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Figure1: Wevisualizeurbanlandscapesusingablendof adjacent
cross-slitsimages.The�gure showstwo user-speci�edcross-slits
cameras,representedby slit pairsWX-g andYZ-b. This parti-
tions the camerapathWXYZ into threesections.The planeP1,
formedby theslit g andpointX, representstherightmostcolumn
of pixels in cross-slitscameraWX-g andtheir associatedray di-
rections.Similarly, P2 is theplaneformedby slit b andpoint Y.
Thesetwo planesP1 andP2 intersectin line r, whichbecomesour
interpolatingslit. TheXY-r cross-slitspair becomesour interpo-
latingcamera.Notethattheinterpolatingcamerahasthesameray
directionson its edgesasits neighboringcameras.This ensures
thatthegeneratedimagecontainsnodiscontinuities.

Abstract

Multi-perspective imagesare a usefulway to visualizeextended,
roughlyplanarscenessuchaslandscapesor city blocks.However,
constructingeffective multi-perspective imagesis somethingof an
art. In this paper, we describean interactive systemfor creating
multi-perspective imagescomposedof serially blendedcross-slits
images.Beginningwith a sideways-lookingvideoof the sceneas
might becapturedfrom a moving vehicle,we allow theuserto in-
teractively specifya setof cross-slitscameras,possiblywith gaps
betweenthem. In eachcamera,one of the slits is de�ned to be
the camerapath,which is typically horizontal,andthe useris left
to choosethe secondslit, which is typically vertical. The system
thengeneratesintermediateviews betweenthesecamerasusinga
novel interpolationscheme,therebyproducinga multi-perspective
imagewith no seams.Theusercanalsochoosethepicturesurface
in spaceontowhich viewing raysareprojected,therebyestablish-
ing a parameterizationfor the image. We show how thechoiceof
this surfacecan be usedto createinterestingvisual effects. We
demonstrateour systemby constructingmulti-perspective images
that summarizecity blocks, including corners,blocks with deep
plazasandotherchallengingurbansituations.
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1 Intro duction

Visualizationof cities andurbanlandscapeshasbeena themein
westernart sincebiblical times. Thekey problemin makingthese
visualizationssuccessfulis summarizingin a singleimagetheex-
tendedlineararchitecturalfabricseenat eye level alonga possibly
curvingor turningstreet,anddoingsowithout introducingexces-
sivedistortions.In thispaperweaddressthisproblem.Possibleap-
plicationsincludeusingthesevisualizationsfor in-car navigation,
an augmentationto online route mappingapplications,and web-
basedtourisminformation.

One possibleapproachto depictingthe eye level urbanfabric is
usingwide angleor omnidirectionalviews arounda singleview-
point, typically capturedat streetcorners. Omnidirectionalcam-
eras[Nayar1997]provide a possibleopticalsolutionfor capturing
suchviews. Photo-mosaicing(thealignmentandblendingof multi-
pleoverlappingphotographs)is analternativeapproachfor creating
wide�eld of view images.Thesemosaicscanbemadeby capturing
a partof thescenesurroundinga singlepoint by panninga camera
aroundits optical center[Chen 1995; Shumand Szeliski 2000].
However, suchomnidirectionalviews arestill perspective projec-
tions andtherefore,objectsat any considerabledistancefrom the
camerabecometoo small to berecognizable.A setof suchviews,
eachtaken at morecloselyspacedintervals alongthe street,over-
comesthis limitation. However, sucha setstill fails to capturethe
linearnatureof mosturbanfabricsandits continuityasexperienced
by amotoristor apedestrian.

Anotherpossibleapproachis to usepushbroom[Hartley andGupta
1994;Peleg et al. 2000]or cross-slitsimaging[Zometet al. 2003].
A pushbroomimageis de�ned asan imagethat is perspective in
onedirection(e.g.,vertically) andorthographicin the otherwhile
a cross-slitsimageis an imagewhich is perspective in onedirec-
tion but is perspective from a differentlocationin theotherdirec-
tion. The perspective structureof cross-slitscamerasare the set
of all raysintersectingtwo �x ed lines (slits) in space.For pushb-
room cameras,oneof the slits is at in�nity . In both cases,oneis
freeto selecttheplacementof theslits. Changingtheseplacements
stronglyaffects the visualizationandthe associateddistortionsas
we show later in our results.In thecontext of visualizingeye level
urbanlandscapes,weshow thatwecancombinemultiplecross-slits
imagesseamlesslyto reducedistortions.

