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Abstract

Thispaperdiscusselowsterovisionachievedthroughthe
useof omnidirectionalsensos can help mobilerobot nav-
igation providing advantages, in termsof both versatility
andperformancewith respecto theclassicalsteleosystem
basedon two horizontally-displacedraditional camess.
Thepaperalsodescribesan automaticcalibration strat-
egyfor catadioptricomnidirectionalsensos andresultsob-
tainedusinga stereo obstacledetectionalgorithm devised
within a geneil framevorkin which, with somdimitations,
many existing algorithm designedfor traditional cameas
canbeadaptedfor usewith omnidirectionalsensos.

1. Intr oduction

The needfor robotic sensorysystemahat provide a global
descriptionof the surroundingenvironmentis increasing.
In mobile roboticsapplicationsautonomousobotsarere-
quiredto reactto visual stimuli that may comefrom ary
directionat any momentof their actiity, andto plantheir
behaiour accordingly Thishasstimulatedyrowinginterest
in omnidirectionalvision systemg1]. Suchsystemspro-
vide the widestpossible eld of view andobviatethe need
for actve cameraghat requirecomplex control strateyies,
atthe costof reducedresolutionwith respecto traditional
camerasthatdistributea smaller eld of view onthesame
sensosurface.

Recentroboticsand suneillanceapplicationsin which
omnidirectionalsensorshave beenusedeffectively, asthe
only vision sensoror jointly with other higherresolution
non-omnidirectionabnes,aredescribedn [2, 3, 4].

Applicationsof mobile roboticsin which robotsrely on
visionfor safeandef cient navigationshareasetof features
andrequirementspften con icting with one another that
stronglyin uence applicationdesigncriteria. Amongthese:

robotsare immersedin a dynamic ervironmentthat
maychangeguiterapidly, within andbeyondtheir eld
of action;
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robotsrequire high-resolutionvision for accurateop-
erationwithin their eld of action;

robotsneedwide-anglevisionto beawareof whathap-
pensbeyondtheir eld of actionandto react/plamac-
cordingly.

Regarding the typical ervironmentwhere virtually all
indoor roboticsand mostoutdoorroboticstake place,fur-
ther considerationgan be madeaboutthe natural partial
structurationof the spacein which mobile robotsoperate.
Sucha spaceis usually inferiorly delimited by the plane
( oor/ground) onwhichrobotsmove andextendsvertically
up to whererobotscanseeor physicallyreach. The oor
canthereforebe assignedherole of referenceplanein the
main tasksin which mobile robotsare routinely engaged
during navigation,namelyself-localization pbstacledetec-
tion, free-spaceomputation. We could thereforecall it a
2D augmentecervironment,to underlinethat the two di-
mensionsalongwhichthe oor extendsareprivilegedwith
respectto the third dimension. Even within theselimita-
tions, robotsactuallyoperatén a 3D ervironmentandtheir
operationcantake advantageof 3D information. Stereovi-
sionis thereforeappealingo severalnavigationtasks.

However, traditional stereo vision setups, made up
of two traditional camerasdisplacedhorizontally hardly
satisfy the above-mentionedequirementof autonomous
roboticsapplications. The useof omnidirectionalsensors,
besidesproviding the robot with obvious advantagesin
termsof self-localizatiorcapabilitiescanbe extremelyuse-
ful alsoto extract3D informationfrom the ervironmentus-
ing sterecalgorithms.

In section2 we introducea sensomodel,basedon the
joint useof anomnidirectionakensolndatraditionalone,
with which powerful stereaalgorithmscanbeimplemented.
We thenbrie y comparesucha modelwith traditionaland
fully-omnidirectionalsterecsetupsIn section3 we propose
a frameawork within which a particularclassof algorithms
for omnidirectionalsensorsanbe easilydeveloped,asan
extensionof traditional stereoalgorithms,with almostno



extra overhead.Sucha classof algorithmsthatareapplica-
bleto 2D augmenteeérvironmentswhichincludesmary if

not mostreal-world applicationscanbe termedthe quasi-
3D (g3D) class. More precisely it comprisesalgorithms
that canexploit the presencein the ervironment,of a ref-

erenceplanefor which atransform(the InversePerspectie
Transform)exists, which allows for the recovery of visual
informationthrougha remappingperation A fastandsim-
ple auto-calibratiorprocesghatallows for sucha mapping
is describedn section4. In section5, asan example,we
eventuallydescribehebasicsof anef cient obstacledetec-
tion algorithmdevelopedwithin this framework.

