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Abstract

We introducea new kind of mosaicing,wherethe position of the samplingstrip varies

as a function of the input cameralocation. The new imageswhich aregeneratedthis way

correspondto a new projectionmodelde�ned by two slits, termedheretheCrossed-Slits(X-

Slits) projection.In this projectionmodelevery 3-D point is projectedby a ray de�ned asthe

line thatpassesthroughthatpointandintersectsthetwo slits. Theintersectionof theprojection

rayswith theimagingsurfacede�nestheimage.

X-Slits mosaicingprovides two bene�ts. First, the generatedmosaicsarecloserto per-

spective imagesthantraditionalpushbroommosaics.Second,by simplemanipulationsof the

stripsamplingfunctionwecanchangethelocationof oneof thevirtual slits,providing avirtual

walkthroughof aX-slits camera;all thiscanbedonewithoutrecoveringany 3-D geometryand

without calibration.A numberof exampleswherewe translatethevirtual cameraandchange

its orientationaregiven; the examplesdemonstraterealisticchangesin parallax,re�ections,

andocclusions.

index terms: non-stationarymosaicing,crossed-slitsprojection,pushbroomcamera,virtual walk-

through,image-basedrendering
�
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1 Intr oduction

Perspective projectionforms the foundationof imaging. Sinceour eyes,aswell asmostof our

cameras,observe the world througha pinhole(via a lenswhoseeffectswe shall ignore),we are

usedto viewing imagesthat aregeneratedby perspective projections.Therefore,techniquesfor

the generationof new views aredesignedto achieve the effectsof perspective projection. What

happensif we relaxthis requirement?Canwe do bettercomputationallywhennot limited by the

perspectiveprojection,but arefreeto useotherprojectionmodels?

In thispaperwe introduceandstudyanalternativeprojectionmodel,de�ned by two slits - the

Crossed-Slits(X-Slits) projection. In the X-Slits model,theprojectionray of every 3-D point is

de�ned by theline thatpassesthroughthepointandintersectsbothslits. Theimageof apointwill

betheintersectionof theprojectionraywith theimagesurface.

Curiously, aphysicalX-Slits camerawasdesignedin the19thcenturyby oneof thepioneersof

colorphotography, DucosduHauron[10], underthetitle “transformismeenphotographie”.Ducos

du Hauronthoughtthat X-Slits imageswould be usedin the following (20th) centuryto “create

visionsof anotherworld” [14]. A centurylater, RudolfKingslakereviewedthisdevice in hisbook

[10]; in his analysisKingslake concludesthat “the pair of slits working togetherthusconstitutes

a pinholecamerain which the imageis stretchedor compressedin onedirectionmore than in

theother”. This shouldmake this exotic device ratherusefulfor thenew emerging technologyof

wide-screencinematography. However, asweshow below, theX-Slits projectiondoesmuchmore

to imagesthanhorizontalstretching.

Independentof the physicaldevice, we arguethat the X-Slits projectionmodel is usefuland

worthyof ourattention.This is becausenew X-Slits imagescanbeeasilygeneratedby mosaicing

a sequenceof imagescapturedby a translatingpinholecamera,andbecausethoseimageslook

compellingandrealistic.

The mosaicingprocessis doneby samplingvertical stripsfrom the sequenceof framesand

pastingthemtogether.1 Unlike traditionalmosaicingtechniques[16, 18,25,8], thestrip sampling

locationmay vary asa function of the locationof the input translatingcamera.We thuscall it
1Weoftenreferto theverticalstripsas“columns”,with theunderstandingthatthey canbewiderthanasinglepixel

if necessary.
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“non-stationary”mosaicing.Mosaicimagesobtainedin this way aremoresimilar to perspective

imagesthantraditionalmosaicimages.

1.1 The X-Slits Camera: Outline
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Figure1: (a)A designof aX-Slits camerawheretheslitsareorthogonalto eachotherandparallelto theimageplane

(POX-Slits camera).Theprojectionray of a 3-D point 687:9	;=<?>8<A@CB is shown, with circlesshowing its intersection

pointswith the2 slits. (b) A generalX-Slits design,with two arbitraryslits D3EF<GD	H . Notethat thecamerais de�ned by

thespeci�c con�guration of the two slits andthe imageplane;any of thesethreefactorscanchangeindependently,

giving riseto adifferentX-Slits camera.

Fig. 1ashowsthebasicdesignof theX-Slits cameraasbuilt by DucosduHauronin 1888[10].

A moregeneraldesignis shown in Fig. 1b. A X-Slits camerahastwo slits IKJMLFI?N which shouldbe

two differentlines in 3-D space,andanimageplane O thatdoesnot containany of theslits. For

every 3-D point not lying on eitherof theslits thereis a singleray which connectsthepoint with

bothslits simultaneously. The intersectionof this ray with the imageplanede�nes theprojected

imageof the3-D point. Thecamerain Fig.1ais aspecialcaseof theX-Slits camera,wherethetwo

slitsareorthogonalto eachotherandparallelto theimageplane.Wecall this specialarrangement

theParallel-OrthogonalX-Slits camera(POX-Slits camera).

TheX-Slits modelis a valid 3-D to 2-D projection,de�ning a many-to-onemappingfrom the

3-D world to the2-D imageplane. In Section2 we developthespeci�c equationsof thecamera

mappingasa functionof theslits IPJMLFI?N andtheimageplaneO .

In Section3 we discusshow to generatenew X-Slits imagesfrom imagestakenby a regular

pinholecameratranslatingalonga line in 3-D space.We show thatvirtual X-Slits imagescanbe
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generatedbymosaicingof perspectiveimages,orequivalentlybyslicingthespace-timevolume2 of

images.A readilyavailabletool for slicingthisvolumeis the“video cube”[11]. X-Slits projection

modelswith non-linearslits or non-planarimageplanesarediscussedin Section4.

Applicationsarediscussedin Section5. The �rst applicationincludesthe generationof an

arbitraryvirtual walkthroughfrom asinglesequenceof imageswithoutusingany 3-D model.The

resultsshow thatin many practicalcasesthediscrepanciesbetweenX-Slits imagesandperspective

imagesare hardly noticeable. The secondapplicationis 3-D object visualization. The X-Slits

modelallows us to virtually placeoneslit behindanobject,keepingtheotherslit in front of the

object.Suchvisualizationcanbeusefulwhenonewantsto seesimultaneouslydifferentsidesof an

object. We notethatbothapplicationsaredoneby plain mosaicing,without recoveringthescene

or theobjectmodel.

