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Abstract

Multi-perspectve imagesare a usefulway to visualize extended,
roughly planarscenesuchaslandscapesr city blocks. However,
constructingeffective multi-perspectie imagesis somethingof an
art. In this paper we describean interactve systemfor creating
multi-perspectie imagescomposedf serially blendedcross-slits
images. Beginning with a sidavays-lookingvideo of the sceneas
might be capturedrom a moving vehicle,we allow the userto in-
teractively specifya setof cross-slitscameraspossiblywith gaps
betweenthem. In eachcamera,one of the slits is de ned to be
the camergpath,which is typically horizontal,andthe useris left
to choosethe secondslit, which is typically vertical. The system
thengeneratesntermediateviews betweenthesecamerasusinga
novel interpolationschemetherebyproducinga multi-perspectie
imagewith no seamsTheusercanalsochoosehe picturesurface
in spaceontowhich viewing raysare projected therebyestablish-
ing a parameterizatioffior theimage. We shawv how the choiceof
this surface can be usedto createinterestingvisual effects. We
demonstrateur systemby constructingmulti-perspectie images
that summarizecity blocks, including corners,blocks with deep
plazasandotherchallengingurbansituations.
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Figure1: Wevisualizeurbanlandscapessingablendof adjacent
cross-slitdmages.The gure shavstwo userspeci edcross-slits
camerasyrepresentedby slit pairsWX-g andYZ-b. This parti-
tions the camerapathWXYZ into threesections.The planeP;,
formedby theslit g andpoint X, representsherightmostcolumn
of pixelsin cross-slitscameraWX-g andtheir associateday di-
rections. Similarly, P is the planeformedby slit b andpoint Y.
Thesewo planesP; andP; intersecin line r, whichbecomesur
interpolatingslit. The XY-r cross-slitpair becomeur interpo-
latingcameraNotethattheinterpolatingcamerahasthesameray
directionson its edgesasits neighboringcameras.This ensures
thatthegeneratedmagecontainsno discontinuities.

1 Intro duction

Visualizationof cities and urbanlandscape$iasbeena themein

westernart sincebiblical times. The key problemin makingthese
visualizationssuccessfuls summarizingn a singleimagethe ex-

tendedineararchitecturafabric seenat eye level alonga possibly
curving or turning street,and doing so without introducingexces-
sive distortions.In this papemwe addresshis problem.Possibleap-
plicationsinclude usingthesevisualizationsfor in-car navigation,
an augmentatiorto online route mappingapplications,and web-
basedourisminformation.

One possibleapproachto depictingthe eye level urbanfabric is
usingwide angleor omnidirectionalviews arounda single view-
point, typically capturedat streetcorners. Omnidirectionalcam-
eras[Nayar1997]provide a possibleoptical solutionfor capturing
suchviews. Photo-mosaicingthealignmentandblendingof multi-
ple overlappingphotographsis analternatve approacHor creating
wide eld of view images.Thesemosaiccanbemadeby capturing
a partof the scenesurroundinga singlepoint by panninga camera
aroundits optical center[Chen 1995; Shum and Szeliski 2000].
However, suchomnidirectionalviews are still perspectie projec-
tions andtherefore,objectsat ary considerablalistancefrom the
camerabecometoo smallto berecognizable A setof suchviews,
eachtaken at moreclosely spacedntervals alongthe street,over
comesthis limitation. However, sucha setstill fails to capturethe
linearnatureof mosturbanfabricsandits continuityasexperienced
by amotoristor a pedestrian.

Anotherpossibleapproachs to usepushbroonjHartley andGupta
1994;Pela etal. 2000] or cross-slitdmaging[Zometetal. 2003].
A pushbroomimageis de ned asanimagethatis perspectie in
onedirection (e.qg., vertically) and orthographidn the otherwhile
a cross-slitsimageis animagewhich is perspectie in onedirec-
tion but is perspectie from a differentlocationin the otherdirec-
tion. The perspectie structureof cross-slitscamerasare the set
of all raysintersectingwo x edlines (slits) in space.For pushb-
room cameraspneof the slits is atin nity . In both casespneis
freeto selectthe placemenbf theslits. Changingheseplacements
strongly affectsthe visualizationand the associatedlistortionsas
we shaw laterin ourresults.In the contet of visualizingeye level
urbanlandscapesye shav thatwe cancombinemultiple cross-slits
imagesseamlesslyo reducedistortions.

