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Abstract

We introducea new kind of mosaicing,wherethe position of the samplingstrip varies
asa function of the input cameralocation. The new imageswhich are generatedhis way
correspondo a new projectionmodelde ned by two slits, termedherethe Crossed-SlitgX-
Slits) projection.In this projectionmodelevery 3-D pointis projectedby aray de ned asthe
line thatpasseshroughthatpointandintersectshetwo slits. Theintersectiorof theprojection
rayswith theimagingsuriacede nestheimage.

X-Slits mosaicingprovidestwo bene ts. First, the generatednosaicsare closerto per
spectve imagesthantraditionalpushbroonmosaics.Secondpy simplemanipulationf the
stripsamplinglunctionwe canchangehelocationof oneof thevirtual slits, providing avirtual
walkthroughof a X-slits cameraall this canbedonewithoutrecoveringary 3-D geometryand
without calibration. A numberof exampleswherewe translatethe virtual cameraandchange
its orientationare given; the examplesdemonstrateealisticchangesn parallax,re ections,

andocclusions.

index terms: non-stationarynosaicingcrossed-slitprojection,pushbroontamerayirtual walk-

through,image-basedendering
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1 Intr oduction

Perspectie projectionforms the foundationof imaging. Sinceour eyes,aswell asmostof our
cameraspbsenre the world througha pinhole (via a lenswhoseeffectswe shallignore),we are
usedto viewing imagesthat are generatedy perspectie projections. Therefore techniquedor
the generatiorof new views aredesignedo achieve the effects of perspectie projection. What
happensf we relaxthis requirementZanwe do bettercomputationallywhennot limited by the
perspectie projection,but arefreeto useotherprojectionmodels?

In this papermwe introduceandstudyanalternatve projectionmodel,de ned by two slits - the
Crossed-SlitgX-Slits) projection. In the X-Slits model, the projectionray of every 3-D pointis
de ned by theline thatpasseshroughthe pointandintersectsothslits. Theimageof a pointwill
betheintersectiorof the projectionray with theimagesurface.

Curiously a physicalX-Slits cameravasdesignedn the 19thcenturyby oneof thepioneersof
colorphotographyDucosdu Hauron[10], underthetitle “transformismeenphotographie”Ducos
du Hauronthoughtthat X-Slits imageswould be usedin the following (20th) centuryto “create
visionsof anothemvorld” [14]. A centurylater, Rudolf Kingslake reviewedthis devicein his book
[10]; in his analysisKingslake concludeghat “the pair of slits working togetherthus constitutes
a pinhole camerain which the imageis stretchedor compressedn one direction more thanin
theother”. This shouldmalke this exotic device ratherusefulfor the new emepging technologyof
wide-screertinematographyHowever, aswe shav below, the X-Slits projectiondoesmuchmore
to imagesthanhorizontalstretching.

Independenof the physicaldevice, we ague thatthe X-Slits projectionmodelis usefuland
worthy of our attention.This is becaus@en X-Slits imagescanbe easilygeneratedy mosaicing
a sequencef imagescapturedby a translatingpinhole camera,and becausghoseimageslook
compellingandrealistic.

The mosaicingprocesss doneby samplingvertical stripsfrom the sequencef framesand
pastingthemtogethert Unlike traditionalmosaicingiechnique$16, 18, 25, 8], the strip sampling

location may vary as a function of the location of the input translatingcamera. We thuscall it

We oftenreferto theverticalstripsas“columns”, with theunderstandinghatthey canbewiderthanasinglepixel

if necessary



“non-stationary’mosaicing.Mosaicimagesobtainedin this way aremoresimilar to perspectie

imageshantraditionalmosaicimages.

1.1 The X-Slits Camera: Outline

i

(@) (b)

Figurel: (a)A designof a X-Slits cameravheretheslits areorthogonato eachotherandparallelto theimageplane
(POX-Slits camera).The projectionray of a 3-D point is shavn, with circlesshaving its intersection
pointswith the 2 slits. (b) A generalX-Slits design,with two arbitraryslits . Notethatthe camerais de ned by

the speci ¢ con guration of the two slits andtheimageplane;ary of thesethreefactorscanchangeindependently

giving riseto adifferentX-Slits camera.

Fig. lashawvsthebasicdesignof the X-Slits cameraasbuilt by DucosduHauronin 1888[10].
A moregeneraldesignis shavn in Fig. 1b. A X-Slits camerahastwo slits which shouldbe
two differentlinesin 3-D spaceandanimageplane thatdoesnot containary of theslits. For
every 3-D point not lying on eitherof the slits thereis a singleray which connectghe point with
both slits simultaneously The intersectionof this ray with the imageplanede nes the projected
imageof the3-D point. Thecameran Fig. lais aspecialcaseof the X-Slits cameraywherethetwo
slits areorthogonato eachotherandparallelto theimageplane.We call this specialarrangement
the Parallel-OrthogonakK-Slits camerg POX-Slits camera).

The X-Slits modelis avalid 3-D to 2-D projection,de ning a mary-to-onemappingfrom the
3-D world to the 2-D imageplane. In Section2 we developthe speci ¢ equationf the camera
mappingasa functionof the slits andtheimageplane

In Section3 we discusshow to generatenen X-Slits imagesfrom imagestaken by a regular

pinholecameraranslatingalongaline in 3-D space.We shaw thatvirtual X-Slits imagescanbe

3



generatethy mosaicingof perspectieimagespr equivalentlyby slicingthespace-timaolume? of
images A readilyavailabletool for slicingthisvolumeis the“video cube”[11]. X-Slits projection
modelswith non-linearslits or non-planaimageplanesarediscussedn Sectior4.
Applicationsare discussedn Section5. The rst applicationincludesthe generationof an
arbitraryvirtual walkthroughfrom a singlesequencef imageswithout usingary 3-D model. The
resultsshaw thatin mary practicalcaseshediscrepanciebetweenX-Slits imagesandperspectie
imagesare hardly noticeable. The secondapplicationis 3-D objectvisualization. The X-Slits
modelallows usto virtually placeoneslit behindan object,keepingthe otherslit in front of the
object.Suchvisualizationcanbe usefulwhenonewantsto seesimultaneouslylifferentsidesof an
object. We notethatboth applicationsaredoneby plain mosaicingwithout recoreringthe scene

or theobjectmodel.

