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Abstract

Traditional steeo systemshave a small field of view
which limits their usefulnes$or certainapplications.By
imaging curvedmirrors, thefield of view of corventional
cameas can be enhanced. In this paper we present
thedesignof a compactpanoramicstereocamern which
usesparabolicmirrors andis capableof producing360°
panoramicdepthmapsat the rate of several framesper
secondMdeosurveillanceautonomousavigation,and
site modelingare someof the applicationswhich will
benefifromsud a sensor

1 Motivation and Background Work

Automatedvideo suneillance systemsneedthe ability

to detectandtrack movementsover a large 3-D space.
Similarly, autonomousavigationsystemsnustperceve

andavoid obstaclesvhichmaynotbein thefield of view

of conventionalcameras. Site modeling, the recovery

of 3-D structureof a large scenejs anotherapplication
which typically requiresrangedataover a large field of

view. In theseapplicationsmultiple camerasmaoving

partsor active sensorsare often usedto compensatéor

thesmallfield of view of traditionalsterecsystemsWe

have designedh sterecsystemwhich usesa combination
of lensesand curved mirrors (known as a catadioptric
system)to capturea wide field of view without moving

parts.

Previously, severalresearcherbave usedpanoramidm-
agesto computedepthmaps.Ishiguroetal. [1997 used
panoramicimagesobtainedfrom a rotating camerato
computedepth. Similar rotatingsystemshave beenpro-
posedoy [Murray, 1995, [McMillan andBishop,1995,
[Benosmaret al., 1996 and[KangandSzeliski,1997.
Thedisadwantagef suchsystemss thatthey requireme-
chanicalscanningandarethusnot practicalfor real-time
applicationssuchassureillanceandnavigation.

Panoramidmagescanbeacquiredn real-timeby imag-
ing curved, mirrored surfaces. One of the first usesof
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mirrors for stereowasin [Nayar 1984, where Nayar
suggestedh wide field of view stereosystemconsist-
ing of a corventionalcamerapointed at two specular
spheresA similar systemusingtwo convex mirrors,one

placedontop of theother wasproposedy Southwellet

al. [Southwelletal., 1994. However, in boththesesys-

temsthe projectionof the scengproducedoy the curved

mirrorsis not from a singleviewpoint. Violation of the

“single viewpoint assumption’implies that the pinhole

cameramodelcannot be used,thusmaking calibration
andcorrespondencamoredifficult task.

In [Nayar and Baker, 1997, Nayar and Baker derived
the classof catadioptriccameraswhich do producea
single view point. Later, Neneand Nayar[199 pre-
sentedseveral differentstereoconfigurationsusing pla-

nar, parabolic elliptic, andhyperbolicmirrorswhichen-
sureasingleviewpoint. A catadioptricstereosystenmus-
ing hyperbolicmirrorswasimplementedy Chaeretal.

[1997. In this paperwe presenthedesignof acompact
panoramicstereosensorusing parabolicmirrors, which

is capableof producingpanoramicdepthmapsin real-
time.

2 Panoramic Stereo Camera

Figure 1 is a diagramof our compactpanoramicstereo
sensorwhichis composedf two omnidirectionalcam-
eras,alignedvertically (coaxial). Eachomnidirectional
cameraonsistof acorventionalcameratelecentricop-
tics, and a parabolicmirror. Telecentricoptics approx-
imatesorthographicprojectionwhich, togetherwith a
paraboliomirror, form awide-angldmagingsystenwith
asinglecenterof projectionlocatedat thefocal point of
the paraboldNayar 1997. Thereasondor aligningthe
sensorwertically aretwofold. First, by placingonesen-
sorabovetheotherthe singularitiewheredepthcannot
becomputecheartheepipolespccurwherethecameras
occludethemseles.Secondthe panoramiédmageshave
correspondingparallelepipolardines,thuslendingthem-
selesto real-timesteregprocessing.

A single cameracould be usedby placingone smaller
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Figure 1: Schematiadiagramof a compactpanoramic
stereaccamera.Two omnidirectionatameragreusedto

capturepanoramicstereadata.Omnidirectionaimaging

is achiezedby the orthographigorojectionof a parabolic
reflectingsurface. Telecentricopticsis usedto achieve

orthographigorojectionwhile keepingthe cameraclose
to themirror.

mirror on top of the otherasin [Southwelletal., 1994.

However, the resolutionof the two panoramaswill be
significantly differentwhich leadsto lessrobust stereo
matching.

2.1 Field of view

The field of view (FOV) of eachomnidirectionalcam-
erais determinedby the extent of the parabola. If the
parabolaextendsbeyond its focal point, it is possible
to obtaina FOV greaterthana hemisphere.Eachom-
nidirectionalcameraalsoproducesa coneof occlusion,
wherethecameraeestselfin themirror. Figure2 shovs
thefield of view sharedby thetwo cameraswheredepth
may be computed. When the camerasare coaxial the
shared=QV is the FOV of the bottomcameraminusthe
occlusionconeof thetop omnidirectionakamera.

