur/isply prmtrs n llow pplitions to slt pt-
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l zons o nvigtion or i th optiml ptur strtgy tht n  xpt to giv  rquir
lvl o priv qulity.

In this stion, w vis xprimnts tht invstigt th prption o prsptiv istortions. 
uil th prmis o our xprimnts upon wll-stlish vision sin litrtur whih xplins th
prption o piturs. ision sin hs long stui th prption o pintings or photogrphs tht
r ptur or pint rom  rtin viwpoint n viw rom iffrnt viwpoints, typilly in n
xhiition or gllry. A ky insight in this work is tht this is vry similr to th s o img-s
rnring whr photogrphs ptur rom on viwpoint r rprojt into nothr viwpoint. As
xplin in th ollowing prgrphs, vision sin hypothss r not irtly pplil in our on-
txt spit th strong intuitiv nlogy.  thror xtn th hypothss rom pitur prption
n sign two psyhophysil xprimnts using this thory.  prorm sttistil nlysis o xpr-
imntl t to vlop  quntittiv pritiv mol or prsptiv istortions n its pplitions
in th ontxt o strt-lvl img-s rnring.

til isussion o vision sin thory, xtnsion o vision sin hypothss n sttistil
nlysis o xprimntl t is yon th sop o this thsis; pls rr to ngorp et al.   or
tils.  introu th xprimntl stup n ous on th rsults, thir vlition n pplitions
in img-s rnring.

Perception of pictures hn  pitur is viw rom th sm position s th ntr o projtion
o th virtul mr tht “photogrph” th D sn, th img orm on th rtin o th viwr,
known s rtinl img, is orrt. I th position o th viwr is iffrnt rom th ntr o projtion,
th rtinl img is istort: its prsptiv us suh s vnishing points r iffrnt rom thos o
th originl photogrph.

 prption o this rtinl img is xplin y two ompting hypothss in vision sin
litrtur: th scene hypothesis n th retinal hypothesis.  sn hypothsis stts tht viwrs om-
pnst or inorrt viwing position, so th prptul outom is muh losr to th originl D
sn thn itt y th istort rtinl img.  rtinl hypothsis, on th othr hn, stts tht
viwrs o not ompnst or inorrt position; th prptul outom is itt y th istort
rtinl img.hn viwrs r l or right o th ntr o projtion n viw th pitur n its rm
with oth ys, thy ompnst or thir inorrt viwing position, initing tht sn hypothsis
might  ominnt osinski et al., ; ishwnth et al., . In othr situtions, whn th slnt
o  pitur ojt is nrly prpniulr to th pitur sur or whn th viwrs r too los to
or too r rom th pitur, thy o not ompnst or th inu img istortions n thror
priv D strutur inorrtly Ams, ; Lumsn, ; oorović, ; Bnks et al., ;
Coopr et al., .
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Figure . : Entriity n simultion ngls.  ngls orrspon to th ornr mrk with orrsponing
olor in th photogrphs. il n right: th imgs shown s simult viw r rnr y rprojting th
input img in th simult viwpoint.

Extended retinal hypothesis  originl rtinl hypothsis only pplis to th prption o pi-
turs. In th ontxt o img-s rnring,  ç is irst photogrph rom  rtin position.
is img is thn projt onto simpl D proxy gomtry, whih in turn is viw rom  novl m-
r position n thn projt on to  D isply vi.  rtinl hypothsis os not xplin suh
“photogrph o photogrph” ss. Howvr, it is sil to riv th priv ngl using th sm
prinipls s th rtinl hypothsis: projtiv gomtry n vnishing points. xtn th rtinl hy-
pothsis to th ontxt o img-s rnring suh tht it rlts th priv ngl ζrt, simultion
ngl θs n ntriity ngl θe.

ζrt = f (θs, θe) ( . )

 rivtion o th untion f is yon th sop o th thsis, pls rr to ngorp et al.  
or tils. Entriity ngl θe with rspt to  prtiulr ornr on th ç is th ngl twn
th ç norml n th lin joining th ptur mr with th ornr (s Figur . ). imultion
ngl θs is in s th ngl twn th ç norml n lin joining th simultion mr n
th ornr. Clrly, simultion ngl inrss s th simultion mr is mov urthr wy rom
th ptur mr position.  ssum tht ll photogrphs r ptur y mrs tht r ronto-
prlll to th ç, thror, th ç norml is oinint with th ptur mr orinttion.
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Goals ur irst trgt is to stuy howwll our xtn rtinl hypothsis n prit priv ngls
in img-s rnring snrios. only, w wnt to quntiy th troff twn th rtinl n
sn hypothss n xprss th rltionship s  untion o ptur n/or simultion prmtrs.
Lstly, w wnt to vlop n nlyti mol tht prits th lvl o prsptiv istortions givn  st
o ptur n simultion prmtrs. o this n, w sign n prorm prptul xprimnts to
msur priv ngls n ompr thm to th xtn rtinl hypothss. thn it xprimn-
tl t to n nlyti untion tht prits th lvl o prsptiv istortions n vriy this mol
y mns o  vlition stuy. Finlly, w monstrt prtil pplitions o our nlysis, whih
togthr with th vlition stuy, is th min ontriution o this thsis in this stuy.

. . Experiment design

onut two psyhophysil xprimnts to trmin how th img istortions in typil strt-
lvl img-s rnring pplitions r priv:

. An ngl-mthing xprimnt tht tst th pritions o th sn n xtn rtinl hy-
pothsis y sking th prtiipnts to trmin th priv ngl o ornrs.  rsults llow
us to msur th rltiv inlun o th two hypothss on ngl prption.

. A rting xprimnt tht trmin th sujtiv ptility o ngl istortions.  rsults
llow us to trmin whih priv ngl istortions r ptl.

Stimuli  rt synthti D sns n rnr thm rom known mr positions.  thn
rt  singl pln to pproximt th D sn n txtur it with th prviously rnr imgs
using projtiv txtur mpping. is simults th typil worklow whr sns r pproximt
y simpl D gomtry whih is txtur using photogrphs. ur stimuli inlu thr çs, h
with prpniulr lonis t thr iffrnt protrusions, rnr rom our iffrnt ntriitis
with rspt to th ornr.  lonis or othr ornrs o th D sn r snt on th D pln;
w r intrst in th prption o ths ngls. ynthti stimuli giv us ull ontrol ovr th sn;
w vlit our rsult our rsults on rl tsts in tion . . .

Experimental procedure  us our iffrnt isply sizs or our xprimnts: ” tlvision
srn, ” sktop monitor, ” i n . ” ihon. is is to tst th fft o isply siz on n-
gl prption. In oth xprimnts, ll stimuli – iv simultion ngls, our ntriity ngls, n
thr çs, h with thr lony pths, wr prsnt twi. In ition, thr prtiulr stimuli
wr prsnt ight tims to llow us to ssss th onsistny o rsponss.  rpt th pross
with iffrnt srns rsulting in × × stimuli, ounting th our srns n two xprimnts.
 orr o stimuli prsnt ws rnomiz. In th ginning, prtiipnts wr givn xtnsiv in-
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(a) (c)(b)

Figure . : Exprimnt . () Exprimntl stup: w rpt th xprimnt on srns o iffrnt sizs - lrg
siz , omputr monitor, i n ihon, () Hing vi us y prtiipnts to spiy priv ngl,
n ()  prtiipnt prorming th xprimnt.

Figure . : rnshots o xprimnt on ihon (l) n tlvision (right).

strutions n shown xmpls o stimuli with no or xtrm ngl istortions. It is ommon prti
in vision sin to us  rltivly smll numr o prtiipnts who r tst xtnsivly Ernst n
Bnks, .  ollow this prti y tsting six pi prtiipnts xtnsivly ( . hours on vrg
or  totl o msurmnts h).

. . Experiment  Hinge angle matching

In th irst xprimnt, w trmin how  ∘ ornr is priv r it unrgos istortion u
to th position o th simultion mr. rtiipnts wr sk to “Look t th onvx ornr t th
ntr o th img. t th hing vi to th ngl you priv (n not wht you think it shoul
)” (s Figur . () n vio ).  us  rl hing inst o  virtul on, us th virtul
hing will itsl unrgo prptul istortion whn isply to th prtiipnt.

rtiipnts wr shown imgs rom our pool o stimuli in rnom orr.  intn ornr ws
lwys in th ntr o th img n rily init y  linking r ot. rtiipnts just th

http://vimeo.com/

http://vimeo.com/64144141
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Figure . :riv ngl pritions y th xtn rtinl hypothsis (), ompr to th ngl-mthing r-
sults or iffrnt ç pths (–) n vrg ovr ll pths (). Error rs init th twn-prtiipnt
grmnt.  ott lin t ∘ rprsnts th sn hypothsis.

hing vi until th hing ngl mth thir prption o th ornr ngl.  ror th hing
ngl whn th prtiipnt vn to th nxt stimulus.

Results From  qulittiv point o viw, w osrv tht th trn o priv ngls is similr to
th xtn rtinl hypothsis s shown in Figur . ; th vrition n  ttriut to th troff -
twn th rtinl n sn hypothss whih in turn is trmin y ç pth. is xprimntl
t llows us to mol th priv ngl s n nlyti untion tht intrpolts th two hypothss
in tion . . . ot tht ths rsults r vrg ovr ll prtiipnts n isply vis us
w osrv ths to  sttistilly insigniint prmtrs.

. . Experiment  Angle rating

In th son xprimnt, w stuy th ptility o vrious ngl istortions.  sk prtiipnts
to init how ptl  givn ornr ws s  simultion o  ∘ ornr. rtiipnts wr shown
th sm imgs s in th prvious xprimnt in rnom orr. y rt how los th init
ornr in h img look to  right ngl on  -point sl whr to orrspon to “prt”,
“los nough”, “kin o ”, “not rlly”, n “no wy!”. rtiipnts ntr h rting using  numril
kyp n onirm th ntry y prssing “Entr” (s Figur . n vio ).