Our main contritution is that we describean interactve system



interpolated slit
()

final output image

Figure 2: This gure summarizeour algorithmfor generatingmulti-perspectie images. (a) First, we processeachinput video frameto
estimatethe correspondingositionandorientationof thecamera(b) Secondthe userspeci esthepicturesurfaceandarny numberof cross-
slits camerdocations(the greenandblueregions),therebyde ning valid region (gray shading)on the picturesurface.(c) For theremaining
regions (gray shaded)we automaticallycomputethe interpolatingcross-slitscamera(yellow). (d) Within eachcameragachplanarfan of
rays(blueor greentriangles)denoteoneline of pixels (typically vertical)in the nal outputimage.To producethisimage thesepixels must
be extractedfrom the appropriatdrameof video,asdescribedn section4.4.

for constructingmulti-perspectie imagesfrom sidevays-looking
video capturedfrom a moving vehicle. The input to our system
is a setof video frameswith knowvn camerapose. The interface
thenprovidesa setof toolsthatallow the userto de ne the picture
surfaceand placecross-slitscameras.Our systemthen automati-
cally computesan additionalcross-slitscamerabetweenrevery pair
of adjacentiserspeci edcameraseadingto asmoothinterpolation
of viewpointin the nal multi-perspectie image.Our systempro-
videsthetoolsnecessarto minimizedistortionsanddiscontinuities
for creatinggood multi-perspectie imagesfor urbanlandscapes.
Usingour systema personcancreatea multi-perspectie imageof
awholecity blockin afew minutes.The processs summarizedn
gure 2 andalsodemonstrateh theaccompaying video.

Section2 describesrelatedwork on multi-perspectie imaging,

while section3 describeghe multi-perspectie representatiothat

we use. Section4 coversour interactve multi-perspectie image
designtool. We describeheinput data,the designchoicesthatwe

made,the userinterface of our interactve systemand the image
renderingengine. We presentur resultsin section5 and present
our conclusionsaindfuturework in section6.

2 Multi-P erspective Imaging

Multi-perspectve imagesare nothing new in the art world. 10th
century Chinesepaintings used multiple perspecties to depict
mary religious sitesin a single image without noticeabledistor

tions. More recently the work of the cubistsand M. C. Escher
exploredcombiningmultiple perspecties.

More recently there has beenan interestin computergenerated
multi-perspectie imaging. The synthesif multi-perspectie im-
ageshasbeenexploredin Wood et al. [1997] and Rademacher
andBishop[1998]. Their methodsconstructanimagefrom mul-
tiple viewpoints mappedonto a 3D model as a texture to gener
atenew imagesfrom a singleviewpoint. Glassnef2000] explores
the useof multi-perspectie imagingasan effective tool for illus-
tration or story telling. He includesa plugin for a 3D modeling
programthat allows creatinga multi-perspectie imagethrougha
two-surface parameterizationWe nd it more corvenientto use
cross-slitsimagesas fundamentaimodeling primitives (and ordi-
nary perspectie imagesasa specialcaseof cross-slitdmages)for

multi-perspectie images. We have alsofound it importantto be
ableto specifytheparameterizationf the picturesurface.Vallance
andCalder[2001] provide anin-depthanalysisof the previouslit-
eraturein multi-perspectie imaging. They alsodescribean API to
facilitaterenderingof multi-perspectie images.

Most of the papersdescribedso far use synthetic3D datafor il-
lustratingtheir results. Zheng[2003] generatesoute panoramas
from a moving video by taking the centralcolumnof pixels from
eachframeandatutting themtogether We will demonstratéow
non-centratolumnscanbe usedfor to createmoreeffective visu-
alizations.