1.2 Relation to Previous Work

Therehasbeenmuchwork on non-perspectiveprojectionmodels[15] andthegenerationof non-

perspective imagesfrom videosequencesby mosaicing[16, 18,25, 8]. In mostcasestheseimages

areusedasavisualsummaryof thevideo,or for 3-D visualization.Thepresentwork usesasimilar

mosaicingtechniquewith oneimportantdifference:themosaicedstripsaresampledfrom varying

positionsin theinput images.Thismakesthegenerationof virtual walkthroughspossible.

In many image-basedrendering(IBR) techniquesraysfrom asetof input imagesarecollected

anda new imageis renderedby resamplingthe storedrays [13, 5, 12]. In order to createnew

perspective imagesof reasonablequality, the requirementsbecomeprohibitive: the numberof

storedraysbecomeslarger thanavailablememory, andthoseraysarederived from a very large

collectionof carefully taken pictures. Thereareattemptsto make IBR moreef�cient andmore

general[4, 1, 21], or to usesuchapproximationsasmoving the camerain a lower dimensional

space[20, 22].

Thepresentwork is mostlyrelatedto [20, 22,4, 21] with severaldifferences:First, ratherthan

trying to approximatethe perspective projection,we accuratelyde�ne the projectiongeometry

of the resultingimages,andanalyzethe model limitations. Second,our renderingtool is very
2Thespace-timevolumeis obtainedby stackingof theinput images,a.k.a.theepipolarvolume.
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simple- slicing of the space-timevolumeobtainedby a simplemotion of a perspective camera.

Consequentlythe most importantfeatureof our techniqueis the fact that ray-samplingfor the

generationof new views doesnot requiredetailedaccountingof theparametersof thegenerating

images.As we show below, if thecamera's motionis sidewaysandconstant,everyverticalplanar

sliceof thespace-timevolumegivessomevalid X-Slits image.

Theideaof usinglinearnon-stationarymosaicingfor IBR andthegenerationof avirtual walk-

throughwasoriginally reportedin [23]. But while thebi-centriccameramodelanalyzedin [23] is

mathematicallyequivalentto thePOX-Slits modelanalyzedbelow, thegeneralX-Slits modeland

therealizationwith two slits arenew. This realizationallows for a wider rangeof applications,as

discussedin Section5.

2 The X-Slits Projection

In Section2.1 we derive theprojectionmodelof theX-Slits camera.Propertiesof this modelare

discussedin Section2.2.Specialcon�gurationsof slitsandplanesarediscussedin Section2.3.All

derivationsaredonein theprojectivespaces�

N and ��� , wherepointsin 2-D and3-D, respectively,

arerepresentedby homogeneouscoordinates.

2.1 Projection Geometry

Considerthe cameracon�guration asshown in Fig. 1b. The projectionray of a point �������

intersectsthe two cameraslits IPJ LMI3N . It is thusthe intersectionof two planes,de�ned by joining

the point � with eachof the slits. The imageof � is the intersectionof this projectionray with

the imageplane.Furthermore,all pointson a projectionray will projectto thesameimagepoint

(unlesstheray lieson theimageplane).

Moreformally, let �
	AL��
	 denotetwo planesin �
� whichcontainslit I�	 , for ����� L�� respectively.

For any � , 3
��	����
�
	 is alsoa planewhich containsthe slit I�	 ; andvice versa,every planethat

containsthe slit canbe describedby ��	�������	 for some � . Thus,for eachscenepoint �����
�

and ��� � L!� , thereexist �"�$# suchthat %&��	'�"�
�
	)(*�+�-, . Eliminating � , we get thefollowing
3 . is aprojectiveparameterasin [19] page43.
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expressionfor theplane:

��	��

%&�

�

	

� (

%)�

�

	

� (

�
	 � %)�

�

	

� ( ��	���%&�

�

	

� ( �
	 � %&��	 �

�

	

� �
	 �

�

	

( � (1)

Let usde�ne theskew-symmetricmatrix
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Matrix
�

	 is actuallythedualPlücker matrix representationof the line I 	 [7]. It canbeshown to

beindependentof thechoiceof ��	 , �
	 . Theelementsof suchmatricesmustsatisfyonenon-linear

constraint(sincea line hasonly 4 degreesof freedomup to scale).

From(1)-(2) it follows thattheplanewhich containspoint � andslit I 	 is
�

	 � . Theprojection

ray of the scenepoint � is thereforede�ned by the intersectionof the two planes
�

	 � L � � � L!�

de�ned in (2).

Next, we observe thattheimageof scenepoint � is theintersectionof theprojectionray with

theimageplane O . Let � � �

� denotea point on plane O , andlet � L�� � �

� denotetwo distinct

pointsatin�nity whichalsolie onplaneO . Everypointon O canbeexpressedas	
� ���
������� . The

projectionrayof � intersectsplaneO atacertainpoint ����	
�
���
� ����� suchthat %

�

J � (

�

� ��,

and %
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��

�

�

�

�

J�� �

�

�

J�� �

�

�

J��

�

�

�

N�� �

�

�

N�� �

�

�

N��

� �

!

"#

#

#

#

#

$

	

�

�

%�&

&

&

&

&

'

��,
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Let usde�ne thefollowing skew-symmetricmatrices

2

J ���3�

�

�4�+�

�

L

2

N �5�.�

�

�6�/�

�

L

2

�

�7�0�

�

�8�1�

�

4Thesolutionis auniquepointunless6 resideson theline joining theintersectionsof thetwo slitswith theimage

plane.
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It follows that
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and � is projectedto %��

�

L

�

�

( . Note that
�

	 dependsonly on the optical slit
�

	 , while
2

J L

2

N L

2

�

dependonly on theplaneof projection O .
2

J ,
2

N ,
2

�

arethePlücker matrix representationsof

theimage� axis,theimage� axisandtheimageline at in�nity , respectively (all in 3-D). Finally,

notethat the choiceof � and � to be pointsat in�nity limits the internalcalibrationto an af�ne

transformationof theimage.

The cameraprojectionmodel in (3) is quadratic,and thereforea X-Slits cameracannotbe

describedby a �	��
 projectionmatrix in � � . However, it canbedescribedby a ����

��
 tensor
�

	

��� in �

� asfollows
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2.2 Propertiesof the X-Slits Camera

To get someintuition for X-Slits images,Fig. 2 shows examplesof X-Slits imagesascompared

with pinholeimagesof thesamescene.We alsoshow theeffectsof varyingtherelativegeometry

of the slits and imageplane. Next we demonstratealgebraicallya 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 � J ����� N denotea line I which goes

throughthe two points � J L�� N �+�
� . For eachpoint on I , � J ����� N for some �+�+# , de�ne the

planes
�

J %,� J ��� � N�( and
�

N %(� J ��� � N�( which containthe point andeachof the two slits. The

intersectionof theseplanesgivestheprojectionrayof thatpoint.
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(a) (b)

(c) (d)

Figure2: SimulatedX-Slits imagesof anarti�cial scene.(a) POX-Slits imageusingtheprojectionequationfrom

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

but with theverticalslit rotatedaboutthe � axis.