Results us intrpoltmins vll,  to summriz th rtings t umult rom
iffrnt prtiipnts ovr iffrnt çs n isply vis (s Figur . ). Clrly, th most un-
ptl stimuli r in th lowr l n uppr right ornrs o ths plots, whih orrspon to lrg
simultion n ntriity ngls o th sm sign.  most ptl stimuli r in th mil o
th plot whr th simultion n ntriity ngls r smll in mgnitu – n th uppr l n

http://vimeo.com/

http://vimeo.com/64144141
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Figure . : ritiv mol or prsptiv istortions or ç pth o mtrs.  it th xprimntl
t to vlop th pritiv mol whih quntiis th lvl o prsptiv istortions or iffrnt ntriity
n simultion ngls.

lowr right whr th lrg simultion n ntriity ngls r opposit in sign. A omprison with
Figur . shows tht th most unptl ss r thos whn priv ngl is vry iffrnt rom

∘.  ormliz th rltionship twn th two xprimnts y vloping  pritiv mol or
th lvl o prsptiv istortions in th nxt stion.

. . Inferences Predictive model for perspective distortions

ur xtn rtinl hypothsis (s Eqution . ) givs th priv ngl ζrt s  untion o n-
triity n simultion ngls, whrs th sn hypothsis givs th priv ngls s th tru ngl
i.., ∘, in ll ss. In prti, th tul priv ngl is lwys twn th two hypothss (s
Figur . ).  it th xprimntl t to n nlyti untion tht intrpolts th two hypothss
n givs th priv ngl s ollows:

ζpriv = ζrt ⋅ g(d) + 90∘ ⋅ (1 − g(d)) ( . )
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C

S

Figure . : imult viws long  nvigtion pth (s inst).  ht mp o prit rtings o Figur .
is us s th olor shm to visuliz prit qulity long th pth.  viw shown hr is prit to 
hvily istort, s init y th r lin-o-sight in th inst (ll “” in inst).  ptur mr is
init y “C”, ç y th lk lin n th lony ornr y th lk ot on th lk lin in inst.

whr, d is th pth o th ç n g is th rsult o t itting.  thn it th rting xprimnt
t to vlop n nlyti rltionship twn th priv ngl n rting vlu s ollows:

ting
h←− ζpriv ( . )

 tils o th intrpolting untion g in Eqution . n th mpping untion h in Eqution .
r yon th sop o this thsis, pls s ngorp et al.   or mor tils.  omintion
o Equtions . , . n . givs th inl pritiv mol whih mps th ptur simultion p-
rmtrs, nmly ç pth, ntriity ngl n simultion ngl to  rting lvl o prsptiv
istortions s shown in Figur . .

. . Validation of experimental results

 prsnt  prototyp intr or strt-lvl img-s rnring whih w us to visuliz th
qulity o  simult viw pth, n prorm  stuy to vlit our pritiv mol.
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Visualizationofpredicted ratings ur implmnttion rs  st o mrs lirt using stru-
tur rom motion nvly et al., .  ssum tht th mrs r ronto-prlll to th ç
whih orrspons to  si mr o  ommril ptur r or Googl trtviw-lik ppli-
tions.  it  singl D pln to th ronstrut point lou o th sn gnrt using multi-viw
stro Furukw n on, .  pln srvs s th proxy or th ç, muh lik strt-lvl
img-s rnring pplitions.  inlly vlop  simpl projtiv txturing pplition whih
projts  prtiulr input img onto th proxy pln n visulizs it rom iffrnt simult mr
positions (s Figur . ).  rnr viw is synthsiz rom  singl img, hn it n only hv
prsptiv istortions. nring rtits lik popping n ghosting r not prsnt sin w us th
sm input img or gnrting ll simult viws.

 us th ov pplition s  sign tool whr w n sign simult mr pths.  top
viw o th D sn is shown in th inst in Figur . .  top viw shows th ç n th ornr
s th lk lin n th lk ot.  siss is th horizontl position o th simultion mr
rltiv to th ptur mr n th orint is th istn o th simultion mr to th ç.
 us th sm visuliztion in Figurs . , . () n . ().  n mrk svrl kypoints with
orinttions whih srv s simult mr positions (shown s rrows in inst in Figur . ). 
thn it  ui splin to ths ontrol points whih givs  ull simult mr pth with positions
n orinttions. For ny point on this pth, w n us th simult mr position n orinttion,
input mr mr position n orinttion to prit th lvl o prsptiv istortion s pr th
pritiv mol in th prvious stion.  prit istortion lvl is init using th ht mp
o Figur . .

hil using our intr w noti on signiint tmporl fft: motions long  pth on whih
th priv ngl hngs quikly r quit isonrting.  n prit suh pths s thos whih
ross mny iffrnt rting lvls n sign pths with th sir tmporl vrition.

Validation user study o vlut our pritiv mol, w us th ov strt-lvl img-s
rnring prototyp in  usr usr stuy.  gol o th stuy is to trmin how wll our pri-
tions gr with usr osrvtions in  sitution quit similr to strt-lvl img-s rnring: 
nvigtion pth with rl stimuli. For h o th thr tsts us or this stuy, w provi thr
iffrnt pths: on pth ws prit to  low qulity (rting o - . ), on mium qulity ( . - ),
n on high qulity ( - . ).  sign ths pths with th ov visuliztion tool.  rt
pr-ror squns o ths pths n prsnt thm to prtiipnts on  wpg. rtiipnts
wr instrut to look t  spii ornr whn it ppr in th mil o th srn (init y
 r ot). y rt th priv istortion in th sm mnnr s or Exprimnt : i.., “Look t
th ornr init y th r squr. How los os it look to  right ngl whn th r squr is
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Figure . :srv rtings (olor lins) or th thr sns ompr to prit rtings (ott lins) givn
y our pritiv mol or prsptiv istortions (s tion . . ).

visil?” (s vio ). y hos  vlu on th sm iv-point sl (s tion . . ) or  totl o
nin pths (thr pths or thr sns).  prsnt th thr vios o h tst on  singl pg,
n instrut prtiipnts to just thir rltiv rtings twn th thr vios. A totl o pr-
tiipnts prorm th stuy on thir own omputr srns.  summriz th rsults in Figur . ,
whih plots osrv rtings s  untion o prit rtings sprtly or th thr sns. orr-
ltion twn prit n osrv rtings is mort (r > 0.5) or th irst two sns n strong
(r > 0.8) or th thir. us, th pritions r rsonly goo spit th mny iffrns twn
th xprimnts us to gnrt th pritions (stti sns with wll ontroll onitions) n this
usr stuy (unstrutur ynmi sns).

. . Applications to street-level image-based rendering

Restricting free viewpoint navigation  us th ov rnring pplition n prsptiv is-
tortion visuliztion to vlop n intrtiv pplition tht xploits th pritivmol or prsp-
tiv istortions (s Figur . ).  intr shows th simult viw n  top viw o th snrio
in th inst. usr strts viwing t  prtiulr position, n thn trnslts n/or rotts. I th usr
is trnslting (Figur . ()), th inst shows prit rtings or ll mr positions whil kping
th sm mr orinttion. Figur . () shows  similr visuliztion or thr prtiulr simultion

http://vimeo.com/

http://vimeo.com/64144141
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(a) (b)C C

S S

Figure . : Intrtiv nvigtion tool. () hn th usr trnslts, th inst shows prit rtings or ll
mr positions kping th orinttion ix. () hn th usr turns, th inst shows rtings or ll possil
mr orinttions kping th position ix.  pplition rstrits th usr nvigtion to rgions with -
ptl prit qulity. Cptur mr is init y “C”, simultion mr y “”, ç y  lk lin
n ornr y  lk ot on th lk lin in th insts.

ngls. hn th usr turns (Figur . ()), th visuliztion shows rtings or ll mr orinttions
kping th mr position ix.usr n trnslt n turn s thywish s long s thy stywithin
th zon o ptl qulity; w us  rting vlu o s th thrshol.  pplition prvnts th
usr rom rhing  mr position or orinttion tht orrspons to  prit rting highr thn
 thrshol, n inst shows  linking mr ion t th urrnt mr position (s vio ).

Capture guidelines  lso us our pritiv mol to provi ptur nsity guilins. Fig-
ur . () shows tht h ptur mr inus  rgion o ptl prsptiv istortions or
ny simultion ngl, rprsnt y lu rgions o th ht mp rom Figur . . Any novl viw n
 synthsiz using th input mr tht givs th st possil rting or th prtiulr simultion
position. In othr wors, itionl ptur mrs inu intil rgions o ptl prsptiv
istortions; th rting or ny novl viwpoint n  lult s th st o th rting vlus inu
y iffrnt ptur mrs s shown in Figur . ().  mpirilly osrv tht th rtings r
ptl vrywhr i th isplmnt twn ptur mrs is t most on-ourth th istn
o ptur mrs rom th ç.  lvl o prsptiv istortions is xpt to  prptully
ptl or suh  ptur. For slins grtr thn this thrshol, som yllow-orng-r rgions
r osrv (s Figur . ()), initing potntilly svr prsptiv istortions.

 rsults shown in Chptrs n o not show signiint prsptiv istortions vn though
th shp-prsrving wrp us to synthsiz novl viws is n pproximtion to th tru ffin trns-

http://vimeo.com/

http://vimeo.com/64144141
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θ
s
=0° θ

s
=30°θ

s
=15°

c = 10m c = 10mc = 10m

() rit rtings or iffrnt simultion ngls θs

c 0.5c 0.25c

c = 10m c = 10m c = 10m

() rit rtings or iffrnt ptur nsitis with θs = 0∘
Figure . :Cptur nsity guilins. Inrsing th numr o ptur mrs inus lrgr rs o pt-
l istortion (shown s lu).  osrv mpirilly tht  slin o on-ourth th istn o th ptur
mr rom th ç rsults in lrgly ptl rtings vrywhr.  ptur mr position is shown in
lk n th ç is init y th lk lin on top.

ormtion. is is us th slin twn input mrs is lwys – mtrs whil th istn
o ptur mrs rom sn gomtry is typilly – mtrs.

Givn th nvigtion rquirmnts o n img-s rnring systm, th ov nlysis llows us
to omput th rquir ptur nsity swll s ptur positions. It is importnt ormny pplitions
spilly thos oprting t ity sl, to pln th ptur orhn, sin rut or pturs in th
orm o vios r prohiitivly xpnsiv.