SeitzandKim [2003]investigatehow to generatenulti-perspectie
imagesrom amoving videocameraThey treatthe capturedvideo
asa stackof framesforming a 3D volumeandthenallow arbitrary
2D slicesthroughthis volume. While this methodallows gener
ation of almostary multi-perspectie imagethatis possiblegiven
thevideovolume,it is not clearwhatperspectiestheresultingim-
agegepresenexceptin specialcasesFor example,aslicethrough
thevolumeparallelto the rst frame(essentiallyextractingaframe
from the volume)is a perspectie image,a slice straightdown the
volumeis a pushbroonimage,anda diagonalslice is a cross-slits
image. A non-linearslice throughthe volumewill createa multi-
perspectie imagesuchaswe createin this paper However, it is
dif cult to associatery generalnon-linearslice with its perspec-
tive structurein 3D. This in turn makesit hardto designa sliceto
accomplisha particulartask, suchas displayingcity blocks with
their varying facadedepths. It is preciselythis problemthat we
addressn this paper

In addition to making multi-perspectie imaging practical, there
hasalsobeenmuchtheoreticawork on multi-perspectie imaging.
GuptaandHartley [1997] derive a projectionmodelfor pushbroom
cameras.Zometet al. [2003] extendthis in their work to model
cross-slitscameras.More recently Yu and McMillan [2004] pro-
vide aGeneraLinearCamerg GLC) model,which uni es theper
spectve, pushbroomand cross-slitscamerasalongwith  ve other
cameramodelsunderoneframavork. AlthoughGLC's encompass
eightcameraswe currentlyrestrictour systento thesethree which
seemmostusefulfor ourtask. Speci cally, the subsebf GLCswe
allow is thatwhich canbecreatedrom acamerdravelingin apath,
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Figure 3: A hand-craftednulti-perspectie imageexcerptedirom MichaelKoller's Seamles€ity. Noticethedistinctvanishingpointsat A
andC, eventhoughthesetwo streetsareparallel,andthe distortionsin the depictionof building B. This imagewasconstructedy aligning
andinter-cuttingseveralordinaryperspectie images Artful placemenbf the cutsbetweerimagesyieldsa compositdmagewithoutevident
seamsHowever, this procesaundoubtedlyrequiresgreatcareandlabor. Our paperintroducesa novel userinterfacefor semi-automatically

constructingmagedik e this one(usedwith permission).

sincethe camergpathnaturallyde nesoneslit of a cross-slitcam-
era.

The work that mostclosely resembleour own is that of an artist
MichaelKoller[2004]. An excerptfrom hiswork is shavnin gure
3. Koller synthesizes continuousvisualimageof the city of San
Franciscanadeby sequentiaphotosof awalk throughthecity. In a
manualprocesshealigns,cutsandpastegsheseémagemext to each
otherto forma nal image.By makinghis cutsfollow architectural
featuresin the scene,he producesperspecties that look correct
alongthe alleys andstreetintersections Our work canbe thought
of asaway to automatehis approachhowever our approaclhis not
as exible ashis. Unlike him, we only allow vertical cutsin input
images.

3 Multi-P erspective Representation

3.1 Multi-P erspective Paradigm

Multi-perspectve imagescanbespeci edasa 2D manifoldof rays
andthemappingfrom this manifoldto arectangulgregularly sam-
pledimageasdescribedn gure 5. Theuserspeci esthemanifold
of raysasa sequencef cross-slitscameradn the 3D scene and
speci esthe mappingto animageby placinga regularly sampled
picturesurfacein the scene.We nd thatdistinguishingclearlyin

our userinterfacebetweerspecifyingtheray manifoldandspecify-
ing the mappingto the outputimageimprovesthe intuitivenessof

our system.

The manifold of rayscanbe speci ed in severalways. For a pin-
hole camerathe manifold is the setof all rayspassingthrougha
point. In an orthographiccamerathe manifold describesall rays
in a singledirection. Similarly, for a cross-slitscamerathe man-
ifold is describedby all rays passingthroughtwo 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 urbanlandscapeandthe
easeof speci cationfor theuser Speci cally, we restrictthe space
of ray manifoldsto cross-slitdmages.Doingsoallowsusto include
perspectie andpushbroommageswhile atthesametime enabling
theinterpolationschemedescribedn section3.2. Theresultis that
our nal imagecanbe representeésa mosaicof multiple cross-
slitsimages.

