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Abstract

It hasbeerpreviouslyshowrhowmirrors canbeusedo
captule steleo imageswith a singlecames, an approach
termedcatadioptricstero. In this paper we presenmnovel
catadioptric sensos which usemirrors to producerecti-
fied steeoimages. Thescan-linecorrespondencef these
imagesbenefitgeal-timestereo by avoidingthe computa-
tional costandimage degradationdueto resamplingvhen
rectificationis performedafter image captue. First, we
developa theorywhich determineghe numberof mirrors
thatmustbeusedandtheconstaintsonthosemirrorsthat
mustbe satisfiedto obtain rectifiedsteleo images with a
singlecamern. Thenwe discussin detail the useof both
oneandthreemirrors. In addition, we showhowthe mir-
rors shouldbe placedin order to minimizesensorsizefor
a givenbaselinganimportantdesignconsideation.

1 Intr oduction
Catadioptricsystemsareoptical systemghat consistof
acombinationof mirrorsandlensed4]. As demonstrated
by severalresearchergatadioptriccanbe usedto design
sterecsensorshatuseonly asinglecamerd11] [3] [5] [9]
[159] [12] [2]. Althoughthe systemslescribedy thesere-
searchersisea variety of differentmirror shapesandcon-
figurationgheunderlyingmotivationis thesame By using
multiple mirrors, scenepointscanbe imagedfrom two or
moreviewpointswhile usingonly asinglecamera.
Singlecamerasterechasseveraladvantageover tradi-
tional two-camerastereo. Becauseonly a single camera
anddigitizer areused,systemparametersuchasspectral
responsegain, andoffsetareidenticalfor the stereopair.
In addition,only asinglesetof internalcalibrationparame-
tersneedgo bedeterminedPerhapsnostimportantis that
singlecamerasterecsimplifiesdataacquisitionby only re-
quiring a single cameraanddigitizer and no hardware or
softwarefor synchronization.
Real-timestereosystemswhethercatadioptricor two-
camera, require imagesto be rectified prior to stereo
matching.A pair of steredmagess rectifiedif the epipo-
lar linesarealignedwith thescanline®f theimages When
properlyaligned,the searchfor correspondencis simpli-
fied andthusreal-time performancecan be obtained[1].
Oncethe epipolargeometryof a stereosystemis deter
mined,rectifyingtransformationsanbeappliedto theim-
ages[14] [6] [8] [13]. However, rectifying in this man-
ner hastwo disadwantagedor real-timestereo. Applying
transformationgo the imagesat run-timeis both compu-
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Figurel: Singlecamerasterecsystemaisingavarietyof mirrors.
By imagingtwo reflectionsof a scenepoint, the 3-d locationcan
be determinedrom a singlecamera.(a) Two sphericalmirrors.
(b) Two stacledcorvex mirrors. (c) Two planarmirrors. (d) Four
planarmirrors.
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tationally costly and degradesthe stereodatadue to the
resamplingof theimages.

An alternatve to rectifying theimagesat run-timeis to
ensurahatthegeometryof the steressystenproducesec-
tified images With two-cameraterecahisis accomplished
by remaoving ary rotationbetweerthetwo camerasalign-
ing the direction of translationwith the scanlines of the
camerasndusingidenticalinternalparameterfor thetwo
cameragadifficult task). Thegeometriacequirementsf a
rectifiedcatadioptricstereosystemarenot trivial andhave
not beenstudied. The purposeof this paperis twofold.
First, to develop the constraintshat mustbe satisfiedto
ensurerectified images,and secondto describean auto-
matedtool for placingthe mirrors suchthatsensorsizeis
minimizedfor a givenbaseline.Theseresultscanbe used
to designandbuild novel compactsterecsensors.

1.1 Previous Work

Several researcherbave demonstratedhe useof both
curved and planar mirrors to acquirestereodatawith a
single camera. Curved mirrors have beenprimarily used
to capturea wide field of view. One of the first usesof
curved mirrors for stereowasin [11], whereNayar sug-
gesteda wide field of view stereosystemconsistingof a
cornventionalcameragpointedat two specularspheregsee
Figurel(a)). A similar systemusingtwo cornvex mirrors,
oneplacedontop of theother wasproposedy Southevell
etal. [15] (seeFigure1(b)). Later, NeneandNayar pre-
sentedseveral different catadioptricstereoconfigurations
using a single camerawith parabolic,elliptic and hyper
bolic mirrors[12].