. Perception of ghosting artifacts

 prvious stuy invstigts prsptiv istortions inurr whn  singl input img is rpro-
jt into  novl viw. is is only th irst stp o most prtil img-s rnring systms
whih rprojt multipl input imgs in th novl viw n ssml visul ontnt rom h o ths
rprojt imgs. is is on typilly to rt smooth trnsitions n pproximt prllx ffts
s th novl viw trnsitions in th D sn. Blning is th most populr mthoology or th ov
us o its s o implmnttion, rl tim prormn n ptl visul qulity.  rli-
st img-s rnring rmworks vot hvy lning twn imgs Buhlr et al., 
whih givs smooth tmporl trnsitions. Howvr, synthsiz novl viws r on lurr, lking
in risp tils n high rqunis prsnt in th input imgs. Ghosting rtits nsu whn th
unrlying D gomtry is lking in tils.
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n th othr hn, ruing th gr o lning twn multipl imgs ls to pronoun
trnsitions twn imgs s th novl mr is trnslt or rott. rr to ths isturing tm-
porl isontinuitis s popping rtits. ost img-s rnring pprohs rsolv this troff
y slting lning wights tht giv th st rsults or th tsts ing tst without ny intu-
ition out th gnrlizility o th lning shm. thr pprohs ypss this issu y voiing
lning ltogthr; thy omposit pixls rom multipl imgs using grph ut hjn et al., 
to synthsiz th novl viw.  rsults r imprssiv ut ths pprohs r r rom rl tim n
r unsuitl or our gol o img-s rnring s n intrtiv visuliztion tool. in lning
nnot  voi, it is importnt to vlop  prinipl stuy o lning rtits.

In this stion, w vlop psyhophysil xprimnts to stuy th troff twn ghosting n
popping rtits.  rt  numr o img-s rnr stimuli using iffrnt ptur n rn-
ring prmtrs n show ths to prtiipnts s ompr to groun truth i.., vio o th sm
sn. uh omprisons with groun truth hv n shown or or still imgs Fitzgion et al.,

 ut our work is th irst to pproh th prolm rom  prptul point o viw; prvious work
hs ous on ompring img sttistis whih n  inomplt us th rltionship twn
img sttistis n priv rnring qulity is not nssrily wll in.

In th isussion o th rsults o our stuy, w provi guilins to ilitt optiml ptur, s
wll s motivt lgorithmi hois us in img-s rnring systms.

. . Experiment overview

 stuy img-s rnring in two o its most ommon orms: unstrutur lumigrph Buhlr
et al.,  n ross-ing inh et al., .

Unstructured lumigraph ny urrnt img-s rnring systms us D gomtry o th
sn n txtur it using pixls rommultipl input imgs ln with pproprit pr-pixl wights.
I th D gomtry is not prt, ghosting rtits r osrv i multipl imgs r ln. In on-
trst, rupt tmporl popping rtits r osrv i  singl img is us to synthsiz ny output
pixl.

 two prmtrs tht ontrol th svrity o rtits or  givn lvl o gomtri ronstrution,
r th coverage twn input imgs, n th number of images blended, t ny givn pixl. Covrg
is  wy to msur ptur img nsity, n thus ins th totl numr o imgs us to gnrt
th inl rsult.  in ovrg in  nonil ronto-prlll viwing onition, s th numr o
imgs ovring  givn point on th plnr proxy on vrg. Low ovrg uss slow popping with
inrqunt ut long jumps;  ns st o input imgs uss fast popping with rqunt ut short jumps.
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Blningmor imgs pr-pixl (.g. , ormor) inrss ghosting rtits; low ovrg uss wll-
sprt ghosts whil high ovrg ls to smllr isplmnt twn th ghosts.

Cross-fading Anothr pproh or synthsizing novl viws in th ontxt o viw intrpoltion is
ross-ing inh et al., ; Kmlmhr-hlizrmn et al., . is pprs to  th s or
ommril img-s rnring systms lik Googl trtviw. Hr th sm two input imgs r
ln t h pixl n th lning wight o h img is sm or ll th pixls o th novl viw.
nstrutur lumigrph is  gnrliztion o ross-ing us it n slt  iffrnt st o input
imgs, h with its own lning wight, to synthsiz h pixl o th novl viw inpnntly.
It is thror pl o r viwpoint img-s rnring whil ross-ing is rstrit to viw
intrpoltion. Howvr, ross-ing my  vntgous in rtin ss whr it prsnts  iffrnt
troff twn ghosting n popping rtits.hil trnsitioning rom imgA toB, w n us only
A or  rtion o th pth, thn ross- twn A n B or nothr rtion n thn us B or th
rst o th pth.  urtion o th ross- trmins th svrity o th two rtits. Cross-ing
or th ntir urtion o th pth rsults inmximum ghosting with vry smooth tmporl ffts whil
ross-ing or  vry smll urtion (.g. < 5%) rsults in  visil rupt tmporl trnsition.

 onut two psyhophysil xprimnts to ormlly stuy th troff twn ghosting n
popping or th ov two img-s rnring stups:

.  irst xprimnt ompr ghosting n popping rtits in unstrutur lumigrph using
simpl plnr gomtry s  untion o th ovrg n numr o imgs ln.

.  son xprimnt stui th sm troff in ross-ing, n urthr ompr this to
unstrutur lumigrph with iffrnt prmtrs.

Dtil isussion o th sttistil nlysis o xprimntl rsults is yon th sop o this thsis,
pls rr to ngorp et al.,  or mor tils.

. . Experiment  Artifact analysis in Unstructured Lumigraph

 purpos o this xprimnt is to msur how ghosting n popping rtits fft th priv
qulity o unstrutur lumigrph o rl çs. From th isussion in prvious stion, it is lr
tht ghosting n popping rtits r th rsult o iffrnt lvls o lning twn input imgs.
 spii qustions w sk to nswr r s ollows:

• nr whih onitions o th rtits om ojtionl?
• hih typ o rtit is wors?
• ht is th optiml isply strtgy whn thr r rstritions on th numr o imgs tht n

 ptur or stor?
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Figure . :Cornr sn (l) nownHll sn (right) us or xprimnt . ptur mr viwpoints
(shown in grn) in th thr rows monstrt th thr ptur nsitis or ovrg us in th xprimnt.
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Figure . : Exprimntl intr or th visul qulity rting xprimnt or Cornr sn (l) n ownHll
sn (right).

Stimuli  stuy th fft o ovrg n numr o imgs ln on rtits; in orr to limi-
nt sn omplxity n qulity o D gomtry s vrils, w slt sns with two pth lvls
– ç with onvx (lonis) or onv (rhs) turs n us  w plns n oxs s D
gomtry.  ptur sty vio squns o  Cornr o  lrg ity squr n o  own Hll (s
Figur . ), whih llows us to mk irt omprisons twn img-s rnrings n rl
vio.  thn xtrt  rgulr susmpling o rms rom th vio n us strutur rom motion
nvly et al.,  to lirt th mrs n gnrt  sprs D point st, whih w us to rt
 piwis plnr proxy gomtry.  thn us unstrutur lumigrph Buhlr et al.,  s th
img-s rnring lgorithm to gnrt th stimuli.  vio srvs s th groun truth or 
viw intrpoltion gnrt unstrutur lumigrph.

Experimental procedure  prmtrs w vry or th pproximt rnrings r ( ) ovrg,
n ( ) numr o imgs ln or ny givn pixl. For ovrg, w us low (lo), mium (me) n
high (hi) vlus orrsponing to pproximtly , n imgs ovring ny point o th sn
gomtry.  n , n (own Hll) or (Cornr) input imgs to hiv ths vlus o
ovrg (s Figur . ). For th numr o imgs ln pr pixl, w us vlus o , n , s
ommonly us or this lss o img-s rnring thniqus Buhlr et al., ; Eismnn et al.,

.

 prtiipnts wr prsntwith  pir o vios: n img-s rnring n th orrspon-
ing vio rrn.  vios ply in  loop o pproximtly sons with th mr moving to
n ro long th pth.  prtiipnts wr sk to “rt th visul qulity o th pproximtion with
rspt to th rrn” using  ontinuous slir (s Figur . ). is provis  irt msur o
qulity. Eh o th × stimuli is rpt tims in rnom orr, in sprt loks or oth sns
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coverage

Corner scene

39 49 60

29 46 67

22 30 61

lo me hi
coverage

Town Hall scene

52 41 39

41 68 79

23 60 79

lo me hi
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45 45 49

35 57 73

23 45 70
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Figure . : Avrg visul qulity rtings or Exprimnt , rnging rom th worst qulity ( , lk) to th
st ( , whit). Highr vlus mns th squn look ttr, i.., wr rtits. op row orrspons to
popping rtits whil th othr rows orrspon to ghosting rtits.

(s vio ).

Results In wht ollows, w rport visul qulity lvls s prntgs pning upon th position
o th slir s mrk y th prtiipnts.  rport iffrns in visul qulity lvls s prntg
points (pp). Intuitivly, w woul xpt  monotoni progrssion o qulity s w inrs th numr
o imgs us ovrll.  ky qustion is how this is fft y popping n lning rtits.

Popping artifacts  top rows o Figur . rr to popping, sin only  singl img is ing
us t ny givn pixl. For this s, th ovrll visul qulity pprs to pn on th svrity o th
rtits whih vris rom sn to sn. is pnn on th sn is rvl y linr rgrssion
o th qulity s  untion o ovrg. r is  signiint prrn or str popping in th Cornr
sn (signiintly positiv slop o . pp pr pproximt ouling o ovrg). A mor surprising
outom is th prrn or slower popping in th own Hll sn (signiintly ngtiv slop o
- . pp pr pproximt ouling o ovrg). is rsult is o intrst sin it mns tht it is not
nssrily vntgous to us  lrgr numr o imgs.

Ghosting artifacts In ontrst, or ghosting rtits (s Figur . , ottom rows), linr rgrssion
onirms our xpttion tht th ovrll visul qulity improvs s th ovrg grows (signiintly
positiv slop o . pp pr pproximt ouling o ovrg). ith  sprsr st o input imgs, th
imgs ln r urthr rom th output mr position on vrg n thror rsult in lrgr
tur mislignmnt whn projt onto th plnr gomtri proxy.

might xpt tht lningmor imgs togthr t vry pixl improvs pprn y smooth-
ing out trnsitions. Intrstingly, howvr, w in tht priv visul qulity tns to improv whn
wr imgs r ln pr pixl. vrg priv qulity inrss y . pp rom to imgs

http://www.youtube.com/watch?v=akaWUe0mum

http://www.youtube.com/watch?v=akaWUe0mum8
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ln pr pixl. hn gomtry is not suffiintly urt, lning wr imgs t ny givn pixl
rus lurring or th numr n sptil xtnt o ghost imgs.