The picture surfacede nes the samplingof the manifold of rays
aswell astheir mappingto the nal image,asshavn in gure 5.
Traditionally, in asingleperspectie image,the picturesurfaceis a
plane. However, we canreducedistortionin the outputimageby
allowing the picturesurfaceto changeorientationto accommodate
the storefronts.

Lastly, every pointon the picturesurfacemustbe associateavith a
ray from exactly oneray manifold. This ensureghattheresulting
nal outputimagehasno missingregions.

3.2 Interpolating Two Cross-Slits Images

Associatingregionsof the picturesurfacewith cross-slitscameras
naturallyleadsto the problemof how to handleunassignedegions
betweenthem. Our systemaddsan additional cross-slitscamera
betweenevery two adjacentuserspeci ed cross-slitscamerasre-
sultingin smoothinterpolation. The processof computingthe lo-
cationof theinterpolatingslit is describedn gure 1. As shavnin
the gure, thelocationof the interpolatingslit is uniquelyde ned
by the geometryof theadjacenslits.

It shouldbe clearfrom the gure thatthe insertionof theseinter-
polating slits is independenbf the picture surface chosenby the
user Also, the camerapath mustbe continuousbut neednot be
straight—theinterpolatingslit will dependonly on the points X
andY alongthecamergath.Notethatthis interpolationschemds
not dependendn usingthe cameragpathasoneof theslits. In fact,
thisschemewill correctlyinterpolateary pairof cross-slitcameras
providedthattheslit joining themis continuous.

4 Interactive Multi-P erspective Image De-
sign Tool

In this section,we describeour systemfor interactve designand
renderingof multi-perspectie images. Our systemtakes a setof
videoframes(capturedvith asidevays-lookingvideocameravith
known cameraposeas input and producesone compositemulti-
perspectieimageasoutput. Thesystenconsistof auserinterface
andarenderingengine.

4.1 Data Acquisition and Preprocessing

In our currentimplementation,datais capturedusing a Basler
A504kc high-speedcamerawhich capturesat 300 framesper sec-
ond. The high speedensuresdenseimagedatawhile still main-
taining a reasonablealriving speed(approximately8-10 mph) for
the videosof commercialcity blocks. Cameraposeis then esti-
matedwith a structure-from-motior(SFM) algorithmusing Bou-
jou [http://ww.2d3.com],a commercialsoftware package. The
SFM alsooutputspartial 3D scenestructure which helpsthe user
in choosingcross-slitdocations.We assumehatthe X-Z planethat
cameraposeis estimatedn correspondso the real-world ground
plane.
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Figure 4: Thisis asnapshoof ourinterface. Thediagramattopis
aplanview of thescene.You canseethepartial 3D scenestructure,
picturesurface,cameragpath,userspeci edslits, interpolatingslits
andalow-resolutionpreview image.

4.2 Design Choices

Thereare a numberof restrictionsthat we place on our system.
We assumehatthe camerapathin theinput videolies on a plane
parallelto the groundplane. For eachcross-slitsimage,the user
speci esoneslit, andthe camergpathis assumedo be the second
slit. We assumehattheuserspeci edslit is vertical (perpendicular
to thegroundplane).This allows a simpli ed planview to beused
in our userinterfacewherethe verticalslits areprojectedaspoints.

As shavn in gure 5, the picture surfaceis a parametricsurface
in 3D. We chooseour picture surfaceto have vertical sides. The
restriction of vertical sideson the picture surface applies natu-
rally to urbanfacadeson at terrain. To aid the userin specify-
ing non-\ertical sidesof the picturesurface,we provide piecavise-
continuouslines and quadraticsplines. Quadraticsplinesare ap-
proximatedas piecevise-linear sggmentsto simplify rendering.
Thisallowsoursurfaceto berepresentedsaseriesof planarfacets.
We constrainthe samplingof the picturesurfaceto beregular

4.3 User Interface

Showvn in gure 4, our interfaceprovidesboth a designsectionin
which theuserspeci esthe multi-perspectie imageanda preview
sectionthatcanprovide rapid, low-resolutionpreviews of the nal

image. Oncesatis ed with the design,the systemcan outputthe
full resolutionimage.