2. Hybrid and fully-omnidir ectional
stereovision sensors

Using traditional stereosystemstypically madeup of two
traditional camerasaligned and displacedalong the hori-
zontalaxis, hasseveraldrawvbacksin mobilerobotapplica-
tions. Amongthem:

theconstraintsmposedoy thecon gurationof thetwo
traditionalcamerasieededo obtainsufcient dispar
ity oftencon ict with the generalrequirement®f the
applicationdor which the stereosystemis used;

theresulting eld of view of the sterecsystems much
smallerthanthe,alreadylimited, eld of view of each
of thetwo cameras.

The rst dravbackmainly affectsrobot design,sinceit
requiresthata front anda rearsideof the robotbe clearly
de ned. This canbe a severelimitation whenholonomous
robotsareused. With atraditionalstereosetup,ary recon-
guration of the (strongly asymmetric)vision systemre-
quiresthatbothcameradperepositionedandmightpossibly
call for structuralmodi cations.

The seconddrawbackis particularlyrelevantin dynamic
ervironments. If one considersthat a robot movement
should be ideally exclusively nalized to performingthe
task of interest,it is immediatelyevident how penalizing
it is for the robot having to move itself just to secondits
own perceptuaheeds.

Using omnidirectional sensorsis bene cial with re-
gard to both problems. Here, we considertwo mod-
els, a hybrid omnidirectional/pin-holesystemand a fully-
omnidirectionabne.

In particular it is clearthat a symmetriccoaxial fully-
omnidirectionalmodelasthe onebrie y discussedn sec-
tion 2.1 can solve both problems. However, the solution
comesat the costof a lower resolutionin the far eld and
of the loss of horizontaldisparity betweenthe two views,
whichmaybealsounacceptablén someapplications.

Figurel: A fully-omnidirectionalsensomodel(abose)and
thelnversePerspectie Transform(seesection3) imagesof
a simulatedRoboCup eld with four robotsanda ball ob-
tainedwith suchamirror con guration(uppersensobelov
ontheleft, lower onebelow ontheright).

A way to obtainsteredimages providing the robotwith
both low-resolutionomnidirectionalvision in the far eld
and high-resolutionvision in the near eld while keeping
the eld of view aswide aspossiblejs to useasensomade
up of bothanomnidirectionakcameraandatraditionalone.

In the following, after shawving the resultsof a simula-
tion of a fully-omnidirectionalsystemto provide a feeling
of how imagesacquiredby suchsystemsnaylook like, we
describén detailsHOPS(Hybrid Omnidirectional/Pin-hole
System),a stereomodelthattriesto achieve a goodtrade-
off, with particularattentionto mobile robot applications,
betweenthe featuresprovided by omnidirectionalandtra-
ditional systems.

2.1 Fully omnidir ectional model

A fully-omnidirectionalstereomodel usestwo omnidirec-
tional sensordor stereo-disparitgomputation.ln gure 1
we shav preliminaryresultsof a simulatedvision systems
madeup of two catadioptricomnidirectionalsensors.We
have takeninto consideratiora con guration in which the
vision sensorsare placedone above the other andsharea
commonaxis ( gure 1,aboveontheright) perpendicular
to thereferenceplane.



Figure2: The two hybrid sensorprototypes:HOPSland
HOPS2.

The main dravback of sucha coaxial con guration is
that it provides no lateral stereodisparity (seesection5),
which make obstaclesecognizablenly exploiting vertical
stereodisparity On the otherhand, dealingwith a stereo
sensothaving two sensorswith parallelaxesis morecom-
plicated,bothin termsof constructionsizeandcalibration.