Several othershave alsoinvestigatedhe useof planar
mirrors to designsingle camerastereosensors.A sensor
designedy GoshtasbwndGruverusedwo planamirrors
connectedyy a hinge centeredn the field of view of the



virtual camera

4
4 /
. | /
virtual camera ! ¥
I
|
o !
- I
|
]
|
p

virtual cameras

camera camera camera

(@) (b) ©)

Figure2: Imageformationwith mirrors. (a) Whena planarmir-

ror reflectsa scenegpoint, theimageformedis from avirtual cam-
erafoundby reflectingtherealcameraabouttheplanecontaining
themirror. (b) Whentwo mirrorsreflectthe scenepoint, the vir-

tual camerais found by applyingtwo reflections.(c) If the two

mirrors producetwo reflectionsof the scenepoint thena stereo
imageis obtained.

camerg[3]. GluckmanandNayardemonstratethow two
mirrorsin anarbitraryconfigurationcanbe self-calibrated
and usedfor single camerastereo[2] (seeFigure 1(c)).
Stereosystemsusing four planarmirrors were proposed
by both Inabaet al. [5] and Mathieu and Devernay[9]
(seeFigurel(d)). By imagingan objectandits mirror re-
flection, a stereoimagecanalsobe obtainedusingonly a
singlemirror [10] [16].

In all of thesesystemsthe sterecimagesarenot recti-
fied, thereforeheimagesmustbetransformedat run-time
prior to stereomatching. One exceptionis a systemde-
scribedby Lee et al. thatusesprismsratherthanmirrors
to acquirerectifiedstereamagesrom asinglecamerd7].
Althoughprismsareaninterestingalternatve to mirrorsit
is not clearthat compactsensorswith sufficient baseline
canbedesigned.

1.2 Background

Before describingthe requirementdor rectified cata-
dioptric stereowe explain image formation with planar
mirrors. As Figure 2(a) shaws, the imageformed when
amirror reflectsa scenepoint is the sameperspectie im-
agetakenby avirtual camen locatedon the oppositeside
of the mirror. The location of the coordinatesystemof
thevirtual camerarelative to the coordinatesystemof the
real camerais found by applyinga reflectiontransforma-
tion. If we representhe mirror with thenormaln andthe
distanced measuredrom the real cameracenter the re-
flectiontransformatiorD is foundto be

I-2nnT 2dn
D= 0 1

The transformationD betweenthe real and virtual cam-
eracoordinatesystemss a combinationof a rigid trans-
formationand a switch from a left to a right handed(or
vice-versa)coordinatesystem. Also notethata reflection
transformis its own inverse:

DD =TI.

left virtual camera

camera right virtual camera

Figure3: Therelative orientationbetweerthe left andright vir-
tual camerass foundby applyingconsecutie reflectiontransfor
mationsin the orderdefinedby thenumbersn theaborve figure.

When two mirrors (see Figure 2(b)) reflect a scene
point, the virtual camerais found by applyingtwo con-
secutve reflectiontransformations.As shavn in [2] the
resultingtransformatiorrepresents planarrigid motion,
meaningthe direction of translationis orthogonalto the
axisof rotation. It wasalsoshavn thatthe axisof rotation
is (n; x ny), wheren; andn, arethe normalsof the two
mirrors. In the two mirror casethereis no switch from a
left to righthandedsystenbecaus¢hetwo switchescancel
out.

For eachadditionalmirror the virtual camerais found
by applyinganothermreflectiontransformation.ln general,
if thenumberof mirrorsis oddthentheresultingtransfor
mationswitchesthe handednessf the coordinatesystem,
thusproducinga mirror imageof thescene.

As shovnin Figure2(c), if thefield of view is splitsuch
that differentmirrors reflectthe sceneonto differentpor-
tions of the imagingplanethenthe scenes imagedfrom
multiple virtual camerasand thus a sterecimageis ob-
tained. Now, we will examinehow mirrors canbe usedto
obtainarectifiedsteredamage.