To createa multi-perspectie image,the usermustde ne the pic-
turesurface,placeall desiredcross-slitscamerasandassociatéhe
cameraswith regions of the picture surface. Becauseof the lack
of naturalintuition concerninghesetypesof imagestheinterface
strivesto presenthedesignin termsof familiar conceptsWith this
in mind, the useris shovn thecamerarajectoryin planview along
with ary estimatedscenestructurein the form of a point cloud as
outputby our SFM algorithm. The camerdrajectory asexplained
in section4.2, de nes one of the two slits requiredfor ary cross-
slitsimage.

To de ne thepicturesurfacein ourinterface theuserneedgo only
draw asetof connectedine sggmentsin planview. Thisis possible
becauseve restrictthe picturesurfaceto bevertical. Tohelp t the
picture surfaceto cunved facadessegmentsof the picture surface
canalsobetoggledbetweerstraightlinesandquadraticsplines.

In plan view, the task of positioninguserspeci ed slits involves
simply placingtheslits aspointsandspecifyingtheir eld of view.
The intersectionof the eld of view with the picture surfacede-
nes the region of the picture surfaceassociatedvith thatslit. If
ary sggmentof thepicturesurfaceis associateevith morethanone
userspeci ed slit, suchasif two elds of view overlap,thereno
longerexists a uniqueray directionfor pointsin thatsegment,and
thereforethatis notavalid speci cationfor amulti-perspectie im-
age. As long asthe elds of view do not overlap on the picture
surface,however, ary numberof userslits may be described.The
speci ed cameraslits canalsobe toggledbetweenslits locatedat
nite positionsandslitslocatedatin nity . Slitsatin nity arerepre-
sentedby adirectionalline next to the selectegoint. Placinga slit
atin nity producesa pushbroonimage. Similarly, placingthe slit
directly on the camerapath (thusintersectingboth slits) produces
anordinaryperspectie image.

Onceary valid multi-perspectie imageis speci ed, the interface
immediatelyshavs a setof exampleray directionsat severalpoints
alongthe picturesurface. The programalsoautomaticallydisplays
theinterpolatingcross-slitccamerabetweerary two adjacenuser
speci edcameragsexplainedin section3.2.

4.4 Rendering Engine

UsinganIntel 2.8 GHz Pentium4machine the low-resolutionpre-
view imagecantypically be renderedn undera second.An ef-
cientrenderingengineis necessaryo provide this fastfeedbacko
theuser

Theconstraintsmposedby our designchoicesallow usto simplify

andaccelerat¢herendering Sinceeachpointonthepicturesurface
is associatedvith only onecross-slitscamerathe nal outputim-

ageis composedrom several distinct, akutting cross-slitdimages.
Eachcross-slitscameracanspanmultiple facetsof the picturesur

face.Also, eachfacetmay containmultiple cross-slitscamerasin

both caseswe renderonly a singlecross-slitsmageonto a single
planarsggmentatatime. Eachplanarsegmentis parameterizety
(u;v). Finally, the restrictionof vertical sidesfor the picture sur

faceand of vertical userspeci ed slits allows us to assignentire
columnsof the nal outputimagefrom asingleinputvideoframe.
For eachcross-slitdmageon a planarsegment,thereis a mapping
betweenthe (u;v) coordinatesof the planarsegmentto the (s;t)

coordinatef the nal outputimage,de ning the samplingof the
picturesurface.This canbeseenin gure 5. Thesamplingoneach
planarsggmentis regularin theu andv parametedirections.

A fastalgorithmto rendera single cross-slitsmageonto a single
planarsurfaceis thereforethe basicbuilding block usedin render
ing. For eachcross-slitdmage,we computethe mappingbetween
eachinputframeandthe nal outputimage.We thenusethis map-
ping to computewhich pixels will actually contritute to the nal
outputimageandwarponly thosepixels.

Manifold of rays

Picture Surface

Multi-Perspective Image

t |

S

Figure5: Theraymanifoldis thesetof raysin space Thesampling
of theseraysandthe mappingto the outputimagecanbe speci ed
by a picturesurfacewith a 2D parameterizatioof its 3D surface.
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Themainpointis thatwe donotpre-warptheinputimages.Instead,
we calculatethe necessaryvarp and warp only the small region

from eachinputimage. This speedsip renderingto the point that

if allimagescanbepreloadednto RAM, previews canberendered
atinteractve ratesevenfor thousand®f inputimages.