2.2 Hybrid omnidir ectional/pin-holemodel

HOPS(of which two prototypesareshovnin gure 2)isa
hybrid vision sensorthat integratesomnidirectionalvision
with traditionalpin-holevision, to overcomethelimitations
of the two approacheslf a certainheightis neededy the
traditionalcamerao achieve areasonableeld of view, the
top of theomnidirectionakensomay provide abasefor the
traditional CCD-camerdasedsensothatcanleanonit, as
shavnin gure 2. In the prototypeshavn in gure 2athe
traditionalcameras x edandlooksdown with atilt angle
of about  with respecto thegroundplaneandhasa eld
of view of about . To obtainbothhorizontalandvertical
disparity betweenthe two images,it is positionedoff the
centerof thedevice. The'blind sector'causedy theupper
cameracableon the lower sensoris placedat an angle of
with respecto a corventionalfront view', in orderto
relegateit to thebackof thedevice. If alowerpointof view
is acceptabléor thetraditionalcamerait canalsobeplaced
belov the omnidirectionalsensor providedit is out of the
eld of view of the latter The top of the device is easily
accessibleallowing for easysubstitutiorof the catadioptric
mirror. Consequentlyalsothe cameraholderon which the
upwards-pointingcamerais placedcanbe moved upwards
or downwards,to adjustits distancefrom the mirror. In the
prototypein gure 2b, thetraditionalcamerais positioned
laterally above the omnidirectionalsensoron a holderthat

Figure3: Exampleof imagesthatcanbe acquiredthrough
theomnidirectionakenso(left) andthroughthe CCD cam-
era(right) of theHOPS1prototype.

canbemanuallyrotated.

An exampleof theimagesthat canbe acquiredthrough
thetwo sensor®f the rst prototypeis providedin gure 3.

The aimswith which HOPSwasdesignedareaccurag,
ef ciency andversatility Thejoint useof a standardCCD
cameraand of an omnidirectionalsensorprovides HOPS
with differentandcomplementaryeatureswhile the CCD
cameracan be usedto acquiredetailedinformation about
alimited region of interestthe omnidirectionakensoipro-
videswide-range but lessdetailed,information aboutthe
surrounding®f the system.HOPS therefore suitsseveral
kinds of applicationsas, for example, self-localizationor
obstacledetectionandmalesit possibleto implementpe-
ripheral/fosealactive vision stratgjies: the wide-rangesen-
soris usedto acquirea roughrepresentatioof alargearea
aroundthe systemandto localizethe objectsor areasf in-
terest,while the traditional camerais usedto enhancehe
resolutionwith which theseareasare thenanalysed. The
differentfeaturef thetwo sensorganbeexploitedin both
astand-alonavay aswell asin acombineduse.In particu-
lar, asdiscussedh section5, HOPScanbe usedasa stereo
sensorto extract three-dimensionaihformation aboutthe
scenghatis beingobsened.

3. Generalframework for stereoalgo-
rithm development

Imagesacquiredby the camera®n-boardherobotsareaf-
fectedby two kinds of distortions: perspectre effectsand
deformationghatderive from the shapeof thelensthrough
which the sceneis obsened. Given an arbitrarily chosen
referenceplane(typically, the oor/ground onwhichrobots
move),it is possibleto nd afunction that
mapseachpixel in the image onto the corresponding
point of anew image (with coordinates ) that
represents bird's view of the referenceplane. Limiting
onesinterestto thereferenceplane,it is possibleto reason
onthesceneobservingt with no distortions.The mostap-
pealingfeature,in this casejs thata directcorrespondence



betweerdistance®nthereconstructeé@mageandin thereal
world canbe obtainedwhichis a fundamentatequirement
for geometricareasoning.This transformationis oftenre-
ferredto asInversePerspectie Transform(IPT) [5, 6, 7],
sinceperspectie-efect removal is the mostcommonaim
with which it is performed,even if it actually represents
only a partof the problemfor whichit providesa solution.

If all parameterselatedto the geometryof the acquisi-
tion systemsandto thedistortionsintroducedby thecamera
wereknown, the derivationof  could be straightforvard.
However, thisis not alwaysthe case mostoftenbecausef
thelack of an exactmodelof cameradistortion. However,
it is often possibleto effectively (and ef ciently) derive
empirically using propercalibrationalgorithms,as shovn
in next section.