Our main contribution is that we describean interactive system



Figure 2: This �gure summarizesour algorithmfor generatingmulti-perspective images.(a) First, we processeachinput video frameto
estimatethecorrespondingpositionandorientationof thecamera.(b) Second,theuserspeci�esthepicturesurfaceandany numberof cross-
slits cameralocations(thegreenandblueregions),therebyde�ning valid region (grayshading)on thepicturesurface.(c) For theremaining
regions(grayshaded),we automaticallycomputethe interpolatingcross-slitscamera(yellow). (d) Within eachcamera,eachplanarfanof
rays(blueor greentriangles)denoteoneline of pixels(typically vertical)in the�nal outputimage.To producethis image,thesepixelsmust
beextractedfrom theappropriateframeof video,asdescribedin section4.4.

for constructingmulti-perspective imagesfrom sideways-looking
video capturedfrom a moving vehicle. The input to our system
is a set of video frameswith known camerapose. The interface
thenprovidesa setof toolsthatallow theuserto de�ne thepicture
surfaceandplacecross-slitscameras.Our systemthenautomati-
cally computesanadditionalcross-slitscamerabetweenevery pair
of adjacentuser-speci�edcamerasleadingto asmoothinterpolation
of viewpoint in the�nal multi-perspective image.Our systempro-
videsthetoolsnecessarytominimizedistortionsanddiscontinuities
for creatinggood multi-perspective imagesfor urbanlandscapes.
Usingoursystem,apersoncancreateamulti-perspective imageof
a wholecity block in a few minutes.Theprocessis summarizedin
�gure 2 andalsodemonstratedin theaccompanying video.

Section2 describesrelatedwork on multi-perspective imaging,
while section3 describesthemulti-perspective representationthat
we use. Section4 coversour interactive multi-perspective image
designtool. We describetheinput data,thedesignchoicesthatwe
made,the userinterfaceof our interactive systemand the image
renderingengine. We presentour resultsin section5 andpresent
ourconclusionsandfuturework in section6.

2 Multi-P erspective Imaging

Multi-perspective imagesarenothingnew in the art world. 10th
century Chinesepaintings used multiple perspectives to depict
many religious sites in a single imagewithout noticeabledistor-
tions. More recently, the work of the cubistsand M. C. Escher
exploredcombiningmultipleperspectives.

More recently there has beenan interestin computergenerated
multi-perspective imaging. Thesynthesisof multi-perspective im-
ageshasbeenexplored in Wood et al. [1997] and Rademacher
andBishop[1998]. Their methodsconstructan imagefrom mul-
tiple viewpoints mappedonto a 3D model as a texture to gener-
atenew imagesfrom a singleviewpoint. Glassner[2000] explores
the useof multi-perspective imagingasan effective tool for illus-
tration or story telling. He includesa plugin for a 3D modeling
programthat allows creatinga multi-perspective imagethrougha
two-surfaceparameterization.We �nd it moreconvenientto use
cross-slitsimagesas fundamentalmodelingprimitives (and ordi-
naryperspective imagesasa specialcaseof cross-slitsimages)for

multi-perspective images. We have also found it importantto be
ableto specifytheparameterizationof thepicturesurface.Vallance
andCalder[2001] provide anin-depthanalysisof theprevious lit-
eraturein multi-perspective imaging.They alsodescribeanAPI to
facilitaterenderingof multi-perspective images.

Most of the papersdescribedso far usesynthetic3D datafor il-
lustratingtheir results. Zheng[2003] generatesroute panoramas
from a moving video by taking the centralcolumnof pixels from
eachframeandabutting themtogether. We will demonstratehow
non-centralcolumnscanbeusedfor to createmoreeffective visu-
alizations.

SeitzandKim [2003] investigatehow to generatemulti-perspective
imagesfrom amoving videocamera.They treatthecapturedvideo
asa stackof framesforming a 3D volumeandthenallow arbitrary
2D slicesthroughthis volume. While this methodallows gener-
ation of almostany multi-perspective imagethat is possiblegiven
thevideovolume,it is notclearwhatperspectivestheresultingim-
agesrepresentexceptin specialcases.For example,aslicethrough
thevolumeparallelto the�rst frame(essentiallyextractinga frame
from thevolume)is a perspective image,a slicestraightdown the
volumeis a pushbroomimage,anda diagonalslice is a cross-slits
image. A non-linearslice throughthe volumewill createa multi-
perspective imagesuchaswe createin this paper. However, it is
dif�cult to associateany generalnon-linearslice with its perspec-
tive structurein 3D. This in turn makesit hardto designa slice to
accomplisha particulartask, suchas displayingcity blocks with
their varying facadedepths. It is preciselythis problemthat we
addressin thispaper.