We now describeheproces®f computinghehomograpk froman
input video frameto the outputimagefor a singleplanarsegment.
We usethe corvention of usingbold for vectors(lowercase)and
matrices(uppercase)Pointsin differentcoordinatesystemsare

T

x= x vy z 1 3D point in world coordinatesystem

in which camergposeis estimated

u= u v 1" 2D pointin the coordinatesystemof
the planarsggmentof the picturesur
face

2D pixel location of a single input
videoframe

2D pixel location of the nal multi-
perspectieimage

Let theorigin of the planarsggmentin world 3D homogeneouso-
ordinatesbethe 4x1 vectoro. Let w andh be4x1 vectorsde ning
thewidth andheightextentof thesegment.Then themappingfrom
apointu (forall0 u;v 1) ontheplanarsggmentof the picture
surfaceto a correspondingvorld pointx is givenby

X = uw+vh+o

N
User-specified slits (perspective)

|

Picture surface

Figure 6: This example shavs

hov manipulation of the per

spectve structure of the image
can be usedto generatea multi-

perspectie image with reduced
distortion. The diagram belov

eachis a plan view of the scene,
with theinput video cameramov-

ing along the indicated path and
looking upwards.The picturesur

facein both (a) and(b) is x edat
the facadeof the storefronts. (a)

is a traditional pushbroomimage
generatedy specifyinga vertical
slit atin nity with all the ray di-

rectionsbeing parallel. The re-

sultingimagehasthe familiar dis-

tortions associatedwith a pushb-
room image: objectsin front of

the picture surface (e.g. trees)
are compressedhorizontally and
objectsbehindthe picture surface
are expanded(the view down the
alleyway). (b) has been gen-
eratedusing multiple cross-slits.
By placingselecteduserspeci ed

slits atop the camerapath, ordi-

nary perspectie views are genef

atedin thevicinity of thetreesand
alleyway. This enhanceshereal-
ism of theimagewhile still main-
tainingthe extendedeld of view

of thepushbroom.
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In generala pointin theworld coordinatesystemx is mappednto
aparticularinputvideoframei by therelationship:

p = K[Rjjti]x

giventhecamerantrinsicsK, therotationmatrix R;, andthetrans-
lation vectort;. Substitutingfor x, we obtainthe relationshipbe-
tweenthe planarsggmentandtheinputvideoframe:

p=K[Rjjti]Qu

With our restrictionof regular samplingon the planarfacets,we
mapthe segmentto a rectangularegion of the nal outputimage
usingonly translatiorandscaling.Notethatthis choiceof mapping
is arbitrary We cannow de ne therelationshipbetweerthis planar
segmentof the picturesurfaceandthe nal outputimageas:

2 3
a 0 ¢
s=4 0 b d5u=Mu
0 0 1
or equialently
u=M 1s



Figure 7: This example shavs
howv our system can be used
to generate effective multi-
perspectie 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 innity. This

causeghe deepplazaon theright
to stretchhorizontally leadingto

. .
Picture surface User-specified slit
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\ , i apparentsmearingdue to limited
Camera path (fixed slit resolution. In (b), by blending
betweentwo almost perspectie
views on the right (one for the
treeandonefor the building) and
the samepushbroomview on the
left resultsin a better visualiza-
tion. In our multi-perspectie
image, some unwanted curving
is introduced into the walkway
at the centerof the image. This
walkway is in factstraight.
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wherec andd de ne theorigin of therectangularegiononthe nal
outputimageanda andb de ne thewidth andheightof theregion
respectiely.

We canthenobtaina directrelationshipbetweeneachinput video
framei andthe nal multi-perspectie imageas

p=K[Rijti]QM 's

Usingthis formulation,all of theintermediatenatricesreduceto a
singleinvertible 3x3 matrix thatwe call H, giving

p=Hs
s=H 1p

The matrix H de nes the homograpk betweenan input video
frame and a portion of the nal multi-perspectie image corre-
spondingto oneplanarsegmentof the picturesurface.

