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Abstract

Reliefmosaicsare collections of registered imagesthat
extendtraditional mosaicsby supporting motionparallax.
A simpleparallax interpolation algorithm basedon com-
putedcorrespondenceinformationallowshighquality blur-
freeandghost-freemosaicsto becreatedusingimagesfrom
moving hand-held cameras that would not be suitablefor
traditional mosaicing. The renderer can also display lo-
cal parallax changes,givinga local but visuallyconvincing
illusion of depth.Moreover, relief mosaicscanbeusedfor
approximateplenoptic modelingfromhand-heldcamerasat
lower spatialsamplingratesthanexisting light-field meth-
ods. We presenta fully automatic correspondencebased
constructionsystemfor relief mosaics,andshowhowthey
canbeusedin applications.

1. Introduction

Image mosaicinghas beenone of the most effective
image-basedrendering techniques. Themain limitation of
previousmosaicingmethods[1, 18, 4, 12, 10, 11] is thatthe
registrationalgorithmsassumethattheimagesarefreefrom
motion parallax.This implieseitherthat thecameratrans-
lation is small (fixedviewing position)or that thesceneis
shallow (nearplanar). Otherwise,theresultingmosaichas
registrationerrorsof order

�����
	������������ � ��������� pixelswhere
�

is thefocal lengthin pixels,
�

themagnitudeof thesideways
translation, and

� ����� and
� ���
� arethenearandfar scene-

camera distances.For deepscenes,specialequipmentand
calibration may be required to fix the viewing positionto
sufficient accuracy.

In this paper, we propose‘relief mosaics’that extend
classicalmosaicsto allow imageswith motionparallax. Re-
lief mosaicsmayviewedsimplyascollectionsof registered
imageswith parallax, just asclassicalonesarecollections
of imageswithout parallax.Theregistration of imageswith

parallaxis basedon view interpolation or view morphing
methods [2, 13, 6]. The inclusionof parallaxhastwo im-
portant benefits.It allows thecreationof high-quality tradi-
tional mosaicsfrom parallaxcontaining imagestakenwith
freelymoving hand-heldcameras,andit allowstherenderer
toproducealocalbut visuallyconvincingimpressionof ‘re-
lief ’ or scenedepth atvery little extra cost.

Therehave beenseveral previous attemptsto dealwith
the inevitable parallax effects in image mosaicing. De-
ghostingtechniqueuseslocal flows of small imagepatches
computed to compensatefor the parallax[15]. For dense
video sequences, it is alsopossibleto construct ‘manifold
mosaics’bypastingimagestripesfromdifferentviewpoints
alongthecamerapath[10, 11].

A reliefmosaiccanbeviewedasa‘2.5D’ plenoptic func-
tion [9], intermediate between2D mosaics,and 3D con-
centricmosaics[16] and4D light-fields/lumigraphs [5, 3].
However all of theseplenoptic methods usepre-calibrated
densesampling without on-line correspondence, so depth
interpolation is still a challenge for finite samplingrates.
The staticaspectof a relief mosaicis a multi-perspective
panorama[19], or a rebinnedconcentric mosaic[16]. They
arealsocloselyrelatedto manifold mosaics[10, 11], how-
evertheseareconstructedfrom narrow verticalstripesfrom
continuouslyregisteredvideo streams,therefore only lim-
ited parallaxcould be handled and the parallax informa-
tion is not registered.Relief mosaicsaremadefrom fewer
images,explicitly registerandhandleparallax information.
We solve the technicalchallengeof correspondence-based
view interpolationfor reliefmosaicconstructionusingwork
[6, 7] onthejoint view triangulationrepresentationfor (real)
imageinterpolation.

More generally, relief mosaicscanbe usedasa build-
ing block for morecomplicatedplenoptic modeling to give
a kind of generalizedlight-fields. Suchan applicationis
demonstratedin this paper.

The paperis organizedasfollows. Section2 describes
therelief mosaicrepresentationandits construction from a



linearsequence of real images. Rendering with relief mo-
saicsis presentedin Section3. Applications and results
arepresentedin Section4 anddiscussionsaregiven in Sec-
tion 5.

2. Relief mosaic representation by joint view
triangulation

The basic idea of ‘relief mosaics’ is to assembleim-
agesinto a composite imageusingview morphing to can-
cel their relative motionparallaxon theregistered overlap-
ping sections,anda heuristic default mapping on thenon-
overlapping sectionsto provide visual continuity with the
registeredones.