In addition to making multi-perspective imaging practical, there
hasalsobeenmuchtheoreticalwork onmulti-perspective imaging.
GuptaandHartley [1997]deriveaprojectionmodelfor pushbroom
cameras.Zometet al. [2003] extendthis in their work to model
cross-slitscameras.More recently, Yu andMcMillan [2004] pro-
videaGeneralLinearCamera(GLC) model,whichuni�es theper-
spective, pushbroomandcross-slitscamerasalongwith � ve other
cameramodelsunderoneframework. AlthoughGLC's encompass
eightcameras,wecurrentlyrestrictoursystemto thesethree,which
seemmostusefulfor our task.Speci�cally, thesubsetof GLCswe
allow is thatwhichcanbecreatedfrom acameratravelingin apath,



Figure 3: A hand-craftedmulti-perspective imageexcerptedfrom MichaelKoller's SeamlessCity. Noticethedistinctvanishingpointsat A
andC, eventhoughthesetwo streetsareparallel,andthedistortionsin thedepictionof building B. This imagewasconstructedby aligning
andinter-cuttingseveralordinaryperspective images.Artful placementof thecutsbetweenimagesyieldsacompositeimagewithoutevident
seams.However, this processundoubtedlyrequiresgreatcareandlabor. Our paperintroducesa novel userinterfacefor semi-automatically
constructingimageslike thisone(usedwith permission).

sincethecamerapathnaturallyde�nesoneslit of across-slitscam-
era.

The work that mostcloselyresemblesour own is that of an artist
MichaelKoller [2004]. An excerptfrom hiswork is shown in �gure
3. Koller synthesizesa continuousvisual imageof thecity of San
Franciscomadeby sequentialphotosof awalk throughthecity. In a
manualprocesshealigns,cutsandpastestheseimagesnext to each
otherto form a�nal image.By makinghiscutsfollow architectural
featuresin the scene,he producesperspectives that look correct
alongthealleys andstreetintersections.Our work canbe thought
of asa way to automatehis approach,however our approachis not
as�e xible ashis. Unlike him, we only allow verticalcutsin input
images.

3 Multi-P erspective Representation

3.1 Multi-P erspective Paradigm

Multi-perspective imagescanbespeci�edasa2D manifoldof rays
andthemappingfrom thismanifoldto arectangular, regularlysam-
pledimageasdescribedin �gure 5. Theuserspeci�esthemanifold
of raysasa sequenceof cross-slitscamerasin the 3D scene,and
speci�es the mappingto an imageby placinga regularly sampled
picturesurfacein thescene.We �nd thatdistinguishingclearly in
ouruserinterfacebetweenspecifyingtheraymanifoldandspecify-
ing themappingto theoutputimageimprovesthe intuitivenessof
oursystem.

The manifold of rayscanbe speci�ed in several ways. For a pin-
hole camera,the manifold is the setof all rayspassingthrougha
point. In an orthographiccamera,the manifold describesall rays
in a singledirection. Similarly, for a cross-slitscamerathe man-
ifold is describedby all rayspassingthroughtwo lines (or slits).
Thesearethreeof the eight 2D linear manifoldsdescribedby Yu
andMcMillan [2004].

For our application,we chooseto constrainthe allowable set of
manifoldsbasedon their applicability to urbanlandscapesandthe
easeof speci�cationfor theuser. Speci�cally, we restrictthespace
of raymanifoldstocross-slitsimages.Doingsoallowsusto include
perspectiveandpushbroomimageswhile at thesametimeenabling
theinterpolationschemedescribedin section3.2.Theresultis that
our �nal imagecanbe representedasa mosaicof multiple cross-
slits images.

The picture surfacede�nes the samplingof the manifold of rays
aswell astheir mappingto the �nal image,asshown in �gure 5.
Traditionally, in a singleperspective image,thepicturesurfaceis a
plane. However, we canreducedistortionin the output imageby
allowing thepicturesurfaceto changeorientationto accommodate
thestorefronts.