1.2 Relationto Previous Work

Therehasbeenmuchwork on non-perspecte projectionmodels[15] andthe generatiorof non-
perspectie imagesrom videosequenceby mosaicing16, 18,25, 8]. In mostcaseshesemages
areusedasavisualsummaryof thevideo,or for 3-D visualization.Thepresentvork usesasimilar
mosaicingtechniquewith oneimportantdifferencethe mosaicedstripsaresampledrom varying
positionsin theinputimages.This makesthe generatiorof virtual walkthroughgpossible.

In mary image-basedendering(IBR) techniquesaysfrom a setof inputimagesarecollected
anda new imageis renderedby resamplingthe storedrays[13, 5, 12]. In orderto createnew
perspectrie imagesof reasonablejuality, the requirementdecomeprohibitive: the numberof
storedraysbecomedarger than available memory andthoseraysare derived from a very large
collectionof carefully taken pictures. Thereare attemptsto make IBR more ef cient and more
general[4, 1, 21], or to usesuchapproximationsas moving the camerain a lower dimensional
spacg20, 22].

Thepresentwork is mostlyrelatedto [20, 22, 4, 21] with severaldifferencesFirst, ratherthan
trying to approximatethe perspectie projection, we accuratelyde ne the projectiongeometry

of the resultingimages,and analyzethe model limitations. Second,our renderingtool is very

°The space-timevolumeis obtainedby stackingof theinputimagesa.k.a.the epipolarvolume.



simple- slicing of the space-timevolume obtainedby a simple motion of a perspectie camera.
Consequentlythe mostimportantfeatureof our techniqueis the fact that ray-samplingfor the

generatiorof new views doesnot requiredetailedaccountingof the parametersf the generating
images.As we shav belaw, if thecameras motionis sidevaysandconstantgvery verticalplanar
slice of the space-timevolumegivessomevalid X-Slits image.

Theideaof usinglinearnon-stationarynosaicingor IBR andthegeneratiorof avirtual walk-
throughwasoriginally reportedn [23]. But while the bi-centriccameramodelanalyzedn [23] is
mathematicallyequivalentto the POX-Slits modelanalyzedoelow, the generalX-Slits modeland
therealizationwith two slits arenew. This realizationallows for a wider rangeof applicationsas

discussedh Sectionb.

2 The X-Slits Projection

In Section2.1 we derie the projectionmodelof the X-Slits camera.Propertiesof this modelare
discussedh Section2.2. Speciakon gurationsof slitsandplanesarediscussedh Section2.3. Al
derivationsaredonein theprojectvespaces and ,wherepointsin 2-D and3-D, respectiely,

arerepresentetly homogeneousoordinates.

2.1 Projection Geometry

Considerthe cameracon guration asshown in Fig. 1b. The projectionray of a point
intersectghe two cameraslits . It is thusthe intersectionof two planes,de ned by joining
thepoint with eachof the slits. Theimageof is the intersectionof this projectionray with
theimageplane. Furthermoreall pointson a projectionray will projectto the sameimagepoint
(unlesstheray lies ontheimageplane).

Moreformally, let denotewo planesn  whichcontainslit |, for respectely.
Forary ,3 is alsoa planewhich containsthe slit ; andvice versa,every planethat
containsthe slit canbe describedoy for some . Thus,for eachscenepoint

and , thereexist suchthat . Eliminating , we getthefollowing

3 is aprojective parameteasin [19] page43.



expressiorfor theplane:
— 1)
Let usde ne the skew-symmetricmatrix
2)

Matrix  is actuallythe dual Plicker matrix representationf theline [7]. It canbe shovn to
beindependenof thechoiceof , . Theelementof suchmatricesmustsatisfyonenon-linear
constrainf(sincealine hasonly 4 degreesof freedomup to scale).

From (1)-(2) it follows thatthe planewhich containspoint andslit is . Theprojection
ray of the scenepoint s thereforede ned by the intersectionof the two planes
de nedin (2).

Next, we obsene thattheimageof scenepoint is theintersectiorof the projectionray with

theimageplane . Let denotea pointon plane , andlet denotetwo distinct
pointsatin nity whichalsolie onplane . Everypointon canbeexpresseads . The
projectionray of intersectplane atacertainpoint suchthat

and . Thisgivesusasetof linearequationsn , and (thehomogeneousnage

coordinate®f point ), namely:

andthesolutionof this linearsystemis*

Let usde ne thefollowing skew-symmetricmatrices

4Thesolutionis auniquepointunless residesontheline joining theintersection®f thetwo slits with theimage

plane.



It followsthat

3)

and is projectedto — — . Notethat dependonly onthe opticalslit , while
dependonly on the planeof projection . y arethe Plucker matrix representationsf
theimage axis,theimage axisandtheimageline atin nity , respectiely (all in 3-D). Finally,
notethatthe choiceof and to be pointsatin nity limits the internal calibrationto an af ne
transformatiorof theimage.

The cameraprojectionmodelin (3) is quadratic,and thereforea X-Slits cameracannotbe
describedy a projectionmatrixin . However, it canbedescribedy a tensor

in asfollows

where

2.2 Propertiesof the X-Slits Camera

To getsomeintuition for X-Slits images,Fig. 2 shavs examplesof X-Slits imagesascompared
with pinholeimagesof the samescene We alsoshaw the effectsof varyingtherelative geometry
of the slits andimageplane. Next we demonstratalgebraicallya few interestingpropertiesof

X-Slits images.

