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Abstract

Reliefmosaicsare collectiors of registeled imagesthat
extendtraditional mosaicsby suppating motionparallax.
A simple parallax interpolation algorithm basedon com-
putedcorrespomlencenformationallowshighqudity blur-
freeandghost-feemosaicdo becreatedusingimagesfrom
moving handheld cameas that would not be suitablefor
traditional mosaicing Therendeer can also display lo-
cal parallax changes,givinga local but visually corvincing
illusion of depth. Moreover, relief mosaicscan be usedfor
approximateplenogic modelingromhard-heldcameasat
lower spatial samplingratesthan existing light-field meth-
ods. We presenta fully autanatic corresponlencebased
corstructionsystentor relief mosaicsand showhowthey
canbeusedin apgdications.

1. Introduction

Image mosaicinghas beenone of the most effective
imagebasedrenceringtechniges. The main limitation of
previousmosaicingmethod[1, 18, 4, 12, 10, 11] is thatthe
registrationalgoritrmsassumehattheimagesarefreefrom
motion parallax. This implies eitherthatthe camerarans-
lation is small (fixed viewing position)or thatthe sceneis
shallav (nearplana). Otherwise theresultingmosaichas
registrationerrasof orderf-t(d,} —d.% ) pixelswheref
is thefocallengthin pixels,t themagritude of the sidevays
translationandd,,;, andd,,,, arethenearandfar scene-
camea distances For deepscenesspecialequipnentand
calibrgion may be requiied to fix the viewing positionto
sufficiert accurag.

In this pager, we propose ‘relief mosaics’that extend
classicamosaicgo allow imageswith motionparallax Re-
lief mosaicanayviewedsimply ascollectionsof registered
imageswith pardlax, just asclassicalonesarecollectiors
of imageswithout parallax.Theregistration of imageswith

parallaxis basedon view interpoldion or view momhing
methals [2, 13, 6]. Theinclusionof parallaxhastwo im-
portant benefits.It allows the creationof high-quality tradi-
tional mosaicsrom parallaxcontainng imagestakenwith
freelymoving hard-heldcamerasandit allowstherendeer
to prodicealocalbutvisually corvincingimpressiorof ‘re-
lief’ or scenadeph atverylittle extracost.

Therehave beenseveral previous attemptsto dealwith
the inevitable parallax effeds in image mosaicing De-
ghaostingtechniaie usedocal flows of smallimagepatcles
computedto compensatefor the parallax[15]. For derse
video sequenes, it is alsopossibleto constru¢ ‘manifold
mosaicsby pastingimagestripesfrom differentviewpoirts
alongthe cameragpath[10, 11].

A reliefmosaiccanbeviewedasa‘2.5D’ plengptic func-
tion [9], intermedate between2D mosaics,and 3D con-
centricmosaicq16] and4D light-fields/lunigraphs [5, 3].
However all of theseplenopic methals usepre-<alibrated
densesamplirg without on-line correspondece, so depth
interpdation is still a challeng for finite samplingrates.
The static aspectof a relief mosaicis a multi-perspectie
pangama[19], or arebimedconcetric mosaic[16]. They
arealsocloselyrelatedto manifold mosaicq10, 11], how-
evertheseareconstrutedfrom narraw verticalstripesfrom
contiruously registeredvideo streamstherefae only lim-
ited parallax could be hardled and the parallaxinforma-
tion is not registered. Relief mosaicsaremadefrom fewer
imagesgexplicitly registerandhandlepardlax information.
We solve the technicalchallengeof correspondene-based
view interpdationfor relief mosaicconstruction usingwork
[6, 7] onthejoint view trianguationrepresetationfor (real)
imageinterpolation.

More generally relief mosaicscan be usedas a build-
ing block for morecomgicatedplengotic modelirg to give
a kind of generalizedight-fields. Suchan applicationis
demanstratedn this paper

The paperis organizedasfollows. Section2 descriles
therelief mosaicrepresetationandits constriction from a



linear sequene of realimages. Renderig with relief mo-
saicsis presentedn Section3. Applications and results
arepresentedn Sectiond anddiscussiongiregiven in Sec-
tion 5.

2. Relief mosaic representation by joint view
triangulation

The basicidea of ‘relief mosaics’is to assembldm-
agesinto a compsiteimageusingview morpling to can-
celtheir relative motion parallaxon the registeral overdap-
ping sectionsanda heuistic default mappng on the non-
overlappirg sectionsto provide visual contiruity with the
registeredones.