Lastly, everypointon thepicturesurfacemustbeassociatedwith a
ray from exactly oneray manifold. This ensuresthat theresulting
�nal outputimagehasnomissingregions.

3.2 Interp olating Two Cross-Slits Images

Associatingregionsof thepicturesurfacewith cross-slitscameras
naturallyleadsto theproblemof how to handleunassignedregions
betweenthem. Our systemaddsan additionalcross-slitscamera
betweenevery two adjacentuser-speci�ed cross-slitscameras,re-
sulting in smoothinterpolation.The processof computingthe lo-
cationof theinterpolatingslit is describedin �gure 1. As shown in
the �gure, the locationof the interpolatingslit is uniquelyde�ned
by thegeometryof theadjacentslits.

It shouldbe clearfrom the �gure that the insertionof theseinter-
polatingslits is independentof the picturesurfacechosenby the
user. Also, the camerapathmustbe continuousbut neednot be
straight—theinterpolatingslit will dependonly on the points X
andY alongthecamerapath.Notethatthis interpolationschemeis
not dependenton usingthecamerapathasoneof theslits. In fact,
thisschemewill correctlyinterpolateany pairof cross-slitscameras
providedthattheslit joining themis continuous.

4 Interactive Multi-P erspective Image De-
sign Tool

In this section,we describeour systemfor interactive designand
renderingof multi-perspective images. Our systemtakesa setof
videoframes(capturedwith asideways-lookingvideocamera)with
known cameraposeas input and producesone compositemulti-
perspectiveimageasoutput.Thesystemconsistsof auserinterface
anda renderingengine.

4.1 Data Acquisition and Preprocessing

In our current implementation,data is capturedusing a Basler
A504kchigh-speedcamerawhich capturesat 300 framespersec-
ond. The high speedensuresdenseimagedatawhile still main-
taining a reasonabledriving speed(approximately8-10 mph) for
the videosof commercialcity blocks. Cameraposeis then esti-
matedwith a structure-from-motion(SFM) algorithmusingBou-
jou [http://www.2d3.com],a commercialsoftware package. The
SFM alsooutputspartial3D scenestructure,which helpstheuser
in choosingcross-slitslocations.WeassumethattheX-Z planethat
cameraposeis estimatedin correspondsto the real-world ground
plane.



Figure4: This is asnapshotof our interface.Thediagramat top is
aplanview of thescene.Youcanseethepartial3D scenestructure,
picturesurface,camerapath,user-speci�edslits, interpolatingslits
anda low-resolutionpreview image.

4.2 Design Choices

Thereare a numberof restrictionsthat we placeon our system.
We assumethat thecamerapathin the input video lies on a plane
parallel to the groundplane. For eachcross-slitsimage,the user
speci�esoneslit, andthecamerapathis assumedto bethesecond
slit. Weassumethattheuser-speci�edslit is vertical(perpendicular
to thegroundplane).This allows a simpli�ed planview to beused
in ouruserinterfacewheretheverticalslitsareprojectedaspoints.

As shown in �gure 5, the picture surfaceis a parametricsurface
in 3D. We chooseour picturesurfaceto have vertical sides. The
restriction of vertical sideson the picture surface appliesnatu-
rally to urbanfacadeson �at terrain. To aid the userin specify-
ing non-verticalsidesof thepicturesurface,weprovidepiecewise-
continuouslines andquadraticsplines. Quadraticsplinesareap-
proximatedas piecewise-linear segmentsto simplify rendering.
Thisallowsoursurfaceto berepresentedasaseriesof planarfacets.
Weconstrainthesamplingof thepicturesurfaceto beregular.

4.3 User Interface

Shown in �gure 4, our interfaceprovidesboth a designsectionin
which theuserspeci�esthemulti-perspective imageanda preview
sectionthatcanprovide rapid,low-resolutionpreviews of the�nal
image. Oncesatis�ed with the design,the systemcanoutput the
full resolutionimage.

To createa multi-perspective image,the usermustde�ne the pic-
turesurface,placeall desiredcross-slitscameras,andassociatethe
cameraswith regionsof the picturesurface. Becauseof the lack
of naturalintuition concerningthesetypesof images,the interface
strivesto presentthedesignin termsof familiarconcepts.With this
in mind, theuseris shown thecameratrajectoryin planview along
with any estimatedscenestructurein the form of a point cloudas
outputby our SFM algorithm.Thecameratrajectory, asexplained
in section4.2, de�nes oneof the two slits requiredfor any cross-
slits image.