2.2.1 Projection of Lines

In X-Slits images,the imageof a 3-D line is a conic. Let denotealine which goes
throughthe two points . For eachpointon for some , de ne the
planes and which containthe point and eachof the two slits. The

intersectiorof theseplanesgivesthe projectionray of thatpoint.
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Figure2: SimulatedX-Slits imagesof anarti cial scene.(a) POX-Slits imageusingthe projectionequationfrom

(5). (b) A regularpinholeimage. (c) Sameas(a), but with the verticalslit rotatedaboutthe axis. (d) Sameas(a),

but with theverticalslit rotatedaboutthe  axis.

Considerthe surfacewhichis the unionof all suchprojectionraysfor all . Let denote

a pointon this surface. It follows that and for some
. Therefore,

Thus , which meanghatthe surfaceis a quadric.Sincetheintersec-

tion of aquadricwith aplaneis a conic,the X-Slits imageof aline is alwaysa conic.

The distortion of straightlinesis illustratedin Fig. 2. In practicethis distortionis not very
disturbing,ascanbeseenn theexamplesn Sectionb. In thevariousscenesve have experimented
with, this distortionwasratherminor. Many scenesparticularlynaturalscenesgo not have very
dominantstraightlines, in which casethis distortionis hardly noticed. Furthermorepeopleare

accustomedbo similar effectscausedy lensdistortions.

2.2.2 Transforming the Image Plane

Whatis therelationbetweertwo X-Slits imagesvhicharegeneratethy thesameslits, but different
projectionplanes and ? Notethatthe setof raysintersectingheimageplanearedetermined

by thetwo slits. Thus,thereexists a mappingbetweerthe two imageplaneswhich is invariantto
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the 3-D structureof theviewedscenesimilarly to the caseof rotationin pinholecameras.
Speci cally, we derie the relationbetweena point on andapoint on

, both of which arethe projectionof the samescenepoint . Recallthatthe 3-D point which

corresponds$o on is . Similarly, on correspondso
. By de nition liesontheplanes and , andtherefore isalso
projectedo on . Denoting
it follows that . Wenow project on toobtain
(4)
Notethat depend®nlyonplane , and dependonlyonslits and respectiely, and

dependbnly onplane
The relationbetweenthe two imagepoints and is therefore
not a homographyasin the pinhole case. But similarly to the above we canwrite this relations

usinga tensor  in

where

2.3 SpecialCase: The POX-Slits Projection

A con gurationof specialinterestis whentheslits areorthogonato eachotherandparallelto the
imageplane.We will referto this con gurationasPOX-Slits (seeFig. 1a).
Withoutlossof generalitywe x theslits by assigning

, and . Thisde nes avertical slit at , anda
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horizontalslit at , . We alsodenote . Plane isthe planeat
, andthereforewe assign : , . From(3) it

followsthat

(5)

Theseprojectionequationsare identical to the modelanalyzedin [23], whereit was called

bi-centricprojection.

2.3.1 Projection of Lines

Recallthatunderthe perspectie projectionstraightlinesareprojectedo straightlines,andunder
the X-Slits projectionstraightlinesareprojectedo conicsectionsLet uslook morecloselyatthe
imagesof linesin the POX-Slits case.If the 3-D line is perpendiculato the axis, i.e., of the
form , thenits imageis the curve — —— , whichis a
line. If the3-D line is notperpendiculato the axis,i.e.,of theform , thenits

imageis thecurve

— — (6)

Solvingfor , we nd thattheline is projectedo the hyperbolagivenby
(7)
For , this hyperboladegenerate$o aline if andonly if or , that

is, only if theline intersectoneof theslits.

2.3.2 AspectRatio Distortions

The mostapparentaspectof the distortionin POX-Slits imagesis the variation of aspect-ratio
(especiallyin pushbroonimageg6]). The apparentspect-ratiof objectsin theimagedepends
on their depth. This is unlike the perspectie model, in which the distortionin aspect-ratias

constanfor all objects.
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From(5) it followsthatanobjectatdepth with aspect-rati@of would appeamontheimage

planeto have anaspect-ratiof

— - — ®
In practice we foundthis distortionto betypically ratherinsigni cant. If therangeof depthvalues
of sceneobjectsis nottoo large, we cannormalizethe imageto compensatéor this distortionby

scaling,asdiscussedh Section3.2.2.Speci cally, if we cancetheaspect-ratialistortionfor some

intermediatelepthvalue , thedistortionatdepth wouldbe

(9)

To demonstratéhe magnitudeof the distortion,considerthe following example: Supposehe
depthrangeof objectsin the scenes meters(measuredrom the horizontalslit at , i.e.,
), andassumehatthe imagesarenormalizedso that objectsat the depthof
appeamundistortedi.e., ). If theverticalslit is behindthe horizontalslit

at , theaspect-ratialistortionwould not exceed

2.3.3 RotatedImage Plane

In orderto seewhat happensvhenthe imageplaneis rotated,we studythe correspondencbe-
tweenPOX-Slits image points andimagepoints on a rotatedplane. Here, for corvenienceand

without loss of generality we x a different con guration of perpendiculasslits by assigning

: and : . We x
the parallelplane at , , , andthe oriented
plane at : , . This con guration
consistsof a vertical slit at , a horizontalslit at andthe parallel planeat

, Which is exactly the POX-Slits con guration, translatedo align the vertical slit with

the axis.