2 How many mirr ors are needed?

To producerectifiedimagesa sterecsystemmustmeet
several requirements.Theremustbe no relative rotation
betweerthe two camerasthe translationmustbe parallel
tothescanlineof theimageplane,andtheinternalparam-
etersof the two camerasnustbe identical. For catadiop-
tric stereahelastrequiremenis metbecaus@nly asingle
camerais used. To ensurethe first two requirementsthe
mirrorsmustsatisfy
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whereb is the baselinejn is the numberof mirrors used
andD; is thereflectiontransformatiorproducedy theit"
mirror. Themirrorsareorderedasshavn in Figure3 and
eachmirror is definedin a coordinatesystemattachedo
theleft virtual camerawherethe x-axisis alongthe scan-
lines andthe z-axisis in the directionof the optical axis.
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Figure4: Whentwo setsof parallelmirrors are useda rectified
stereosystemcanbe constructed.However, this solutionis not
practicalbecause¢hetwo virtual cameraglo not shareacommon
field of view.
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Figure5: Oncerectified,therearethreepossibleconfigurations
of thevirtual camerasHowever, only theoneontheleft leadsto
apracticalsolution. Themiddleconfiguratiorhasno overlapping
field of view andtheconfiguratiorontheright only seesanarrav
beam.

Although satisfying (1) is sufficient to ensurerectifi-
cationthereis one caveat. Becausewe split the field of
view of the real camerabetweenthe two virtual cameras
we mustguarante¢hatthefieldsof view properlyoverlap.
Figure4 shavs a four mirror systemwherethetwo virtual
cameragre rectified but do not sharea commonfield of
view. Whenthefield of view is split betweentwo differ-
entsystem®f mirrors,eachvirtual cameraseeshalf of the
field of view of the real camera. Clearly, in practicethe
two half fields of view mustoverlap.

As shawn in Figure5, if rectifiedtherearethreepossi-
ble configurationgfor the two virtual camerasdepending
uponthe numberof mirrors used. However, only the one
ontheleft leadsto a practicalsterecsystem.To obtainthe
configuratiorontheleft, oneof thehalf fieldsof view must
bereflectedrelative to the otherandthereforeanoddnum-
ber of mirrors mustbe used. We enforcethis by flipping
thedirectionof the x-axis
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It is straightforvardto shaw that for any numberof odd
mirrors a solutionexists. For m = 1 the mirror normal

Figure 6. To obtaina rectifiedimagewith a single mirror, the
normalof the mirror mustbe parallelto the scanlineof thecam-
era.Notethatthefield of view of theright virtual camerawill be
limited by thefinite sizeof the mirror.

n; = [1,0,0]" leadsto asolution.For all oddm, (m > 1)
atrivial solutioncanbe obtainedby adding% pairsof
identical reflection transformationsbecausea reflection
transformations its own inverseeachpair will cancelout.

Although thereare mary solutionsto (2) mostare not
physically realizabledue to occlusionsand intersecting
mirrors. Next, wewill discusgossiblesolutionsusingone
andthreemirrors. Five or moremirrors canbe usedhow-
ever thesesystemsare complex and their advantagesare
unclear

3 Singlemirr or rectified stereo

To obtain a rectified image with a single mirror, the
planecontainingthe mirror mustsatisfy
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wheren; andd; arethe normalanddistanceof the mirror
fromthecameracoordinatesystem For thisto besatisfied,
n; = [1,0,0]T. Thus,the only onemirror solutionoccurs
whenthe normalof the mirror is parallelto the scanlines
of thecamergthex-axis)asshovn in Figure6. Thestereo
systemwill remainrectifiedfor ary distanced,, however
thebaseline) will changeasb = 2d;.

The adwvantageof this solutionis its simplicity. How-
ever, becausa finite mirror mustbe usedthefield of view
of thevirtual camerds limited by theanglethe mirror sub-
tendswith respecto thevirtual camergseeFigure6). The
field of view « is relatedto thebaselineh andthelengthof
themirror h as

2h T 0
a = arctan <T) ~3 + 5 (4)
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Figure 7: Shifting the image detectorto reduceasymmetryin
the steredfield of view. (a) Whenassinglemirror is usedthe left
cameraview usesa largerportionof theimagedetectorthanthe
rightcameraview. (b) Theasymmetrycanberemovedby shifting
the image detectorwith respectto the imaging lens (centerof
projection).

Thereforejf alargebaselindgs desiredthenalargemirror
mustbe employedor elsethefield of view will beseverely
limited.