Considerthesurfacewhich is theunionof all suchprojectionraysfor all � � # . Let � denote

a point on this surface. It follows that �

�

�

J %(� J � ���CN ( ��, and �

�

�

N %(� J � � � N ( � , for some

� � # . Therefore,

�

�

�

J�� J

�

�

�

J�� N

� � � �

�

�

�

N�� J

�

�

�

N�� N

Thus �

�

�

J %(� J��

�

N

�4� N��

�

J

(

�

N � ��, , which meansthatthesurfaceis aquadric.Sincetheintersec-

tion of aquadricwith aplaneis aconic,theX-Slits imageof a line I is alwaysaconic.

The distortionof straightlines is illustratedin Fig. 2. In practicethis distortion is not very

disturbing,ascanbeseenin theexamplesin Section5. In thevarioussceneswehaveexperimented

with, this distortionwasratherminor. Many scenes,particularlynaturalscenes,do not have very

dominantstraightlines, in which casethis distortionis hardly noticed. Furthermore,peopleare

accustomedto similareffectscausedby lensdistortions.

2.2.2 Transforming the ImagePlane

Whatis therelationbetweentwoX-Slits imageswhicharegeneratedby thesameslits,butdifferent

projectionplanesO and O

�

? Notethatthesetof raysintersectingtheimageplanearedetermined

by thetwo slits. Thus,thereexistsa mappingbetweenthetwo imageplaneswhich is invariantto
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the3-D structureof theviewedscene,similarly to thecaseof rotationin pinholecameras.

Speci�cally, we derive the relationbetweena point %�	
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( on O
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anda point %�	 L��CL � ( on
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Notethat
�

dependsonly on plane O ,
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J and
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N dependonly on slits IPJ and I?N respectively, and
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not a homographyasin the pinholecase.But similarly to the above we canwrite this relations
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2.3 SpecialCase:The POX-Slits Projection

A con�gurationof specialinterestis whentheslits areorthogonalto eachotherandparallelto the

imageplane.Wewill referto this con�gurationasPOX-Slits (seeFig. 1a).

Without lossof generalitywe�x theslitsby assigning� J �-%*� L!, L , L!, (

�

, � J � %�, L!, L � L/�
	 J*(

�

,

� N � %�, L � L , L!, (

�

, and � N � %&, L!, L � L0��	 N!( . This de�nes a vertical slit at � � , , 	 ��	 J anda
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horizontalslit at ���-, , 	�� 	 N . We alsodenote
�

� 	 N � 	 J . PlaneO is the � � � planeat

	�� , , andthereforewe assign� � %�, L!, L!, L � (

�

, ��� % � L , L!, L!, (

�

, �$� %�, L � L!, L!, (

�

. From(3) it

follows that
"#

$

	

�

%�&
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"#

$

�
	 J��

�����	�

�
	 N�


�����
�

%�&

' (5)

Theseprojectionequationsare identical to the modelanalyzedin [23], whereit wascalled

bi-centricprojection.

2.3.1 Projection of Lines

Recallthatundertheperspectiveprojectionstraightlinesareprojectedto straightlines,andunder

theX-Slits projectionstraightlinesareprojectedto conicsections.Let uslook morecloselyat the

imagesof lines in the POX-Slits case.If the 3-D line is perpendicularto the 	 axis, i.e., of the

form %�� ��� � L�� ��� � L�� ( , thenits imageis the curve %�	 L�� ( �

�

�
	 J��������

 

���!�

L/�
	 N#"���$%�

 

���
�'& , which is a

line. If the3-D line is notperpendicularto the 	 axis,i.e.,of theform %(� �)� � L����)� � L � ( , thenits

imageis thecurve

%�	 L � ( �+* �
	 J

� �,� �

� � 	 J

L/�
	 N

� �-� �

� � 	 N/.

(6)

Solvingfor � , we �nd thattheline is projectedto thehyperbolagivenby

% 	 J � 	 N ( 	 � � 	 N %�� � 	 J0� ( 	 � 	 J %(� � 	 N1� ( � � 	 J 	 N %(�2� �3�!� ( ��, (7)

For 	 J54 � 	 N , thishyperboladegeneratesto a line if andonly if � � 	 J0� ��, or � � 	 N26 ��, , that

is, only if theline intersectsoneof theslits.

2.3.2 AspectRatio Distortions

The most apparentaspectof the distortion in POX-Slits imagesis the variation of aspect-ratio

(especiallyin pushbroomimages[6]). Theapparentaspect-ratioof objectsin the imagedepends

on their depth. This is unlike the perspective model, in which the distortion in aspect-ratiois

constantfor all objects.

10



From(5) it follows thatanobjectat depth 	 with aspect-ratioof � wouldappearon theimage

planeto haveanaspect-ratioof
�

�

�

	

�

	 N

	 J��

	 � 	 J

	 � 	 N

(8)

In practice,wefoundthisdistortionto betypically ratherinsigni�cant. If therangeof depthvalues

of sceneobjectsis not too large,we cannormalizetheimageto compensatefor this distortionby

scaling,asdiscussedin Section3.2.2.Speci�cally, if wecanceltheaspect-ratiodistortionfor some

intermediatedepthvalue 	

� , thedistortionatdepth 	 wouldbe

	 � 	 J

	 � 	 N �

	

�

� 	 N

	

�

� 	 J

(9)

To demonstratethemagnitudeof thedistortion,considerthefollowing example:Supposethe

depthrangeof objectsin thesceneis � �

�

meters(measuredfrom thehorizontalslit at 	 J , i.e.,

����� 	 � 	 J��

�

� ), andassumethat the imagesarenormalizedsothatobjectsat thedepthof

�
	�� 

� appearundistorted(i.e., 	

�

� 	 J � �
	���

� ). If theverticalslit is behindthehorizontalslit

at
�

� � ��	

�

� , theaspect-ratiodistortionwouldnotexceed� ,�� .