Themajortechnicalchallengesto usingview interpola-
tion or morphing principles [2, 13] for imageswith parallax
are computing densepixel correspondencesand properly
handling parallax. Ourapproach is basedon theJointView
Triangulation(JVT) registration andrepresentationmethod
[6, 7]. Globallydensecorrespondenceis seldomachievable
in practice,so insteada setof corresponding patches from
a ‘quasi-dense’correspondence is usedasdescribedin [6].
Eachpatchis a smallsquarein thefirst imageanda quad-
rangle deformedby a planehomography in thesecond.A
consistentjoint view triangulation of the two imageplanes
is constructedbasedon the corners of the corresponding
patches [6, 7]. Consistency for the JVT is definedasfol-
lows:� There is one-to-one correspondence between the

matched cornerpoints;� There is one-to-oneconstrainedDelaunayedgecorre-
spondencein the two images.Therearetwo typesof
Delaunay edgeconstraints: 1. the external boundary
edgesof connectedandmatchedpatches,and2. corre-
sponding line segments of polygonal approximations
of linkedimagecontour points.

An example of JVT for a pair of video imagesis illus-
tratedin Figure1.

A relief mosaicis represented by a collection of im-
ageswith associatedJVT for adjacent pairsof images.Re-
lief mosaicsrepresented this way may be viewed as � � D
plenoptic functions containing a 2D manifold mosaicand
a ‘

� "! ’ local parallaxsignal. Moreover, relief mosaicscan
beusedasbuilding blocks for morecomplicated plenoptic
modeling,asillustratedin Section4.

The main advantagesof the JVT representation of real
imagesarethatit canbecomputedreliablyandthatit prop-
erly handlesocclusionsfor composition/rendering so long
astheoccluding objectsaresufficiently textured, asit keeps
theexplicit correspondenceinformationfor eachtriangular

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

patch. It is relatedto the imageimpostors usedin render-
ing syntheticlarge-scaleenvironments[8, 17], however im-
postors arecomputedfrom asingle(synthetic)depthimage
whereasthe JVT is a mutually consistenttriangulation of
two (real) imageswithout depth. It mayalsobeviewedas
animagebasedprimitive intermediatebetweenspritesand
layereddepthimages[14].

3. Compositing and rendering with relief mo-
saics

To composea global staticview of a relief mosaic,we
warpthenon-overlapping sectionsontothemosaiccoordi-
nates,then locally interpolate the overlappingsectionsby
properly handling theparallax to provide visual continuity
with thewarpedones.

Two-view compositing Supposethatwearecompositing
the imagepair # � 	 u � and # ��$ � 	 u % � , at a correspondingpair
of vertices u & 	('*),+ �.-0/ u %1& 	�' % ),+ % �2- in theJVT.

1. Estimatean approximateglobal transformationA us-
ing all corresponding verticesin the associatedJVT,
anduseit to mapthe secondimageinto the first im-
ageplane. In our experiments,A canbe eitheran 8-
parameterplanehomography or a 2-parametershift.

This step is in fact a traditional mosaicing using a
global registrationmethod [18].

2. Definean interpolation parameterthatvariescontinu-
ouslyacrossthecomposite image.To maintainvisual
continuity betweendifferent sections,the coefficients
for linearinterpolationarechosenlike this:
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Figure 2. A static relief mosaic at A"B 7C7EDGFIH�7 composed from six images at
@ 7C7CHJD BCKC� .

Thefunction > 	 u ) u % � shouldguaranteea smoothtran-
sition for the whole composite image, one possible
choice mightbe> 	 u ) u % � & �L	

u
)
B � ��1	

u
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B � ��M �1	

A
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where
�L	

u
)
B � � is the distancefrom u to B � , and B �

is the overlappingsectionof N -th imageborder in the
compositecoordinates.

3. Linearly interpolateeachvertex positionu % % in thenew
mosaiccoordinatesfrom its two corresponding basis
onesu andu % by u % %1& 	 @ � 3 	 u ) u % �,� u M 3 	 u ) u % � A 	 u % �
O

4. Warpthefirst image# � 	 u � onto P# � 	 u % % � in two steps.

(a) First paintunmatchedtriangular patchesin order
of decreasingdistortion.A weight Q is computed
for eachwarpedtriangle to measureits inverse
distortion degree as the ratio R of the original
triangleareato the warpedone,boundedby 1:Q 	 u % % � &TS:NVU 	 @ ) R 	 u % % �.� .

(b) Paint thematched triangular patchesin heuristic
orderof increasingdisparityover theunmatched
ones.

