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Abstract
It hasbeenpreviouslyshownhowmirrorscanbeusedto

capture stereo imageswith a singlecamera, an approach
termedcatadioptricstereo. In this paper, wepresentnovel
catadioptricsensors which usemirrors to producerecti-
fiedstereo images. Thescan-linecorrespondenceof these
imagesbenefitsreal-timestereoby avoidingthecomputa-
tional costandimagedegradationdueto resamplingwhen
rectificationis performedafter image capture. First, we
developa theorywhich determinesthenumberof mirrors
thatmustbeusedandtheconstraintsonthosemirrors that
mustbe satisfiedto obtain rectifiedstereo imageswith a
singlecamera. Thenwe discussin detail the useof both
oneandthreemirrors. In addition,weshowhowthemir-
rors shouldbeplacedin order to minimizesensorsizefor
a givenbaseline, an importantdesignconsideration.

1 Intr oduction
Catadioptricsystemsareopticalsystemsthatconsistof

a combinationof mirrorsandlenses[4]. As demonstrated
by severalresearchers,catadioptricscanbeusedto design
stereosensorsthatuseonly asinglecamera[11] [3] [5] [9]
[15] [12] [2]. Althoughthesystemsdescribedby thesere-
searchersusea varietyof differentmirror shapesandcon-
figurationstheunderlyingmotivationis thesame.By using
multiple mirrors,scenepointscanbe imagedfrom two or
moreviewpointswhile usingonly asinglecamera.

Singlecamerastereohasseveraladvantagesover tradi-
tional two-camerastereo. Becauseonly a single camera
anddigitizer areused,systemparameterssuchasspectral
response,gain,andoffsetareidenticalfor thestereopair.
In addition,onlyasinglesetof internalcalibrationparame-
tersneedsto bedetermined.Perhapsmostimportantis that
singlecamerastereosimplifiesdataacquisitionby only re-
quiring a singlecameraanddigitizer andno hardwareor
softwarefor synchronization.

Real-timestereosystems,whethercatadioptricor two-
camera, require images to be rectified prior to stereo
matching.A pair of stereoimagesis rectifiedif theepipo-
lar linesarealignedwith thescanlinesof theimages.When
properlyaligned,thesearchfor correspondenceis simpli-
fied and thusreal-timeperformancecanbe obtained[1].
Oncethe epipolargeometryof a stereosystemis deter-
mined,rectifyingtransformationscanbeappliedto theim-
ages[14] [6] [8] [13]. However, rectifying in this man-
ner hastwo disadvantagesfor real-timestereo.Applying
transformationsto the imagesat run-timeis both compu-
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Figure1: Singlecamerastereosystemsusingavarietyof mirrors.
By imagingtwo reflectionsof a scenepoint, the3-d locationcan
bedeterminedfrom a singlecamera.(a) Two sphericalmirrors.
(b) Two stackedconvex mirrors.(c) Two planarmirrors.(d) Four
planarmirrors.

tationally costly and degradesthe stereodatadue to the
resamplingof theimages.

An alternative to rectifying theimagesat run-timeis to
ensurethatthegeometryof thestereosystemproducesrec-
tified images.With two-camerastereothis is accomplished
by removing any rotationbetweenthetwo cameras,align-
ing the directionof translationwith the scanlines of the
camerasandusingidenticalinternalparametersfor thetwo
cameras(adifficult task).Thegeometricrequirementsof a
rectifiedcatadioptricstereosystemarenot trivial andhave
not beenstudied. The purposeof this paperis twofold.
First, to develop the constraintsthat mustbe satisfiedto
ensurerectified images,and secondto describean auto-
matedtool for placingthemirrorssuchthatsensorsizeis
minimizedfor a givenbaseline.Theseresultscanbeused
to designandbuild novel compactstereosensors.