2.3.3 Rotated ImagePlane

In orderto seewhat happenswhenthe imageplaneis rotated,we studythe correspondencebe-

tweenPOX-Slits imagepointsand imagepointson a rotatedplane. Here, for convenienceand

without loss of generality, we �x a different con�guration of perpendicularslits by assigning

� J � %*� L!, L!, L!, (

�

, � J � %&, L!, L � L!, (

�

and � N � %&, L � L!, L!, (

�

, � N � %�, L!, L � L 	 J � 	 N�( . We �x

theparallelplane O at � � %&, L!, L/��	 JML � (

�

, � � %*� L!, L!, L!, (

�

, � � %�, L � L , L!, (

�

, andtheoriented

plane O

�

at �

�

� %�� JML�� N L��

�

L � (

�

, �

�

� %�� J L�� N L��

�

L , (

�

, �

�

� %�� J L�� N L��

�

L!, (

�

. This con�guration

consistsof a vertical slit at 	 � , , a horizontalslit at 	 � 	 N�� 	 J and the parallelplaneat

	 � �
	�� , which is exactly thePOX-Slits con�guration, translatedto align theverticalslit with

the � axis.

We now rotatetheimageplaneabouttheverticalslit. In orderto �nd thetransformationfrom

O to O

�

, wesubstitutetheabove into (4) to obtain:
"#

$

	

�

%�&

'

�

"#

$

��	 J

�0�

���
�

���

�

�
�

� �

���

�

�

�

���

�

�

�

���

�
	 N

� �

�

�
�

� �

�

�
�

� �

���

�

�

�

���

�

�

�

� �

�

�!� ���
�

%�&

' (10)
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This transformationallows us to readily producethe imagescorrespondingto orientedimage

planes,given the correspondingPOX-Slits image(with parallel imageplane). This will come

in handyin the experimentsdescribedin Section5. Note that the transformationis “almost” a

homography, degeneratingto ahomographywhen 	 J ��	 N (thepinholecase).

2.3.4 Tilted Slit

Supposewetilt theverticalslit sideways.Assigningall substitutionsaswith thePOX-Slits con�g-

uration,exceptthat � J �-%*� L�� L!, L , (

�

for some� � # , weobtain
"#

$

	

�

% &

'��

"#

$

�
	 J � ��� 


� ���!�

�,�

�

	 N 


� ��� � &

��	 N 


� ��� �

% &

' (11)

By substituting	

�

� 	 � � � , �

�

� � and �

�

� � � � � , �

�

� � , 	

�

� 	 , we get thesimple

modelof (5) for theprojectionof % �

�

L��

�

L 	

�

( to % 	

�

L �

�

( . In otherwords,wegetaskewedimageof

askewedscene.Suchaprojectionis demonstratedin Fig.2c(notethattheskew is 3-dimensional).

2.3.5 X-Slits and Other Projection Models

Both perspective projectionandlinear pushbroomprojection[6] arespecialcasesof the X-Slits

projection.Perspectiveprojectionisobtainedwhenthetwoslitsintersect,andtheintersectionpoint

is theopticalcenterof theperspectiveprojection(theprojectionof pointson theplanecontaining

thetwo slits shouldbede�ned accordingly).LinearPushbroomprojectionis a specialcaseof the

POX-Slits projection,whentheverticalslit residesontheplaneat in�nity . It wasshown in [6] that

a line in 3-D is projectedby this projectionmodelto a hyperbolain the image. This is a special

caseof theresultshown in Section2.3.1.

3 GeneratingX-Slits Imagesby Non-Stationary Mosaicing

Ourgoalis to synthesizenew X-Slits viewsfrom “regular” perspectiveimages.Theinputsequence

is assumedto be capturedby a pinholecameratranslatingalonga horizontalline in 3-D space

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

underlyingvirtual X-Slits cameraarede�ned asfollows:

1. A horizontalslit thatlieson thepathof theopticalcenterof themoving pinholecamera.

2. A verticalslit that is parallelto the image's verticalaxis,andwhoselocationis determined

by theparametersof themosaicingprocess.

In practice,new view synthesisis performedbynon-stationarymosaicing.Basicnon-stationary

mosaicingis de�ned asfollows:

� Fromeachframe
�

, sampletheverticalcolumn(strip) centeredon thehorizontalcoordinate
�

%

�

( .

� Pastethestripsinto amosaicimage,asin [16].

In thegeneralcasewe maysampleslantedstripsratherthanverticalcolumns(strips),andthe

orientationmay alsochangeasa function of
�

. In this casethe “vertical” slit of the underlying

virtual cameramaynotbeparallelto theimage'sverticalaxis.However, for clarity of presentation

andwithout lossof generality, we will continuecalling oneslit of thenew virtual camera“hori-

zontal” andtheotherslit “vertical”. Typically the“horizontal” slit is alignedwith thepathof the

camera,while thesecond“vertical” slit is notconstrainedaprioriandneednotbeorthogonalto the

�rst slit.

Theparametersof thestripsamplingfunction �

%

�

( determinethelocationof theverticalslit of

thevirtual camera.A virtual walkthroughis obtainedby generatinga sequenceof X-Slits images

via non-stationarymosaicing,while moving the vertical slit alonga planarpath. Adjusting the

imageplaneorientationis doneby warpingthemosaicedimage,usingEq.(10).

In Section3.1andin theAppendixweshow how to sampleverticalstripsfrom theinputimages

in thesequencein orderto generateavalid X-Slits image.Wealsodiscusstherelationbetweenthe

samplingfunction �

%

�

( andtheparametersof thevirtual X-Slits camera.In Section3.2wediscuss

implementationissues,including the treatmentof deviation from constantspeedandaspect-ratio

normalization.
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3.1 Non-Stationary Strip Sampling

We startour analysiswith the simplestcasewherethe input imagesequenceis generatedby a

cameramoving sidewaysin a directionparallel to the � -axis of the image. The camerais also

assumedto beinternallycalibrated.In this simplecasethenew synthesizedimageis a POX-Slits

image(seeSection2.3),andthenon-stationarystripsamplingis a linearfunction.Weshow below

theexactrelationbetweentheparametersof thelinearsamplingfunctionandtheparametersof the

virtual POX-Slits camera.In theAppendixit is shown thatevenwhenthecamerais not internally

calibrated,any linearstrip samplingfunctionresultsin a X-Slits image(but not necessarilyPOX-

Slits). Whenthemotionof thecamerais not parallelto theimageplane,thesamplingfunctionis

not linearanymore.

Whenthebasicassumptionsof theanalysisareviolated,namely, thecamerachangesits ori-

entationandinternalcalibrationarbitrarily alongthe input sequence,we needto preprocessthe

sequence.Onesolution involvesregisteringall the imageswith eachotherusingthe homogra-

phy of the planeat in�nity . This computationrequires,however, either(partial) internalcamera

calibrationor somedomainknowledge(suchasparallellinesin thescene)[7].

� � � �� � � �� 	
� 	��
� �� 
 � �
� � � � � � 
�� � �� � �� � � �

� � � ��� � 	
� 	��

� � � 
 	� �
� � 	� � �

Figure3: Thenon-stationarycolumnsamplingroutinewhich is usedto synthesizenew images.

