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Abstract
Traditional stereo systemshave a small field of view
which limits their usefulnessfor certainapplications.By
imagingcurvedmirrors, thefieldof view of conventional
cameras can be enhanced. In this paper, we present
thedesignof a compactpanoramicstereocamera which
usesparabolicmirrorsandis capableof producing

�������
panoramicdepthmapsat therateof several framesper
second.Videosurveillance, autonomousnavigation,and
site modelingare someof the applicationswhich will
benefitfromsuch a sensor.

1 Motivation and Background Work
Automatedvideo surveillancesystemsneedthe ability
to detectandtrack movementsover a large 3-D space.
Similarly, autonomousnavigationsystemsmustperceive
andavoid obstacleswhichmaynotbein thefield of view
of conventionalcameras. Site modeling, the recovery
of 3-D structureof a largescene,is anotherapplication
which typically requiresrangedataover a largefield of
view. In theseapplications,multiple cameras,moving
partsor active sensorsareoftenusedto compensatefor
thesmallfield of view of traditionalstereosystems.We
havedesignedastereosystemwhichusesacombination
of lensesand curved mirrors (known as a catadioptric
system)to capturea wide field of view without moving
parts.

Previously, severalresearchershaveusedpanoramicim-
agesto computedepthmaps.Ishiguroetal. [1992] used
panoramicimagesobtainedfrom a rotating camerato
computedepth.Similar rotatingsystemshave beenpro-
posedby [Murray, 1995], [McMillan andBishop,1995],
[Benosmanet al., 1996] and[KangandSzeliski,1997].
Thedisadvantageof suchsystemsis thatthey requireme-
chanicalscanningandarethusnotpracticalfor real-time
applicationssuchassurveillanceandnavigation.

Panoramicimagescanbeacquiredin real-timeby imag-
ing curved, mirroredsurfaces. Oneof the first usesof
�
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mirrors for stereowas in [Nayar, 1988], whereNayar
suggesteda wide field of view stereosystemconsist-
ing of a conventionalcamerapointed at two specular
spheres.A similarsystemusingtwo convex mirrors,one
placedontopof theother, wasproposedby Southwellet
al. [Southwellet al., 1996]. However, in boththesesys-
temstheprojectionof thesceneproducedby thecurved
mirrors is not from a singleviewpoint. Violation of the
“single viewpoint assumption”implies that the pinhole
cameramodelcannot be used,thusmakingcalibration
andcorrespondencea moredifficult task.

In [Nayar and Baker, 1997], Nayar and Baker derived
the classof catadioptriccameraswhich do producea
single view point. Later, Neneand Nayar [1998] pre-
sentedseveral differentstereoconfigurationsusingpla-
nar, parabolic,elliptic, andhyperbolicmirrorswhichen-
sureasingleviewpoint. A catadioptricstereosystemus-
ing hyperbolicmirrorswasimplementedby Chaenetal.
[1997]. In thispaper, wepresentthedesignof acompact
panoramicstereosensorusingparabolicmirrors,which
is capableof producingpanoramicdepthmapsin real-
time.

2 Panoramic Stereo Camera

Figure1 is a diagramof our compactpanoramicstereo
sensor, which is composedof two omnidirectionalcam-
eras,alignedvertically (coaxial). Eachomnidirectional
cameraconsistsof aconventionalcamera,telecentricop-
tics, anda parabolicmirror. Telecentricopticsapprox-
imatesorthographicprojectionwhich, togetherwith a
parabolicmirror, formawide-angleimagingsystemwith
a singlecenterof projectionlocatedat thefocal point of
theparabola[Nayar, 1997]. Thereasonsfor aligningthe
sensorsverticallyaretwofold. First,by placingonesen-
sorabovetheotherthesingularities(wheredepthcannot
becomputedneartheepipoles)occurwherethecameras
occludethemselves.Second,thepanoramicimageshave
corresponding,parallelepipolarlines,thuslendingthem-
selvesto real-timestereoprocessing.

A singlecameracould be usedby placingonesmaller
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Figure 1: Schematicdiagramof a compactpanoramic
stereocamera.Two omnidirectionalcamerasareusedto
capturepanoramicstereodata.Omnidirectionalimaging
is achievedby theorthographicprojectionof a parabolic
reflectingsurface. Telecentricopticsis usedto achieve
orthographicprojectionwhile keepingthe cameraclose
to themirror.

mirror on top of theotherasin [Southwellet al., 1996].
However, the resolutionof the two panoramaswill be
significantlydifferentwhich leadsto lessrobust stereo
matching.

2.1 Field of view

The field of view (FOV) of eachomnidirectionalcam-
era is determinedby the extent of the parabola. If the
parabolaextendsbeyond its focal point, it is possible
to obtaina FOV greaterthana hemisphere.Eachom-
nidirectionalcameraalsoproducesa coneof occlusion,
wherethecameraseesitself in themirror. Figure2 shows
thefield of view sharedby thetwo cameras,wheredepth
may be computed. When the camerasare coaxial the
sharedFOV is theFOV of thebottomcameraminusthe
occlusionconeof thetopomnidirectionalcamera.