To de�ne thepicturesurfacein our interface,theuserneedsto only
draw asetof connectedline segmentsin planview. This is possible
becausewerestrictthepicturesurfaceto bevertical.To help�t the
picturesurfaceto curved facades,segmentsof the picturesurface
canalsobetoggledbetweenstraightlinesandquadraticsplines.

In plan view, the task of positioninguser-speci�ed slits involves
simply placingtheslits aspointsandspecifyingtheir �eld of view.
The intersectionof the �eld of view with the picture surfacede-
�nes the region of the picturesurfaceassociatedwith that slit. If
any segmentof thepicturesurfaceis associatedwith morethanone
user-speci�ed slit, suchas if two �elds of view overlap, thereno
longerexistsa uniqueray directionfor pointsin thatsegment,and
thereforethatis notavalid speci�cationfor amulti-perspective im-
age. As long as the �elds of view do not overlapon the picture
surface,however, any numberof userslits maybedescribed.The
speci�ed cameraslits canalsobe toggledbetweenslits locatedat
�nite positionsandslits locatedatin�nity . Slitsat in�nity arerepre-
sentedby a directionalline next to theselectedpoint. Placinga slit
at in�nity producesa pushbroomimage.Similarly, placingtheslit
directly on the camerapath(thusintersectingboth slits) produces
anordinaryperspective image.

Onceany valid multi-perspective imageis speci�ed, the interface
immediatelyshowsasetof exampleraydirectionsatseveralpoints
alongthepicturesurface.Theprogramalsoautomaticallydisplays
theinterpolatingcross-slitscamerabetweenany two adjacentuser-
speci�edcamerasasexplainedin section3.2.

4.4 Rendering Engine

UsinganIntel 2.8GHz Pentium4machine,thelow-resolutionpre-
view imagecantypically be renderedin undera second.An ef�-
cientrenderingengineis necessaryto provide this fastfeedbackto
theuser.

Theconstraintsimposedby ourdesignchoicesallow usto simplify
andacceleratetherendering.Sinceeachpointonthepicturesurface
is associatedwith only onecross-slitscamera,the �nal outputim-
ageis composedfrom severaldistinct,abutting cross-slitsimages.
Eachcross-slitscameracanspanmultiple facetsof thepicturesur-
face.Also, eachfacetmaycontainmultiple cross-slitscameras.In
bothcases,we renderonly a singlecross-slitsimageontoa single
planarsegmentat a time. Eachplanarsegmentis parameterizedby
(u;v). Finally, the restrictionof vertical sidesfor the picturesur-
faceand of vertical user-speci�ed slits allows us to assignentire
columnsof the�nal outputimagefrom a singleinput videoframe.
For eachcross-slitsimageon a planarsegment,thereis a mapping
betweenthe (u;v) coordinatesof the planarsegmentto the (s;t)
coordinatesof the �nal outputimage,de�ning thesamplingof the
picturesurface.Thiscanbeseenin �gure 5. Thesamplingoneach
planarsegmentis regularin theu andv parameterdirections.

A fastalgorithmto rendera singlecross-slitsimageonto a single
planarsurfaceis thereforethebasicbuilding block usedin render-
ing. For eachcross-slitsimage,we computethemappingbetween
eachinput frameandthe�nal outputimage.Wethenusethismap-
ping to computewhich pixels will actuallycontribute to the �nal
outputimageandwarponly thosepixels.
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Figure5: Theraymanifoldis thesetof raysin space.Thesampling
of theseraysandthemappingto theoutputimagecanbespeci�ed
by apicturesurfacewith a2D parameterizationof its 3D surface.



User-specified slit at infinity (pushbroom)Camera path (fixed slit) Picture surfaceExample ray directions

(a)

User-specified slits (perspective)Camera path (fixed slit) Picture surfaceExample ray directions

(b)

Figure 6: This example shows
how manipulation of the per-
spective structure of the image
can be usedto generatea multi-
perspective image with reduced
distortion. The diagram below
eachis a plan view of the scene,
with theinput videocameramov-
ing along the indicatedpath and
looking upwards.Thepicturesur-
facein both (a) and(b) is �x edat
the facadeof the storefronts. (a)
is a traditional pushbroomimage
generatedby specifyinga vertical
slit at in�nity with all the ray di-
rectionsbeing parallel. The re-
sultingimagehasthefamiliar dis-
tortions associatedwith a pushb-
room image: objectsin front of
the picture surface (e.g. trees)
are compressedhorizontally, and
objectsbehindthepicturesurface
areexpanded(the view down the
alleyway). (b) has been gen-
eratedusing multiple cross-slits.
By placingselecteduser-speci�ed
slits atop the camerapath, ordi-
nary perspective views aregener-
atedin thevicinity of thetreesand
alleyway. This enhancesthe real-
ism of theimagewhile still main-
taining theextended�eld of view
of thepushbroom.