Becauséghe mirror is finite a field of view asymmetry
existsbetweertherealandvirtual cameraA largerportion
of theimagedetectoiis usedby therealcameraAs shavn
in Figure7, thisasymmetrycanberemovedby shiftingthe
imagedetectorwith respecto the centerof projectionof
the camera. For applicationswherethe sceneof interest
lies closeto the camerathis hasthe benefitof increasing
theviewing volumecloseto the stereasystem.

4 Threemirr or rectified stereo

We canovercomethe limitations of singlemirror recti-
fied stereadby incorporatingadditionalmirrors. With three
mirrors we can ensurethat the field of view is equally
sharedbetweenthe two virtual cameras(seeFigure 8).
Furthermorea large baselinecan be obtainedusingrela-
tively smallmirrors. However, we cannot arbitrarily place
the three mirrors. As we will shaw, to obtain rectified
stereofive constraintsbetweenthe mirrors and the cam-
eramustbe satisfied. From (2) we know that the mirrors
mustbe placedsuchthat

D;D>D; = 5)
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Using (5) we will first derive three constraintsby deter
mining how the mirrors mustbe placedso thatthereis no
rotationbetweernthe virtual cameras.Thenwe will shov
theremainingtwo constraintghatarisefrom requiringthe

Figure8: Threemirror rectifiedstereo.By usingthreemirrorsa
rectifiedsterecsystemcanbedesignedvherethefield of view of
eachvirtual camerds half thefield of view of therealcamera.

directionof translationto be parallelto the scanlineqthe
X-axis).
4.1 Rotation constraints

The upperleft 3 x 3 block of the matrix in (5) is the
requirementhat therebe no rotation betweenthe virtual
cameras:

-1 0 O
RiR>R3 = 0o 1 0|, (6)
0 0 1
where
R; = [I-2n;n]]. (7)

RecallthatRRs is arotationmatrix with arotationalaxis
definedby n; x n» [2]. Thisimpliesthat

-1 0
0 1
0 0

0
0 R3 (1’11 X 1’12) = (Ill X HQ) . (8)
1

It is straightforwardto shav that

-1 0 0
0 1 0|Rs (n3 x [1,0,0]T) - <n3 x [1,0,0]T).
0 0 1
)
Thereforeto satisfy(6) it is necessaryhat
(1 x ng) = A (n3 x [1,0,0]T) . (10)

Thescalefactor A canberemovedby takingthe dot prod-
uctwith n; or nz giving ustwo independentonstraints,

n; - (n3 x [1,0,0]T) —0 (11)



Figure9: Themirrorsmustbeangledsuchthattwo raysatangles
« andr — o areparallelafterbeingreflectecby themirrors, thatis

a1 = az. Doingsowill ensurethatthereis norotationbetween
thetwo virtual cameras.

and
ns - (Ill X Ilg) =0. (12)

This implies that the normalsof the threemirrorsny, n,
andng andthex-axisareall co-planar Whenthe normals
areco-planarthemirrorsrotatethevirtual camerasbouta
commonaxis. Of coursewe still needto orientthemirrors
sothattherotationalangleis cancelled.But now we can
simplify our analysisby working in thetwo dimensionof
theplanecontainingthenormalsandthex-axis. In 2-D the
mirrors arerepresentedy lines where#; is the anglethe
it" mirror normalmakeswith thex-axisof therealcamera.
For simplicity we have movedthex-axisto therealcamera.
If we consideraray leaving the cameracenterat angle
« anda correspondingay leaving the cameraat anangle
m—a thenthemirrorsmustbeangledsuchthetwo reflected
raysareparallel,thusensuringhereis norotationbetween
thevirtual cameragseeFigure9). After beingreflectedoy
themirror orientedat angled,, theangleof theleft ray is

01:29170[-%71'. (13)

The angleof the right ray a, after reflectionby the two
mirrorsis

012:20372027014-71'. (14)

Thetwo raysareparallelif «; = as. Thereforethe rota-
tion is cancelledf

05 — 05 = 0;. (15)

We canexpresg(15) in termsof the normalsof the mirrors
as,

ng-n, =1nj - [1,0, O}T . (16)
To summarize,if the normalsof the mirrors satisfy the

threeconstraintg11), (12) and(16) thentherewill be no
rotationbetweerthetwo virtual cameras.

4.2 Translation constraints

So we have three constraintshat mustbe satisfiedto
rectify the virtual cameras However, we alsoneedto en-
surethat the direction of translationbetweenthe virtual
camerags alongthex-axis.