The majortechnicalchallengego usingview interpola-
tion or morphing principles[2, 13] for imageswith parallax
are computing densepixel correspondenesand properly
hardling parallax Our appro&his basednthe JointView
Triangulation (JVT) registration andrepresentatiormethod
[6, 7]. Globally densecorrespondeneis seldomachievable
in practice,soinsteada setof corresponéhg patche from
a‘quasi-densetorrespadene is usedasdescribedn [6].
Eachpatchis a smallsquarein thefirstimageanda quad-
rande defamedby a planehonograpy in the second.A
corsistentjoint view trianguation of the two imageplanes
is constructedbasedon the cornes of the correspading
patcles[6, 7]. Consisteng for the JVT is definedasfol-
lows:

e Ther is oneto-ore correspadene between the
matchel correr points;

e Thekis oneto-oneconstrainedelaunayedgecorre-
spordencein the two images. Therearetwo typesof
Delauray edgeconstrais: 1. the externd boundary
edge of connetedandmatchedpatchesand?. corre-
spording line segmeris of polygonal appoximatiors
of linkedimagecontaur points.

An exanple of JVT for a pair of videoimagesis illus-
tratedin Figurel.

A relief mosaicis represeted by a collection of im-
ageswith associatedVT for adjacehpairsof images.Re-
lief mosaicsrepreseted this way may be viewed as 2 %D
plengotic functions contairing a 2D manifold mosaicand
a' %D' local parallaxsignal. Moreover, relief mosaicscan
be usedashbuilding blocks for morecomplicate plenogic
mockling, asillustratedin Section4.

The main adventagesof the JVT represetation of real
imagesarethatit canbe conputedreliably andthatit prop-
erly handlesocclusionsfor compsition/renering so long
astheoccludirg objectsaresufiiciently textured, asit keeps
the explicit correspondece informationfor eachtriangular

Figure 1. The JVT of the two images. The
corresponding patches are inside the black
boundaries.

patch. It is relatedto the imageimpostos usedin rencer
ing synthetidarge-scaleernvironmentg8, 17], howeverim-
postos arecompuedfrom a single(synttetic) depthimage
whereashe JVT is a mutually consistentrianguation of
two (real)imageswithout degh. It mayalsobeviewedas
animagebasedprimitive intermediate betweenspritesand
layereddepthimageq14].

3. Compositing and rendering with relief mo-
saics

To compase a global static view of a relief mosaic,we
warpthe non-overlaping sectionsonto the mosaiccooi-
nates,thenlocally interpdate the ovedapping sectionsby
properly handlirg the pardlax to provide visual contiruity
with thewarpedones.

Two-view compositing Supposéhatwe arecompgiting
theimagepair I;(u) and ;1 (u’), at a correspading pair
of verticesu = (u,v)T < U’ = (u',v")7 intheJVT.

1. Estimatean approxmate global transfeamationA us-
ing all correspondimy verticesin the associated VT,
anduseit to mapthe secondmageinto the first im-
ageplane. In our expetiments,A canbe eitheran 8-
paraneterplanehomayraply or a 2-parameteshift.

This stepis in fact a traditional mosaicimg using a
globd registrationmethal [18].

2. Defineaninterpolation paraneterthatvariescontiru-
ouslyacrosghe compaiteimage. To maintainvisual
contiruity betweendifferent sectionsthe coeficients
for linearinterpdation arechoserlik e this:

0, u € I;(u) \ A(Ziy1(U)),
s(u,u’),
1, AU") € A(Tiy1(U) \ Ii(u),

Au,u') =

u,A(u’) € I;(u) N A(Zig1(U)),



Figure 2. A static relief mosaic at 3700 x 840 composed from six images at 1004 x 752.

Thefunctions(u, u’) shouldguaanteea smoothtran-
sition for the whole compsite image one possible
choiee mightbe

d(U, Bl)
d(u,By) + d(A(U"),Bs)’

s(u,u’) =

whered(u, B;) is the distancefrom u to B;, and B;
is the overlappingsectionof i-th imageborder in the
compsitecoodinates.

3. Lineally interplateeachvertex positionu” in thenew
mosaiccoodinatesfrom its two correspading basis
onesu andu’ byu” = (1—A(u,u"))u+A(u,u)A(u’).

4. Warpthefirstimagel;(u) ontoI;(u”) in two steps.

(a) Firstpaintunmatchedriangdar patctesin order
of decreasinglistortion. A weightw is computed
for eachwarpedtriande to measurets inverse
distortion degree as the ratio v of the original
triangle areato the warpedone, bourded by 1:
w(u") = min(1,~y(")).