1.1 PreviousWork
Several researchershave demonstratedthe useof both

curved and planarmirrors to acquirestereodata with a
singlecamera.Curved mirrors have beenprimarily used
to capturea wide field of view. Oneof the first usesof
curved mirrors for stereowas in [11], whereNayarsug-
gesteda wide field of view stereosystemconsistingof a
conventionalcamerapointedat two specularspheres(see
Figure1(a)). A similar systemusingtwo convex mirrors,
oneplacedontopof theother, wasproposedbySouthewell
et al. [15] (seeFigure1(b)). Later, NeneandNayarpre-
sentedseveral differentcatadioptricstereoconfigurations
usinga singlecamerawith parabolic,elliptic andhyper-
bolic mirrors[12].

Several othershave alsoinvestigatedthe useof planar
mirrors to designsinglecamerastereosensors.A sensor
designedbyGoshtasbyandGruverusedtwo planarmirrors
connectedby a hingecenteredin the field of view of the
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Figure2: Imageformationwith mirrors. (a) Whena planarmir-
ror reflectsascenepoint,theimageformedis from avirtual cam-
erafoundby reflectingtherealcameraabouttheplanecontaining
themirror. (b) Whentwo mirrorsreflectthescenepoint, thevir-
tual camerais foundby applyingtwo reflections.(c) If the two
mirrors producetwo reflectionsof the scenepoint thena stereo
imageis obtained.

camera[3]. GluckmanandNayardemonstratedhow two
mirrorsin anarbitraryconfigurationcanbeself-calibrated
and usedfor single camerastereo[2] (seeFigure 1(c)).
Stereosystemsusing four planarmirrors were proposed
by both Inabaet al. [5] and Mathieu and Devernay[9]
(seeFigure1(d)). By imaginganobjectandits mirror re-
flection,a stereoimagecanalsobeobtainedusingonly a
singlemirror [10] [16].

In all of thesesystems,thestereoimagesarenot recti-
fied, thereforetheimagesmustbetransformedat run-time
prior to stereomatching. Oneexceptionis a systemde-
scribedby Lee et al. thatusesprismsratherthanmirrors
to acquirerectifiedstereoimagesfrom asinglecamera[7].
Althoughprismsareaninterestingalternative to mirrorsit
is not clear that compactsensorswith sufficient baseline
canbedesigned.
1.2 Background

Before describingthe requirementsfor rectified cata-
dioptric stereowe explain image formation with planar
mirrors. As Figure 2(a) shows, the imageformed when
a mirror reflectsa scenepoint is thesameperspective im-
agetakenby a virtual camera locatedon theoppositeside
of the mirror. The location of the coordinatesystemof
thevirtual camerarelative to thecoordinatesystemof the
real camerais found by applyinga reflectiontransforma-
tion. If we representthemirror with thenormal � andthe
distance

�
measuredfrom the real cameracenter, the re-

flectiontransformation� is foundto be
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The transformation� betweenthe real andvirtual cam-
eracoordinatesystemsis a combinationof a rigid trans-
formationanda switch from a left to a right handed(or
vice-versa)coordinatesystem.Also notethata reflection
transformis its own inverse:
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Figure3: Therelative orientationbetweentheleft andright vir-
tualcamerasis foundby applyingconsecutive reflectiontransfor-
mationsin theorderdefinedby thenumbersin theabove figure.

When two mirrors (see Figure 2(b)) reflect a scene
point, the virtual camerais found by applying two con-
secutive reflectiontransformations.As shown in [2] the
resultingtransformationrepresentsa planarrigid motion,
meaningthe direction of translationis orthogonalto the
axisof rotation.It wasalsoshown thattheaxisof rotation
is ������� �"!$# , where��� and �%! arethenormalsof thetwo
mirrors. In the two mirror casethereis no switch from a
left to righthandedsystembecausethetwo switchescancel
out.

For eachadditionalmirror the virtual camerais found
by applyinganotherreflectiontransformation.In general,
if thenumberof mirrorsis oddthentheresultingtransfor-
mationswitchesthehandednessof thecoordinatesystem,
thusproducinga mirror imageof thescene.