We now rotatetheimageplaneaboutthe verticalslit. In orderto nd thetransformatiorfrom

to , wesubstituteheaboveinto (4) to obtain:

(10)
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This transformationallows us to readily producethe imagescorrespondingo orientedimage
planes,given the corresponding®OX-Slits image (with parallelimageplane). This will come
in handyin the experimentsdescribedn Section5. Note that the transformations “almost” a

homographydegeneratingo ahomographywhen (thepinholecase).

2.3.4 Tilted Slit

Supposevetilt theverticalslit sidevays.Assigningall substitutionsaswith the POX-Slits con g-

uration,exceptthat for some , We obtain
(11)
By substituting , and , , , We getthesimple
modelof (5) for the projectionof to . In otherwords,we geta skewedimageof

askewedscene Sucha projectionis demonstrated Fig. 2c (notethatthe skew is 3-dimensional).

2.3.5 X-Slits and Other Projection Models

Both perspectie projectionandlinear pushbroonprojection[6] are specialcasesof the X-Slits
projection.Perspectie projectionis obtainedvhenthetwo slitsintersectandtheintersectiorpoint
is the optical centerof the perspectie projection(the projectionof pointson the planecontaining
thetwo slits shouldbe de ned accordingly).Linear Pushbroonprojectionis a specialcaseof the
POX-Slits projection,whentheverticalslit residesontheplaneatin nity . It wasshavn in [6] that
aline in 3-D is projectedby this projectionmodelto a hyperbolain the image. This is a special

caseof theresultshowvn in Section2.3.1.

3 Generating X-Slits Imagesby Non-Stationary Mosaicing

Ourgoalis to synthesizenew X-Slits viewsfrom “regular” perspectieimages.Theinputsequence
is assumedo be capturedby a pinhole cameratranslatingalong a horizontalline in 3-D space

in a roughly constantspeed,andwithout changingits orientationor internal calibration. As we
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show below, in the simplestcasewe cangeneratea new X-Slits imagewherethe two slits of the

underlyingvirtual X-Slits cameraarede ned asfollows:
1. A horizontalslit thatlies on the pathof the optical centerof the moving pinholecamera.

2. A verticalslit thatis parallelto theimages vertical axis,andwhoselocationis determined

by the parametersf the mosaicingprocess.

In practice new view synthesiss performedoy non-stationarynosaicing Basicnon-stationary

mosaicings de ned asfollows:

Fromeachframe , samplethe vertical column(strip) centeredn the horizontalcoordinate

Pastethe stripsinto amosaicimage,asin [16].

In the generalcasewe may sampleslantedstripsratherthanvertical columns(strips),andthe
orientationmay alsochangeasa function of . In this casethe “vertical” slit of the underlying
virtual cameramaynotbe parallelto theimages verticalaxis. However, for clarity of presentation
andwithout lossof generality we will continuecalling oneslit of the new virtual camera‘hori-
zontal” andthe otherslit “vertical”. Typically the“horizontal” slit is alignedwith the pathof the
camerawhile thesecondvertical” slit is not constrainedprioriandneednotbeorthogonato the

rst slit.

The parametersf the strip samplingfunction determinehelocationof the verticalslit of
thevirtual camera A virtual walkthroughis obtainedby generatinga sequencef X-Slits images
via non-stationarymosaicing,while moving the vertical slit alonga planarpath. Adjusting the
imageplaneorientationis doneby warpingthe mosaicedmage,usingEq. (10).

In Section3.1andin the Appendixwe shov how to sampleverticalstripsfrom theinputimages
in thesequencén orderto generate valid X-Slits image.We alsodiscusgherelationbetweerthe
samplingfunction andthe parametersf thevirtual X-Slits cameraln Section3.2we discuss
implementatiorissuesjncluding the treatmentf deviation from constantspeedandaspect-ratio

normalization.
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3.1 Non-Stationary Strip Sampling

We startour analysiswith the simplestcasewherethe input imagesequences generatedy a
cameramoving sidavaysin a direction parallelto the -axis of theimage. The camerais also
assumedo beinternally calibrated.In this simplecasethe new synthesizedmageis a POX-Slits
image(seeSection2.3),andthe non-stationangtrip samplingis alinearfunction. We show belov
theexactrelationbetweerthe parametersf thelinearsamplingfunctionandthe parametersf the
virtual POX-Slits cameraln the Appendixit is shovn thatevenwhenthe cameras notinternally
calibrated any linear strip samplingfunctionresultsin a X-Slits image(but not necessarily? OX-
Slits). Whenthe motion of the cameras not parallelto theimageplane,the samplingfunctionis
notlinearanymore.

Whenthe basicassumption®f the analysisareviolated,namely the camerachangests ori-
entationandinternal calibrationarbitrarily alongthe input sequencewe needto preprocesshe
sequence.One solutioninvolvesregisteringall the imageswith eachotherusingthe homogra-
phy of the planeat in nity . This computationrequires,however, either (partial) internalcamera

calibrationor somedomainknowledge(suchasparallellinesin the scene)7].

Figure3: Thenon-stationargolumnsamplingroutinewhich is usedto synthesizenew images.

Let our input be a sequencef imagescapturedby a pinhole cameratranslatingin constant
speedalongthe axisfrom left to right. We generatea new panoramiédmageby pastingcolumns
fromtheinputimagesasillustratedin Fig. 3. We startby samplingtheleft columnof the rst (left-

most)image,andconcludeby samplingtheright columnof thelast(rightmost)image.In between,
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Figure4: New imageformationwith two possiblepositionsof the vertical slit (seetext).

intermediatecolumnsaresampledrom successie imagesusinga linearsamplingfunction.
A schematidllustration of this setupis givenin Fig. 4a,in atop-dovn view. A sequencef
positionsof thereal pinholecameras shavn, togethemwith the correspondingeld of view. The

moving input camerawhoseoptical centersarelocatedat positions , generates

imagesaccordingo the following mapping:

— - (12)
We denotetherangeof columns( ) in eachpinholeimageas , andtherangeof camera
pinholepositions( ) as (seeFig.4a). Thenew synthesizedmageis constructedby pasting
columnsfrom theinputimages.Therangeof columnsin thesynthesizednageis
For each , We assignto the columnof the new imagethe imagevaluesat the
columnof the pinholecamergpositionedat (i.e., , seeFig. 4a). It now follows
from Eq. (12) that ——. In addition, for eachcolumn in the new
image, — andtherefore
or
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Obsenrethatthisde nesaverticalslit at - (seeFig. 4a). Thehorizontalslit is at

(all pinholecamerecentersareat ). Eq. (12) canthereforeberewritten as
— = (13)
where — isthehorizontalfocal length, is the verticalfocal length,and - is
thedistancebetweerthetwo slits.
Supposeext thatinsteadof takingthe  columnfrom the cameraat , we choosean
arbitrary linear column samplingfunction. More speci cally, for , we take the

columnofthe cameraseeFig.4b. (Recallthat are x ed,while  arefreeparametersvhich
determingherateof columnsampling).Let the eld of view of theoriginal pinholecamerebe

It canbe showvn asabove thatsucha choiceof columnsde nesthemapping

— (14)
This canbewritten simply as
— - (15)

where : e and

The methoddescribedso far producesmageswhich do not follow the perspectie projection
model. They do, however, follow the X-Slits projectionmodel. To seethis, we obsere thatall
therays,which participatein the generatiorof eachnew image,mustintersecthe following two

lines:

1. Theline of cameramotion; this is becauseeachprojectionray mustbe collectedby some

cameravhoseopticalcenteris onthisline.
2. Theverticalline locatedat (asin Eq.(15), where ).

The projectionmodelis thereforede ned by afamily of raysintersectinga pair of lines (“slits” ),
projecting3-D pointsonto a plane. Moreover, the modelis POX-Slits (compareEq. (15) with
Eq. (5)).
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In thederivationleadingto (15) we effectively shavedthatary linearsamplingfunctionyields
avalid new POX-Slits image. Furthermorewe cansetthelocationof the verticalslit to
by xing — and —. This resultenablesus to synthesizenew views of the
scenewith ary verticalslit of our choice,by samplingthe columnsof the original input sequence

accordingto ,with  and assignedheappropriatesalues.

3.2 Implementation Issues

In this sectionwe addresghe casewhenthe motion of the cameradeviatesfrom constantspeed
(Section3.2.1), andhow theaspectatio of theresultingmosaids determineqSection3.2.2).We
alsopresentanalternatve implementatiorof mosaicinghamelytheslicing of space-time/olume

(Section3.2.3).

3.2.1 Variable CameraSpeed

Whenthe cameramovesin a linear trajectorybut varying orientationand speedwe compensate
for this variability by estimatingthe cameramotion (see[7]) andby derotatingthe imageplanes.
We foundthatwhenthe changesn cameraorientationaresmall, a simpleapproximations suf-
cient. Speci cally, we computethe 2-D rotationandtranslatiorbetweerconsecutie input frames
usingthe methoddescribedn [3], andwarptheimagesto cancel2-D rotationandverticaltrans-
lation. Theresidual2-D translationis usedasa roughapproximationto the 3-D velocity of the
translatingcameraanddetermineghe thicknessof the vertical strip. This approachs similar to

the pushbroonmosaicingechniquedescribedn [16].

3.2.2 Aspect-RatioNormalization

The mostapparentaspectof the distortionin X-Slits imagesis the variation of aspect-ratioas
analyzedin Section2.3.2. To reducethis distortion, we vertically scalethe new images. This
normalizationis essentiafor achieving compellingresults.

Speci cally, the distortionon the image plane of objectsat depth givenin Eq. (8) canbe
writtenas—— — in thenotationof Eq. (15). In orderto keepthe horizontal eld-of-view angle

constantin the walk-throughanimation,we sampleall the columnsfrom left to right (from the
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appropriatdrames,accordingo thecolumnsamplingfunction). Without ary scaling,this process
generatesnimagein whichonly theplaneatin nity ( ) appearsindistorted.Thereforejn

orderto cancelthedistortionatdepth , we scaletheimagevertically by thefactor:

— (16)

3.2.3 The Space-Tme Volume

In Section3.1we describedow to synthesizea X-Slits imageby samplingcolumnsfrom theinput

imagesusingthefollowing linearsamplingformula:
(17)

where denotesthe cameratranslation. Recall that are free parametersvhich control the
locationof theverticalslit.

A usefulrepresentatioffor the visualizationof this processs the Space-ime Volume(or the
epipolarvolumg, whichis constructedy stackingall inputimagesinto a singlevolume.In case
of constantsidevayscameramotion, ary vertical planarslicein the volumeaccordingto (17) is
a X-Slits image. This processs illustratedin Fig. 5; it assumeshattheinput sequencdashigh
frame-rateandnegligible spatialaliasing,sothatsimpleinterpolation(suchasbilinearor bicubic)
of thevolumeis sufcient. Thusrenderingnewv X-Slits imagesis assimpleasslicing a planein

thespace-timerolume.

4 ExtendedX-Slits Models

The X-Slits projectionpresentedofar wascharacterizetby two properties:The setof projection
rayswasde ned by two linearslits, andtheimagesurfacewasassumedo be a plane.This model
canbe generalizedy modifying the form of the slits, or the shapeof the imagesurface,or both.
In this sectionwe introducea few usefulgeneralizationsf the basicX-Slits model.