(b) Paintthe matchel trianguar patchesn heuristic
orderof increasingdisparityoverthe unmattied
ones.

For a matchedtriande v; <« Vj,j = 0,1,2,
the rendeing order is determired as that of
the maximum norm of disparity of its vertices:

max{|lv; — V4l|,j = 0,1,2}, assumingthat
the backgourd moves slower in imagesthanthe
foregrourd.

5. Warp the secondmage’,,{(u’) onto ;1 (u") using
thesamemethodasfor thefirstimage.

6. Createthe final synthesizedimage 7" (u") by blend-
ing the two weighted warpedimagesa(u”)I; (u") +

(1 — a(u")) ;11 (u"). The weighta(u") is given by
(L=AUU)w(U™
A=A w U+ U7 -

Although it is basedn heuristicordering, this two-view
compositing algorithm correctly handlesdisocclusios so
long asthe occludng objectsaretexturedenowh andthe

depthdecraseswhenthe disparityincreases.The second
partof thealgorithm is closelyrelatedto [6], but theinter-

polatin parameteis different. It is constahin [6] for a

physically valid single perspectie view, but varieble here
for a continlousmulti-perspectire view. It is alsorelatedto

McMillan’s ordering algorithm [9] usingthe disparityasa

heuistic in placeof the true ordercomputedfrom the cam-
erageonetry, whichis unkrown in our case.

Composing a global static relief mosaic A globd static
relief mosaiccaneasilybecommsedfrom linearsequenes
of discreteimagestaken by a handheld camerausingthe
pairwise compositing algorithm descriled above between
adjacehimages We concetratein this paperonrelief mo-
saicsfrom linearsequenes althowgh moregeneal arrangg-
mentsarecertaidy possible Figure2 shovs anexampleof
astaticrelief mosaiccompasedfrom 6 images.

The static compsiting methal can be applieddirectly
to createtraditioral mosaicdrom imagestakenwith hard-
heldcamera. Motion parallaxnothandledby globaltrans-
formation basedalignment methals [18], andlensdistor
tion which needdo becalibratedff-line, arevery naturally
absorled by the correspadencebasedlocal interpdation
of the relief mosaic. The resultis a visually high quality
mosaicwithout mostof the ghasting (dowble images)and
blurring artifactsdueto imperfectglobalalignmen andcal-
ibrationasshavedin Figure3.

Rendering local parallax changes using a single re-
lief mosaic The static compaiting metha depend on
the choiceof the variableinterpolation paraneterfundion
A(u, u"). Varying the parametefundion producescomms-
ite imageswith different parallax.Locally, therencerercre-
atesan illusion of ‘relief’, exceptin the neighborhamd of
imagebordes. To keeptheglobalmosaicvisually contiru-
ous,we may simply replace amoryg otherpossibilities,the
interpdation paraneterA(u, u’) by A(u, u’)¢, with € > 0.

For a given viewing window, whene < 1, theparaneter
A¢ producesa syntheticview closerto the secondcamera
positionwith e closerto 0. Whene > 1 it prodicesa syn-
theticview closerto thefirst camergpositionwith increas-
ing e. Figure4 shaws thelocal parallaxchangsrendeed
from therelief mosaicin Figure?2.



Figure 3. A close-up zoom of a typical tradi-
tional mosaic from a hand-held camera. (top)
a cylindrical mosaic by a global alignment
method; (bottom) a mosaic by relief com-
positing method. The mosaic on the top is
often ghosted due to the parallax of the fore-
ground tree from non-neg ligib le camera mo-
tion. The ghostin g artifacts are removed us-
ing local warping for registration in the relief
mosaic.
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Figure 4. Local parallax changes rendered at
500 x 545 resolution from the relief mosaic in
Figure 2.

Plenoptic modeling using relief mosaics  Only local par
allax changscanbe renceredwith a singlerelief mosaic.
However relief mosaicscanbe usedasbuilding blocksfor
more geneal plengtic modelirg of larger ervironmerts.
This gives a more powerful representationthan plengotic
mockling [9] and a more space/costructionefficient one
than Lightfield/Lumigraph[5, 3] and con@ntric mosaics
[16]. We have implemened a sparsehorizontal Lightfield
systemfor outwardlooking scenes.

The viewing field consistsof arouchly regular M x N
grid of images.It canbeviewedas N relief mosaicseach
madefrom M images. Conceptally we may regard each
staticrelief mosaicasa regular imageasillustratedin Fig-
ure 5. The correspondece and JVT opeationsare then
perfamedbetweencompgite images.However the corre-
sponenceinformationcannot be conputeddirectly from
thecompsiteimagesasthey arenotsingleperspectie im-
agesInsteadgcorrespondeneinformationis computedsep-
aratelyfor eachverticalpair (i, ) and(i,  + 1) andfinally
meigedin thewholecompgiteimages.