As shown in Figure2(c), if thefield of view is split such
that differentmirrors reflect the sceneonto differentpor-
tions of the imagingplanethenthe sceneis imagedfrom
multiple virtual cameras,and thus a stereoimageis ob-
tained.Now, we will examinehow mirrorscanbeusedto
obtaina rectifiedstereoimage.

2 How many mirr ors are needed?
To producerectifiedimages,a stereosystemmustmeet

several requirements.Theremustbe no relative rotation
betweenthe two cameras,the translationmustbeparallel
to thescanlinesof theimageplane,andtheinternalparam-
etersof the two camerasmustbe identical. For catadiop-
tric stereothelastrequirementis metbecauseonly asingle
camerais used. To ensurethe first two requirements,the
mirrorsmustsatisfy

�&� �'�(� �*) �'�(� ��+,�
�.-/- 0
- �.-1-
-/- �2-
-/-/- � 3 (1)

where
0

is the baseline,4 is the numberof mirrors used
and�*) is thereflectiontransformationproducedby the 57698
mirror. Themirrorsareorderedasshown in Figure3 and
eachmirror is definedin a coordinatesystemattachedto
theleft virtual camera,wherethex-axisis alongthescan-
lines andthe z-axisis in the directionof the opticalaxis.



Figure4: Whentwo setsof parallelmirrorsareuseda rectified
stereosystemcanbe constructed.However, this solutionis not
practicalbecausethetwo virtual camerasdonotshareacommon
field of view.

Figure5: Oncerectified,therearethreepossibleconfigurations
of thevirtual cameras.However, only theoneon theleft leadsto
apracticalsolution.Themiddleconfigurationhasnooverlapping
field of view andtheconfigurationontheright only seesanarrow
beam.

Although satisfying(1) is sufficient to ensurerectifi-
cation thereis one caveat. Becausewe split the field of
view of the real camerabetweenthe two virtual cameras
wemustguaranteethatthefieldsof view properlyoverlap.
Figure4 showsa four mirror systemwherethetwo virtual
camerasarerectifiedbut do not sharea commonfield of
view. Whenthe field of view is split betweentwo differ-
entsystemsof mirrors,eachvirtual cameraseeshalf of the
field of view of the real camera. Clearly, in practicethe
two half fieldsof view mustoverlap.

As shown in Figure5, if rectifiedtherearethreepossi-
ble configurationsfor the two virtual cameras,depending
uponthenumberof mirrorsused.However, only theone
on theleft leadsto a practicalstereosystem.To obtainthe
configurationontheleft, oneof thehalf fieldsof view must
bereflectedrelative to theotherandthereforeanoddnum-
ber of mirrors mustbe used. We enforcethis by flipping
thedirectionof thex-axis

� � �(�'� � ) �(�'� � + �
� �:-;- 0
- �:-/-
- - �.-
- -;- �

� (2)

It is straightforward to show that for any numberof odd
mirrors a solutionexists. For 4<� �

the mirror normal

b
=

α>β

h

Figure 6: To obtaina rectified imagewith a singlemirror, the
normalof themirror mustbeparallelto thescanlinesof thecam-
era.Notethatthefield of view of theright virtual camerawill be
limited by thefinite sizeof themirror.

� � ��? � 3
-
3
-A@ � leadsto asolution.For all odd 4 , �94CB � #

a trivial solutioncanbeobtainedby adding +ED
�! pairsof
identical reflection transformations;becausea reflection
transformationis its own inverseeachpairwill cancelout.

Although therearemany solutionsto (2) mostarenot
physically realizabledue to occlusionsand intersecting
mirrors.Next, wewill discusspossiblesolutionsusingone
andthreemirrors. Five or moremirrorscanbeusedhow-
ever thesesystemsarecomplex and their advantagesare
unclear.