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

b
2d3R1R21’13 + 2d2R11’12 + 2d1n1 = 0 . (17)
0

After multiplying throughwith R3R»R andsubstituting
(6) we get

2dsRs3ns + 2d;RsRons+

~1.0 0 —b
2; | 0 1 0|m=1| 0 |. (@8
0 0 1 0

Next, by substituting(7) for the R; we get

—2d3n3 - 2d2n2 + 4(1’13 - ng)d2n3+
-1 0 0 —b
211 0 1 0 |ni=| 0 |. (19

0 0 1 0

Sincethe baselineb is arbitrary we have only two linear
constraint®n dy, ds andds, namely

—ngydg + (2 (113 . 112) N3y — ngy) do + nlydl =0 (20)
and
—n3z.dz + (2 (n3 - n2) 3, — na.)dy +ni.d; =0, (21)

Whereni = [nm, Ny, ’I’Liz].

We have now derivedthe 5 constraintdor threemirror
rectifiedstereo.To summarizejf the normalsof the three
mirrors are co-planarwith the x-axis, the anglesbetween
themirrorssatisfy(16) andthe distanceso themirrorsare
chosensuchthat (20) and (21) are satisfiedthenthe two
virtual camerawill berectified.

4.3 Sensordesignvia optimization

For mary stereoapplicationsthe compactnessf the
sensoris important. In this sectionwe describean auto-
matedtool for catadioptricsterecsensodesign.Givende-
sign parametersuchas baseline field of view, and size
of the real camerawe computethe optimal placemenbf
the mirrors suchthat the virtual camerasrerectifiedand
sensossizeis minimized.

To simplify the optimization,we assumehe planecon-
tainingthe normalsof themirrorsis thex-z plane,meaning
thereis no tilt betweerthe cameraandthe mirrors. Now,
eachof thethreemirrorsis representedy aline, sothere
areonly six parameterséy, 0>, 03, di, do andds. Be-
causewe arerestrictedo thex-z plane,(11),(12) and(20)



bounding box

Figure10: We searcHor themirror locationsthatsatisfytherec-
tification constrainteandminimizethe perimeterf thebounding
box of themirrors,for agivenbaseline.

aresatisfied andthusthereareonly two rectificationcon-
straints,oneon the anglesof the mirrors (15) andoneon
thedistance421). Givenadesiredbaselineh we have one
moreconstraintfrom (19)

2n3,dz+(2n2, — 4 (n3 - n3) N3, ) do+2n1,d; = b. (22)

Threeconstraintson six parameterseavesthreefree pa-
rameters.To optimizetheseparametersomecriteria for
sensorsize must be chosen. One simple measures the
perimeterof the boundingbox of the mirrors (seeFig-
urel10).

Tofind thebestconfigurationwe searctthroughall pos-
siblelocations(61, d;) of thefirst mirror andpossiblean-
glesd, for the secondmirror. Theremainingthreeparam-
eters,thedistanced, to the secondmirror, thedistanceds
to the third mirror andthe anglef; of the third mirror are
found by solving (15), (21) and(22), wheren,;,, = cos 6;
andn;, = sinf;. For eachsetof computedparameters
we determinethe end pointsof the mirrors by tracingthe
optical axis andthe limiting raysof the field of view and
intersectinghemwith themirrors. Oncetheendpointsare
foundthe perimeterof the boundingboxis computedThe
designthatminimizesthe perimeteris chosen.

We only admit solutionswherethe mirrors do not oc-
cludeeachother Thuswe ensurethattheray ra, in Fig-
urell, doesnotintersecthemirrorsMy andM3 andthe
rayrs doesnotintersectMs. In addition,weonly consider
solutionswheretherealcameradoesnotseeitself andthus
we ensurethe ray r; is a minimum distancec from the
cameracenterof projection(notethatc is proportionalto
thebaseline anddeterminedrom thesizeof thecamera).

Figure12 shaws two optimal configurationdor a cam-
erawith a60° field of view. Asshavnin 12(a),whenc = 0
thesecondnirror is infinitesimallysmallandlocatedatthe
centerof projectionof thecameraFigure12(b)shovsthe
optimalsolutionwhenc = 0.1. As both ¢ andthefield of
view increasdhe optimal sensosizealsoincreasesNote
thatwe mayusethesameapproachio find theoptimalsen-
sor for someother size criterion, suchasthe areaof the
boundingbox.