Themainpointis thatwedonotpre-warptheinputimages.Instead,
we calculatethe necessarywarp and warp only the small region
from eachinput image.This speedsup renderingto thepoint that
if all imagescanbepreloadedinto RAM, previewscanberendered
at interactive ratesevenfor thousandsof input images.

Wenow describetheprocessof computingthehomography froman
input videoframeto theoutputimagefor a singleplanarsegment.
We usethe conventionof usingbold for vectors(lowercase)and
matrices(uppercase).Pointsin differentcoordinatessystemsare

x =
�

x y z 1
� T 3D point in world coordinatesystem

in whichcameraposeis estimated
u =

�
u v 1

� T 2D point in the coordinatesystemof
theplanarsegmentof thepicturesur-
face

p =
�

p q 1
� T 2D pixel location of a single input

videoframe
s =

�
s t 1

� T 2D pixel location of the �nal multi-
perspective image

Let theorigin of theplanarsegmentin world 3D homogeneousco-
ordinatesbethe4x1 vectoro. Let w andh be4x1 vectorsde�ning
thewidth andheightextentof thesegment.Then,themappingfrom
a point u (for all 0 � u;v � 1) on theplanarsegmentof thepicture
surfaceto acorrespondingworld point x is givenby

x = uw+ vh+ o

=
�

w h o
�
2

4
u
v
1

3

5

= Q u

In general,a point in theworld coordinatesystemx is mappedinto
aparticularinput videoframei by therelationship:

p = K [Ri j t i ]x

giventhecameraintrinsicsK, therotationmatrixRi , andthetrans-
lation vectort i . Substitutingfor x, we obtainthe relationshipbe-
tweentheplanarsegmentandtheinput videoframe:

p = K [Ri j t i ]Qu

With our restrictionof regular samplingon the planarfacets,we
mapthe segmentto a rectangularregion of the �nal outputimage
usingonly translationandscaling.Notethatthischoiceof mapping
is arbitrary. Wecannow de�ne therelationshipbetweenthisplanar
segmentof thepicturesurfaceandthe�nal outputimageas:

s=

2

4
a 0 c
0 b d
0 0 1

3

5 u = M u

or equivalently
u = M � 1s



User-specified slit Camera path (fixed slit)Picture surface

(a)

User-specified slits
Camera path (fixed slit)

Picture surface

(b)

Figure 7: This example shows
how our system can be used
to generate effective multi-
perspective images of deep
plazas. The picture surface in
both (a) and (b) is �x ed at the
facadeof the building on the left.
(a) is a traditional pushbroom
image generatedby specifying
a vertical slit at in�nity . This
causesthedeepplazaon theright
to stretchhorizontally, leadingto
apparentsmearingdue to limited
resolution. In (b), by blending
betweentwo almost perspective
views on the right (one for the
treeandonefor thebuilding) and
the samepushbroomview on the
left results in a better visualiza-
tion. In our multi-perspective
image, some unwanted curving
is introduced into the walkway
at the centerof the image. This
walkway is in factstraight.

wherec andd de�ne theorigin of therectangularregiononthe�nal
outputimageanda andb de�ne thewidth andheightof theregion
respectively.

We canthenobtaina direct relationshipbetweeneachinput video
framei andthe�nal multi-perspective imageas

p = K [Ri j t i ]QM � 1s

Usingthis formulation,all of theintermediatematricesreduceto a
singleinvertible3x3matrix thatwecall H, giving

p = H s

s= H� 1p

The matrix H de�nes the homography betweenan input video
frame and a portion of the �nal multi-perspective image corre-
spondingto oneplanarsegmentof thepicturesurface.

With themappingfrom eachinput video frameto the �nal output
image,eachpixel onthe�nal outputimagewill havemultiple input
framesoverlappedontoit. Wemustnow choosewhich input frame
to selectfor eachpixel. For our cross-slitsimages,oneof theslits
is �x ed—thecamerapath.Thesecond,verticalslit is eithera user-
speci�edor interpolatedslit. We projecta point on this verticalslit
througheachinputvideoframeontothe�nal outputimage.