3 Singlemirr or rectifiedstereo
To obtain a rectified imagewith a single mirror, the

planecontainingthemirror mustsatisfy

� � �
�F�
	 ���G�H� � 	I� �7���� � �

� �:-1- 0
- �2-/-
- - �.-
- -1- � 3

(3)
where� � and

� � arethenormalanddistanceof themirror
from thecameracoordinatesystem.For thisto besatisfied,
� � �J? � 3

-
3
-A@ � . Thus,theonly onemirror solutionoccurs

whenthe normalof the mirror is parallelto the scanlines
of thecamera(thex-axis)asshown in Figure6. Thestereo
systemwill remainrectifiedfor any distance

� � , however
thebaseline

0
will changeas

0 � 	I� � .
The advantageof this solution is its simplicity. How-

ever, becauseafinite mirror mustbeusedthefield of view
of thevirtual camerais limited by theanglethemirror sub-
tendswith respectto thevirtual camera(seeFigure6). The
field of view K is relatedto thebaseline

0
andthelengthof

themirror L as

K*�NMPO7Q(RGMAS
	 L0 �UT 	WV

X
	 � (4)



(a) (b)
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Figure 7: Shifting the imagedetectorto reduceasymmetryin
thestereofield of view. (a) Whena singlemirror is usedtheleft
cameraview usesa largerportionof theimagedetectorthanthe
right cameraview. (b)Theasymmetrycanberemovedbyshifting
the imagedetectorwith respectto the imaging lens (centerof
projection).

Therefore,if a largebaselineis desiredthena largemirror
mustbeemployedor elsethefield of view will beseverely
limited.

Becausethe mirror is finite a field of view asymmetry
existsbetweentherealandvirtualcamera.A largerportion
of theimagedetectoris usedby therealcamera.As shown
in Figure7, thisasymmetrycanberemovedby shiftingthe
imagedetectorwith respectto the centerof projectionof
the camera. For applicationswherethe sceneof interest
lies closeto the camerathis hasthe benefitof increasing
theviewing volumecloseto thestereosystem.

4 Threemirr or rectifiedstereo
We canovercomethelimitationsof singlemirror recti-

fied stereoby incorporatingadditionalmirrors. With three
mirrors we can ensurethat the field of view is equally
sharedbetweenthe two virtual cameras(seeFigure 8).
Furthermore,a largebaselinecanbe obtainedusingrela-
tively smallmirrors.However, wecannotarbitrarilyplace
the threemirrors. As we will show, to obtain rectified
stereofive constraintsbetweenthe mirrors and the cam-
eramustbesatisfied.From (2) we know that the mirrors
mustbeplacedsuchthat

� � � ! �[Z\�
� �:-/- 0
- �.-1-
- - �2-
- -/- �

� (5)

Using (5) we will first derive threeconstraintsby deter-
mining how themirrorsmustbeplacedsothat thereis no
rotationbetweenthe virtual cameras.Thenwe will show
theremainingtwo constraintsthatarisefrom requiringthe

Figure8: Threemirror rectifiedstereo.By usingthreemirrorsa
rectifiedstereosystemcanbedesignedwherethefield of view of
eachvirtual camerais half thefield of view of therealcamera.

directionof translationto beparallelto the scanlines(the
x-axis).
4.1 Rotation constraints

The upperleft ]^�&] block of the matrix in (5) is the
requirementthat therebe no rotationbetweenthe virtual
cameras:

_ � _ ! _ Z\�
� �.-1-
- �2-
- - � 3 (6)

where _ )"� ���&	 �
)`� �) � (7)

Recallthat
_ � _ ! is arotationmatrixwith arotationalaxis

definedby ���a���%! [2]. This impliesthat

� �:-;-
- �:-
- - �

_ ZF��� � ��� ! #"�b�`� � � � ! # � (8)

It is straightforwardto show that

� �.-;-
- �:-
- - �

_ Z �%Zc�&? � 3
-
3
-A@ � � �"Zd�&? � 3

-
3
-P@ � �
(9)