With the mappingfrom eachinput video frameto the nal output
image,eachpixel onthe nal outputimagewill have multipleinput
framesoverlappedntoit. We mustnow choosewhichinputframe
to selectfor eachpixel. For our cross-slitsmages,oneof the slits
is x ed—thecamergpath. The secondyerticalslit is eithera user
speci ed or interpolatedslit. We projecta point on this vertical slit
througheachinputvideoframeontothe nal outputimage.

Picture Figure 8: The slit is pro-
suface jacted through each cam-
eraontothe picturesurface.
The region closestto each
projectionis assignedo the
correspondingamera.

Camera path

Slit

User-specified ints\/

To computethis, we take the 3D point on the secondslit thatin-
tersectghe groundplane,xg, projectit ontotheinput video frame
(pg), andthen usethe homograpl derived above to projectthe
pointontothe nal outputimage(sy). For a particularinput video
framei, theimageof xg throughthatcameras centerof projection
mapsto

Pg = K[Rijti]xg
5= H "pg

Asshavnin gure 8, for eachcolumnof the nal outputimage,we
thenselectthe input framewith the closestprojectedpoint sy and
warpthepixelsfrom thatframethatcorrespondo the outputimage
column.

5 Results

We testedour systemon several videosof city blockstakenunder
differentchallengingscenarios.We rst examinea scenewith a
relatively at facadeandstraightcamergpath. Figure6(a)shavs a
shortsectionof a pushbroonrepresentatioof thisscene A pushb-
roomimageis perspectie in onedirection(verticalin ourcase)ynd
orthographicin the other direction (horizontal). Under this pro-
jection, only objectslying on the picture surfacecanbe rendered
faithfully. In our example,the picturesurfaceis placedat the store
facade As expectedwith sucha parameterizatiortrees(which are
closerthanthefacade)rehorizontallycompressegvhile the view
down the alleyway (which is farther)is expanded By interactvely
manipulatinghe perspectie structureof theimage,we canreduce
thesedistortionsasshavn in gure 6(b). Using our userinterface,
we achieve this by specifyingordinary perspectie camerasear
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Figure 9: Ourvisualizationof a streetcornerwith perpendiculastorefronts(a) shovs the multi-perspectie imagegeneratedy our system
for thechoiceof picturesurfaceshavnin (c). (b) shavsthemulti-perspectie imagegeneratedby our systenfor the choiceof picturesurface
shovn in (d). The picturesurfacein (c) conformsto the actualstorefrontwhereast hasbeenarti cially curvedin (d) usingour interactive
system.Notethatthe slits areat the samelocationin boththe setups.(a) givesthe impressiorthatthe storefrontis continuousandthereis
no corner By alteringour picturesurfacewe introducean arti cial pinchingeffectin the multi-perspectie imageshawvn in (b). This helps
emphasizehatit is a cornerwithout causingseveredistortions.
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Figure 10: This gure explainshow our choiceof a curved surfaceanda non-uniformsamplingstratgy achiesesa pinchingeffect at the
cornersseenin gure 9(b). In (a), picturesurfacel conformsto the storefront. To achiere the pinchingeffectin this casewe would needto
stretchtheimageat C. This would meannon-linearlymappingthe picturesurfaceuv coordinatego the nal outputimagest coordinatesas
shawn in (b) to maintaincontinuityin theimage.We achieve the sameeffect by insteadusinga curved surfaceasshavn in (d) but sampling
accordingto the strat@y in (c). This solvesthe problemof nonlinearvertical sampling,but now requiresadjustingthe horizontalsampling.
This canbe easilydoneby usingthe controlpolygonto de ne the horizontalmappingfrom 3D xyzto u but still mappingto s linearly. If the
controlpolygoncorrespondso the storefrontthena brick on thewall will notappearo be stretchechorizontally

regionsof signi cant depthvariationsuchasthe treesandthe al-

leyway. This createsanimagethatis morenaturallooking in these
areas.To keeptheimagecontinuousthe systeminsertsinterpolat-
ing cameradetweertheuserspeci ed cameras.

Anotherexamplethatillustratesthe bene t of manipulatingray di-
rectionshasedon scenegeometryis shavn in gure 7. The scene
consistsof a building with at facadeon the left anda very deep
plazaon the right. By choosingmultiple cross-slitsas shovn in
gure 7(b)we cangetamorerecognizablémagethan gure 7(a).