Let our input be a sequenceof imagescapturedby a pinholecameratranslatingin constant

speedalongthe � axisfrom left to right. Wegenerateanew panoramicimageby pastingcolumns

from theinputimages,asillustratedin Fig.3. Westartby samplingtheleft columnof the�rst (left-

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

intermediatecolumnsaresampledfrom successive imagesusinga linearsamplingfunction.

A schematicillustrationof this setupis given in Fig. 4a, in a top-down view. A sequenceof

positionsof therealpinholecamerais shown, togetherwith thecorresponding�eld of view. The

moving input camera,whoseoptical centersarelocatedat positions� %

�

( � % ���PL!, L!, ( , generates

imagesaccordingto thefollowing mapping:

� �-% � L � L 	 ( ���

�

� %�	 L�� ( �-%��

� � ���

	

L��

�

	

( (12)

We denotetherangeof columns( 	 ) in eachpinholeimageas 	 ��
 L�
�
 , andtherangeof camera

pinholepositions( ��� ) as 	 �

�

L

�


 (seeFig.4a).Thenew synthesizedimageis constructedby pasting

columnsfrom theinput images.Therangeof columnsin thesynthesizedimageis 	 � %�
��

�

( L�
��

�


 .

For each
�

��	 � � L ��
 , we assignto the %

�

��
 (

�

columnof thenew imagethe imagevaluesat the




�

columnof thepinholecamerapositionedat %

�

�

L!, L!, ( (i.e., �����

�

�

, seeFig. 4a). It now follows

from Eq. (12) that 


�

���
�

� �

�

� . In addition,for eachcolumn 	 ��	 � %�
 �

�

( L %�
 �

�

(�
 in the new

image,
�

�
�

�

���

andtherefore

� �




�

�

	 �

�

�

� 	
*




�

��

�

	

�

�

�

�

��
�.

or

	 �

�

��





�

�

�

	 ���

�

�
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Observethatthisde�nesaverticalslit at 	"� � �

�

�

(seeFig.4a).Thehorizontalslit is at 	���,

(all pinholecameracentersareat 	���, ). Eq. (12)canthereforeberewrittenas

� � % � L � L 	 ( ���

�

��%�	 L � ( � %��

�

�

	 �

�

L��

�

�

	

( (13)

where �

�

�

�

���

�

� is thehorizontalfocal length, �

�

� � is theverticalfocal length,and
�

� �

�

�

is

thedistancebetweenthetwo slits.

Supposenext that insteadof taking the 


�

columnfrom thecameraat %

�

�

L , L!, ( , we choosean

arbitrary linear column samplingfunction. More speci�cally, for
�

� �

�

�

�

, we take the 


�

columnof the
�

�

camera,seeFig. 4b. (Recallthat 
 L

�

are�x ed,while
�

L

� arefreeparameterswhich

determinetherateof columnsampling).Let the�eld of view of theoriginalpinholecamerabe ��� .

It canbeshown asabove thatsuchachoiceof columnsde�nesthemapping

% 	 L � ( �-%�%����

�

�

�����

�

(

� �

�
�

	 � �

�

	�

���

L��

�

	

( (14)

Thiscanbewrittensimply as

% 	 L � ( �-% �

�

� � �

�

	 �

�

L��

�

�

	

( (15)

where�

�

�

�
�

,
�

�
�

�

	�

��� , �

�

��� and �

�

� � �

�

.

Themethoddescribedso far producesimageswhich do not follow theperspective projection

model. They do, however, follow the X-Slits projectionmodel. To seethis, we observe that all

therays,which participatein thegenerationof eachnew image,mustintersectthefollowing two

lines:

1. The line of cameramotion; this is becauseeachprojectionray mustbe collectedby some

camerawhoseopticalcenteris on this line.

2. Theverticalline locatedat % �

�

L 	

�

( (asin Eq. (15),where 	

�

��	 �

�

).

Theprojectionmodelis thereforede�ned by a family of raysintersectinga pair of lines(“slits” ),

projecting3-D pointsonto a plane. Moreover, the model is POX-Slits (compareEq. (15) with

Eq.(5)).
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In thederivationleadingto (15)weeffectively showedthatany linearsamplingfunctionyields

a valid new POX-Slits image.Furthermore,we cansetthelocationof theverticalslit to % �

�

L 	

�

(

by �xing ��� �

���

�

�����

� and
�

� �

�

� . This result enablesus to synthesizenew views of the

scenewith any verticalslit of our choice,by samplingthecolumnsof theoriginal input sequence

accordingto
�

���

�

�

�

, with � and
�

assignedtheappropriatevalues.

3.2 Implementation Issues

In this sectionwe addressthe casewhenthe motionof thecameradeviatesfrom constantspeed

(Section3.2.1), andhow theaspectratioof theresultingmosaicis determined(Section3.2.2).We

alsopresentanalternative implementationof mosaicing,namelytheslicing of space-timevolume

(Section3.2.3).

3.2.1 Variable CameraSpeed

Whenthecameramovesin a linear trajectorybut varyingorientationandspeed,we compensate

for this variability by estimatingthecameramotion(see[7]) andby derotatingthe imageplanes.

We foundthatwhenthechangesin cameraorientationaresmall,a simpleapproximationis suf�-

cient.Speci�cally, wecomputethe2-D rotationandtranslationbetweenconsecutive input frames

usingthemethoddescribedin [3], andwarpthe imagesto cancel2-D rotationandvertical trans-

lation. The residual2-D translationis usedasa roughapproximationto the 3-D velocity of the

translatingcamera,anddeterminesthe thicknessof theverticalstrip. This approachis similar to

thepushbroommosaicingtechniquedescribedin [16].

3.2.2 Aspect-RatioNormalization

The most apparentaspectof the distortion in X-Slits imagesis the variationof aspect-ratio,as

analyzedin Section2.3.2. To reducethis distortion,we vertically scalethe new images. This

normalizationis essentialfor achieving compellingresults.

Speci�cally, the distortionon the image planeof objectsat depth 	 given in Eq. (8) canbe

written as
�

�

�

�

�

���

��� in thenotationof Eq. (15). In orderto keepthehorizontal�eld-of-view angle

constantin the walk-throughanimation,we sampleall the columnsfrom left to right (from the
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appropriateframes,accordingto thecolumnsamplingfunction).Withoutany scaling,thisprocess

generatesanimagein whichonly theplaneat in�nity ( 	���� ) appearsundistorted.Therefore,in

orderto cancelthedistortionatdepth 	

� , wescaletheimageverticallyby thefactor:

� �

�

	

�

(16)

3.2.3 The Space-Time Volume

In Section3.1wedescribedhow to synthesizeaX-Slits imageby samplingcolumnsfrom theinput

imagesusingthefollowing linearsamplingformula:

�

���

�

�

�

(17)

where
�

denotesthe cameratranslation. Recall that � L

�

are free parameterswhich control the

locationof theverticalslit.