ThelPT playsanimportantrolein severalroboticsappli-
cationsin which nding arelevantreferenceplaneis easy
This is true for mostindoor Mobile ServiceRoboticsap-
plications(suchas suneillanceof banksandwarehouses,
transportatiorof goods escortfor peopleat exhibitionsand
museumsetc.),sincemostobjectswhichtherobotobsenes
andwith whichit interactdie in factonthesameplanesur
faceof the oor on which the robotis moving. Sinceour
systemhasbeenmainly testedwithin the RoboCup! ervi-
ronment,in the following we will take it asa casestudy
In RoboCupeverythinglies ontheplaying eld andhardly
raisesigni cantly above,ashappensfor example,with the
ball. Thereforethe playing eld canbetakenasa natural
referenceplane.

In therestof the paperwe will shav how a generalem-
pirical IPT mappingcanbe applied,even moreeffectively,
alsoto catadioptricomnidirectionalsensors.The intrinsic
distortionof suchsensorsgspeciallywith respecto thetyp-
ical imageswith which humansareusedto dealing,makes
directimageinterpretationdif cult, sincea differentrefer
encesystem(polarcoordinatesjs implicitly ‘embeddedin
theimagesthusproduced.However, their circular symme-
try allows for a simpli cation of the IPT computation.

Exploiting this featurein implementingheIPT for cata-
dioptric omnidirectionalsensorswe have devisedan ef -
cientautomaticcalibrationalgorithmthatwill be described
in thenext section.

4. Omnidir ectional sensorcalibration

In computing , the generalizatiorof the IPT for a cata-
dioptricomnidirectionakensorthe problemis complicated
by the non-planampro le of the mirror; on the otherhand,
thecircularsimmetryof thedevice providestheopportunity
of dramaticallysimplifying suchaprocedure.

If the re ecting surfacewere perfectlymanufctured,t
would be sufcient to computejust the restriction of

Lyisit http://wwrobocup.og for moreinformation.

alongoneradiusof themirror projectionontheimageplane
to computethe whole function. However, possibleman-
ufacturing a ws may affect both the mirror shapeandthe
smoothnessf its surface.ln additionto singularitieghatdo

notaffectsensosymmetryandcanbeincludedin theradial
modelof the mirror (causedfor example,by thejoint be-
tweentwo differentlyshapedurfacesrequiredby thespec-
i cations for a particularapplication,asin [8]), afew other
minor isolated a ws can be found scatteredover the sur

face.Similar considerationsanbe maderegardingthelens
throughwhich theimagere ected onthemirror is captured
by thecamera.

To accountfor all sorts of distorsionsan empirical
dervationof  basedon an appropriatesamplingof the
functionin the imagespacecanbe made. Choosingsuch
aprocedurego compute permitsto includealsothe lens
modelinto the mappingfunction.

The basicprinciple by which  canbe derived empiri-
cally is to considera setof equally-spacedadii, alongeach
of which valuesof  arecomputedor a setof uniformly-
sampledpointsfor which the relative positionwith respect
to the sensoilis known exactly. This producesa polar grid
of pointsfor whichthevaluesof  areknown.

To computethe function for a genericpoint  located
arywherein the eld of view of the sensora bi-linearin-
terpolationis madebetweerthe four points,belongingto a
uniformly-sampledbolar grid, amongwhich is located.
This makesreconstructioraccurag betterin proximity of
therobot, asthe actualareaof the cells usedfor interpola-
tion increasesvith radial distancewhile, correspondingly
imageresolutiondecreaseslhe numberof data-pointgin-
terpolationnodesheededo achieve sufcient accurag de-
pendsmainly on the mirror pro le (the smoothesthe pro-

le, thefewestthe points)andonthemirror surfacequality
(thefewestthe a ws, thefewestthe points).

This calibrationprocesscanbe automatedespeciallyin
the presenceof well manufcturedmirrors, by automati-
cally detectingrelevant points. To do so, a simple pat-
ternconsistingof a white stripewith a setof alignedblack
squaressuperimposean it canbe used,asshovn in g-
ured.

The referencedata-pointsto be usedas nodesfor the
grid, are extractedby automaticallydetectingthe squares
in a setof one or moreimagesgrabbedturning the robot
aroundthe vertical axis of the sensor Doing so the refer
encepatternis re ectedby differentmirror portionsin each
image.

