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Abstract

Corventionalvideo camens havelimited elds of
view which male themrestrictivein a varietyof ap-
plications. Basedon our previouswork on omnidi-
rectionalimaging, we havedevelopeda variety of
new vision sensas, real-timealgorithmsfor tradk-
ing and depthestimationand architectuesfor dis-
tributed surveillance In this report, we brie y de-
scribereseach projectsthatwere completediuring
the1997-1998imeframe

1 Intr oduction

This reportdescribesa variety of VSAM projects
that are basedon, or relatedto, omnidirectional
imaging technologywe have developed [Nayar

1997, [Periand Nayar 1997, [Nayarand Baker,

1997, [NayarandBoult, 1997, [NeneandNayar

1999, [Gluckmanand Nayar 19984, [Baker and
Nayar 1994, [Boult, 19984. Broadly ourresearch
projectscanbedividedinto thefollowing thrustar

eas:

Sensors: We have madesigni cant advances
in theareaof wide eld of view sensing.Our
new devices include: a very compact,self-

contained, omnidirectional camera, a com-
bined omnicameraand pan/tilt/zoomimaging
systemaremotecontrolledcarequippedwith

omnidirectionalvideo and audio sensorson-

board, a compactcatadioptricstereosensar
andapanoramicstereasensar
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Algorithms: We have developednew algo-
rithmsfor correctingdistortionsin wide-angle
lenses, fast generationof perspectie video
from omnidirectionalvideo for remotereality
applications,robust multi-body tracking, and
real-timecomputatiorof both perspectie and
panoramiadepthvideo.

Data Collection: We have collecteda large
amountof omnidirectionalvideodatafrom the
Ft. Benningsite. This footagehasbeenused
to develop andevaluateour multi-body track-
ing algorithms. The datahasalso beenused
to designanovel protocolfor distributedtarget
identi cation andsunweillance.

IUE: We have madesigni cant contritutions
to DARPA's Image UnderstandingErnviron-
ment(IUE). In particulay we have developeda
new setof imageprocessinglassesgodegen-
erationprocessesind a systemfor quick cre-
ationof customuserinterfacesto the lUE.

Wewill now brie y summarizeeachof ourresearch
projects.

2 Small Omnidir ectional Cameras

A compactversionof our omnidirectionalcamera
hasbeendevelopedfor autonomousavigationand
remotevisualexploration(seeFigurel). Thecam-
erawas developedduring Phasel of a “Tactical
Mobile Robotics”projectfundedby DARPA. The
completesystem,including, a video camera tele-
centricopticsand curved mirror, is containedin a
cylindrical enclosurehatis 22 cmtall and7 cmin
diameter A transparentacrylic) tubing is usedto
attachthe optical systemto the mirror without ob-
structions.This omnicameralesignis idealfor ap-



.

Figurel: A compactomnidirectionakamerahatis 22
cmin heightand7 cmin width. This self-containedinit
includesa video cameratelecentricopticsanda curved
mirror.

plicationswherethe cameraneedsto be automati-
cally protractedandretractedrom a moving vehi-
cle. We arepresentlypursuingfurther reductionin

sensorsize. In the nearfuture, we hopeto demon-
strateomnidirectionaktameraghatarelessthan12

cmstall and5 cmswide.

3 Remote-Contwolled OmniRover

A remote-controlledar hasbeenmountedwith an
omnidirectionalcameraa microphone and speak-
ers(seeFigure2). Usingwirelesscommunication,
this compactvehicleenablesa userto visually and
acousticallyinteractwith a remotelocation. The
usercandrive the carwith ajoystick, usingtheom-
nidirectionalvideo producedby the on-boardcam-
eraasvisualfeedback.The omnidirectionadatais
mappedto panoramicvideo for easeof visual in-
teraction. A head-mountedisplayandthe remote
reality systemdevelopedat Lehigh University (see
next section)[Boult, 19981 canbe usedto “look
around’the remotelocation. The on-boardmicro-
phoneand spealkrs are usedto communicatevith
peoplelocatedin theremotesite. Amongotherap-
plications, this systemcan be deplged for visual
monitoringandexplorationof a hazardougnviron-
ment.

Figure2: OmniRover: A remote-controlledarwith an
omnidirectionalideo cameraa microphonea wireless
video/audiaransmitteran FM recever andspealers. A

remoteusercanusethe audioandvideo transmittedoy
thecarto drivethevehicle,andcommunicatevith people
in aremotesite.

4 RemoteReality System

Remotereality [Boult, 19980 providesanimmer
sive ervironmentby combiningan omnidirectional
camerawith a head-mounteddisplay and head-
tracker to produceperspectiely correctimagesfor
the directionthe useris facing (seeFigure 3). We
have gonethrougha seriesof designdor video ac-
quisition hardware andimagegeneratiorsoftware.
The systemnow provides 320x240video at 30fps
on a 233MHz PC. This systemhasbeendemon-
stratedto a large numberof peoplewith very pos-
itive feedback.We have developeda prototypefor
usewith the radio-controlledvehicle describedin
the previous section. This project has beensup-
portedin partby our MURI projecton autonomous
vision systems.