A usefulrepresentationfor thevisualizationof this processis theSpace-Time Volume(or the

epipolarvolume), which is constructedby stackingall input imagesinto a singlevolume. In case

of constantsidewayscameramotion,any verticalplanarslice in the volumeaccordingto (17) is

a X-Slits image.This processis illustratedin Fig. 5; it assumesthat the input sequencehashigh

frame-rateandnegligible spatialaliasing,sothatsimpleinterpolation(suchasbilinearor bicubic)

of thevolumeis suf�cient. Thusrenderingnew X-Slits imagesis assimpleasslicing a planein

thespace-timevolume.

4 ExtendedX-Slits Models

TheX-Slits projectionpresentedsofar wascharacterizedby two properties:Thesetof projection

rayswasde�ned by two linearslits,andtheimagesurfacewasassumedto beaplane.Thismodel

canbegeneralizedby modifying theform of theslits, or theshapeof the imagesurface,or both.

In this sectionwe introducea few usefulgeneralizationsof thebasicX-Slits model.

In Section4.1wediscussnon-linearslits,andspeci�cally thecaseof acircular-slit. Linearslits

with non-planarimagingsurfacesarediscussedin Section4.2. This caseis useful,for example,

for synthesizingvirtual panoramicviewsfrom apanoramiccamerainput.
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Figure5: A schematicdescriptionof imagesgeneratedasslicesin thespace-timevolume. a) Changingtheorien-

tationof theslicemovestheverticalslit insideandoutsidethescene.b) Thecentralslicegivesa pushbroomimage

(the “traditional” mosaic).Sliding parallelslicesin thespace-timevolumeresultsin differentviewing directionsof

obliquepushbroomimages.

4.1 Non-Linear Slits

Oneof theslits in thesyntheticX-Slits imagesis thetrajectoryof thecamera.Whenthecamera's

trajectoryis not linear, a X-Slits view canbe generatedfor which oneof the slits is curved. An

interestingfamily of suchviewshasonecircularslit andonelinearslit. Oneway to generatesuch

imagesis to usea camerarotatingoff-axis on a circle, asin concentricmosaics[20]. Concentric

mosaicsallow thegenerationof imagesin which theviewer canmove continuouslyin a circular

region. Eachimagegeneratedfrom concentricmosaicsis consistentwith acircularX-Slits projec-

tion: Oneslit is thehorizontalcircularpathof thecameracenter, andthesecondslit is a vertical

linear slit placedat the locationof the viewer. To generatean imagefrom a differentviewing

position,theverticalslit is placedin thenew location.

While imagesgeneratedfrom the concentricmosaicspoint outward,andthe viewer location

is insidethecircle, it is alsointerestingto generateinwardlooking imagesfrom locationsoutside

thecircle. This canberealizedby moving thecamerain a circle aroundanobject,or by having a

stationarycameraviewing anobjectrotatingon a turntable.Now thelocationof theviewer in the

synthesizedimagescanbeasfar or ascloseto theobjectaswewish, insideor outsidethecircular

slit.
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Figure6: Synthesizingnew viewsusingthecircularslit model

ThecolumnsamplingfunctionwhichgeneratescircularX-Slits imagesis not linear. It is easier

toexpressit in angularterms,sowedenotecolumnsby theiranglefromtheopticalaxis,andframes

by the angularpositionof the camera.Assumethat the imagesweretaken by a pinholecamera

rotatingoff-axis at radius
�

� . In order to synthesizea X-Slits imagewith vertical slit at radius
�

J , we takecolumn
�

from thepinholecameraat � andpasteit ascolumn � in thenew image,as

shown in Fig.6. It canreadilybeseenthatthefollowing relationshouldhold:
�

�

�����������

%
	

�

	

�

�����

� (

and � �

�

� � .

Thedistortionsof suchimagesaremorecomplicatedto analyze.However, in practice,since

the�eld-of-view anglesof camerastendto berathersmall,thecircularslit in therelevantregion is

nearlylinear, andthereforethedistortionsareapproximatelythesameaswith linearslits. Using

the sameaspect-rationormalizationmethodaswith linear slits, the resultswe achieve arequite

convincing.

4.2 Panoramic Images

Synthesizingnovel panoramicviews turnsout to besimpleundertheX-Slits model. In this case

a cylinder canbe usedasthe imagesurfacefor both the input andoutputimages,andthe novel

panoramicviewscanbegeneratedin amethodverysimilar to theusualX-Slits images.

We assumethat thecylindrical input imagesarecapturedby a panoramiccameramoving on

a straightline. W.l.o.g. we assignthe origin of the coordinatesystemto the �rst locationof the

camera,andthe point %

�

, , ( to the last locationof the camera.Oneslit of the synthesized
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Figure7: Synthesizingnew panoramicimagesusingtheX-Slits projectionmodel.

panoramicview is thepathof theinput camera,asillustratedin Fig .7. Theotherslit canhave an

arbitrarylocation % �

�

, 	

�

(�� � % , � , ( .

FromFig.7 onecanseethatthevirtual imagecanbegeneratedby pastingandscalingcolumns

from theinput images.Notethatcolumnsareindexedby horizontalangle.It follows thatcolumn

� shouldbe sampledfrom a correspondingcolumn � from the imagecapturedat time
�

, where
�

��	

�

� ���

��� �

� , asillustratedin Fig.7. Thusnew view synthesiscanbedonesimplyby stacking

theinput imagesin aspace-timevolume,andslicingthevolumeby thefunction
�

� 	

�

��� �

� � �

� .

After slicing,everycolumn � shouldbescaledby 	

�

�

�������

�
	

, whereR is theradiusof thecylinder.

5 Experimental Results

In all our experimentswe useda cameramoving in the horizontalplane. As discussedabove,

new view generationin this caseis doneby samplingvertical stripsfrom successive imagesand

pastingthemtogetherinto individualX-Slits images.Theparametersof thestripsamplingfunction

determinethe location of the vertical slit of the X-slit camera. In our experimentsbelow, we

manipulatedtheparametersof thesamplingfunctionsothatthelocationof theverticalslit moves

accordingto thedesiredego-motion.A verycompellingimpressionof cameramotionis obtained,

eventhoughthehorizontalslit of theX-slits camera,which is the trajectoryof the input camera,

remains�x ed.

In addition,we alsosimulateda changeof cameraorientationusingthe equationsderived in

Section2.3.3.Notethatwe leavetheslitsasare,changingonly theorientationof theimageplane.
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Figure8: This scenewas�lmed by a sidewaysmoving camera,total of 585 frames.We generateda movie which

includedboth rotationaboutthepersonandforwardmotion. Threeframesof this movie areshown above; notethe

changesin thewindow re�ections,whichappearveridical.