Comparison between artifacts It is intrsting to stuy whthr thr is  lr iffrn in qulity
twn popping (using img pr pixl) or lning imgs pr pixl.  in tht th rltiv
unplsntnss o popping n lning rtits pns on th prrn or st or slow popping in
th sn. Howvr, in oth sns thr is  rossovr point; popping is prrr or low ovrg, n
lning imgs whih rsults in limit ghosting, is prrr or high ovrg. Blning imgs
rsults in mor pronoun ghosting whih onsistntly rnks lss prrl to th othr two options.

. . Experiment  Artifact analysis in Cross Fading

 gol o this xprimnt is to rss th ollowing qustions:
• How os ross-ing ompr to unstrutur lumigrph Buhlr et al.,  in trms o r-

tits?
• houl trnsitions  st (potntilly too rupt), or slow (potntilly using mislignmnt r-

tits to  visil or longr urtion)?

Stimuli  prorm this xprimnt irst with rtiiil sns whih llow pris ontrol ovr x-
primntl onitions n thn invstigt how th rsults gnrliz to  rl sns vn though
th ontrol ovr xprimntl onitions is nssrily lss pris.  prorm th stuy with r-
tiiil stimuli us ross-ing with wi-ngl imgry ls to prsptiv istortions (s Fig-
ur . (right)) whih intuitivly sm to pn upon sn n ptur hrtristis suh s pth
rng o ç n novl viwpoint’s position n orinttion (s tion . ). Artiiil stimuli llow
us to ix ths vrils.

 rt n rtiiil ç us with  ix pth rng n viwing ngl ∘ (s Figur .
n vio ).  thn rnr th ç rom two n points with  wi il o viw; ths srv
s input imgs or ross-ing.  gnrt th stimuli y projting ths imgs onto th plnr
proxy n lning thm using linr intrpoltion wights ovr th ull output mr pth or ovr th
mil  or . Bor n r this lning trnsition only  singl img ws us to synthsiz
th rsult.  rt th rrn vio y rnring th ntir pth using physilly-s rnr-
ing. hil th intrnl tils o ommril systms lik Googl trtviw r unknown, our stimuli
rsml thir rnrings.

 lso gnrt stimuli or unstrutur lumigrph rnring to ompr to ross-ing. o this
n, w rnr th ç rom vnly sp mrs t  nsity quivlnt to th nsst st o th

http://www.youtube.com/watch?v=akaWUe0mum

http://www.youtube.com/watch?v=akaWUe0mum8
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() ()

() ()

Figure . : Intr or th ross-ing xprimnt.  prtiipnt is prsnt irst with (–) on o thr
img-s rnring rsult n th rrn, n thn with () ll thr rnrings n th rrn.

Cornr sn o Exprimnt .  only gnrt th stimuli or lning or imgs with vrying
ovrg; w non lning imgs t h pixl us it lrly os not improv th visul
qulity s shown y rsults o prvious xprimnt.

 gnrt th stimuli or rl sns using th sm prour, with rl photogrphs rpling
snpshots o th synthti sn.  groun truth ws gnrt y rnring  squn o imgs or
th synthti s. For th rl sn, w i not ror  groun truth.

Experimental procedure For th ross-ing stimuli, w tst thr iffrnt urtions o ross-
ing.  rt th stimuli with ,  n  o th pth unr ross-ing or oth rtiiil
n rl stimuli. For th unstrutur lumigrph stimuli, w vri th ovrg n numr o imgs
ln pr-pixl th sm wy s in Exprimnt , th only iffrn ing w i not tst th s
or lning imgs pr-pixl us th rsults o th prvious xprimnt init tht inrsing
th numr o imgs rom to i not improv visul qulity in ny s (s Figur . ).

In s o th synthti sns, prtiipnts wr prsnt with th stimuli n sk to “rt how
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Figure . : Avrg visul qulity rtings or Exprimnt using rtiiil n rl stimuli, rnging rom th
worst qulity ( , lk) to th st ( , whit).  l igur ll “L” shows th rsults o unstrutur
lumigrph n th right igur ll “CF” shows ross-ing rsults.  top row o unstrutur lumigrph
rsult orrspons to popping rtits (using img pr pixl), n th ottom row orrspons to ghosting
rtits (lning imgs pr pixl).

muh th rtits othr thm” y justing  ontinuous slir s in th prvious xprimnt. r-
tiipnts wr irst prsnt with th intii rrn stimulus in th ntr o th srn, with on
itionl stimulus orrsponing to on o lning, popping or ross-ing.s wr prsnt in
rnomiz orr, to th l, right n low th rrn (s Figur . ). Blning n popping in 
givn tril us th sm totl numr o imgs.  prtiipnt rt h stimulus with rspt to th
rrn. Ar th thr stimuli hv n rt, th prtiipnt ws prsnt with ll thr stimuli,
slirs n th rrn, n my just th rltiv rtings (s vio ).  rpt th sm xpri-
mnt or th rl sns ut without th rrn stimulus whih mounts to no-rrn omprtiv
stuy twn ross-ing n lning.

Results Figur . () summrizs th visul qulity or th ross-ing xprimnt with rtiiil
stimuli, vrg ovr prtiipnts. hort ross-ing is givn th highst qulity rting ovrll, whil
longr ross-ing riv vry low rtings, monstrting  prrn or shortr ross-ing (sig-
niintly ngtiv slop o - . pp pr  inrs in ross-ing lngth). hort ross-ing rsults
in strongr prllx rtits towrs th mil o th pth, ut lss prolong ghosting rtits ur-
ing th trnsition. is suggsts tht th prllx istortions r lss ojtionl thn th lning
rtits in ths stimuli.

Figur . () summrizs th visul qulity or th ross-ing xprimnt with th rl sn,
vrg ovr prtiipnts.is onirms th trns within h thniqu. r is gin  lr pr-
rn or shortr ross-ing (signiintly ngtiv slop o - . pp pr  inrs in ross-ing
lngth).r is  slight prrn or slow popping in th s o unstrutur lumigrph (signiintly
ngtiv slop o - . pp pr pproximt ouling o ovrg) n or lning with nsr ovrg.

http://www.youtube.com/watch?v=akaWUe0mum

http://www.youtube.com/watch?v=akaWUe0mum8
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Validation of unstructured lumigraph results  sign o th xprimnt llows us to rvisit th
qustion o whthr popping or lning rtits r prrl in unstrutur lumigrph. In ontrst
to th Cornr sn in prvious xprimnt, slow popping is prrr (signiintly ngtiv slop o
- . pp pr ouling o ovrg). s rsults lso onirm th rsults rom th prvious xprimnt
tht priv qulity o ghosting rtits in unstrutur lumigrph improvs with highr ovrg
(s Figur . ).

 rsults or rtiiil sns show  highr rltiv qulity o ross-ing ompr to unstru-
tur lumigrph. liv this ismost likly us y th lk o til n omplxity in th rtiiil
ç n y th high ury o its gomtri proxy n mr positions. In rl sns, mislign-
mnt twn th two input imgs t th r ns o  ç s us y ross-ing r typilly lrgr
nmor notil thn twn onsutiv input imgs s us or unstrutur lumigrph.r-
or w hypothsiz tht th rsults with rl stimuli r mor suitl s  sis or guilins whih
will gnrliz to othr rl worl sns.

. . Guidelines for current image-based rendering systems

 now summriz th rsults o th xprimnts n prsnt guilins or ptur n isply.

Unstructured lumigraph guidelines ghosting versus popping  rsults rom th unstrutur
lumigrph xprimnt (s Figur . ) show  systmti rnking o popping n ghosting. hn
ovrg is low, popping is lrly prrl to ghosting rtits. is sms to  th s us
synthsiz viws r s risp s th input imgs n th rtits r visil only t trnsitions, pr-
snting  plusil img or longr urtion. Dns pturs l to mor rqunt popping whih is
priv s wors thn slow popping with sprsr pturs. Ghosting uss slint img ontnt suh
s txt, rhitturl turs t. to om illgil or unrognizl, whih is priv s mor is-
turing ompr to sun trnsitions.  st ovrll rsult is hiv whn ovrg is high n
imgs r ln pr pixl.is givs th st troff; howvr it might  imprtil us ns
pturs n rsult in prohiitiv quisition n storg osts.

Cross fading guidelines ur xprimnt inits n intrsting wy to improv img-s nv-
igtion pplitions s on ross-ing, suh s Googl trtviw whih urrntly ppr to us 
thniqu kin to long ross-ing.ur rsults show tht y swithing to shortr ross-ing priv
qulity woul  nhn, spit prsptiv istortions.

Cross fading versus unstructured lumigraph  omprison twn ross-ing n unstru-
tur lumigrph on rl sns (s Figur . ()) show tht th lttr givs ttr qulity y () using



. . Disussion

singl img to synthsiz h pixl unr low ovrg i.. slow popping, or () lning imgs
pr-pixl unr ns ovrg.

Ghosting artifacts versus perspective distortions t ollt rom ross-ing xprimnt
with oth rtiiil n rl stimuli suggst tht ross-ing o short trnsition is prrr. In th short
ross- onition, prsptiv istortions om ut towrs th mil o th pth; spit this,
th onition is rnk s highst qulity mong ross-ing stimuli. is inirtly inits tht pr-
sptiv istortions r mor tolrl thn ghosting rtits us y long trnsition ross-s. 
shp-prsrving wrp in Chptrs n xploits this osrvtion.  wrp prous prsptiv
rrors, howvr, th ovrll priv qulity is high us oth th pprohs minimiz th pr-
ptully mor importnt ghosting rtits.

Conclusion It is lr tht hvy ghosting rtits r lwys priv s unptl vn i thy
l to smooth tmporl trnsitions. srvrs sm to prr risp imgs vn i thr r prllx
rrors or tmporl jumps. is unmntl guilin is th sis o our lning strtgy in oth th
img-s rnring pprohs oChptrs n . Both th lning strtgis us tmost imgs
t h pixl n vn thn vor on nit hvily, rsulting in miniml ghosting.

 shp-prsrving wrp us in oth th img-s rnring pprohs is gin motivt
y th t tht prsptiv istortions r lss notil thn ghosting rtits.  shp-prsrving
wrp srvs s  D pproximtion or th tru ffin trnsormtion n thus ls to prsptiv rrors,
ut thy r hrly privl, vn mor so or th lol wrps in Chptr us th prsptiv
rror is loliz to muh smllr rgions.