Usingdifferentshapesnsteadof squarese.g.,circlesor
ellipses,is obviously possible:usingappropriateellipsesin
pointslocatedfar from the centerof the mirror could even
beadwantageousyecausehey couldbeseenmapproximately
ascirclesin the grabbedmages simplifying their recogni-
tion. In ary case,if distancesbetweenthe shapesorm-



Figure4: Thepatternusedfor calibratinga catadioptricom-
nidirectional sensor(above). The fourth squarefrom the
centerhasa differentcolor, to actasa landmarkin auto-
matically computingdistancesbelow it the IPT imageob-
tainedafter calibrationis shavn. Theblackcircle hidesthe
expansionof the area,roughly correspondingdo the robot
footprint, whosere ection is removedin theoriginalimage
by providing the mirror with adiscontinuityin its center

ing the patternare known exactly, the only requiremenis
that one of the shapesat known distance be distinguish-
able(e.g.,by its color) from the others. The shapeshould
be possiblylocatedwithin thehighest-resolutioareaof the
sensar This permitsto usethe referenceshapeasa land-
markto automaticallymeasurehe distancefrom the cam-
eraof everyshapeonthereferenceplane.Thisalsoremoves
theneedto accuratelypositiontherobotata prede neddis-
tancefrom the pattern,which could be a further sourceof
calibrationerrors.

Operatvely, in the rst stepof the automaticcalibration
processthewhite stripe,aswell asthe centerof everyref-
erenceshape,are easily detected. Thesereferencepoints
areinsertedinto the setof sampleson which interpolation
is then performed. The actualposition of suchpointscan
be simply derived from the knowledgeof the relative posi-
tion of thesquarepatternto whichit belongswith respecto
thereferencealifferently-colorecshape.The processanbe
repeatedor differentheadingf the robot, simply turning
therobotaroundits centralsymmetryaxis.

In thesecondstep interpolationis performedo compute
the function

from the point setextractedas described.

A look-uptablethat associategachpair of coordinatesn
the IPT-transformedmageto a pair of coordinatesn the
originalimagecanthusbecomputed.

This calibrationprocesss fast,canbe completelyauto-
matedandprovidesgoodresults,asshavnin gure 4.

5. Experimentswith an IPT-basedob-
stacle detection algorithm for om-
nidir ectional sensors

As anexampleof algorithmporting from traditionalstereo
systemgo omnidirectionalonesusingthe generalizedPT,
we reportsomesampleresults,obtainedin a robot soccer
ervironment, of a stereoalgorithm for obstacledetection
developedfor traditionalstereosystemg5] andadaptedor
usewith HOPS.The algorithmis describedn detailselse-
where[9]: herewe mainlyaimatshaving its potentialsand
evidentiatingtherole playedby thegeneralizedPT.

Besidesemoving thedistortionintroducedby the omni-
directionalsensotusingthe IPT, the algorithmexploits the
intrinsic limitation of the IPT to be ableto provide undis-
torted views only of the objectsthat lie on one reference
plane. Everythingthatis above the planeis distorteddif-
ferently asa function of its heightandof the point of view
from whichit is obsened. Therefore two IPT-transformed
imagesof the samescenewill differ only in thoseregions
that represenbbstaclesj.e., ary objectlocatedabove the
referenceplane. In mobile roboticsapplicationsthe refer
enceplaneis choserto bethe oor onwhichtherobotsare
moving.

Given two imagesof the samespatial region that in-
cludesthe oor on which a robotis moving, the obstacle
detectioralgorithmcanberoughly summarisedsfollows:

1. computethe IPT of both imageswith respectto the
planeidenti ed by the oor;

2. apply an edge extraction algorithm to the IPT-
transformedmages;

3. skeletonizeand binarize the contoursusing a ridge-
following algorithm;

4. computethe differencebetweenthe two imagesob-
tainedin the previousstep.

Whenthechromaticfeaturesof thetwo imagesobtained
from the two sensorsarevirtually identicalthe steps2 and
3 of thealgorithmcanalsobe substitutedy athresholding
algorithm by which objectsthat clearly standout with re-
spectto the backgroundare highlighted. It is worth noting
that the task to have "identical” chromaticfeaturesis not
easyto achiese in hybrid systemswhereoneimageis ac-
quireddirectly while theotheris acquiredasare ection on
asurfacethatmay altercolorsto someextent.
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d)
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Figure5: Obstacledetection: (a) imagesacquiredby the
hybrid vision sensor;(b) the IPT of the spatialregion in

(a) commonto both images;(c) resultsof edgedetection
appliedto (b); (d) resultof theridge extractionfrom (c); (e)

differencebetweerthetwo imagesn (d).