5 Omnidir ectional Pan/Tilt/Zoom System

We have implementedand demonstratedhe com-
binedwide-angleandnarrawv-angleimagingsystem
shavn in Figure 4. This systemusesan omnidi-
rectionalcamerao capturea hemisphericaview of
the sceneanda cornventionalcameramountedon a
pan/tilt/zoom(PTZ) unit to producehigh-resolution
narrav-angleviews of partsof the scene.The om-
nidirectionalvideomakesit possiblefor the userto
alwayshave a globalview of the scene.Regionsof



Figure 3: The remotereality systemprovides an im-

mersive ervironmentby combiningan omnidirectional
camerawith ahead-mountedisplayandhead-trackrto

produceperspectiely correctimagesasthe userlooks
around.

actvity areeitherautomaticallytrackedor manually
selectechndprovidedasinputsto thefastPTZ unit
which providesdetailedliocal views. The high opti-
cal resolutionof alocal view permitsrecognitionof
smallobjectsandsubtleactvities.

6 Frame-RateMulti-Body Tracking

In videosuneillanceapplicationsthe ability to au-
tomatically track multiple moving objectsis dis-
tinctly differentpartsof the eld-of-view is highly
desirable. We have made enhancement$o our
frame-ratanulti-bodyomnidirectionatrackingsys-
tem, see[Boult etal., 19983 [Boult etal., 19984.
The systemis designedor trackingin omnidirec-
tional video, thoughit couldbeusedwith ary video
source. The systemis basedon backgroundsub-
tractionwith variancetesting.To betterhandletrees
blowing in the breeze,the systemlearnstwo dif-
ferent“backgrounds’perpixel. Like mosttracking
systems,it adaptsto the backgroundby updating
a referencemage(s). However, our systemadapts
quite slowly; it takesa minute or morefor tamgets
to becomepartsof the background.This is impor
tantso that the algorithm canbetterhandletamgets
approachinghe cameraaswell assnipersor other
slowly moving tamgets (seeFigure 6). The track-
ing algorithmhasa separatenoduleto handlelight-
ing variations. The systemtracksup to 64 tamgets
at 30fpsat full 640x480resolutionon a 233MMX

Figure 4: A combinedwide-angleand narrav-angle
imaging system. The omnidirectionalcameraprovides
a global view of the areaof interest. Local regionsare
eitherautomatically(via tracking)or manually(by user)
selectedrom the globalview andusedasinputsto drive
a pan/tilt/zoomsystemthat producesigh-resolutioro-

calviews.

processor

For high-contrastsceneghe systemcantrack tar

getsas small as 10-12 pixels, which in our omni-

directionalvideo correspondso a human-sizdar

getat 50m. For targetswearingcamou agein the
woods,t performswell for tagetsassmallas15-20
pixels, which correspondso a personat 35m. Fig-

ure 5 shawvs an examplewheresoldiersin a town

squareare tracked. We are now working on bet-
tertechnique$or maintainingargetidentitydespite
occlusionsandfor coordinatiorof trackingbetween
multiple omnicameras.

In additionto the vision aspectof the multi-body
tracking project, we have beendeveloping a nev
protocolfor adistributedtargettrackingandsuneil-
lancesystem. One of the designconstraintds the
ability to scaleto a large numbersof sensorseach
with a large numberof tamgets, without saturating
the network. In the springof 98, we collaborated
with CMU on thedesignof the currentVSAM pro-
tocol which incorporatedmary of our ideas. This
protocolwill sene asthe basisfor the main IFD
VSAM demonstratiomswell asour distributedin-
telligentvideoschedulingdemonstration.



Figure 5: A robust multi-object tracking algorithm
trackssoldiersmoving in the woodsat the Ft. Benning
site.

7 Ft. Benning Data Collection

As partof our VSAM project,we madethreetrips
to Ft. Benningto collectomnidirectionadata. This
datawill be usedthroughoutthe 1998-199%ime-
frameto develop, tuneandevaluateour omnidirec-
tional trackingalgorithms.Approximately70 hours
of omnidirectionavideowascollected.Sevencam-
eraswereusedwith mary datasetshaving multiple
overlappingcamerasFour differentcamerasignals
wereevaluated:progressie scanningNTSC; color
S-videoon NTSChi-8; BW andcolor compositeon
NTSC hi-8; and S-Video on PAL hi-8. The data
setscollectedincludescenariosuchasindividuals
maving in the woods,small groupsin camou age
moving in the woods,a sniperin a gilly suit, small
groupsof soldiersmaving in and out of buildings
andalarge numberof soldiersmoving in thewoods
andin atown setting. The dataincludesboth sig-
ni cant amountsof “targets” andemptyscenedor
false-alarnmevaluation. Atmosphericconditionsin-
clude light rain, partly sunry andwindy to sunry
with light breeze. Limited copiesof the dataare
availableuponrequesto tboult@eecs.lehigh.edu.