2.2 Generating Panoramas

We areableto generatefull
����� �

panoramasby project-
ing theinputimageontoacylinder. As shown in figure3,
themappingis doneby first orthographicallyprojecting
theimagepoint 	 ontotheparabola,andthenprojecting
to the point 	�
 by a ray passingthroughthe focal point
of theparabola.

Whengeneratingapanorama,webackprojecteachpixel
in the panoramicimageto a point in the input image
andusebilinearinterpolationto find theintensityat that
point. Usingthefollowing equationfor aparabola(coor-
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Figure2: The field of view. By extendingthe parabola
beyondthefocal point, parabolicmirrorsarecapableof
capturinga field of view greaterthana hemisphere.An
occlusionconeis createdwherethecamera“seesitself.”

dinatesystemlocatedat thefocalpoint),
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�� �������� � � (1)

the back projectionfunction which relatesheight � 
 in
thepanorama,to distance

�
from imagecenterbecomes

� 
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The radii of the parabolaand cylinder are denotedby

� and
�

, both measuredin pixels. While equation(2)
only definesonedimensionin thepanoramatheotherdi-
mensionis simplyafunctionof polaranglein theimage.
Next, we discusstheepipolargeometryof boththecap-
turedimageandthepanoramicimage.
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Figure 3: Mapping an imagepoint to a panorama.A
point in the image 	 is mappedto the point 	'
 in the
panorama.
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Figure4: Epipolargeometry. (a) Theepipolarlines for
a pair of coaxialomnidirectionalimagesareradiallines.
(b) Whenthe imagesareprojectedontoa panoramathe
epipolarlinesbecomeparallel.

2.3 Epipoar Constraint

An importantpart of any stereosystemis the epipolar
constraint.This constraintreducestheproblemof find-
ing correspondingpointsto a 1-D search.Theepipolar
constraintfor catadioptricsystemshasbeenstudiedby
[NeneandNayar, 1998] and[Svobodaet al., 1998]. For
parabolicmirrors,correspondingpointsmustlie oncon-
ics (epipolarcurves). However, whenthe parabolasare
vertically alignedsuchthat theverticesandfocal points
arecoaxial,thecurvesreduceto radial lines (seefigure
4). Oncethe imageof the parabolais projectedonto a
cylinder (panoramicimage) the epipolar lines become
parallel.If eachimagein thestereopair is projectedonto
a cylinderof thesamesize,theepipolarlineswill match
up. This implies that

�
in equation(2) shouldbe the

samefor theprojectionfunctionof eachstereoimagein
ordertoensurematchedepipolarlines.Matchedepipolar
linesaredesirablebecauseefficient searchmethodscan
beusedto performstereocorrespondence.

2.4 Computation of Depth
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Figure 5: Triangulationand the computationof depth.
Given a pair of imagecorrespondences	 and 	'
 , the
scenepoint ) is foundby triangulation.

Oncecorrespondencebetweenimagepointshasbeenes-
tablished,depthcomputationby triangulationis straight-
forward. As shown in figure5, eachcorrespondingim-

Figure 6: Depth resolution. Eachpoint representsthe
depthof apairof correspondingimagepointstakenfrom
a single,radial epipolarline. The bottomgraph,which
is an enlargement,shows that the depthresolutionbe-
comesuniform closeto theparabola.Thetwo grey dots
representthelocationof thebottomparbolain thestereo
system.

agepoint is theorthographicprojectionof a pointon the
parabola,which canbe definedby the angles* and + .
Fromthelaw of sines,depth, is computedas

, 
 -/.�0 � + �
02143 � * � + �65 � (3)

where 5 is the baselineof the stereosystem(seefigure
5). Letting

�
and

� 
 bethedistancesof theimagepoints
	 and 	'
 from thecenterof theparabolasin the image,
thentheangles* and+ aredeterminedby,
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�� 
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 � 
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where� and� 
 aretheradii of theparabolas.Notethatin
contrastto traditionalstereo,depthcomputationis inde-
pendentof thefocal lengthof thecamera(dueto ortho-
graphicprojection).