Picture
surface

Camera path

Slit

Figure 8: The slit is pro-
jected through each cam-
eraontothepicturesurface.
The region closestto each
projectionis assignedto the
correspondingcamera.

To computethis, we take the 3D point on the secondslit that in-
tersectsthegroundplane,xg, projectit onto the input videoframe
(pg), and then usethe homography derived above to project the
point onto the �nal outputimage(sg). For a particularinput video
framei, theimageof xg throughthatcamera's centerof projection
mapsto

pg = K [Ri j t i ]xg

sg = H� 1pg

As shown in �gure 8, for eachcolumnof the�nal outputimage,we
thenselectthe input framewith theclosestprojectedpoint sg and
warpthepixelsfrom thatframethatcorrespondto theoutputimage
column.

5 Results

We testedour systemon severalvideosof city blockstakenunder
different challengingscenarios.We �rst examinea scenewith a
relatively �at facadeandstraightcamerapath.Figure6(a)shows a
shortsectionof apushbroomrepresentationof thisscene.A pushb-
roomimageis perspectivein onedirection(verticalin ourcase)and
orthographicin the other direction (horizontal). Under this pro-
jection, only objectslying on the picturesurfacecanbe rendered
faithfully. In our example,thepicturesurfaceis placedat thestore
facade.As expectedwith sucha parameterization,trees(which are
closerthanthefacade)arehorizontallycompressedwhile theview
down thealleyway (which is farther)is expanded.By interactively
manipulatingtheperspective structureof theimage,we canreduce
thesedistortionsasshown in �gure 6(b). Usingour userinterface,
we achieve this by specifyingordinary perspective camerasnear



(a) (b)

Camera path
(fixed slit)

User-specified slit
at infinity

User-specified slit
at infinity

Interpolating slit

Picture surface
(with example ray directions)

(c)

Camera path
(fixed slit)

User-specified slit
at infinity

User-specified slit
at infinity

Interpolating slit

Picture surface
(with example ray directions)

(d)

Figure 9: Our visualizationof a streetcornerwith perpendicularstorefronts.(a) shows themulti-perspective imagegeneratedby oursystem
for thechoiceof picturesurfaceshown in (c). (b) showsthemulti-perspective imagegeneratedby oursystemfor thechoiceof picturesurface
shown in (d). Thepicturesurfacein (c) conformsto theactualstorefrontwhereasit hasbeenarti�cially curved in (d) usingour interactive
system.Notethat theslits areat thesamelocationin both thesetups.(a) givesthe impressionthat thestorefrontis continuousandthereis
no corner. By alteringour picturesurfacewe introduceanarti�cial pinchingeffect in themulti-perspective imageshown in (b). This helps
emphasizethatit is acornerwithoutcausingseveredistortions.
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Sampling for Picture Surface 1

showing constant s,t lines in u,v

(b)

A B D E F
Sampling for Picture Surface 2

showing constant s,t lines in u,v

(c) (d)

Figure 10: This �gure explainshow our choiceof a curvedsurfaceanda non-uniformsamplingstrategy achievesa pinchingeffect at the
cornersseenin �gure 9(b). In (a),picturesurface1 conformsto thestorefront.To achieve thepinchingeffect in this casewe would needto
stretchtheimageat C. This would meannon-linearlymappingthepicturesurfaceuv coordinatesto the�nal outputimagest coordinatesas
shown in (b) to maintaincontinuityin theimage.We achieve thesameeffect by insteadusinga curvedsurfaceasshown in (d) but sampling
accordingto thestrategy in (c). This solvestheproblemof nonlinearverticalsampling,but now requiresadjustingthehorizontalsampling.
This canbeeasilydoneby usingthecontrolpolygonto de�ne thehorizontalmappingfrom 3D xyzto u but still mappingto s linearly. If the
controlpolygoncorrespondsto thestorefront,thenabrick on thewall will notappearto bestretchedhorizontally.

regionsof signi�cant depthvariationsuchasthe treesandthe al-
leyway. This createsanimagethatis morenaturallooking in these
areas.To keeptheimagecontinuous,thesysteminsertsinterpolat-
ing camerasbetweentheuser-speci�edcameras.