In Sectiord.1wediscussnon-linearslits, andspeci cally thecaseof acircularslit. Linearslits
with non-planaimagingsurfacesarediscussedn Section4.2. This caseis useful,for example,

for synthesizingvirtual panoramioviews from a panoramiccameranput.
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Figure5: A schematidescriptionof imagesgeneratedsslicesin the space-timesolume. a) Changingthe orien-
tation of the slice movesthe vertical slit insideandoutsidethe scene.b) The centralslice givesa pushbroonimage
(the “traditional” mosaic). Sliding parallelslicesin the space-timesolumeresultsin differentviewing directionsof

obliquepushbroonimages.

4.1 Non-Linear Slits

Oneof theslitsin the syntheticX-Slits imagess the trajectoryof the camera Whenthe cameras
trajectoryis not linear, a X-Slits view canbe generatedor which oneof the slits is curved. An
interestingfamily of suchviews hasonecircularslit andonelinearslit. Oneway to generatesuch
imagesis to usea camerarotatingoff-axis on a circle, asin concentricmosaicg20]. Concentric
mosaicsallow the generatiorof imagesin which the viewer canmaove continuouslyin a circular
region. Eachimagegeneratedrom concentrionosaicgs consistentith acircularX-Slits projec-
tion: Onesilit is the horizontalcircular pathof the cameracenter andthe secondslit is a vertical
linear slit placedat the location of the viewer. To generateanimagefrom a differentviewing
position,theverticalslit is placedin the new location.

While imagesgeneratedrom the concentricmosaicspoint outward, andthe viewer location
is insidethecircle, it is alsointerestingto generatenward looking imagesfrom locationsoutside
thecircle. This canberealizedby moving the cameran a circle aroundan object,or by having a
stationarycameraviewing anobjectrotatingon a turntable.Now thelocationof the viewerin the
synthesizedmagescanbe asfar or ascloseto the objectaswe wish, insideor outsidethe circular

slit.
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Figure6: Synthesizingnew views usingthe circularslit model

Thecolumnsamplingfunctionwhich generatesircular X-Slits imageds notlinear It is easier
to expresst in angulaterms,sowe denotecolumnsby theiranglefrom theopticalaxis,andframes
by the angularpositionof the camera.Assumethat the imagesweretaken by a pinhole camera
rotating off-axis at radius . In orderto synthesizea X-Slits imagewith vertical slit at radius

, wetake column from thepinholecameraat andpastet ascolumn in thenew image,as
shavnin Fig. 6. It canreadilybeseerthatthefollowing relationshouldhold: —
and

The distortionsof suchimagesaremore complicatedo analyze.However, in practice,since
the eld-of-view anglesof cameragendto berathersmall,thecircularslit in therelevantregionis
nearlylinear, andthereforethe distortionsare approximatelythe sameaswith linear slits. Using
the sameaspect-ratimormalizationmethodas with linear slits, the resultswe achieve are quite

corvincing.

4.2 Panoramic Images

Synthesizingnovel panoramicviews turnsout to be simpleunderthe X-Slits model. In this case
a cylinder canbe usedasthe imagesurfacefor both the input and outputimages,andthe novel
panoramicviews canbe generatedn a methodvery similar to the usualX-Slits images.

We assumehatthe cylindrical input imagesare capturedby a panoramiccameramoving on
a straightline. W.l.0.g. we assignthe origin of the coordinatesystemto the rst locationof the

cameraandthe point to the lastlocation of the camera.Oneslit of the synthesized
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input Images

Figure7: Synthesizingiew panoramidmagesusingthe X-Slits projectionmodel.

panoramicview is the pathof theinput cameraasillustratedin Fig .7. The otherslit canhave an
arbitrarylocation
FromFig. 7 onecanseethatthevirtual imagecanbegeneratedby pastingandscalingcolumns
from theinputimages.Notethatcolumnsareindexed by horizontalangle. It follows thatcolumn
shouldbe sampledfrom a correspondingolumn from the imagecapturedat time , where
, asillustratedin Fig. 7. Thusnew view synthesisanbedonesimply by stacking
theinputimagesn aspace-timeolume,andslicing thevolumeby thefunction

After slicing, every column  shouldbescaledoy ——, whereR is theradiusof thecylinder.

5 Experimental Results

In all our experimentswe useda cameramoving in the horizontalplane. As discussedbove,
new view generationn this caseis doneby samplingvertical stripsfrom successie imagesand
pastingthemtogethelinto individual X-Slits images.Theparametersf thestripsamplingfunction
determinethe location of the vertical slit of the X-slit camera. In our experimentsbelow, we
manipulatedhe parametersf the samplingfunctionsothatthe locationof theverticalslit moves
accordingo thedesiredego-motion.A very compellingimpressiorof cameramotionis obtained,
eventhoughthe horizontalslit of the X-slits camerawhich is the trajectoryof the input camera,
remainsx ed.

In addition,we alsosimulateda changeof cameraorientationusingthe equationderivedin

Section2.3.3.Notethatwe leave theslits asare,changingonly the orientationof theimageplane.
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Figure8: This scenewas Imed by a sidevaysmoving cameratotal of 585 frames. We generatec movie which
includedboth rotationaboutthe personandforward motion. Threeframesof this movie areshavn above; notethe

changesn thewindow re ections, which appeaweridical.

This is becausehe full rotationof the slits would changethe setof visible projectionrays, and
thereforecannotbe performedby a 2-D transformatiorof theimage.

Next we discusstwo applications:the generationof a virtual walkthroughfrom a sequence
of perspectie images(Sections5.1 and 5.2), and 3-D object visualization(Section5.3). The
input video sequenceasedin our examples,aswell asthe synthesizedvalkthroughmovies, are

currentlyavailableon the webat "http://www.cs.huji.ac.il/daphna/demos.ht#xslits”.

5.1 Virtual Walkthr ough

In the rst experimentqFigs.8-11)we synthesizechew sequencewhich correspondo acamera
motionthathasforward motioncomponentyith visible parallaxandlighting effects. In addition,
thedirectionof theimageplanewaschanged.