. Discussion

 min limittion o oth th prptul stuis is tht thy nlyz  simpl orm o img-s
rnring rstrit to xis-lign gomtry typil o çs. In tion . , w nlyz th troff
twn ghosting n popping rtits n giv guilins or rsolving it, ut our guilins o not -
ount or th omplxity o th sn. ur nlysis is lso rstrit to unstrutur lumigrph Buhlr
et al.,  n ross-ing inh et al.,  whil morn img-s rnring pprohs r
mor sophistit. Agin, our nlysis o prsptiv istortions in tion . is limit to vry simpl
sn gomtry. Although our rsults r vry rlvnt to urrnt ommril systms suh s Googl
trtviw, thy nnot vlut th qulity o stt o th rt img-s rnring pprohs suh
s thos prsnt in Chptrs n . A ull lg prptul vlution rmwork must xtn to
sophistit img-s rnring lgorithms n tk into ount th omplxity o th sn n
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th qulity o ronstrut D gomtry. syhophysil xprimnt sign or suh omplx srrios
n  irly non-trivil. For suh ss, it my  simplr to stuy impliit visul pross y msur-
ing rin rspons irtly ust et al., . uh stuis n  o muh utility, provi th
rltionship twn onsious visul ognitiv prosss n impliit prosss is wll unrstoo.

. Conclusion

 nlyz iffrnt kins o istortions n giv guilins or signing systms tht mximiz pr-
iv qulity. ur nlysis o lning n its ssoit rtits rvls tht pplitions shoul voi
lning xssivly.  vlop this guilin in  simpl img-s rnring systm, ut this is
 powrul rsult whih pplis to mor sophistit systms suh s thos in Chptrs n . r-
sptiv istortions r th most importnt rtits us thy will lwys  prsnt. Howvr, our
stuis show tht th humn visul systm is quit tolrnt towrs suh istortions whih lvs  lot o
sop or img-s rnring pprohs to xprimnt with lgorithms tht n work with sprs
pth mps vn though thy inur istortions to som xtnt.  xprimnt with shp prsrving
wrps in this spirit; thr is promis or vn ttr rsults in this irtion o rsrh.



Chapter

Virtual Reality using Image-based Rendering

irtul rlity () uss omputr grphis to immrs usrs in virtul nvironmnts.  pplitions
prou li siz rnrings o virtul nvironmnts roun th usr rthr thn on  omputr srn s
is ommon in  typil omputr grphis pplition.is is gnrlly hiv y spiliz hrwr
suh s multi-srn projtion systms, h mount isplys t. is is n xiting r o rsrh
with  lot o potntil or gming, trining simultions n hlth pplitions suh s ognitiv thrpy.

 ulk o rsrh in  ouss on hrwr - multi-srn projtion systms, stro mh-
nism, trking n hptis. ost o th sowr rlt rsrh ouss on humn-omputr intr-
tion whr th trgt is to vlop mor intuitiv mhnisms or intrting with th virtul nviron-
mnt using th sm or nhn hrwr .g. virtul nvigtion intrs Cirio et al., . r
is littl rsrh on th or rnring lgorithm or virtul nvironmnts. is is rthr surprising -
us  rquirs lrg n possily nimt virtul nvironmnts  rnr t intrtiv rts in
stro. ror, urrnt  pplition us vry trivil hong shing or txtur mpping. It is hr
to us vn rough pproximtions to glol illumintion, .g. srn sp mint olusion, simply
us th rm rt rops signiintly on lrg stro isplys.

 us o tritionl grphis poss two min prolms or  systms. Firstly, lrg virtul sns
hv to molmnully whih n  tim onsuming n xpnsiv. only, lrgmulti-srn
stro rnring lns  powrul sns o immrsion ut th rnring qulity is on poor. prsnt
th irst img-s rnr (IB) immrsiv systm tht llvits th ov prolms. IB systms
us photogrphs: this mks pturing lrg nvironmnts irly trivil ompr to mnul D mol-
ing. or on thn not,  pplitions try tomol rl sns, IB n   vry onvnint tool or
suh ss. At th sm tim, IB givs photorlisti rsults whih n potntilly inrs th sns
o immrsion in  pplitions.

hil  lrg numr o IB pprohs r vill or xprimnttion in  systms, it is sy
to s tht pprohs rstrit to viw intrpoltion itnik et al., ; Gosl et al.,  n non-
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Figure . : Immrsiv sp stup. () iw o th immrsiv sp long with imnsions n th oorint
systm us or omputing th viwing rustum rom ny h position H insi th immrsiv sp. () ho-
togrph o th immrsiv sp with img-s rnring rsult on th ront srn.  hir n rpt r
us in th minisn rpy xprimnt s shown in Figur . .

intrtiv or offlin pprohs Fitzgion et al., ; hjn et al.,  r lrly not suitl.
Ar ll,  rquirs intrtiv nvigtion in th virtul nvironmnt. thr pprohs s on
D gomtry Buhlr et al., ; Eismnn et al.,  rquir urt D mols whih n 

prohiitivly lrg or virtul sns tht spn tns o mtrs o urn imgry. As shown in Chptrs
n , ths pprohs giv  lot o rtits i th D gomtry is not urt.

 ov isussion shows tht our img-s rnring pproh is th irst whih n potn-
tilly  port to   stup. ur pproh llows r viwpoint nvigtion t intrtiv rts whih
is ritil or . In this hptr, w sri th hngs to th suprpixl wrp (s Chptr ) in or-
r to us it in   stup.  thn rily monstrt th us o th our systm in  ognitiv thrpy
pplition. Finlly, w isuss th urrnt limittions o our systm.

 ontriution o th thsis towrs this projt is th vlopmnt o   systm tht is pl
o using r-viwpoint img-s rnring.is inlus nginring issus ssoitwith immr-
siv sp hrwr stups s wll s lgorithmi hllngs ssoit with vloping n img-s
rnring solution suitl or h trk nvigtion.  ognitiv thrpy xprimnt sri
rily in tion . tht uss this stup is yon th sop o thsis, pls rr to Chpouli et al.,

 or mor tils.

. Immersive space hardware setup

 us th suprpixl wrp or img-s rnring (s Chptr ) whih is sign or  singl
sktop srn. Consquntly, w only us th ront srn o  BAC ip (s Figur . ) or

http://www.barco.com/en/Products-Solutions/Visual-display-systems/ D-video-walls/
Multi-walled-stereoscopic-environment.aspx

http://www.barco.com/en/Products-Solutions/Visual-display-systems/3D-video-walls/Multi-walled-stereoscopic-environment.aspx
http://www.barco.com/en/Products-Solutions/Visual-display-systems/3D-video-walls/Multi-walled-stereoscopic-environment.aspx


. . Cpture nd dtset preprtion

Figure . : L: visuliztion o ptur mrs or on o th tsts. uh  ptur llows nvigtion in
 signiintly lrg portion o th sn ( m× m shown hr s top viw).  ronstrut sn n th
immrsiv sp (shown in orng) n  in totlly iffrnt oorint systms. ight: w rgistr th immrsiv
sp (shown in orng) n th ronstrut sn y ligning on o th input mr positionswith  rrn
point in th immrsiv sp.

isplying th virtul nvironmnt.  prolms with using ll srns is isuss ltr in tion . .
 siz o th srn is . m× . m with  isply rsolution o × pixls.  projtors us
pssiv Init stro glsss , whih r trk using th A trking systm .

. Capture and dataset preparation

 ptur th sn using photogrphs s shown in Figur . .  igur shows th sn ptur
using lss thn photogrphs. is xmpliis th utility o IB in suh systms; lrg sns suh
s th on shown n rquir  lot o mn hours or D moling. Cpturing th whol sn using
photogrphs rquir just minuts in this s.

Ar ptur, w prpross th photogrphs similr to Chptr y running D ronstrution
nvly et al., ; Furukw n on, , ovrsgmnttion Ahnt et al.,  n pth
synthsis in poorly ronstrut rgions (s tion . ).

. . Registration of D scene and immersive space

 sl o th D sn n pos o input mrs r trmin in n ritrry oorint systm t
y D ronstrution s shown in Figur . .  irst omput th sl tor twn th tul sn
n its ronstrut vrsion s th rtio o th tul istn twn two known points o th sn
n th istn twn thir D ronstrut vrsions.is ngts ny sl vritions twn rl
worl imnsions n ronstrut imnsions.

 D sn hs to  isply in th immrsiv sp whr th isply mr mtris r

http://infitec.net/index.php/home/glasses/infitec-premium-glasses
http://www.ar-tracking.com

http://infitec.net/index.php/home/glasses/infitec-premium-glasses
http://www.ar-tracking.com
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onstrut using n solut oorint systm ix to th immrsiv sp s shown in Figur . .
 thror stimt  × rottion mtrix Rpr n trnsltion vtor tpr twn th ronstrut
sn n immrsiv sp.  nt trnsormtion twn th two oorint systms is givn y

Tpr = ( Rpr tpr� � ) ( . )

In orr to stimt th rottion n trnsltion, w slt ny input mr n lign its ntr o
projtion n rottionmtrixwith  ix rrn position n rottionmtrix in th immrsiv sp
rsptivly. Lt th slt input mr’s rottion mtrix  Ri n th rrn rottion mtrix in
th immrsiv sp  Rr.  projtion o ny D point in th rottion mtrix o th input mr
must  th sm s th projtion o th sm point r pplying th rottion Rr in th rrn
rottion mtrix. is invrin givs th ollowing qution:

Ri ⋅ v = Rr ⋅ Rpr ⋅ v
⇒ Rpr = RT

r ⋅ Ri ( . )

ot tht th invrs o  rottionmtrix is th sm s its trnspos.xt, ssum tht th input mr’s
ntr o projtion is ci n th rrn position is cr. Applying th rottion n trnsltion w gt:

Rpr ⋅ ci + tpr = cr⇒ tpr = cr − Rpr ⋅ ci⇒ tpr = cr − RT
i ⋅ Rr ⋅ ci ( . )

 trnsorm th whol D sn inluing th input mrs y th rigi trnsorm Tpr omput
rom Equtions . , . n . .  pply Tpr on h D pth smpl o th sn n trnsorm th
input mrs y trnsorming thir ntrs o projtion s wll s thmolviwmtris s xplin
in Appnix C. is stp is n itionl prt o prprossing whih ns to  prorm on to
rgistr th D sn with th immrsiv sp (s shown in Figur . ).