Anotherexamplethatillustratesthebene�t of manipulatingray di-
rectionsbasedon scenegeometryis shown in �gure 7. Thescene
consistsof a building with �at facadeon the left anda very deep
plazaon the right. By choosingmultiple cross-slitsas shown in
�gure 7(b)wecangetamorerecognizableimagethan�gure 7(a).

Theability to specifycurvedpicturesurfacesallows usto conform

thepicturesurfaceto thenaturalarchitectureof acorner. An exam-
pleof this is shown in �gure 9(a).This typeof imageis impossible
to createwith a traditionalsingle,planarpicturesurface.

Althoughthisallowsusasummaryview of bothsidesof thecorner,
the apparentsizeof facadeis constantthroughoutthe image. We
canmorenaturallyrepresentwhat a motoristor pedestrianwould
seeif we stretchthe imagenearthe corner, producinga pinching
effect asshown in �gure 9(b). This is a nonlineareffect andwould
requiresamplingof the picturesurfaceasshown in �gure 10(b).
Instead,we achieve this effect by curving the picture surfaceas
shown in �gure 9(d) and adjustingthe horizontalsampledensity



(a)Perspective image (b) Integrationonpicturesurface (c) Syntheticfocusimage

Figure11: Hereweshow aprelim-
inary extensionof our algorithmto
generatesyntheticallyfocusedim-
ages.By integratingover anangu-
lar arc for eachpoint on the pic-
ture surface as shown in (b), we
cansimulatealarge1D aperturefo-
cusedat the picturesurface. (c) is
anexampleof sucha synthetically
focusedimagewith thefocus�x ed
at theplaneof thefacade.Notethat
thetreepresentin (a) is blurredout.

asshown in �gure 10(c) by using the control polygon. This is a
departurefrom theearlierimposedregularsamplingon thepicture
surface. This samplingadjustmentis performedautomaticallyby
ourprogramandis explainedin �gure 10.

6 Conclusions and Future Work

While most peoplegenerallyhave a good idea of what a photo-
graphwill look like whenshown a diagramof thecameraposition
andorientationrelative to a scene,this intuition doesnot exist for
multi-perspective images.Thechoiceof 2D manifoldof rays,the
placementof the picture surfaceand the samplingof the surface
constitutea designproblem. We provide a user interfacewhich
helpsdevelop an intuition for the perspective structureof multi-
perspective imagesaswell asgenerateseffective visualizationsof
urbanlandscapes.

Onelimitation of oursystemis thatweallow only regularsampling
on thepicturesurface(andtheautomaticadjustmentof horizontal
samplingdensityillustratedin �gure 10). Wedonotallow any user-
speci�edsamplingstrategies.Onecanimaginesamplingtheimage
moredenselyin thecenterthantowardtheedges,resultingin a �sh
eye like effect. Also, theenforcementof verticalslit orientation,a
limitation imposedby our userinterface,implies that the userin-
terfacecannotaccuratelydepictchangesin elevationsuchashills.
Similarly, the userinterfacedoesnot permit altering the orienta-
tion of thepictureplanefrom vertical. Finally, we chooseto allow
representingonly threeof the eight GLCs from Yu andMcMillan
[2004]. It would be interestingto incorporatetheseothercameras
into ourdesigntool.

Regardingfuturework, all of ourexampleshaveaneffectively in�-
nitedepthof �eld (assumingpinholecamerasfor input). By averag-
ing multiple input videoframesprojectedontothepicturesurface,
we can simulatea syntheticapertureas discussedin Vaish et al.
[2004]. This resultsin anextremelyshallow depthof �eld image.
Vaishet al. [2004] show this effect for planarpicturesurfaces.By
specifyinga curved picturesurface,we extendthis effect to non-
planarpicturesurfaces.However, in our casethe apertureis only
1D, whereastheaperturesin [Vaishet al. 2004]are2D. Figure11
showsapreliminaryresultfor aplanarpicturesurface.

Finally, one can imaginea systemthat automaticallyplacesthe
cross-slitsbasedon the 3D structureof the sceneto obtain a re-
sult similar to that seenin �gure 6(b). Furtherextensionscould
includerelaxingtheconstraintof mosaicingthecross-slitsimages
with only vertical cuts. Allowing arbitrarycutscanhelp achieve
thequality foundin Koller'swork [Koller 2004].Furthermore,one
could de�ne a minimum error cut similar to Efros and Freeman
[2001].
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