Anotherexampleuseda sequenceaken by a helicopter ying alonga rocky coastin anun-
known pathandviewing direction (Fig. 12). Herewe synthesized new sequencevhich corre-

spondgo aforwardmaoving cameraThis sequenc&asmorechallengingsincetheinputsequence
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(@) (b)

©) (d)

(e) (f)

Figure9: This sceneis locatedin a smallroomwheremoving backwardto capturethe whole roomis impossible.
The scenewas Imed by a sidevaysmoving cameratotal of 591 frames;oneof the original framesis shovn in (a).
We shav threenew images:onewherethe vertical slit is locatedin front of the original track (b), andtwo wherethe
verticalslit is locatedbehindthe original track (c-d). For comparisonwe took a normal (pinhole) picturefrom the
samelocationas(c), wherepartof the scends obscureddy thewall; this pictureis shavn in (e), andit demonstrates
our ability to make imagesfrom impossiblecamergpositions.Finally, (f) shovs a simulatedmagewherethe camera

wastranslatedandrotated.

wastakenin freemotionwith randomdisturbancege.g.,theeffectof wind), andthusmotioncom-

pensatiorwasrequired(seediscussiorin Section3.2.1).
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(@) (b) (c)

Figure 10: This scenewas Imed by a sidevays moving camerain our lab, total of 567 frames. We generated
a X-Slits movie wherethe virtual camerarotatedaboutan objectin the scene(a-b), andthentranslatedaheadn a

diagonal(c).

5.2 New Viewsof Extended X-Slits Images

In this examplewe shav how to generateew views from a sequencef a rotatingobject,where
the new sequencelemonstrateforward motionwith parallax(Fig. 13). The projectionmodelof

thenew imagescorrespondo non-linearslits, asdiscussedn Sectior4.

5.3 Object Visualization

Herewe demonstrateéhe useof the X-Slits projectionfor objectvisualization. Speci cally, we
showv how anobjectcanbe” attened”, revealingseveral of its sidessimultaneouslyThisis done
by positioningtheverticalslit behindtheobject(Fig. 14). Sincetheimageis avalid X-Slits image
thatcanbe characterizedndanalyzedwe neednot worry aboutsuchissuesasduplicateimages,

which usuallyrequirehand-craftedtitching.

6 Discussion

Relatedenderingnethoddo theoneproposederewerediscussedh thelBR andcomputewision
literature,e.g.[20, 22,4]. Therearetwo importantdifferencedbetweerthemethodpresentedhere

andtheseearliermethods:

1. In orderto generatea virtual cameratranslation,our methoddoesnot needthe calibration
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C) d)

Figure11: virtual walkthroughfrom a translatingcamera.a, b) Two framesfrom the input sequencec, d) Two

imagesrenderedn forward motion. Notetheapparentlyrealisticchangesn parallaxandre ection.

e) f)

Figure 12: Virtual walkthroughgeneratedrom a sequenceaken by a freely ying helicopter a, b) Two frames
from theinput sequencec, d) Two imagesrenderedn forwardmotion(diagonalslices).e,f) Two imagesenderedn

differentviewing angleq(parallelslices).
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C) d)

Figure13: A rotatingobject: a, b) Two imagesrom theoriginal sequencef arotatingobject.c, d) Two synthesized

imagesfrom a forwardmoving viewpoint.

c) d)

Figure 14: Objectrepresentationa, b) The original inputimages.c, d) Visualizationwith the verticalslit located
behindthe object. The objectis seenasif “opened”inside-out,giving a cubisteffect: multiple sidesare seenin a

singlepicture.
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parametersf theinputsequenceAll we needto know is thatthecameramovedin constant
velocity along a line in space;we don't needto know the cameras internal parameters.
Insteadof exactcalibrationwe canusequalitative guidelinesto achiese a certaineffect. For
example, “rotate the orientationof the epipolarvolume slice counterclockwiseto obtain
a senseof forward motion”. Or, “slide the slice forward to obtainthe effect of sidevays

motion”.

2. Thetheoreticabnalysisof the projectionmodelis uniqueto our paper;it alsoallowsusto do
afew thingsthatwerenoteasyto do previously. Oneexampleis thegeneratiorof asynthetic
movie. If we just puttogethera sequenc®f imagesgenerateaglonga pathin spaceusing
onemethodor anotheya lot of manual ddling will beneededo achiese a senseof realism
becauseachframehasa differentdistortionascomparedo the pinholeideal model. Our
understandingf the distortionasa matterof depth-dependerstcalingallows usto scalethe
imagesndividually andautomaticallyasdescribedn Section3.2.2,asaresultof whichwe

getthecompellingmoviesshovn above with very little humaninterference.

Our methodgenerate-Slits imageswhich areinherentlydifferentfrom pinholeimages,as
describedabove. Thedistortionis depthdependentandtherefore(dueto occlusionsthereis no
practicalwayto x it evenwhengiventheexact3-D coordinate®f thescenelf thedistortionis not
acceptablethecurrentalternatvesareto usecomputewisiontechnique®r IBR techniquesvith 2-
D sampling,asdescribedn Sectionl.2. Our examplesin Section5.1areintendedto demonstrate
that X-Slits imagescan appearrealistic and compelling, and thereforecan be usedeffectively
for visualizationor even recognitionwhen3-D reconstructioror full IBR arenot possibleor not
practical. Finally, we notethatour methodscalesasilyto long input sequencedueto its simple

nature.

7 Concluding Remarks

We presente@ new non-perspectie projectionmodel,whichis de ned by two slits anda projec-
tion surface. This modelcanbe physicallyrealized,andhasbeenbuilt in the late century

Algebraicallywe shonvedthatthis modelcorrespond$o asecondrdertransformatiorfrom three-
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dimensionabpaceo two-dimensionaspacgwhile perspectie projectionis alinear, or rst ordet
transformation).