For a matchedtriangle v W / v %W )YX & 7 ) @ ) � ,
the rendering order is determined as that of
the maximum norm of disparityof its vertices:Z\[^]`_ba�a vW � v %W a�a )YX & 7 ) @ ) �dc , assumingthat
thebackground moves slower in imagesthanthe
foreground.

5. Warp thesecondimage # �=$ � 	 u % � onto P# �=$ � 	 u % % � using
thesamemethodasfor thefirst image.

6. Createthe final synthesizedimage #1% % 	 u % % � by blend-
ing the two weighted warpedimagese 	 u % % � P# � 	 u % % �fM	 @ � e 	 u % % �,� P# �=$ � 	 u % % ��O The weight e 	 u % % � is given byg �h�i g u j u k�l(l(m g u k knlg ��`i g u j u k l(l(m g u k k l $ i g u ju k l(m k g u k k l O

Although it is basedonheuristicordering,this two-view
compositing algorithm correctly handlesdisocclusions so
long asthe occluding objectsaretexturedenough andthe

depthdecreaseswhenthe disparityincreases.The second
partof thealgorithm is closelyrelatedto [6], but the inter-
polation parameteris different. It is constant in [6] for a
physically valid singleperspective view, but variable here
for acontinuousmulti-perspectiveview. It is alsorelatedto
McMillan’s orderingalgorithm [9] usingthedisparityasa
heuristic in placeof thetrueordercomputedfrom thecam-
erageometry, which is unknown in ourcase.

Composing a global static relief mosaic A global static
relief mosaiccaneasilybecomposedfrom linearsequences
of discreteimagestakenby a hand-heldcamera,usingthe
pairwisecompositing algorithm described above between
adjacent images.Weconcentratein thispaperonrelief mo-
saicsfromlinearsequences,althoughmoregeneral arrange-
mentsarecertainly possible.Figure2 showsanexampleof
astaticrelief mosaiccomposedfrom 6 images.

The static compositing method canbe applieddirectly
to createtraditional mosaicsfrom imagestakenwith hand-
heldcameras. Motion parallaxnothandledby globaltrans-
formation basedalignment methods [18], and lensdistor-
tion whichneedsto becalibratedoff-line,arevery naturally
absorbed by the correspondencebasedlocal interpolation
of the relief mosaic. The result is a visually high quality
mosaicwithout mostof the ghosting (double images)and
blurring artifactsdueto imperfectglobalalignment andcal-
ibrationasshowedin Figure3.

Rendering local parallax changes using a single re-
lief mosaic The static compositing method depends on
thechoiceof thevariableinterpolationparameterfunction3 	

u
)
u % � . Varying theparameter function producescompos-

ite imageswith different parallax.Locally, therenderercre-
atesan illusion of ‘relief ’ , except in the neighborhood of
imageborders. To keeptheglobalmosaicvisuallycontinu-
ous,we maysimply replace,among otherpossibilities,the
interpolationparameter

3 	
u
)
u % � by

3 	
u
)
u % �,o , with prq 7 .

For a given viewing window, when prs @
, theparameter3 o producesa syntheticview closerto the secondcamera

positionwith p closerto 0. When ptq @
it producesa syn-

theticview closerto thefirst camerapositionwith increas-
ing p . Figure4 shows the local parallaxchangesrendered
from therelief mosaicin Figure2.



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; (bot tom) 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 remo ved us-
ing local warping for registration in the relief
mosaic.

Figure 4. Local parallax chang es rendered atK 7C7JD K H K resolution from the relief mosaic in
Figure 2.

Plenoptic modeling using relief mosaics Only localpar-
allax changescanbe renderedwith a singlerelief mosaic.
However relief mosaicscanbeusedasbuilding blocksfor
more general plenoptic modeling of larger environments.
This gives a more powerful representationthan plenoptic
modeling [9] and a more space/constructionefficient one
than Lightfield/Lumigraph [5, 3] and concentric mosaics
[16]. We have implemented a sparsehorizontal Lightfield
systemfor outwardlooking scenes.