Supposehatthei-th and (i + 1)-th relief mosaicshave
dimersionsm,; x n; andm;41 X n; 1, andtheviewingwin-
dow m x n. Letm < m’ becorresponéhg vetticesin the
two staticrelief mosaicsand(z, y) bethe barycentriccoor
dinatesof the viewer’s positionbetweerthetwo. The posi-
tion of the verticesin the synthesizediiew aredetermired
by linearinterpolatian

m’(y) = (1 —y)m+ym' —c(z,y),
where

c(z,y) = (z(((ll_;’));nﬁynmg)lln%/ 2) :

This rendes a view that moves forward/backvard (y) or
left/right (x) within the field. The local parallaxof each
commnentrelief mosaiccanalso be addedto the synthe-
sizedviews to produce anillusion of local left/right turn.
We pre-canputethe verticesof eachcompnentrelief mo-
saic correspndingto the two extreme positiors (right by
€min andleft by €,,42), USING

r=(1=X"")u+ AminA(U')

and
[ = (1= Xme=)u+ Ame= A(U').

Thenthe position of vertex in the synthesized/iew is lo-
catedat

m(p) = (1 — p)l + pr.

Thefinal synthesize@¢oordnatesm” (z, y, 1) aregiven by

(1 —y)m(p) +ym'(p) - c(z,y)-
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Figure 5. Each row of images are first composited into a relief mosaic for a horizont al lightfield.

4. Reaults

The office scenewastaken by a single cameramoving
off-line alonga circle. The pan@amacannotbecompsed
using traditional mosaicregistrationtechniqees dueto its
strongmotion parallax. The relief mosaicat 3577 x 288
resolution shovn in Figure 7 was createdfrom 36 video
imagesat 360 x 288 resolution The significantparallax
betweeradjacenimagesshavn in Figurel (the maximum
disparitycanreachl /10 of theimagesize)makescompai-
tion impossiblewith traditionalmosaicingmethals. Local
pardlax chamgesrenceredwith thisrelief mosaicareshaovn
in Figure6.

Figure 6. Local parallax changes rendered at
210 x 220 resolution from the relief mosaic in
Figure 7.

A grid of 6 x 6 images at 1004 x 752 resolutia of the
wall contairing the frescoand statuesof Dunfuang cave
#28 wascapturedvith a hard-heldcameraThegrid con-
tains6 translatingfronto-parallelviews of thewall takenat
6 differentdeptrts. A relief mosaicwasgeneratedor each
depthasshavnin Figure5. Figure2 showvs oneof thestatic
relief mosaicsand Figure 4 shows local parallaxchangs
of the central statueby varying e. Traditioral mosaicing
methals areimpossiblefor theseimagesasthe statuehas
significantdepthvariaion w.r.t. the moving camera.This
grid of 6 x 6 imagesis usedto createa horizatal light-
field describedabove. Somesynthesizediiews are shavn
in Figure8. A synthesizedVIPEG sequencevith a circular
viewer pathin the horizantal field of thecamerais givenin
the conferenceCDROM (the imagesizeis reduceddueto
storagdimitations). Theresultsareglobdly good althoudn
thereareoccasioal artifactsat abrupt disparitychanggs.

5. Conclusion

In this paper we have presentedelief mosaicswhich
exterd traditional mosaicsby supprting motion parallax.
They canbeviewedas2.5D pleroptic functions. They are
compsedof collectionsof imageswith parallax, for ex-
amplecapturel usinga moving handheld camera.Motion
parallaxis allowed and no camea geomdyy information
is necessary Relief mosaicscan be usedto createhigh-
gualitytraditioral mosaicsandalsoto rendefdocal parallax
chan@s.Moreover, relief mosaicsanbecomhbnedto form
morecomplicatedplengotic-like mocels, giving alightfield



Figure 7. A static relief mosaic at 3577 x 288 from 36 video images. Note in Figure 1 that significant

parallax exists in two adjacent images.

Figure 8. Synthesiz ed images at 700 x 500 resolution from the field of 36 images at 1004 x 752 resolution.
We may notice that a triangular patch is mis-placed in the front arm in the third view.

captued with a handheld camera. This hasbeendemm-
stratedwith our systemon an examge with only 6 x 6
images. We are currerily exterding it to produce a more
gereral(real)imagebasednodeling andrenceringsystem.
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