Theability to specifycurved picturesurfacesallows usto conform

the picturesurfaceto the naturalarchitectureof a corner An exam-
ple of thisis shavn in gure 9(a). Thistypeof imageis impossible
to createwith atraditionalsingle,planarpicturesurface.

Althoughthis allows usasummaryview of bothsidesof thecorner
the apparensize of facadeis constanthroughoutthe image. We
canmore naturallyrepresentvhat a motoristor pedestriarwould
seeif we stretchthe imagenearthe corner producinga pinching
effectasshovnin gure 9(b). Thisis anonlineareffectandwould
require samplingof the picture surfaceas shavn in gure 10(b).
Instead,we achieve this effect by curving the picture surface as
shavn in gure 9(d) and adjustingthe horizontalsampledensity



Picture surface

Integrating Rays

Camera path

(a) Perspectie image (b) Integrationon picturesurface

asshavn in gure 10(c) by usingthe control polygon. This is a
departurdrom the earlierimposedregular samplingon the picture
surface. This samplingadjustmenis performedautomaticallyby
our programandis explainedin gure 10.

6 Conclusions and Future Work

While most peoplegenerallyhave a good idea of what a photo-
graphwill look like whenshovn a diagramof the camergposition
andorientationrelative to a scenehis intuition doesnot exist for
multi-perspectie images. The choiceof 2D manifold of rays,the
placemenbf the picture surfaceand the samplingof the surface
constitutea designproblem. We provide a userinterface which
helpsdevelop an intuition for the perspectie structureof multi-
perspectie imagesaswell asgenerategffective visualizationsof
urbanlandscapes.

Onelimitation of our systemis thatwe allow only regularsampling
on the picture surface(andthe automaticadjustmenbf horizontal
samplingdensityillustratedin gure 10). Wedonotallow ary user
speci edsamplingstratgies.Onecanimaginesamplingtheimage
moredenselyin thecenterthantowardtheedgesresultingin a sh
eye like effect. Also, the enforcemenbf vertical slit orientation,a
limitation imposedby our userinterface,implies thatthe userin-
terfacecannotaccuratelydepictchangesn elevation suchashills.
Similarly, the userinterfacedoesnot permit altering the orienta-
tion of the pictureplanefrom vertical. Finally, we chooseto allow
representingnly threeof the eight GLCs from Yu and McMillan
[2004]. It would beinterestingto incorporatetheseothercameras
into our designtool.

Regardingfuturework, all of our exampleshave aneffectively in -
nitedepthof eld (assuminginholecameragor input). By averag-
ing multiple input video framesprojectedonto the picturesurface,
we cansimulatea syntheticapertureas discussedn Vaish et al.
[2004]. Thisresultsin anextremelyshallav depthof eld image.
Vaishetal. [2004] shaw this effect for planarpicturesurfaces.By
specifyinga curved picture surface,we extendthis effect to non-
planarpicture surfaces. However, in our casethe apertureis only
1D, whereaghe aperturesn [Vaishet al. 2004]are2D. Figure11l
shavs a preliminaryresultfor a planarpicturesurface.

Finally, one canimagine a systemthat automaticallyplacesthe

cross-slitsbasedon the 3D structureof the sceneto obtaina re-

sult similar to that seenin gure 6(b). Furtherextensionscould

includerelaxingthe constraintof mosaicingthe cross-slitimages
with only vertical cuts. Allowing arbitrary cuts can help achieve

thequality foundin Koller'swork [Koller 2004]. Furthermorepne

could de ne a minimum error cut similar to Efros and Freeman
[2001].

Figure 11: Herewe shov aprelim-
inary extensionof our algorithmto
generatesyntheticallyfocusedim-
ages.By integratingover anangu-
lar arc for eachpoint on the pic-
ture surface as showvn in (b), we
cansimulatealarge1D aperturdo-
cusedat the picturesurface. (c) is
anexampleof sucha synthetically
focusedmagewith thefocus x ed
attheplaneof thefacade Notethat
thetreepresentn (a)is blurredout.

(c) Syntheticfocusimage
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