Therefore,to satisfy(6) it is necessarythat

��� � � � ! #e�gf �"Zh�
? � 3
-
3
-P@ � � (10)

Thescalefactor f canberemovedby takingthedot prod-
uctwith � � or �%Z giving ustwo independentconstraints,

� �ji �%Zc�&? � 3
-
3
-A@ � � - (11)
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Figure9: Themirrorsmustbeangledsuchthattwo raysatangleso andprq o areparallelafterbeingreflectedby themirrors,thatiso�s�t^ovu . Doing sowill ensurethatthereis no rotationbetween
thetwo virtual cameras.

and

� Z i �`�w�a� �"!x#e� - � (12)

This implies that the normalsof the threemirrors � � , � !
and � Z andthex-axisareall co-planar. Whenthenormals
areco-planar, themirrorsrotatethevirtual camerasabouta
commonaxis.Of course,westill needto orientthemirrors
so that the rotationalangleis cancelled.But now we can
simplify ouranalysisby working in thetwo dimensionsof
theplanecontainingthenormalsandthex-axis. In 2-D the
mirrors arerepresentedby lines where y ) is the anglethe
57698 mirror normalmakeswith thex-axisof therealcamera.
For simplicitywehavemovedthex-axisto therealcamera.

If we considera ray leaving thecameracenterat angle
K anda correspondingray leaving thecameraat anangle
T � K thenthemirrorsmustbeangledsuchthetwo reflected
raysareparallel,thusensuringthereis norotationbetween
thevirtual cameras(seeFigure9). After beingreflectedby
themirror orientedatangleyz� , theangleof theleft ray is

Kr��� 	 yz� � K V T � (13)

The angleof the right ray K ! after reflectionby the two
mirrorsis

K ! � 	 y{Z �
	 y ! � K V T � (14)

The two raysareparallelif Kr���|K�! . Thereforethe rota-
tion is cancelledif

y Z � y{!\�byz� � (15)

We canexpress(15) in termsof thenormalsof themirrors
as,

�"Z i � ! �}� �ri ? � 3
-
3
-P@ � � (16)

To summarize,if the normalsof the mirrors satisfy the
threeconstraints(11), (12) and(16) thentherewill beno
rotationbetweenthetwo virtual cameras.

4.2 Translation constraints
So we have threeconstraintsthat mustbe satisfiedto

rectify thevirtual cameras.However, we alsoneedto en-
surethat the direction of translationbetweenthe virtual
camerasis alongthex-axis.

For this we will needto examinethe translationalpart
of (5), thatis

	�� Z _ � _ ! �%Z V 	I� ! _ � � !~V 	�� � � � �
0
-
- � (17)

After multiplying throughwith
_ Z _ ! _ � andsubstituting

(6) weget
	I� Z _ Z��"Z V 	I� ! _ Z _ ! � !�V

	I� �
� �:-/-
- �.-
- - � � � �

� 0
-
- � (18)

Next, by substituting(7) for the
_ ) weget

��	I� Z��"Z �&	�� ! � !�V&� ���"Z i � ! # � ! �%Z V
	I� �

� �:-/-
- �.-
- - � � � �

� 0
-
- � (19)

Sincethe baseline
0

is arbitrary, we have only two linear
constraintson

� � , � ! and
� Z , namely

��� Z{� � Z V � 	 ���"Z i � ! # � Z{� ��� ! �$# � !�V � � � � � � - (20)

and
��� Z�� � Z V � 	 ��� Z i �"!$# � Z{� ��� ! � # � ! V � � � � �j� - 3 (21)

where�
)"��? � )�� 3
� ) � 3

� ) � @ .
We have now derivedthe5 constraintsfor threemirror

rectifiedstereo.To summarize,if thenormalsof thethree
mirrors areco-planarwith the x-axis, the anglesbetween
themirrorssatisfy(16)andthedistancesto themirrorsare
chosensuchthat (20) and (21) aresatisfiedthenthe two
virtual cameraswill berectified.
4.3 Sensordesignvia optimization

For many stereoapplicationsthe compactnessof the
sensoris important. In this sectionwe describean auto-
matedtool for catadioptricstereosensordesign.Givende-
sign parameterssuchas baseline,field of view, and size
of the real camerawe computethe optimal placementof
themirrors suchthat the virtual camerasarerectifiedand
sensorsizeis minimized.