Theviewing field consistsof a roughly regular u Dwv
grid of images.It canbeviewedas v relief mosaicseach
madefrom M images. Conceptually we may regard each
staticrelief mosaicasa regular imageasillustratedin Fig-
ure 5. The correspondence and JVT operationsare then
performedbetweencomposite images.However thecorre-
spondenceinformationcannot be computeddirectly from
thecompositeimagesasthey arenotsingleperspective im-
ages.Instead,correspondenceinformationis computedsep-
aratelyfor eachverticalpair

	 N )YX � and
	 N )YX M @ � andfinally

mergedin thewholecompositeimages.
Supposethat the N -th and

	 N M @ � -th relief mosaicshave
dimensionsS � D U � andS �=$ � D U �=$ � , andtheviewingwin-
dow S D U . Let m / m % becorresponding verticesin the
two staticrelief mosaicsand

	(x�),y � bethebarycentriccoor-
dinatesof theviewer’s positionbetweenthetwo. Theposi-
tion of theverticesin thesynthesizedview aredetermined
by linearinterpolation

m % % 	(y � & 	 @ � y � m M y
m % � c

	(x�).y � )
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This renders a view that moves forward/backward (y) or
left/right (x) within the field. The local parallaxof each
componentrelief mosaiccanalsobe addedto the synthe-
sizedviews to producean illusion of local left/right turn.
We pre-computetheverticesof eachcomponentrelief mo-
saiccorrespondingto the two extremepositions (right byp �~�=� andleft by p ����� ), using

r & 	 @ � 3 o�� }�� � u M 3 o�� }n� A
	
u % �

and
l & 	 @ � 3 o ���.� � u M 3 o ���.� A 	 u % �
O

Thenthe positionof vertex in the synthesizedview is lo-
catedat

m
	(� � & 	 @ � � � l M �

r O
Thefinal synthesizedcoordinatesm % % 	(x�),y`),� � aregiven by	 @ � y � m 	(� ��M y

m % 	(� � � c
	�x�).y �
O



Figure 5. Each row of images are fir st composited into a relief mosaic for a horizont al lightfield.

4. Results

The office scenewas taken by a singlecameramoving
off-line alonga circle. Thepanoramacannot becomposed
using traditional mosaicregistrationtechniques due to its
strongmotion parallax. The relief mosaicat A"K�BCB D � FCF
resolution shown in Figure 7 was createdfrom 36 video
imagesat AC� 7�D � FCF resolution. The significantparallax
betweenadjacentimagesshown in Figure1 (themaximum
disparitycanreach

@��d@ 7 of theimagesize)makescomposi-
tion impossiblewith traditionalmosaicingmethods. Local
parallax changesrenderedwith this relief mosaicareshown
in Figure6.

Figure 6. Local parallax chang es rendered at� @ 7JD �C� 7 resolution from the relief mosaic in
Figure 7.

A grid of � D � images at
@ 7C7IH�D BIK�� resolution of the

wall containing the frescoand statuesof Dunhuangcave
#285 wascapturedwith a hand-heldcamera.Thegrid con-
tains6 translatingfronto-parallelviews of thewall takenat
6 differentdepths. A relief mosaicwasgeneratedfor each
depthasshown in Figure5. Figure2 showsoneof thestatic
relief mosaicsandFigure4 shows local parallaxchanges
of the centralstatueby varying p . Traditional mosaicing
methods areimpossiblefor theseimagesasthe statuehas
significantdepthvariation w.r.t. the moving camera.This
grid of � D � imagesis usedto createa horizontal light-
field describedabove. Somesynthesizedviews areshown
in Figure8. A synthesizedMPEGsequencewith a circular
viewerpathin thehorizontalfield of thecameras is givenin
the conferenceCDROM (the imagesizeis reduceddueto
storagelimitations).Theresultsareglobally good, although
thereareoccasional artifactsat abrupt disparitychanges.

5. Conclusion

In this paper, we have presentedrelief mosaicswhich
extend traditional mosaicsby supporting motion parallax.
They canbeviewedas � O K ! plenoptic functions. They are
composedof collectionsof imageswith parallax, for ex-
amplecaptured usinga moving hand-heldcamera.Motion
parallax is allowed and no camera geometry information
is necessary. Relief mosaicscan be usedto createhigh-
qualitytraditional mosaics,andalsoto renderlocalparallax
changes.Moreover, relief mosaicscanbecombinedto form
morecomplicatedplenoptic-likemodels,giving a lightfield



Figure 7. A static relief mosaic at A�K�B�B D � FCF from 36 video images. Note in Figure 1 that significant
parallax exists in two adjacent images.

Figure 8. Synthesiz ed images at B 7C7�D K 7�7 resolution from the field of 36 images at
@ 7C7CH�D BCKC� resolution.

We may notice that a triangular patc h is mis-placed in the front arm in the thir d view.

captured with a hand-held camera.This hasbeendemon-
stratedwith our systemon an example with only � D �
images. We arecurrently extending it to producea more
general(real)imagebasedmodelingandrenderingsystem.
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