. Modiication of IBR for immersive space

us th sm img-s rnring pproh s in Chptr xpt or th ollowingmoiitions
to hnl h trking, sn nvigtion n stro.



. . Modiition of IB for immersive spe

front screen

c
H,l

c
H,r

interocular distance

Figure . : op viw o immrsiv sp to show th rust or l n right y.  molviw mtris n
rust or l n right y r omput using th h positions cH,l n cH,r, whih r omput y prturing
th h position rturn y th h trkr in l n right irtions prlll to th srn.

. . Head tracking

pproh in Chptr is vlop or sktop pplitions whr th usr nvigts using mous.
In th immrsiv sp stup, th novl mr position cH is provi y  h trking vi in rl
tim.  ptur D sn is lry rgistr with th immrsiv sp suh tht on o th input
mrs is lign with  known rrn point in th immrsiv sp.

 virtul mr us to isply th ront srn hs orinttion (0, 1, 0) n up vtor (0, 0, 1) s
shown in Figur . . s vtors rmin th sm irrsptiv o th position n orinttion o th
h. us, in pnGL trminology, th molviw mtrix is givn y:

Mf,H = gluLookAt (cH, cH + (0, 1, 0), (0, 0, 1)) ( . )

whr th susript f nots th ront srn.  slt input imgs whos molviw mtris r
most similr to tht o th novl mr. us, to synthsiz th inl img, w slt th input imgs
whos ntr o projtion n orinttion r losst to cH n (0, 1, 0) rsptivly, in th oorint
systm o th immrsiv sp.  omput th prsptiv mtrix P,H using th stnr pproh
o joining th h position cH with th our ornrs o th srn Cruz-ir et al., . n w
pr-slt th input imgs, w wrp thm using th ovrll projtion mtrix givn y Pf,H ⋅ Mf,H. 
ln th wrp imgs s sri in tion . .

. . Stereo rendering

For stro rnring, w rnr two rms into th pnGL l n right uffrs, h omput
inpnntly using th sm img-s rnring piplin. For h h position cH, w rt
two h positions cH,l n cH,r sprt y introulr istn o - m suh tht th lin joining cH,l
n cH,r is prlll to th srn (s Figur . ). At h rm, w omput n IB rsult orrsponing
to h o cH,l n cH,r n isply thm using qu-uffr stro.
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. . Navigation

 ov pproh smlssly hnls h movmnt within th immrsiv sp. o llow long
rng nvigtion, w us th wand vi whih hs  joystik n  orinttion snsor.  hrwr
rturns th urrnt orinttion o th wn n movmnt o th joystik.  intrprt th joystik s
positiv or ngtiv trnsltion in th irtion givn y th orinttion o thwn.is givs n ovrll
trnsormtion T or th position o th usr in th virtul worl whih n  hiv y trnsorming
th h position y T. Howvr, rll tht th h position is upt synhronously y th h
trkr. ror, inst o trnsorming th h position y T, w trnsorm th sn n input
mrs y T−1 with quivlnt fft. o trnsorm th sn, w pply T−1 on h D pth smpl
us or IB.  trnsorm th input mrs y trnsorming th ntr o projtion s wll s th
molviw or xtrinsi mtrix.  xplin this rivtion in Appnix C.

hil our systm provis vry rlisti imgs or r nvigtion, lik ny img-s mtho it
is rstrit to rprsnting ontnt whih tully xists in som o th input imgs. hn th usr
lvs this rgion, visul rtits ppr. o voi this, w limit nvigtion to th zonwhr rtits r
vry smll.is still lvs suffiint room or r nvigtion y tul movmnt within th immrsiv
or long rng trnsltion using th wn.

. . Rendering synthetic objects with IBR

Cpturing n moling  rl sn n provi  vry rlisti D nvironmnt. Howvr, it my not
ontin ll th sir sn lmnts rquir or   pplition. is is spilly tru or trining
or simultion pplitions whr it my  ritil to hv itionl ojts or intrtion (s Fig-
ur . (right) or xmpl). uh ojts hv to  mol or ptur sprtly n  to th
virtul nvironmnt. o llow this, w moiy th IB piplin o Chptr to  othr ojts. ll
tht w stor th min pth o h suprpixl s mtt whil wrping it to th novl viw (s
tion . . ). During th son pss or lning, w rprojt this min pth or h nit
suprpixl to th novl viw using th ollowing:

d,novl = C,novl ⋅ C−1
input ⋅ d ( . )

whr d is th min pth o th suprpixl, Cinput n Cnovl r th projtion mtris o th input
n novl mr rsptivly.hil lning th nit suprpixls, w writ th rprojt pth
o th highst wigh nit s th inl pth o th pixl.

Hving rnr th ull sn using th img-s piplin, w thn rnr synthti ojts.
s ojts r typilly rt in D moling sowr suh s Autosk y or Blnr t. 
thror us hong shing with txtur mpping to rnr ths ojts.  rnr thm in th sm



. . esults

Figure . : nrings gnrt y our  systm. s srnshots r gnrt y mirroring th  rn-
rings on  sktop monitor.  inst is not isply in th  rnrings. It is shown hr to illustrt th
h position in th D sn uring intrtiv nvigtion.

rnr trgt s th IB rsult with pth tst nl.is utomtilly pls th ojts t th orrt
pth in th sn giving orrt (is)olusion ffts. us, our  systm n  lnly onvrt
into n ugmnt rlity systmwhr thmost o th sn is rnr using IB n synthti ojts
r rnr using th tritionl grphis piplin.

. Results

 now prsnt th rsults o our img-s rnring systm in th immrsiv sp in Figur .
n . .  ovrll rm-rt o th implmnttion is F; highr rsolution o th immrsiv

Figure . : hotogrphs o our  systm running in th immrsiv sp.
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Figure . :minisnrpy xprimnts. L: iffrnt tsts us s known n unknown lnmrks o
th ity. il: usr immrs in our img-s  systm. rtiipnts r st to ommot possil
moility rstritions. ight: ur  systm nhn with ingr gsturs n synthti ojts.

sp n stro rnring ount or th rs rm-rt s ompr to tion . .

. Application Reminiscence Therapy

 monstrt th  prototyp y using it in  minisn rpy () xprimnt. In minis-
n rpy, ptints r prsnt with milir nvironmnts, .g. thir nighorhoos, prominnt
lnmrks o thir ity t. ritionl  omplishs this y mns o photogrphs.  n  us
or th sm purpos y moling th nvironmnts n llowing th ptint to intrt with th n-
vironmnts virtully. is is s on rnt work tht show th utility o  or mmory trtmnts
Brooks n os, ; Gonnu et al., . Howvr, rting  rlisti Dmols o  ptint’s -
milir nvironmnts using tritionl mnul moling is r too xpnsiv oth in tim n rsours.
 hypothsiz tht th rlisti rnrings using IB r qully or mor powrul thn photogrphs
or synthti sns whil lso mking it muh sir to ptur suh nvironmnts.  vlop x-
primnts whr milir n unmilir lnmrks o th ity r prsnt to lrly prtiipnts,
thir mmory rspons msur y mns o  qustionnir n ompr to th s whr still
photogrphs r us s stimulus. om photogrphs o th xprimnts n  sn in Figur . .

is xprimnt inluing th sign, nlysis n inrns r yon th sop o th thsis. 
giv  ri ovrviw o th xprimnt n rsults to monstrt th utility o our  systm. ls
rr to Chpouli et al.,  or mor tils.



. . Applition: eminiseneerpy

Experiment prtiipntswr prsntwith iffrnt stimuli or minuts n sk to gnrt
s mny mmoris s possil rlt to th nvironmnt, using short sntns.  vrl rponss
wr ror n nlyz y  sph linguist who lssii thm s onious or vgu rolltions.
only ount onious rolltions or our purpos.iffrnt stimuli inlu () img-s
rnring o  known ity lnmrk, () img-s rnring o unknown ity lnmrk, () stti
photogrph o  milir lnmrk n () gry img whih rprsnts no visul stimulus. numr
o rolltions in h s is xpt to init th utility o th our sttings or minisn
rpy.  prorm th xprimnt on lrly prtiipnts n not ptints sin this projt is still
in its rly stgs n th immrsiv sp is not n uthoriz linil lortory.

Results  most importnt rsult o th stuy is tht th numr o rolltions ws highst or
img-s  rnrings o  milir lnmrk ollow y stti photogrph o milir lnmrk.
is inits tht rlisti immrsiv visuliztion o D nvironmnts surpsss stti photogrphs
or triggr onsious rolltions o utoiogrphil mmory, whih is th min purpos o . ur
systm n  sily pt to nvironmnts milir to th ptint; this hols prtiulr promis rom
 linil prsptiv, sin it mks   vil linil prour.  rsponss to our qustionnirs
init th ility o IB to onvy  sns o “ing thr”.  lso got onlusiv vin tht im-
mrsion in milir lnmrks o th ity gnrt mor mmoris, whih inits tht th lvl o
rlism in our systm in mks  virtul nvironmnt mor rognizl.

Bsis, our stuis onirm th ptility o sophistit thnology y lrly prtiipnts.
 rsponss to th qustionnirs init tht th thnologil stup is wll tolrt y th prti-
ipnts. In t, ing  novl thnology, it is mor likly to ngg th prtiipnts thn tritionl
pprohs. n o th grt hllngs or  is whthr iffrnt thnologis mintin th usr’s
motivtion whn onront thm with  rptitiv sris o trining hllngs.  intrtivity n
rlism sm to improv motivtion n nggmnt.

s rsults show tht img-s thniqus offr grt promis or , n or  in gnrl.
ur systm hs numrous vntgs ovr tritionl D ssts us in .  t tht only  w
sul photogrphs r rquir to rt  sn tht n  us or  is n vntg with vry
signiint onsquns.  lvl o rlism otin y th imgry, spit som rsiul rtits,
is t lst s goo s tht prou t grt ost with mnul moling. is is n xprimntl stup
withmny thnil hllngs, th most importnt ing multi-srn IB solution (s tion . ).
vroming ths iffiultis will urthr inrs th utility o suh systms or linil prours.
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Figure . : () Immrsiv sp top viw: orinttion vtors o mr us to isply ront, l n srns r
shown in r. r-slting input imgs using ths orthogonl orinttions ls to inonsistnis t srn
ounris us iffrnt imgs r slt or iffrnt srns. () Immrsiv sp si viw: th orin-
ttion or ottom srn isply mr (r) is lmost orthogonl to th ptur mrs orinttions (grn).
 sn loor is ptur t grzing ngls n wrping ths suprpixls ovr  lrg ngl twn ptur
mrs n ottom srn mr ls to rtits.