Figure 11: It is importantthat the reflectedscenerays are not
occludedby the mirrors. Therefore,we ensurethat the ray r»
doesnotintersecthemirrorsM 2 andM g andtherayrs doesnot
intersectM .. If we have somenotion of the sizeof our camera
thenwe canalsoensurehattheray ry is ata minimumdistance
c from the cameracenterof projection.
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Figure12: Optimizedstereosensordgor baseling. (a) If we do
notconsidetthe sizeof the camera¢ = 0, thenthe optimalsolu-
tion hasonemirror at the centerof projection. (b) This configu-
rationis optimalwhenc = 0.1. For scale the baselinebetween
thevirtual camerass shavn.

5 Experimental results

We have usedthe constraintdntroducedin the preced-
ing sectiongo build bothoneandthreemirror stereosen-
sors. As in Figure 13(a), we can capturerectified stereo
imagesusinga single mirror by placingthe mirror paral-
lel to the opticsof the camera.We foundthataligningthe
mirror by handwasadequatéo obtaina depthmapof the
scengseeFigurel4). To demonstratéhatthesteredmage
is rectified the correspondenceearchis only performed
alongthe scanlines. The depthmap was computedon a
640 x 480 imageusing both SSD and normalizedcross-
correlationwith a15 x 15 sizewindow. In thesinglemirror
casewe foundthatnormalizedcross-correlatiois benefi-
cial becausef intensity differencesntroducedby the re-
flectionof scengaysatacuteangleswith themirror (recall
thatthe reflectanceof a mirror falls slightly asa function
of theangleof incidence).



Figure13: Oneandthreemirror rectifiedstereosystemsisinga
Sory XC-75 camerawith a Computardmm pinholelens. (a) A

singlemirror is placedsuchthatthe mirror normalis perpendic-
ular to the optical axis of theimagingsystem.(b) Threemirrors
areplacedin arectifiedconfiguration.

To constructa three mirror systemwe usedthe opti-
mal solutiondescribedn theprevioussectionandscaledt
sothatthe baselinewas10 cm. Using a drawing tool we
printedthelocationof thethreemirrorsandcameracenter
of projectionon a pieceof paper(seeFigure 13(b)). We
useda Computadmm pinholelenssothatwe couldaccu-
ratelyplacethepinholeof thelensoverthedesiredoosition
markedonthepaper

Figure 15(a) shawvs several imagestaken by the three
mirror system.15(b)and15(c)shav depthmapscomputed
by searchinglongthe scanlinesusingboth SSDandnor-
malized cross-correlation.For the threemirror case,we
found that normalizingthe datadid not improve the re-
sults. The threemirror systemdoesnot suffer from the
acuteanglesof incidencewhich areencountereevhenus-
ing asinglemirror. Thereforetheextracomputationatost
of normalizedcross-correlatiomanbe avoided.

6 Conclusion

In this paper we have shovn how to designa classof
novel stereosensors.By avoiding the needfor synchro-
nization, rectificationand normalizationof the datathese
sensorsare well-suited for real-time applications. Cur
rently, we areusingtheideaspresentedhereto build ava-
riety of compacttereadevices.
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Figure 14: Singlemirror rectifiedstereo.(a) An image(croppedfor display)capturedy the singlemirror stereasystem.Notethatthe
right sideof theimageis reflected.To demonstrat¢hatthe imagesarerectifiedwe performstereomatchingalongthe scanlinesf the
imageafterremaoving thereflection.(b) and(c) arethedepthmapscomputedisingSSDandnormalizeccross-correlatiowith a15 x 15
window. Normalizedcross-correlatioperformsslightly betterdueto theintensitydifferencesntroducedby thereflectionof scenerays
atacuteangleswith themirror. Depthis not computedor backgroundgixels.
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Figure15: Imagesanddepthmapsusingthreemirror rectifiedstereo.(a) Three640 x 480 images(croppedor display)capturedising
threemirrors. Beforestereomatchingalongthe scanliness performedthe right half of eachimageis flippedto remorve the reflection.
(b) and(c) arethe depthmapsobtainedusing SSDandnormalizedcross-correlationvith a 15 x 15 window. Notethatthe difference
betweenthe two is nagligible thusemphasizinghe fact thatwhenonly a singlecamerais usedSSDis suficient for stereomatching.
Depthis notcomputedor the backgroundpixels.