The white regions that can be obsened in the differ-
enceimage,thatrepresentireasvherean obstaclemay be
presentderivefrom two kindsof disparitythatcanbefound
in steredmagepairs.|If they derive from alateraldisplace-
mentof thetwo camerasthey arelocatedto theleft and/or
right of obstacleprojectiondn thelPT transformedmages;
becausef this, bothapproachesisedto obtainbinary dif-
ferenceimagesconsideredabove provide very similar re-
sults. Whena verticaldisplacementf thetwo camera®c-
curinstead suchregionsarelocatedabove and/orbelow the
obstacleprojections.

Figure 6: Above: simulatedresultsobtainedby a coaxial
fully-omnidirectional system. The two IPT images(up-
per sensoron the left, lower on the right) of a simulated
RoboCupervironment. Below: the differenceimagethat
canbe obtainedwith the coaxialcon guration. The virtu-
ally null lateraldisparitycanbe clearlynoticed.

From theseconsiderationsnd using otherkinds of in-
formation(e.g. color) it is possibleto tell regionsthatare
certainlyfree from regionsthat may be occupiedby obsta-
cles. Figure5 shows theresultsthat canbe obtainedat the
endof eachstep.

To give a avor of the potentialof the algorithmwhen
appliedto a fully-omnidirectionalstereodevice,in gure 6
thedifferenceémagesds shavn, whichwasobtainedy IPT-
transformingthe (simulated)imagestaken from the two
sensors,and subsequentlycomputingand pre-processing
the differencebetweenthe two images. In particular the
resultsof the differencebetweerthe self-re ectionsof the
robotontothetwo mirrorshave beenremoved.

6. Discussion

In this paper we have described a Hybrid
Omnidirectional/Pin-hole Sensor (HOPS) and a gen-
eral framewvork within which the IPT is usedto allow for
porting the "quasi-3D” (q3D) classof stereoalgorithms
from traditional stereo systemsto omnidirectional or
partially-omnidirectionabnes.

Thejoint useof a standardZCD cameraandof anomni-
directionalsensormprovides HOPSwith their differentand
complementaryfeatures: while the CCD cameracan be
usedto acquiredetailedinformationabouta limited region
of interest("fovealvision”), theomnidirectionakensopro-
videswide-range but lessdetailed,information aboutthe
surroundingof the system("peripheralvision”). HOPS,



therefore,suitsseveral kinds of applicationsas, for exam-
ple, self-localizationor obstacledetection,and makes it
possibleto implementperipheral/foealactive vision strate-
gies: the wide-rangesensoiis usedto acquirea roughrep-
resentatiorf alargeareaaroundthe systemandto localize
theobjectsor areaof interestwhile the traditionalcamera
is usedto enhanceheresolutionwith whichtheseareascan
thenbe analysed.The differentfeaturesof the two sensors
arevery usefulfor a combinedexploitationin which infor-
mationgatheredrom boththesensorss fused,allowing ex-
tractionof "2D augmentednformation” from the obsened
sceneby meanf IPT.

The IPT implementatiorthathasbeenproposedallows
for afully-automaticcalibrationof thesensorandfor avery
ef cient derivationandsubsequeniseof themappingfunc-
tion, implementedhrougha look-up table. An algorithm
for obstacledetection basedon suchanimplementatiorof
the IPT hasbeenbriey presentedo shav the effective-
nessof the approach.One of the mostnoticeablefeatures
of this approachs the cancellationof "f alseobstacles’ly-
ing on the IPT referenceplane: shadaevs projectedon the
oor, spotsdrawingsor bi-dimensionabbjectdying onthe
oor, which canappeatin the acquiredimagesandcanbe
mistalenwith obstaclesy a monocularvision systembe-
causeof their texture, color, etc. canbe easilyremovedby
IPT.

Theapplicationof thelook-uptableis theonly overhead
imposedonthealgorithmsby theuseof IPT, with respecto
their'standardimplementationThis, alongwith anMMX-
optimizationof the code,hasmadeit possibleto achieve
real-timeor 'just-in-time' performanceallowing the algo-
rithm to track objectsthatmove with a relative speedup to
over onrecentmid-topclassPCs.
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