. Current technical issues and possible solutions

 most prssing irtion o utur work is th improvmnt o th unrlying IB lgorithm. is
inlus th vlopmnt o  solution or multipl srns, thus proviing ull immrsion.

Limitation to single screen  img-s rnring pproh o Chptr pr-slts  sust o
imgs to wrp.  molviw mtris o th mrs us to isply th ront, l, right n ottom
srns in th immrsiv sp hv orthogonl orinttion vtors s shown in Figur . (). is
rsults in iffrnt imgs ing pr-slt or iffrnt srns.is in turn ls to isontinuitis t
th ounris o th srns. A potntil solution is to slt  st o suprpixls (not imgs) pning
upon h orinttion n not th orinttion o isply mr or h srn.

Special case for scene loor  shp-prsrving wrp o Chptr llows only minor pth gr-
ints within h suprpixl. In orr to isply th sn loor on th ottom srn, th loor supr-
pixls hv to  wrp to th mr or ottom srn. As shown in Figur . , th loor is ptur
t grzing ngls y horizontl ptur mrs (shown in grn). is ls to wrping rtits (s
tion . ) us ths suprpixls hv  high pth grint n thy hv to  wrp ovr
th wi ngl, trmin y th ngl twn ptur orinttion n ottom mr orinttion
(shown in r). A potntil solution is to rlx th priors o th IB pproh or simply us pth sm-



. . Current tehnil issues nd possile solutions

pl rprojtion Chn et al.,  inst o shp-prsrving wrp (s tion . ) or th loor o
th sn.



Chapter

Conclusions and Future Work

. Conclusions

 hv prsnt  st o nw pprohs to provi plusil img-s rnring or nvigtion
in sully ptur omplx sns, whih r iffiult to hnl using stt o th rt multi-viw stro
n img-s rnring.

most importnt insight otin rom this thsis is tht D img-s onstrints n  us
ompnst or D ronstrution. It is not lwys possil to otin high qulity gomtry with stt o
th rt pprohs. Evn with improvmnts in multi-viw stro som ss n still  xpt to 
prolmti.  hv monstrt tht in ss whn photoonsistny n  vry hr to nor,
it is still possil to otin plusil img synthsis y using img-s onstrints. It is rguly
 ttr strtgy to stor viw pnnt rprsnttions (.g., viw pnnt pth mps n wrp
systms popult with D onstrints), or som sn ojts rthr thn  viwpoint gnosti stti
rprsnttion lik D mols, spilly i D mols r hr to otin or vry omplx.

In trms o spii ontriutions, w liv tht th introution o isontinuous vritionl wrp
in Chptr rks nw groun. In prtiulr, w hv monstrt how to introu ontnt prsrv-
ing isontinuitis in  smooth vritionl wrp. is will hopully hv pplitions in othr img
rlt tsks.  pth synthsis in Chptr is th irst pproh whih synthsizs plusil pth in
 non-lol mnnr; it is pl o ining plusil pth rom rltivly istnt img rgions whil
prvious pprohs hv only tri lol pth propgtion ng et al., ; Gosl et al., .

 hv lso vlop  shp-prsrving wrp tht nsurs istortion r img synthsis vn
though th guiing onstrints in th orm o pth smpls r somtims pproximt.  wrp
ppli inpnntly to h suprpixl prsrvs th struturs within suprpixls, ross suprpixls
s wll s ross tim (uring n intrtiv wlkthrough). o glol onstrints r nssry to nsur
sptil or tmporl ohrn. imilr pprohs hv n us or or wrping imgs Liu et al.,
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, ; our work is th irst to monstrt ths wrps ppli to lol rgions inst o th ull
img, n to omin thm with olusion hnling, prllx ffts n viw synthsis y lning
multipl wrp imgs. orovr, our solutions r lso roust or situtions whr input imgs hv
to  wrp ovr signiint slins o nrly mtrs.

 hv vlut ommon rtits rlvnt to img-s rnring using prptul nlysis.
ur stuis rvl tht sptil ghosting rtits r mor ojtionl ompr to spori tmporl
isontinuitis, whih inits tht osrvrs prr risp rnrings rthr thn smooth trnsitions.
 vlop  quntittiv mol tht orrlts th priv lvl o prsptiv istortions with p-
tur n rnring prmtrs, n lso show tht osrvrs r mor tolrnt towrs prsptiv
istortions s ompr to ghosting rtits.

Lstly, this thsis is th irst rsrh work in img-s rnring to trgt r viwpoint nv-
igtion; prvious work hs lrgly ous on viw intrpoltion.  liv tht utur img-s
rnring pprohs, in n ttmpt to improv upon th rsults o this thsis, will onsir this n
inispnsl gol.

. . Research impact and deployment

 rsults o this thsis r ing us in th E I projt EE or vloping virtul rlity
pplitions or minisn rpy (s Chp. ). In this ontxt, th nwly uilt Centres Mémoire
de Ressources et de Recherche (mmory ntr) in i hs instll   stup whih will us our
systm in  linil stting.  rsults lso inspir th E I projt C-LA whih trgts img-
s rnring s  tool or ontnt gnrtion or lightwight gms.  ompnis involv in this
projt r prsu tht improv vrsions o our solutions will rsult in signiint svings to thir
proution osts.  rnring spt o th Frnh projt A EALI is lso s on our
is. Bsis, mjor inustril plyrs hv xprss intrst in vlution o thniqus prsnt in
this thsis.

. Future work

 limittions o our img-s rnring pprohs provi nwirtions or rsrh.ur shp
prsrving wrp ssums lrgly ronto-prlll pth whih rsults in rtits on surs ptur t
grzing ngls.is oul  rsolv y ormulting th wrp so s to ount or lol pth vrition.

http://www.verveconsortium.eu/
http://www.cmrr-nice.fr/
http://cordis.europa.eu/fp /ict/creativity/creativity-projects-fp _en.html
https://project.inria.fr/semapolis/

http://www.verveconsortium.eu/
http://www.cmrr-nice.fr/
http://cordis.europa.eu/fp7/ict/creativity/creativity-projects-fp7_en.html
https://project.inria.fr/semapolis/
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Computr nimtion n gomtry mnipultion litrtur my provi insights.

Currnt pprohs, inluing ours, hv prolms hnling vry thin ojts suh s lmp posts,
grtings, rilings t. is is lso th s or non-lmrtin surs suh s rltions, trnsprn-
is t., lthough rltions hv n hnl in rstrit sttings inh et al., . igniint
lgorithmi hngs woul  rquir to provi roust solutions to ths ss.

 us si oisson synthsis to ill hols in th inl rsult, thr is n or mor sophistit
lgorithms or this purpos. Inpinting Criminisi et al., , omin with rnt lrtion th-
niqus .g., thth Brns et al., , oul provi  sis or suh  solution.

ur pth synthsis n lning pprohs n nit rom ojt osgmntion Kowl et al.,
 whih simultnously sgmnt ll imgs o  multi-viw tst whil lso uiling  orrspon-

n grph o sgmnts ross iffrnt imgs.

ur pth synthsis uss  grph s pproh inspir y Gosi mthos in omputr grph-
is Criminisi et al., . Altrntivly, F s ormultions itnik n Kng,  might im-
prov th rsults. An importnt hllng in pth synthsis is to ismigut twn suprpixls
s on visul ontnt.  ompr olor histogrms whih n  prolmti in s o shows
or strutur rptitiv txturs suh s hkror pttrn on  ç. or roust rsults n 
otin y omputing th intrinsi omposition o th img Boussu et al., ; Lffont et al.,

 n ompring th lo.

Although rl tim, our pproh is still mor omputtionlly mning thn simpl projtiv
txtur mpping o piwis-plnr ronstrutions inh et al., ; Gllup et al.,  whih n
 us vry fftivly or simplr sns. Hyri pprohs n  vlop whih us plnr r-
onstrution whrvr possil n swith to mor omplx pprohs suh s ours or non-plnr or
irrgulr rgions. is might lso llvit som o th limittions o our pproh suh s th prolm
with surs ptur t grzing ngls.

ost morn img-s rnring systms r rl tim, howvr thy onsum  lrg mount
o C mmory or D mols or point lous n G mmory or txturs. s rquirmnts
mk it iffiult to port ths pplitions on moil vis. Fortuntly, multi-viw sns ontin 
lot o runnt t us th sm visul ontnt is prsnt in  lrg numr o imgs. Dpning
upon th mmory ugt, this runny n  xploit to omprss multi-viw sns into txtur
tlss.

ur prptul stuis o visul rtits (Chptr ) r limit to simpl img-s rnring
stups on simpl sns.  immit nxt stp is to gnrliz ths stuis to mor omplx st-
tings. In our xprimnts, w hv shown n inirt omprison twn prsptiv istortions n
ghosting rtits; it woul  intrsting to quntiy this omprison.
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. . Long term research directions

Currnt img-s rnring pprohs rstrit thmslvs to using D ronstrution n img
sgmnttion s input. hin lrning pprohs n provi muh mor t out th sn on-
tnt rom photogrphs, whih hs nvr n utiliz or th purpos o img-s rnring. In r-
nt work, io   lrn th smnti lyouts o ommon sns n us this to improv D ron-
strution. n unrstning n lso  us to improv th rsults o iffrnt stgs o img-s
rnring, .g., omputing suprpixls o th il siz, proviing strong priors or our pth synthsis
n ttr lning huristis to improv th troff twn ghosting n tmporl rtits.