The main applicationwe pursuedin this paperis new view generationor imagebasedren-
dering. New view generatiorwith the X-Slits cameras greatlysimpli ed ascomparedvith per
spectve new view generationsinceit is performedoy non-stationarynosaicingor by slicing the
space-timesolume. The X-Slits theoryhelpsthe userto “drive” the slicing processn orderto get
the desiredeffect. Whencomparedo traditional mosaicing,X-Slits imagescanbe shavn to be
closerto perspeciie imageshanlinearpushbroommages.

Using our methodwe canalsogeneratenew imagestaken from “impossible” positions,like
behindthe backwall of aroomor in front of aglassbarrier Movieswith nex ego motioncanalso
be generatedsuchasforward-mwing movies from a side-maing input sequenceAlthough not

perspectie,themoviesgeneratedn this way appeacompellingandrealistic.

Appendix A Column Sampling for Linear Camera Trajectory

Appendix A.1 Linear Column Sampling: The Uncalibrated Case

Assumethatthe motiondirectionof theinput cameras only parallelto theimageplane,with the

internalparametersf thecameraeing x edbut unknavn. We now show thatary linearsampling
of thecolumnsresultsin avalid X-Slits image.

Let denotethe inverseof the calibrationmatrix ([7], pagel41), andassumehatcolumn

is sampledrom theimagecapturedattime . The 3-D physicallocationof this column

onthecameras projectionplane,in standarccoordinategslenoted , istheline de ned by:

(Jis uppertriangular).Eliminatingthefreevariable , theline is parameterizedy:

(18)
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where

Assumeas before that the cameracenterat time is . Assumealso that
columnsaresampledinearly, i.e., the columnsampledrom theimagetakenattime is de ned
by , and forsome . Wewill showv thatthe resultof pastingthese
columnstogetherinto amosaicimageis a X-Slits image.

First, from thede nition it follows thattheimagetakenattime contributesa setof raysthat
lie ona3-D plane. This planeis de ned by the translatingcameracenter andtheline onthe
imageplanewhich correspond$o column (seeFig. 15, rightinset). Denotethis planeby
We rst shaw thatall the planes intersectin a line; this line de nes the vertical slit of our

X-Slits cameraThehorizontalslit is de ned by thetrajectoryof the camera.

s(-1) s(t) s(1)

camera translation
path \

c(1)

column s(t) in image t __Planep (t)

c(t)

second slit of virtual camera

Figure 15: lllustration of the relevant geometry including the cameras path, the centerof projection , the

columnsamplingfunction  , andtheplane

Speci cally, the plane is de ned by the cameracenter andtwo pointson

theline givenin (18); we choosewo suchpointsby setting and

As canbereadilyveri ed, the planeincidentwith all threepointsis de ned by
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(19)

It follows from Eq. (19) thatthe family of planes is apencilof planeswhichintersecin a
line, andwe de ne thisline to betheverticalslit of thecameraTheslit directionis determinedy

the crossproduct:

Fromtherequirementhatthe slit coincideswith from Eq. (19) for every , we arrive atthe

following slit equation:

Thusby collectingvertical stripslinearly and placingthemin a mosaic,the resultingimage
is equialentto a X-Slits imagewhoseslits areparallelto theimageplane. In caseof zeroskew,
andso ; now thetwo slits areorthogonaksin the POX-Slits cameradiscussedn
Section2.3.

Appendix A.2 Input CameraMoving on a General Straight Line

We shall now analyzethe samplingfunction whenthe motion of the input camerais not parallel
to the imageplane. Let the motion directionbe an arbitraryline in 3-D. Let

denotethe camerapositionattime (in ) andlet the pinhole cameras projectionmatrix be

, Where denotesthe matrix determinedby the cameras
internalcalibrationandits orientation. It follows thatwhenthe cameras locatedat , ascene
point is projectedo — — suchthat

(20)

Supposeave samplestripsfrom thesamagesatvaryingpositionsandvaryingorientationsLet

and denotethe samplingfunctions,giving the positionof the strip on theimage -axis
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andthestrip'sorientation respectiely, sothatwe samplein image thepointsontheorientedine

— —. Using (20) we obtain

This de nes a plane(on which lies) — the planecoincidentwith the sampledorientedline in
image andthe centerof projectionof the camera . We denotethis plane by (asin

Fig. 15). This planein homogeneousoordinatess givenby

(21)

For our sampleto give a X-Slits image, it is necessarandsufcient thatall theseplanes

intersectn aline. Therearethreecasego notein (21):

1. 1If and , then is linearin andthereforedescribes
aline. When , we getthe linear (oblique) pushbroomcameramodel[6, 17], see
Fig. 5.

2. If , is linearin and , thenonceagain is linearin .

This is the casewhenthe cameramotionis parallelto the projectionplane- the POX-Slits

projectiondiscussedh Section2.3(when , we getthetilted slit variantdiscussedh
2.3.4).
3. Inthegenerakase|f and areof theform
— — (22)

Substitutingtheseexpressionsgnto (21) gives

whichis linearin if andonly if
(23)
It is easyto seethatthe rst two casesarespecialcasesf (22).
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Thereare4 degreesof freedom(up to scale)in choosinga pair of samplingfunc-
tionswhich satisfyconstrain{23). Eachpair of samplingfunctionsof theform (22) for which (23)
holdsimpliesthatall intersectin asingleline (thevirtual slit). And vice versa,t canalsobe
shavn thatevery family of planes  whichintersecin asingleline uniquelyde nessuchapair
of samplingfunctions.

We canthereforeconcludethe following: usingthe samplingmethoddescribedabove with
samplingfunctionsasin (22), andgivena linear camerapath,we canproducethe imageof ary

X-Slits camerawith oneslit overlappingthe camergath.
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