8 Distortion Correction for Wide-Angle
Lenses

Wide-anglecamerasare commonlyusedin video
suneillanceapplications.Wide-anglelensesresort

Figure6: Trackinga sniperin the grass. The targetis
12 feet away, thoughinitial tracking began at 40 feet.
Thoughit is hardto seethe sniper heis in the white
boxes(andextendsa bit outsidethem). Someof theim-
ageresolutionis lostdueto printing.

to non-perspecte image projectionmodelsin or-

derto mapalarge eld-of-view ontoasmallplanar
imagedetector(CCD, for instance). The resulting
imagessuffer from severedistortionghattendto in-

creasawith the eld-of-view (seeFigure?). Images
producedby wide-anglesystemsare usedfor two

purposes(a) monitoringby humansand(b) visual
processindpy amachine.In bothcasesit would be
bene cial to eliminatethe undesirableeffects pro-

ducedby distortion.

Wehave developedanef cient andaccuratescheme
for computingthedistortionparametersf wide an-
glelensed SwaminatharandNayay 1999 (in these
proceedings).Our approachusessimple geomet-
ric scengorimitives(suchasstraightlines)thathave
unknownrlocationsandorientationsn thescene A
wide-anglelenswill, of course mapthesestraight
linesto curves. We know thata perspectie camera
mapsstraightlinesin the sceneto straightlinesin
theimage. This simpleobserationis usedto com-
putethedistortionparametersvhichwould mapour
imagecurves (which correspondo scenelines)to
perfectstraightlines.

Ourapproachs similarin its spirit to thatof Brown
[Brown, 1971. However, Brown's work andsubse-
quentonessuffer from oneor both of thefollowing
limitations. First,noneof theexistingschemesave
demonstratedesilienceto noise, which is signi -



Figure7: A non-metricalgorithmhasbeendeveloped
for computingradial, decenteringandtranslationalis-
tortion parametersA severely distortedimagecaptured
usingatypical wide-anglelens(top). The (perspectie)
imageafterdistortioncorrection(bottom). Thedistortion
parametersanalsobeusedo generat@therprojections
suchaspanoramiar spherical.

cantwhenusinglow-resolutionvideo camerasand
approximatescenelines (edgesbetweenwalls, for
instance).Second almostall of the previous work
is restrictedto recovering only a few of the com-
pletesetof parameterat work. We have designed
anobjective functionfor estimatingall thedistortion
parameters.This function explicitly takesinto ac-
countnoise[SwaminatharandNayar 1994. Opti-
mizationof this objective functionenablesisto ex-
tractdistortionparametersvith high accurag even
whenthe (random)errorsin selectedmagepoints
exceedss pixels. As reportedn [Swaminatharand
Nayar 1994, theparametersecoreredby thealgo-
rithm have beenusedto correctseveredistortionsin
imagesandvideo(seeFigure7).

9 Real-Time Planar Catadioptric Stereo

By usingtwo or more mirrored surfaces,multiple
views of ascenecanbe capturedy asinglecamera

(catadioptricstereo). In [Neneand Nayar 1999,

we have describedseveral differentstereocon gu-

rationsusingplanar parabolic elliptical, andhyper

bolic mirrors, with a singlecamera.We have ana-
lyzedthe epipolarconstraintandthe elds of view

of eachof thesestereosystems.

Figure 8: A compactcatadioptricstereocamerathat
usesa singlevideo cameraandtwo planarmirrors. The
positionsand orientationsof the planarmirrors canbe
adjustedby the userto alterthe eld of view basedon
the application. The planarmotion constraintis usedto
robustly self-calibratehedevice. A stereaalgorithmhas
beendevelopedthat usesjust a PCto produce340x240
depthmapsin real-time.

Single-camerastereoprovides several advantages
over traditional two-camerastereo,which we will
brie y enumeratdere.(a) Identicalsystemparam-
eters: Lens, CCD anddigitizer parametersuchas
blurring, lensdistortions,focal length, spectralre-
sponsegyain,offset,pixel size,etc. areidenticalfor
the stereopair. Having identicalsystemparameters
minimizesthe differencesbetweenthe two views,
thusfacilitating stereomatching. (b) Easeof cali-
bration: Becausenly a singlecameraanddigitizer
areusedthereis only onesetof intrinsic calibration
parametersThis propertysimpli es the calibration
process(c) Dataacquisition:Camerasynchroniza-
tion is notanissuebecausenly a singlecameras
used.Stereodatacaneasilybe acquiredandstored
with a standardvideo recorderwithout the needto
synchronizemultiple cameras.