Anothr rnt vlopmnt hs n th populrity o GBD mrs, spillyiroso Kint
Fusion whih is pl o prouing high qulity D mols or inoor sns Chn et al., ;
ißnr et al., ; hou et al., .hil this os not nssrily hlp our ontxt o urn imgry,
rlt pth snsing thnologis lik LIDA n  o muh utility.  itionl t n  us
to push img-s rnring to nw lvls o sophistition suh s ruing th numr o input
imgs rom – in our pproh to – or h uiling, hnling ynmi sns, using vrying
illumintion tsts suh s ommunity photo olltions t.

lighting Lffont et al.,  n omputtionl photogrphy hih et al.,  thniqus n
rstilly mnipult th pprn o photogrphs using othr xmplrs. Bsi orms o rlight-
ing will hlp rmov miro-vritions in illumintion twn photogrphs ptur uring  singl
sssion.  omintion o rlighting n viwpoint mnipultion will llow smlss trnsitions -
twn iffrnt lighting onitions uring  r viwpoint wlkthrough, without th n or pturing
th ull sn unr iffrnt lighting onitions. is will limint on o th most signiint limit-
tions o img-s rnring whih is th t tht th lighting o  ptur sn is ix; intil
pturs r rquir unr iffrnt lighting onitions to hng th pprn o th wlkthrough.

 unrlying prinipl o rlighting sri in Lffont et al., ,  is to us D img-
s onstrints tht irtly trgt novl viw synthsis inst o rlying on urt intrmit
rprsnttions suh s  D msh. in our pproh is s on  prinipl similr in spirit, it sms
sil to uniy our viwpoint mnipultion with pprn mnipultion in  singl rmwork, -
tivly ing tim-lps pilitis to img-s rnring.

All img-s rnring pprohs mol  singl sn t  tim, i.., thy xpt ll imgs o
 multi-viw tst to  o th sm D sn. It is possil to omin svrl sns into  singl
tst y ligning thir oorint systms ppropritly n rnring vrything simultnously.
ur trtmnt o synthti ojts in img-s rnring stups (s Chptr ) is th irst stp
in this irtion. Howvr, this involvs signiint hllngs rlt to ohrnt illumintion ross
sns, smlss trnsitioning twn sns, gui ptur pross t. is oul   usul tool
or D moling o lrg sns, whr som ssts n  tritionl D mols with k txturs
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n othrs n  quir D sns rnr using img-s rnring.
ulti-viw thniqus rquir  miniml st o imgs ptur in  prtiulr mnnr to prou

high qulity rsults. It is imprtil to xpt  niv usr to unrstn ths guilins. Intrnt
photo olltions n  o muh utility or ugmnting prsonl photogrphs, th omin st n
 us or vry high qulity rsults. ur mphsis on sul pturs using only hnhl mrs is
inspir y th ultimt gol o using ritrrily unstrutur intrnt photo olltions. Apprn
mnipultion thniqus r inispnsl or this gol sin photogrphs r xpt to hv vrying
pprns.

Concluding remarks is thsis monstrts th utility o img-s rnring y pushing it to
nw lvls o sophistition suh s wi slin imgry, r viwpoint nvigtion, roustnss to-
wrs sn omplxity, n prptully s guilins. Futur vlopmnts, oupl with th in-
rsing involvmnt o th inustry n vr xpning pilitis o rlt ommril systms
lik iroso hotosynth, Bing ps, Googl trtviw t., promis xiting nw pplitions or
img-s rnring.
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Appendix A

Limitations of High-level Image

Segmentation

As stt in tion . . , w us mnul intrvntion inst o utomti img sgmnttion to x-
trt silhoutt polylins or th silhoutt-wr wrp. In this stion, w prsnt rsults o xprimnts
with ojt lssiition n img sgmnttion n highlight thir limittions, whih in turn justiy
mnul intrvntion or th purposs o Chptr .  limittions o high lvl img sgmnttion
prsnt hr inspir th us o low lvl img ovrsgmnttion in Chptr , whih sussully
limint th n or mnul intrvntion.

An utomti pproh or xtrting silhoutts polylins woul onsist o two stps, () xtrt
irrgulr ontours t pth isontinuitis using img sgmnttion, n () onvrt th irrgulr on-
tours into polylins.  prsnt th rsults o our xprimnts with oth th stps.

Contour extraction ost img sgmnttion lgorithms xtrt pixl ontours or g mps. in
w n polylins or our silhoutt-wr wrp (Chptr ), w irst xtrt irrgulr ontours n thn
onvrt thm into polylins.

A omprison twn iffrnt sgmnttion lgorithms is shown in Figur A. , long with th
il silhoutt polylins rquir y th pproh o Chptr , gnrt using mnul intrvntion.
 irst row shows on o th input imgs o our tsts. on row shows th rquir silhoutts
mrk mnully.  thir row shows th inl rsult o olusion ounry xtrtion rom singl
img Hoim et al., .  ourth n ih rows show th so n inry g mps using 
omintion o Arlz,  n ir et al., .  lst row shows hirrhil sgmnttion
Arlz et al.,  using rsults rom th ih row.

Clrly, ll ths pprohs prorm irly wll ut non o thm is  urt.  iffrn
twn th rquir silhoutts (Figur A. (son row)) n rsults o ll othr pprohs is quit



lrg in som ss. Hoim et al.   works th st in most ss, ut th rsults on miss som
silhoutts. is is  ommon prolm with thniqus s on mhin lrning – thir rsults r
imprssiv ut not  urt or ny singl input img.

ot tht smi-utomti usr intrs lik Ao hotoshop’s gi n or Lsso tools n
lso  us to xtrt irrgulr ontours t pth isontinuitis. is is n ltrntiv to sgmnttion
lgorithms whih gurnts ury. Howvr, s w monstrt in th ollowing stion, it is vry
hr to onvrt ths ontours into polylins.

Contour to polyline conversion  g mps or ontours xtrt rom th prvious stp using
sgmnttion pprohs or smi-utomti mthos n  onvrt into polylins using ontour
tring h n Chin,  n polygon pproximtion Dougls n ukr, . Howvr, on-
tour tring oms miguous in th prsn o mny intrsting ontours n th rsult hs mny
oul lin sgmnts n nois (s Figur A. ()).

In omprison, th mnul silhoutt nnottion us in Chptr took lss thn sons or
h img, whih is ttr thn th options sri ov. Hn, inst o th ov options, w
us mnul silhoutts in Chptr n thn utomt it using img ovrsgmnttion in Chptr .
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Figure A. : Automti silhoutt xtrtion rsults. op row: input img.  son row: mnully nnott
silhoutts.ir row: inl output o Hoim et al., . Fourth row: so gmps gnrt using Arlz,

 + ir et al., . Fih row: inry gmp otin y thrsholing th rsult in th ourth row. ixth
row: Hirrhil sgmnttion Arlz et al., . ot tht th rsult o utomti sgmnttion r similr
to mnul nnottion only or irst n lst tst, n vn thn th loliztion is not vry goo.



() () () ()

()

Figure A. : () Binry g mp using Hoim et al., , () ontour tring with h ontour shown in
 iffrnt olor, () polygon pproximtion o th ontours () mnul silhoutts, n () zoom in viw o
lin sgmnts in (). ot th jgg ontours n oul lin sgmnt or h ontour in (), whih mk this
unsuitl or silhoutt-wr wrp (s tion . . ).



Appendix B

Depth Synthesis for Sky Regions

 pth synthsis (s Chptr . ) s plusil pth to rgions whih hv vry w or no pth
smpls. In this stion, w sri th spil s o pth synthsis or img whih hv signiint
sky rgions, whih ws n or nivrsity n ChplHill tsts in our xprimnts.

ur pth synthsis pproh n synthsiz pth vlus on ojts whih hv some though sprs
pth smpls. Lrg rgions o sky typilly hv no pth smpls t ll.  intiy suh sky rgions
in th img using  grph-ut.  ssum tht th imgs r ptur upright n sky pixls r los
to th top orr.  rt  grph with ll th pixls o th img s nos n  gs twn
jnt pixls.  ll osts or th grph ut r givn in th ollowing tl.  kp  vry high

ixl Ll ost Ll ost
ixls long top orr ontin in suprpixls
with no pth smpls

106

All othr pixls ontin in  suprpixl with no
pth smpls
All othr pixls 106

pnlty o 106 or hving nighoring pixls with iffrnt lls, xpt t suprpixl ounris whr
w rlx it to . Ar omputing th grph ut using Kolmogorov n ih, , w mrk th
pixls ll 0 s sky n ssign thm th prntil pth o th img. ot tht Hoim et al.,

 my  us to intiy sky rgions; w rsort to this pproh us it is suffiint n muh
str.



Appendix C

Transformation of Camera Matrices to

Immersive Space

In tion . , w trnsorm th ntir D sn to th oorint systm o th immrsiv sp. o
this n, w pply  rigi trnsormtion to th whol sn. trnsormtion o ll D ronstrut
points is trivil. In this stion, w sri th trnsormtion o th xtrinsi or molviw mtris
o th input mrs to th immrsiv sp.

Assum th ntir sn inluing th input mrs, hs to  trnsorm y th mtrixM whih
ompriss  uniorm sl s, rottion RM n trnsltion TM. Any D point x in homognous oori-
nts n  trnsorm y pplying M.

x̄ = M ⋅ x = sRM ⋅ x + TM (C. )

Clrly, M is invrtil us th sl, rottion n trnsltion r invrtil.

Consir n input mr with originl prsptiv mtrix (or rustum) F, rottion mtrix R n
ntr o projtion v.  mr xtrinsi or molviw mtrix is givn y:

( R −R ⋅ v
0 1 ) (C. )

 projtion o ny point x in this mr is givn y

y = F ⋅ ( R −R ⋅ v
0 1 ) ⋅ x

= F ⋅ (R ⋅ x − R ⋅ v) (C. )
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hil trnsorming th ntir sn, th mr’s rottionmtrix n ntr o projtion hng ut th
rustum rmins th sm us it is n intrinsi proprty o th mr. Lt th nw mr position
n rottion mtrix  v̄ n R̄ rsptivly.  projtion o  sn point x using th originl mr
shoul  th sm (up to onstnt tor) s tht o th trnsorm point x̄ using th trnsorm
mr.

F (R ⋅ x − R ⋅ v) ∼ F (R̄ ⋅ x̄ − R̄ ⋅ v̄)∼ F ⋅ (R̄ ⋅ M ⋅ x − R̄ ⋅ v̄) (C. )

is givs th ollowing qutions

R ⋅ x ∼ R̄ ⋅ M ⋅ x, R ⋅ v ∼ R̄ ⋅ v̄ (C. )

olving ths two, w gt th rottion mtrix n ntr o projtion o th trnsorm mr.

R̄ ∼ R ⋅ M−1, v̄ ∼ M ⋅ v (C. )
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