Alternatively, distancecan be definedas a function of
disparity in the panoramicimage. If

�
and

� 
 are the
heightsof correspondingpoints in the top and bottom
panoramas,disparity

�;�<� 
 is inverselyrelatedto depth
as � �;��� 
= � ��> � � � 5 
@?, � (6)

2.5 Depth Resolution

Becauseof the non-uniform spatial resolution intro-
ducedby usingcurvedmirrors,depthresolutionis more



Figure 7: User interfaceof the calibration tool. The
stereoomnidirectionalimagesare calibratedusing the
radiusandcenterof the parabolain eachimage,which
arefoundby fitting acircle to theimageof theparabola.

complicatedfor omnidirectionalstereothan traditional
stereo.Figure6 showsasamplingof thedepthresolution
in 2-D. Thesamplingis obtainedby computingdepth ,
for every possiblepair of imagecorrespondences

�
and� 
 usingthefollowing equation

, 

� � � > ���A�B� 
� � � �:� � �B� 
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 � �4� 5 � (7)

whichis derivedfrom equations(3), (4), and(5) (assum-
ing equalradii of thetwo parabolas).Notethatthebase-
line 5 effectsthescaleandtheradius� effectsthedensity
of the graphin figure 6. While equation(7) only de-
scribesdepthin 2-D, thedepthresolutionin 3-D is fur-
ther complicatedby the fact that it is dependenton the
volumeof intersectionof thetwo solidanglessubtended
by the correspondingimagepoints. Finding the base-
line whichoptimizesthedepthresolutionfor aparticular
sceneis aninterestingissuefor futurestudy.

2.6 Calibration

Beforepanoramascanbegeneratedanddepthcomputed,
thesystemmustbecalibrated.Dueto differentfocalset-
tingsbetweenthecameras,thesizesof theparabolasin
the imagemay differ. The centerof the parabolamay
notbelocatedat thecenterof theimage.Furthermore,a
slight rotationabouttheverticalaxismayexist between
the two cameras.Therefore,we needto determinethe
parabolaradii andcentersaswell asthe rotationalshift
betweenthetwo cameras.

We have implementedan interactive tool to find these
calibrationparameters.As shown in figure7 a circle is

Figure8: A compactpanoramicstereocamera.In this
designwe usedparabolaswith a

����� �DC ����� �
field of

view.

fit to eachparabolicimage. This circle determinesthe
centerandradiusof theparabola.Of course,depending
on the extent of the parabolathe measuredradiusmay
not be � the radiusat the focal point, which is usedin
equations(1), (3), (4), (5), and(7). However, in practice
theextentof theparabolais known preciselyand � may
beestimatedfrom theradiusin theimage�FE using

� 
 � E � 0HGI-KJ � 798 3�J � � (8)

where J is theangularextentof theparabolabeyondthe
focalpoint.

Once� is obtained,the imagescanbe projectedonto a
panoramicimage,wherethe epipolarlines areparallel.
Then,by manuallyselectinga few correspondingpoints
therotationalshift betweentheimagescanbemeasured
andremoved.At thispoint, theepipolarlineswill match
upandwecanproceedwith scanlinestereomatching.

An additional featureof the calibration tool is an ad-
justablefield of view. Becauseof thecomputationalde-
mandsof stereomatching,it is oftenthecasethatonly a
portionof theimagecanbeused(alternatively resolution
canbereduced).For thisreason,weallow theuserto de-
fine a portion(a field of view) within eachimagewhich
definestheactive partof thestereosearch.Notethatthe
panoramawill alwayscover

����� �
; thefield of view ad-

justmentwill only effect theelevationof thepanorama.
In figure 7 the boundsof this areaareshown ascircles
definedby theuser.

3 Real-time Implementation
Wehaveimplementedareal-timestereoalgorithmwhich
processesimagestaken by the panoramicstereosensor
(shown in figure8). After digitization,eachimageis pro-
jectedontoa cylindrical (panoramic)image.Theradius�

of the cylinder is set to the averageof the two radii



Figure9: Panoramicimagesanddisparitymap. Thedisparitymap(on top) wascomputedfrom the two panoramic
images(onbottom).

of theparabolas.Because� , � 
 and
�

, theparametersof
theprojectionfunction,arefixedat run-timethewarping
functioncanbecomputedoff-line andimplementedasa
lookup table. At run-time,eachpixel in the panoramic
imageis back projectedthroughthe lookup table to a
point in the input image. Bilinear interpolation,imple-
mentedin integerarithmeticfor speed,is usedto improve
warpingquality. Figure9 (onbottom)showsanexample
panoramicstereopair.

Onceprojectedontoacylinder, stereomatchesarefound
usinga standardwindow-basedcorrelationsearchwith
a sumof absolutedifferencescorrelationmeasure.Be-
causethe epipolar lines are matchedand parallel in
the panoramicimages,this searchis implementedef-
ficiently as in [Faugeraset al., 1993]. Further speed
enhancementsaremadeusingthe MMX SIMD (single
instructionmultiple data) instructionset. An example
panoramicdisparityimageis shown in figure9 (on top).

For panoramicimagesof
����� C ���

pixels anda depth
searchof 32pixels,wehaveachievedathroughputof ap-
proximately7 framespersecondona standard300Mhz
PentiumII PC.Theimagesizeof

����� C ���
waschosen

becausein panoramicstereowe areprimarily interested
in horizontalresolution.
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