To simplify theoptimization,weassumetheplanecon-
tainingthenormalsof themirrorsis thex-z plane,meaning
thereis no tilt betweenthecameraandthemirrors. Now,
eachof thethreemirrors is representedby a line, so there
areonly six parameters:y � , y ! , y{Z , � � , � ! and

� Z . Be-
causewearerestrictedto thex-z plane,(11),(12)and(20)



bounding box

Figure10: Wesearchfor themirror locationsthatsatisfytherec-
tificationconstraintsandminimizetheperimeterof thebounding
boxof themirrors,for agivenbaseline.

aresatisfied,andthusthereareonly two rectificationcon-
straints,oneon theanglesof the mirrors (15) andoneon
thedistances(21). Givena desiredbaseline

0
wehaveone

moreconstraintfrom (19)
	�� Z � � Z V � 	z� !{� � � ��� Z i �%!x# � Z ��# � ! V 	z� ��� � ��� 0 � (22)

Threeconstraintson six parametersleaves threefree pa-
rameters.To optimizetheseparameterssomecriteria for
sensorsize must be chosen. One simple measureis the
perimeterof the boundingbox of the mirrors (seeFig-
ure10).

To find thebestconfigurationwesearchthroughall pos-
sible locations��y � 3

� � # of thefirst mirror andpossiblean-
gles y ! for thesecondmirror. Theremainingthreeparam-
eters,thedistance

� ! to thesecondmirror, thedistance
� Z

to thethird mirror andtheangle y{Z of thethird mirror are
foundby solving (15), (21) and(22), where

� )�� ��Q'�P�%y )
and

� ) �
������S�y ) . For eachset of computedparameters
we determinetheendpointsof themirrorsby tracingthe
opticalaxis andthe limiting raysof the field of view and
intersectingthemwith themirrors.Oncetheendpointsare
foundtheperimeterof theboundingbox is computed.The
designthatminimizestheperimeteris chosen.

We only admit solutionswherethe mirrors do not oc-
cludeeachother. Thuswe ensurethat the ray �z� , in Fig-
ure11,doesnot intersectthemirrors � � and �b� andthe
ray �z� doesnotintersect� � . In addition,weonlyconsider
solutionswheretherealcameradoesnotseeitself andthus
we ensurethe ray �A� is a minimum distance� from the
cameracenterof projection(notethat � is proportionalto
thebaseline

0
anddeterminedfrom thesizeof thecamera).

Figure12 shows two optimalconfigurationsfor a cam-
erawith a � -e  fieldof view. Asshown in 12(a),when ��� -
thesecondmirror is infinitesimallysmallandlocatedatthe
centerof projectionof thecamera.Figure12(b)shows the
optimalsolutionwhen ��� - � � . As both � andthefield of
view increasetheoptimalsensorsizealsoincreases.Note
thatwemayusethesameapproachto find theoptimalsen-
sor for someothersizecriterion, suchas the areaof the
boundingbox.
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Figure 11: It is importantthat the reflectedsceneraysare not
occludedby the mirrors. Therefore,we ensurethat the ray £�¤
doesnotintersectthemirrors ¥¦¤ and¥W§ andtheray £G§ doesnot
intersect¥ ¤ . If we have somenotionof thesizeof our camera
thenwe canalsoensurethattheray £�¨ is at a minimumdistance© from thecameracenterof projection.
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Figure12: Optimizedstereosensorsfor baselinē . (a) If we do
notconsiderthesizeof thecamera,©\t±° , thentheoptimalsolu-
tion hasonemirror at thecenterof projection.(b) This configu-
ration is optimalwhen ©²t³°x´¶µ . For scale,thebaselinebetween
thevirtual camerasis shown.