This is becausethe full rotationof the slits would changethe setof visible projectionrays,and

thereforecannotbeperformedby a2-D transformationof theimage.

Next we discusstwo applications:the generationof a virtual walkthroughfrom a sequence

of perspective images(Sections5.1 and 5.2), and 3-D object visualization(Section5.3). The

input videosequencesusedin our examples,aswell asthesynthesizedwalkthroughmovies,are

currentlyavailableon thewebat ”http://www.cs.huji.ac.il/d̃aphna/demos.html#xslits”.

5.1 Virtual Walkthr ough

In the�rst experiments(Figs.8-11)we synthesizednew sequenceswhich correspondto a camera

motionthathasforwardmotioncomponent,with visible parallaxandlighting effects.In addition,

thedirectionof theimageplanewaschanged.

Anotherexampleuseda sequencetaken by a helicopter�ying alonga rocky coastin an un-

known pathandviewing direction(Fig. 12). Herewe synthesizeda new sequencewhich corre-

spondsto aforwardmoving camera.Thissequencewasmorechallengingsincetheinputsequence
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(a) (b)

(c) (d)

(e) (f)

Figure9: This sceneis locatedin a small roomwheremoving backwardto capturethewholeroomis impossible.

Thescenewas�lmed by a sidewaysmoving camera,total of 591frames;oneof theoriginal framesis shown in (a).

We show threenew images:onewheretheverticalslit is locatedin front of theoriginal track(b), andtwo wherethe

vertical slit is locatedbehindtheoriginal track (c-d). For comparison,we took a normal(pinhole)picturefrom the

samelocationas(c), wherepartof thesceneis obscuredby thewall; this pictureis shown in (e),andit demonstrates

our ability to make imagesfrom impossiblecamerapositions.Finally, (f) showsa simulatedimagewherethecamera

wastranslatedandrotated.

wastakenin freemotionwith randomdisturbances(e.g.,theeffectof wind), andthusmotioncom-

pensationwasrequired(seediscussionin Section3.2.1).
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(a) (b) (c)

Figure10: This scenewas �lmed by a sidewaysmoving camerain our lab, total of 567 frames. We generated

a X-Slits movie wherethe virtual camerarotatedaboutan object in the scene(a-b), andthentranslatedaheadin a

diagonal(c).

5.2 New Viewsof ExtendedX-Slits Images

In this examplewe show how to generatenew views from a sequenceof a rotatingobject,where

thenew sequencedemonstratesforwardmotionwith parallax(Fig. 13). Theprojectionmodelof

thenew imagescorrespondto non-linearslits,asdiscussedin Section4.

5.3 Object Visualization

Herewe demonstratethe useof the X-Slits projectionfor objectvisualization. Speci�cally, we

show how anobjectcanbe“�attened”, revealingseveralof its sidessimultaneously. This is done

by positioningtheverticalslit behindtheobject(Fig. 14). Sincetheimageis avalid X-Slits image

thatcanbecharacterizedandanalyzed,we neednot worry aboutsuchissuesasduplicateimages,

whichusuallyrequirehand-craftedstitching.

6 Discussion

Relatedrenderingmethodsto theoneproposedherewerediscussedin theIBR andcomputervision

literature,e.g.[20, 22,4]. Therearetwo importantdifferencesbetweenthemethodpresentedhere

andtheseearliermethods:

1. In orderto generatea virtual cameratranslation,our methoddoesnot needthe calibration
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a) b)

c) d)

Figure11: Virtual walkthroughfrom a translatingcamera.a, b) Two framesfrom the input sequence.c, d) Two

imagesrenderedin forwardmotion.Notetheapparentlyrealisticchangesin parallaxandre�ection.

a) b)

c) d)

e) f)

Figure12: Virtual walkthroughgeneratedfrom a sequencetaken by a freely �ying helicopter. a, b) Two frames

from theinputsequence.c, d) Two imagesrenderedin forwardmotion(diagonalslices).e,f) Two imagesrenderedin

differentviewing angles(parallelslices).
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a) b)

c) d)

Figure13: A rotatingobject:a,b) Two imagesfrom theoriginalsequenceof arotatingobject.c, d) Two synthesized

imagesfrom a forwardmoving viewpoint.

a) b)

c) d)

Figure14: Objectrepresentation.a, b) Theoriginal input images.c, d) Visualizationwith theverticalslit located

behindthe object. The object is seenasif “opened”inside-out,giving a cubisteffect: multiple sidesareseenin a

singlepicture.
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parametersof theinputsequence.All weneedto know is thatthecameramovedin constant

velocity along a line in space;we don't needto know the camera's internal parameters.

Insteadof exactcalibrationwecanusequalitativeguidelinesto achieveacertaineffect. For

example,“rotate the orientationof the epipolar-volumeslice counter-clockwiseto obtain

a senseof forward motion”. Or, “slide the slice forward to obtain the effect of sideways

motion”.

2. Thetheoreticalanalysisof theprojectionmodelis uniqueto ourpaper;it alsoallowsusto do

afew thingsthatwerenoteasyto dopreviously. Oneexampleis thegenerationof asynthetic

movie. If we just put togethera sequenceof imagesgeneratedalonga pathin spaceusing

onemethodor another, a lot of manual�ddling will beneededto achieveasenseof realism

becauseeachframehasa differentdistortionascomparedto thepinholeidealmodel. Our

understandingof thedistortionasamatterof depth-dependentscalingallowsusto scalethe

imagesindividually andautomaticallyasdescribedin Section3.2.2,asa resultof which we

getthecompellingmoviesshown abovewith very little humaninterference.

Our methodgeneratesX-Slits imageswhich areinherentlydifferentfrom pinholeimages,as

describedabove. Thedistortionis depthdependent,andtherefore(dueto occlusions)thereis no

practicalwayto �x it evenwhengiventheexact3-D coordinatesof thescene.If thedistortionis not

acceptable,thecurrentalternativesaretousecomputervisiontechniquesor IBR techniqueswith 2-

D sampling,asdescribedin Section1.2. Our examplesin Section5.1areintendedto demonstrate

that X-Slits imagescan appearrealistic and compelling,and thereforecan be usedeffectively

for visualizationor evenrecognitionwhen3-D reconstructionor full IBR arenot possibleor not

practical.Finally, we notethatour methodscaleseasilyto long input sequencesdueto its simple

nature.

7 Concluding Remarks

We presenteda new non-perspectiveprojectionmodel,which is de�ned by two slits anda projec-

tion surface. This modelcanbe physicallyrealized,andhasbeenbuilt in the late �

�

���

century.