2.2 Generating Panoramas

We areableto generatdull 360° panoramasy project-
ing theinputimageontoacylinder. As shavnin figure3,
the mappingis doneby first orthographicallyprojecting
theimagepoint p ontothe parabolaandthenprojecting
to the point p’ by aray passinghroughthe focal point
of theparabola.

Whengeneratinga panoramaywe backprojecteachpixel
in the panoramicimageto a point in the input image
andusebilinearinterpolationto find the intensityat that
point. Usingthefollowing equatiorfor aparabolgcoor

occlusion cone

Figure2: Thefield of view. By extendingthe parabola
beyondthefocal point, parabolicmirrors are capableof
capturinga field of view greaterthana hemisphere An
occlusionconeis createdvherethe camerd'seesitself”

dinatesystenlocatedatthefocal point),

@)

the back projectionfunction which relatesheightz’ in
thepanoramato distancer from imagecenterbecomes

o = M @)
2rx

The radii of the parabolaand cylinder are denotedby
r and R, both measuredn pixels. While equation(2)
only definesonedimensiornin the panoramaheotherdi-
mensions simply afunctionof polaranglein theimage.
Next, we discusghe epipolargeometryof boththe cap-
turedimageandthepanoramidmage.
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Figure 3: Mapping animagepoint to a panorama.A
point in the image p is mappedto the point p’ in the
panorama.
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Figure4: Epipolargeometry (a) The epipolarlines for
apair of coaxialomnidirectionaimagesareradiallines.
(b) Whenthe imagesareprojectedonto a panoramahe
epipolarlinesbecomeparallel.

2.3 Epipoar Constraint

An importantpart of ary stereosystemis the epipolar
constraint. This constraintreduceghe problemof find-

ing correspondingointsto a 1-D search.The epipolar
constraintfor catadioptricsystemshasbeenstudiedby

[NeneandNayar 1994 and[Swobodaetal., 1999. For

parabolicmirrors,correspondingointsmustlie on con-
ics (epipolarcurves). However, whenthe parabolasare
vertically alignedsuchthatthe verticesandfocal points
are coaxial,the curvesreduceto radial lines (seefigure
4). Oncethe imageof the parabolais projectedonto a

cylinder (panoramicimage) the epipolarlines become
parallel.If eachimagein thestereqgairis projectedonto
acylinder of thesamesize,theepipolarlineswill match
up. This impliesthat R in equation(2) shouldbe the
samefor the projectionfunction of eachsterecdimagein

orderto ensureanatchecepipolarines. Matchedepipolar
lines aredesirablebecausesfficient searchmethodscan
beusedto performstereacorrespondence.

2.4 Computation of Depth
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Figure5: Triangulationand the computationof depth.
Given a pair of image correspondencep and p’, the
scengpoint P is foundby triangulation.

Oncecorrespondendeetweerimagepointshasbeenes-
tablisheddepthcomputatiorby triangulationis straight-
forward. As shown in figure 5, eachcorrespondingm-

Figure 6: Depthresolution. Eachpoint representshe
depthof a pair of correspondingmagepointstakenfrom

a single,radial epipolarline. The bottomgraph,which

is an enlagement,shovs that the depthresolutionbe-

comesuniform closeto the parabola.Thetwo grey dots
representhelocationof thebottomparbolain thestereo
system.

agepointis the orthographigrojectionof a pointon the
parabolawhich canbe definedby the anglesa and 5.
Fromthelaw of sines,depthd is computedas

cos(f)
d= ——7—"—
sin(a — G)
whereb is the baselineof the stereosystem(seefigure
5). Letting z andz’ bethedistance®f theimagepoints
p andp’ from the centerof the parabolasn theimage,
thentheanglesx andg aredeterminedy,

b, ®3)

r2 g2
tan(a) = Y- 4)
and
2 g?
tan(8) = i (5)

wherer andr’ aretheradii of theparabolasNotethatin
contrasto traditionalstereo depthcomputatioris inde-
pendenbf the focal lengthof the camera(dueto ortho-
graphicprojection).

Alternatively, distancecan be definedas a function of
disparity in the panoramicimage. If x andz’ are the
heightsof correspondingpointsin the top and bottom
panoramagjisparityz — z’ is inverselyrelatedto depth
as

z—x

i ©)

1
( o= .