5 Experimental results
We have usedtheconstraintsintroducedin thepreced-

ing sectionsto build bothoneandthreemirror stereosen-
sors. As in Figure13(a),we cancapturerectifiedstereo
imagesusinga singlemirror by placingthe mirror paral-
lel to theopticsof thecamera.We foundthataligningthe
mirror by handwasadequateto obtaina depthmapof the
scene(seeFigure14).To demonstratethatthestereoimage
is rectified the correspondencesearchis only performed
alongthe scanlines.The depthmapwas computedon a
� � - � �A· - imageusingboth SSDandnormalizedcross-
correlationwith a

�¹¸ � ��¸ sizewindow. In thesinglemirror
casewe foundthatnormalizedcross-correlationis benefi-
cial becauseof intensitydifferencesintroducedby the re-
flectionof sceneraysatacuteangleswith themirror (recall
that the reflectanceof a mirror falls slightly asa function
of theangleof incidence).
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Figure13: Oneandthreemirror rectifiedstereosystemsusinga
Sony XC-75 camerawith a Computar4mmpinholelens. (a) A
singlemirror is placedsuchthat themirror normalis perpendic-
ular to theopticalaxisof the imagingsystem.(b) Threemirrors
areplacedin a rectifiedconfiguration.

To constructa threemirror systemwe usedthe opti-
malsolutiondescribedin theprevioussectionandscaledit
so that thebaselinewas10 cm. Usinga drawing tool we
printedthelocationof thethreemirrorsandcameracenter
of projectionon a pieceof paper(seeFigure13(b)). We
usedaComputar4mmpinholelenssothatwecouldaccu-
ratelyplacethepinholeof thelensoverthedesiredposition
markedon thepaper.

Figure15(a) shows several imagestaken by the three
mirror system.15(b)and15(c)show depthmapscomputed
by searchingalongthescanlinesusingbothSSDandnor-
malizedcross-correlation.For the threemirror case,we
found that normalizingthe datadid not improve the re-
sults. The threemirror systemdoesnot suffer from the
acuteanglesof incidencewhich areencounteredwhenus-
ing asinglemirror. Therefore,theextracomputationalcost
of normalizedcross-correlationcanbeavoided.

6 Conclusion
In this paper, we have shown how to designa classof

novel stereosensors.By avoiding the needfor synchro-
nization,rectificationandnormalizationof the datathese
sensorsare well-suited for real-time applications. Cur-
rently, we areusingtheideaspresentedhereto build a va-
riety of compactstereodevices.
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Figure14: Singlemirror rectifiedstereo.(a) An image(croppedfor display)capturedby thesinglemirror stereosystem.Notethat the
right sideof the imageis reflected.To demonstratethat the imagesarerectifiedwe performstereomatchingalongthescanlinesof the
imageafterremoving thereflection.(b) and(c) arethedepthmapscomputedusingSSDandnormalizedcross-correlationwith a µ(¼F½�µ(¼
window. Normalizedcross-correlationperformsslightly betterdueto theintensitydifferencesintroducedby thereflectionof scenerays
at acuteangleswith themirror. Depthis notcomputedfor backgroundpixels.

(a) (b) (c)

Figure15: Imagesanddepthmapsusingthreemirror rectifiedstereo.(a)Three ¾G¿ °*½ ¿xÀ ° images(croppedfor display)capturedusing
threemirrors. Beforestereomatchingalongthescanlinesis performedtheright half of eachimageis flippedto remove thereflection.
(b) and(c) arethedepthmapsobtainedusingSSDandnormalizedcross-correlationwith a µ�¼Á½�µ(¼ window. Note that thedifference
betweenthe two is negligible thusemphasizingthe fact that whenonly a singlecamerais usedSSDis sufficient for stereomatching.
Depthis notcomputedfor thebackgroundpixels.