With theseadwantagesn mind, we have designed
andimplementedh compactatadioptricsterecsys-
tem [Gluckmanand Nayar 1998 (in thesepro-
ceedings).Otherresearcherbave designedstereo



systemsusing planar mirrors to acquire stereo
datain a singleimage (see[Gluckmanand Nayar

1998H for a summaryof previous work). With re-

spectto previous work, our contrikutions are two-

fold. First, have analyzedn detailthe geometrical
propertiesof planarcatadioptricstereo. We shaw

that, irrespectie of the positionsand orientations
of the planarmirrors, the two views of the scene
mustsatisfythe planarmotion constraint. This ob-

senation has beenusedto developedrobust self-

calibratingalgorithmsthat computethe fundamen-
tal matrix betweerthetwo views. Our secondcon-

tribution is the developmentof a compactportable
real-timestereasensoishavn in Figure8. A stereo
algorithm hasbeendevelopedthat usesthe video

output of the sensorto computea 320x240depth
map in real-time using no more than a PC (see
[GluckmanandNayar 19981).

10 Real-Time Panoramic Stereo Camera

Todays video suneillancesystemsely on bright-
nessimagesto detectand track actvities. It is
highly bene cialto have depthmeasuremenis ad-
dition to brightness. This would permit a userto
de ne critical “volumes”in the scenethat needto
be secured.The intrusionof ary suchvolumecan
be robustly detectednly via the useof areal-time
depthsensar

Stereoprovides a passie approachto real-time
depthestimation.However, traditionalstereocam-
erashave limited elds of view thatrestricttheiruse
in mary applications. We have developeda real-
time sterecsensoi(seeFigure9) thatproduce8360-
degree panoramicdepth video [Gluckmanet al.,
1999 (in theseproceedings) The sensomusestwo
omnidirectionalcameraseachwith a eld-of-view
that is larger than a hemisphere. The two omni-
camerasare optically alignedsothat epipolarlines
areradial lines. Oncethe omnidirectionalimages
are mappedio panoramagcylinders), the epipolar
lines becomevertical and henceef cient to search
along. Furthermore,eachof our omnidirectional
cameradasa singleeffective viewpoint. This per
mits fastmappingof computeddisparitiesto three-
dimensionalscenecoordinatesvith minimal cali-
bration. With this panoramicdepthsensorwe are
ableto produce360degreedepthmapsin real-time.

Figure9: A panoramicstereosensor The sensorcom-
prises of two identical omnidirectionalsensingunits.
The optical axesof the two sensingunits arealignedto
ensurethat the epipolarlines areradial in the captured
images.An ef cient stereomatchingalgorithm,imple-
mentedona PC,computepanoramialepthmapsin real
time.

11 Contributionsto the IUE

The Image Understandingenvironmentcontinues
to evolve. Over the pastyearwe introduceda nev
set of classesfor image processing. Thesenewn
classearelUE independentthey canbe usedwith
non-lUEclassesndevenusedoutsidethelUE. The
classesrehighly templatedandthe typesof items
to be “Itered” aretemplateparametersWith the
supportof a few helperfunctionsalmostary type,
from IUE imageclassego araw C++ array canbe
usedas amgumentsto the Iters. To make it more
useful theimageprocessingnodelincludesbuilt-in
supportfor blockiterationsover “images”too large
to beloadednto memoryatonetime. Thisinterface
presumeshe “image” classsupportshlock-reading
and block-writing but the userof a Iter doesnot
have to botherwith thoseaspect®f theimplemen-
tation. A preliminaryversionof this library wasde-
velopedfor both the IUE and Targetdr We arere-
vising this versionfor usewith the IUE3.0 release
thatis now in betatesting.



A secondmajor IUE contritution we madeis the

developmentof codegenerationprocesses.Some
usersfelt that the requirementof documenting
classes/changés a latex documentbeforecoding
coulddeterthemfrom usingthe IUE. Thus,we de-

velopeda setof macrogthatprovide all the IUE re-

quired component®f a classwithout the needfor

latex documentationln Januaryl 998, thesemacros
weresupplantedy a new versionof the codegen-
eratorthatis basedon PERL,that extractsthe nec-
essanjnformationdirectlyfrom thecode les. This

tool hassincebeenenhancedy AAI andis amajor
featureof thenew IUE3.0release.

Our nal IUE relatedeffort hasbeenthe develop-

mentof asystenthatallows easycreationof custom

userinterfacesto thelUE by providing string-based
“wrappers”. Thiswill greatlysimplify the develop-

mentof new interfaces,andwill sene asthe basis
of ourinitial attemptsata CORBA interfacefor the

IUE.
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