2.5 Depth Resolution

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



Figure 7: User interface of the calibrationtool. The
stereoomnidirectionalimagesare calibratedusing the
radiusand centerof the parabolain eachimage,which
arefoundby fitting acircle to theimageof the parabola.

complicatedfor omnidirectionalstereothan traditional
stereo Figure6 shavs asamplingof thedepthresolution
in 2-D. The samplingis obtainedby computingdepthd
for every possiblepair of imagecorrespondences and
2’ usingthefollowing equation

(r? + z2)2’

- (r2 —z?)z’ — (r2 — m’Q)x ’

(7)

whichis derivedfrom equationg3), (4), and(5) (assum-
ing equalradii of thetwo parabolas)Notethatthebase-
line b effectsthescaleandtheradiusr effectsthedensity
of the graphin figure 6. While equation(7) only de-
scribesdepthin 2-D, the depthresolutionin 3-D is fur-
ther complicatedby the factthatit is dependenbn the
volumeof intersectiorof thetwo solid anglessubtended
by the correspondingmage points. Finding the base-
line which optimizesthedepthresolutionfor a particular
scends aninterestingssuefor futurestudy

2.6 Calibration

Beforepanoramasanbegenerate@nddepthcomputed,
thesystenmustbe calibrated .Dueto differentfocal set-
tings betweerthe camerasthe sizesof the parabolasn
the imagemay differ. The centerof the parabolamay
notbelocatedat the centerof theimage.Furthermorea
slight rotationaboutthe vertical axis may exist between
the two cameras.Therefore,we needto determinethe
parabolaradii andcentersaswell asthe rotationalshift
betweerthetwo cameras.

We have implementedan interactve tool to find these
calibrationparametersAs showvn in figure 7 a circle is

Figure8: A compactpanoramicstereocamera.In this
designwe usedparabolaswvith a 360° x 200° field of
view.

fit to eachparabolicimage. This circle determineghe
centerandradiusof the parabola.Of course depending
on the extent of the parabolathe measuredadiusmay
not be r the radiusat the focal point, which is usedin
equationg1), (3), (4), (5), and(7). However, in practice
the extentof the parabolas known preciselyandr may
be estimatedrom theradiusin theimager; using

r = r;(sec ¢ — tan @), 8)

whereg is the angularextentof the parabolebeyondthe
focal point.

Oncer is obtained the imagescanbe projectedonto a
panoramidmage,wherethe epipolarlines are parallel.
Then,by manuallyselectinga few correspondingpoints
therotationalshift betweertheimagescanbe measured
andremoved. At this point, the epipolarlineswill match
up andwe canproceedwvith scanlinestereamatching.

An additionalfeatureof the calibrationtool is an ad-
justablefield of view. Becausef the computationate-
mandsof stereomatchingi,it is oftenthe casethatonly a
portionof theimagecanbeused(alternatively resolution
canbereduced)For thisreasonwe allow theuserto de-
fine a portion (a field of view) within eachimagewhich
definesheactive partof the sterecsearch.Notethatthe
panoramawill alwayscover 360°; thefield of view ad-
justmentwill only effect the elevation of the panorama.
In figure 7 the boundsof this areaare shavn ascircles
definedby theuser

3 Real-timelmplementation

We haveimplementedhreal-timestereaalgorithmwhich
processesmagestaken by the panoramicstereosensor
(showvnin figure8). After digitization,eachimageis pro-
jectedontoa cylindrical (panoramicimage. Theradius
R of the cylinder is setto the averageof the two radii



Figure9: Panoramicimagesanddisparitymap. The disparitymap (on top) wascomputedrom the two panoramic

imageg(on bottom).

of the parabolasBecause, ' and R, the parametersf

theprojectionfunction,arefixedatrun-timethewarping

functioncanbe computedff-line andimplementedasa

lookuptable. At run-time,eachpixel in the panoramic
imageis back projectedthroughthe lookup tableto a

point in the input image. Bilinear interpolation,imple-

mentedn integerarithmeticfor speedis usedo improve

warpingquality. Figure9 (on bottom)shavs anexample
panoramicstereopair.

Onceprojectedontoacylinder, stereamatchesrefound
using a standardwindow-basedcorrelationsearchwith
a sumof absolutedifferencescorrelationmeasure.Be-
causethe epipolar lines are matchedand parallel in
the panoramicimages,this searchis implementedef-
ficiently asin [Faugeraset al., 1993. Furtherspeed
enhancementare madeusingthe MMX SIMD (single
instruction multiple data)instructionset. An example
panoramidalisparityimageis shavn in figure9 (ontop).

For panoramicimagesof 600 x 60 pixels anda depth
searclof 32 pixels,we have achievedathroughpubf ap-

proximately7 framespersecondn a standard300 Mhz

Pentiumll PC.Theimagesizeof 600 x 60 waschosen
becausén panoramicstereowe areprimarily interested
in horizontalresolution.
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