Algebraicallyweshowedthatthismodelcorrespondsto asecondordertransformationfrom three-
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dimensionalspaceto two-dimensionalspace(while perspectiveprojectionis alinear, or �rst order,

transformation).

The main applicationwe pursuedin this paperis new view generation,or imagebasedren-

dering. New view generationwith theX-Slits camerais greatlysimpli�ed ascomparedwith per-

spectivenew view generation,sinceit is performedby non-stationarymosaicing,or by slicing the

space-timevolume.TheX-Slits theoryhelpstheuserto “drive” theslicing processin orderto get

the desiredeffect. Whencomparedto traditionalmosaicing,X-Slits imagescanbe shown to be

closerto perspective imagesthanlinearpushbroomimages.

Using our methodwe canalsogeneratenew imagestaken from “impossible” positions,like

behindthebackwall of a roomor in front of aglassbarrier. Movieswith new egomotioncanalso

begenerated,suchasforward-moving moviesfrom a side-moving input sequence.Althoughnot

perspective,themoviesgeneratedin thiswayappearcompellingandrealistic.

Appendix A Column Sampling for Linear CameraTrajectory

Appendix A.1 Linear Column Sampling: The Uncalibrated Case

Assumethatthemotiondirectionof theinput camerais only parallelto theimageplane,with the

internalparametersof thecamerabeing�x edbut unknown. Wenow show thatany linearsampling

of thecolumnsresultsin avalid X-Slits image.

Let � denotethe inverseof the calibrationmatrix ([7], page141), andassumethat column

	 �

�

%

�

( is sampledfrom theimagecapturedat time
�

. The3-D physicallocationof this column

on thecamera's projectionplane,in standardcoordinatesdenoted�

L�� , is theline de�ned by:
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(J is uppertriangular).Eliminatingthefreevariable� , theline is parameterizedby:
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where

� J �

� J?N

� N N
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Assumeas before that the cameracenterat time
�

is � %

�

($� %

�

�

L , L!, ( . Assumealso that

columnsaresampledlinearly, i.e., thecolumnsampledfrom the imagetakenat time
�

is de�ned

by %

�

%

�

( L � (

�

� , and �

%

�

( � �

�

�

�

for some� L

�

. We will show that the resultof pastingthese

columnstogetherinto amosaicimageis aX-Slits image.

First, from thede�nition it follows thattheimagetakenat time
�

contributesa setof raysthat

lie on a 3-D plane.This planeis de�ned by thetranslatingcameracenter� %

�

( andthe line on the

imageplanewhichcorrespondsto column �

%

�

( (seeFig.15,right inset).Denotethisplaneby � %

�

( .

We �rst show that all the planes� %

�

( intersectin a line; this line de�nes the vertical slit of our

X-Slits camera.Thehorizontalslit is de�ned by thetrajectoryof thecamera.

second slit of virtual camera

c(t )

c(t)

s(t)

path
camera translation

s(-1) s(1)

c(1)c(-1)

column s(t) in image t plane    (t)p

Figure 15: Illustration of the relevant geometry, including the camera's path, the centerof projection � 9��?B , the

columnsamplingfunction � 9��?B , andtheplane� 9��?B .

Speci�cally, theplane � %
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As canbereadilyveri�ed, theplaneincidentwith all threepointsis de�ned by
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( (19)

It follows from Eq.(19) thatthefamily of planes� %

�

( is apencilof planeswhich intersectin a

line, andwede�ne this line to betheverticalslit of thecamera.Theslit directionis determinedby

thecrossproduct:
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Fromtherequirementthat theslit coincideswith � %

�

( from Eq. (19) for every
�

, we arrive at the

following slit equation:
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Thusby collectingvertical strips linearly andplacingthemin a mosaic,the resultingimage

is equivalentto a X-Slits imagewhoseslits areparallelto the imageplane. In caseof zeroskew,

� J?N � , andso � J ��, ; now thetwo slits areorthogonalasin thePOX-Slits cameradiscussedin

Section2.3.

Appendix A.2 Input CameraMoving on a GeneralStraight Line

We shall now analyzethesamplingfunctionwhenthemotionof the input camerais not parallel

to the imageplane. Let themotiondirectionbe anarbitraryline in 3-D. Let � %

�

( ���

�

�

�

�

�

�

denotethe camerapositionat time
�

(in # � ) and let the pinholecamera's projectionmatrix be
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�

denotesthe � � � matrix determinedby the camera's

internalcalibrationandits orientation.It follows thatwhenthecamerais locatedat � %

�

( , a scene

point �$� # � is projectedto %

�

�

L
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( suchthat
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(20)

Supposewesamplestripsfrom theseimages,atvaryingpositionsandvaryingorientations.Let
�

%

�

( and � %

�

( denotethe samplingfunctions,giving thepositionof thestrip on the image 	 -axis
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andthestrip'sorientation,respectively, sothatwesamplein image
�

thepointsontheorientedline
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. Using(20)we obtain
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This de�nes a plane(on which � lies) – the planecoincidentwith the sampledorientedline in

image
�

and the centerof projectionof the camera� %

�

( . We denotethis planeby � %

�

( (as in

Fig. 15). Thisplanein homogeneouscoordinatesis givenby
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For our sampleto give a X-Slits image,it is necessaryandsuf�cient that all theseplanes
�

�

intersectin a line. Therearethreecasesto notein (21):
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( is linear in
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andthereforedescribes

a line. When � %
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( � , , we get the linear (oblique)pushbroomcameramodel[6, 17], see

Fig. 5.
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This is thecasewhenthecameramotion is parallelto theprojectionplane- thePOX-Slits

projectiondiscussedin Section2.3(when � %

�

( 4��, , wegetthetilted slit variantdiscussedin

2.3.4).

3. In thegeneralcase,if � %
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Substitutingtheseexpressionsinto (21)gives
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which is linearin
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if andonly if
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It is easyto seethatthe�rst two casesarespecialcasesof (22).
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Thereare4 degreesof freedom(up to scale)in choosinga pair
�

� %

�

( L

�

%

�

(�� of samplingfunc-

tionswhichsatisfyconstraint(23). Eachpairof samplingfunctionsof theform (22)for which(23)

holdsimpliesthatall � %

�

( intersectin a singleline (thevirtual slit). And vice versa,it canalsobe

shown thatevery family of planes� %

�

( which intersectin asingleline uniquelyde�nessuchapair

of samplingfunctions.

We canthereforeconcludethe following: using the samplingmethoddescribedabove with

samplingfunctionsasin (22), andgivena linearcamerapath,we canproducethe imageof any

X-Slits camerawith oneslit overlappingthecamerapath.
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