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Abstract

We presenta new methodto calibrate panoramic cata-
dioptric sensos. Whilemanymethodsexistfor planarcam-
eras, it is not the casefor panoramic catadioptricsensos.
Theaim of the proposedcalibration is not to estimatethe
mirror surfaceparametes which canbe knownvery accu-
rately, but to estimatethe intrinsic parametes of the CCD
camen and the poseparametes of the CCD camea with
respectto the mirror. Unlessa telecentriclensis used,
this posemustbe estimated particularly for sensos that
havea uniqueeffectiveview point. The developedmethod
is basedon the original andsimpleideathat the mirror ex-
ternalandinternalboundariesanbeusedasa 3D calibra-
tion pattern. Theimprovemenintroducedby our approach
is demonstated on syntheticexperimentswith incorrectly
alignedsensos and validationtestson realimagesare de-
scribed.Theproposededniqueopensnew waysfor better
designedtatadioptricsensos whele self-calibationcanbe
easily performedin real-timein a completelyautonomous
way In particular this shouldallow to avoid errors dueto
vibrationsone can noticewhenusing catadioptricsensos
in practical situations.

1 Introduction

Panoramic sensorshave become essentialin mobile
robot applications. Indeed,catadioptricsensorsare by far
the fastestand easiestvay to get 360° field of view. This
featureof panoramicsensordss also attractive for a wide
rangeof applications,suchassuneillanceandteleconfer
encing.

Thereis alot of prior work on planarcameracalibration.
The two main streamsanbe describedasusinga calibra-
tion patternandself-calibrationj.e usingfeaturesextracted
in theimageswithout a priori knowledgeon the 3D. If the
needof cameracalibrationis clearlyunderstoodor aplanar
camerajt is not alwaysthe casewith a catadioptricsensor
whereits specificationsare often too muchtrusted. One

reasonis thatanincorrectlyalignedcatadioptricsensoiis a
non-singleviewpoint optical system,andthusit is needed
to introducecaustics,asexplainedin [10]. A catadioptric
sensotis generallycomposedf two alignedparts,oneis
the catadioptricmirror andthe otheris a CCD camera. If
it is reasonabléo trustthe specificationusedfor the opti-
calmanufcturingof themirror, it is muchmoredifficult to
accuratelyalignthe CCD camerawith respecto the mirror
andto merge the focus point of the mirror with the focus
point of the CCD camera. Thus at a minimum, we must
estimateboth theintrinsic parameterandthe poseparam-
etersof the CCD camerawith respecto the mirror for ary
catadioptricsensorFig. 7 simulateshe effect of directuse
of the specification®f a the catadioptricsensorwhenthe
focus point of the mirror and of the CCD cameraare not
merged.

Previous works on the calibrationof catadioptriccam-
erasare not numerous,and primarily focus on particular
mirror types.For conicmirrors,atechniqug?2] usingacali-
brationpatternrmountecall aroundthesensomwasproposed.
Thiskind of calibrationtechniquecanbeeasilyextendedo
all kinds of catadioptricsensorg9]. In [4, 6], the authors
treatthe caseof a parabolicmirror. Thetechniqueproposed
in [4] is basedon the interestingpropertythat a parabolic
mirror can be calibratedwithout any knowledge on dis-
tancesin the scene,only threeparallellines arerequired.
Howeverthis propertydoesnot applyto non-parabolianir-
rors. Thusthe proposedechniquecannotbe easilygeneral-
izedto all kindsof catadioptricsensors.

Contraryto theseamethodin [6] requiresno calibration
pattern. Here, two techniquesare proposedfor parabolic
mirrors. The first one,the so-calledcircle-basedself cali-
bration, usesonly the boundingcircle in oneimage. This
techniqueis simple to implementand doesnot needary
knowledge of the sceneor extraction of featuresin the
scene. The secondproposedechniqueis basedon points
tracked acrossanimagesequencelf no calibrationpattern
is required theaccurag of theresultcouldsuffer in caseof
trackingdifficultiesandof smallnumberof featurepoints.



We proposea calibrationmethodwhich canbe seenas
a generalizatiorto all kinds of catadioptricmirrors of the
circle-basedself calibration. Theideais to assumehe sur
face parametersof the mirror are known and to usethe
boundariesof the mirror asa calibrationpattern. Like in
the circle-basedself calibration,the external borderof the
panoramiamageis fitted, but alsothe internalone,i.e the
borderof the areawherethe camerais seen. As a conse-
guence the proposedmethoddoesnot requireary special
calibrationpatternin the scenejt usesonly oneimage,and
canbeeasilyappliedto all kind of catadioptricsensorsvith-
outtelecentridens.Ourmethodtakesadvantage®f theuse
of acalibrationpatternwithout having its restrictions since
the 3D calibrationpatternis themirror itself. Thealgorithm
reliesontwo homographienappingdetweermirror border
pointsandtheirimagesasdescribedn [7, 5].

Thepaperis organizedasfollows: in thefirst sectionthe
sensorgeometryis recalled,and the proposedcalibration
methodis explained. Then,the efficiency of the proposed
calibrationmethodis experimentallydemonstratedn syn-
theticimages.Testsarealsoperformedto validatethe pro-
posedmethodon realimages.

2 Calibration Method

2.1 Geometry of the Sensor
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Figure 1. Thecatadioptricsensor:a planar camern
is assembledvith a mirror, at thebottomof themirror
ablack needleis mounted.

The sensorusedis developedby Vstone[3] (asshavn
in Fig. 1). It is composedf a NTSC color cameraanda
hyperbolicmirror. The profile and the shapeof the mir-
ror are known basedon the sensordatasheet. This is not
an assumptionthe profile and shapeof the mirror have to
be perfectlyknown, this is provided by the manufcturing
progresshatguaranteea precisionof lessthanonemicron.
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In caseof manufcturingerrorsin themirror profile, projec-
tion errorswill preventthe mirror from ary use. The used
sensothasthe particularpropertythat, at the bottomof the
mirror, alittle blackneedleis mountedo avoid unexpected
reflections.

This kind of camerarespectshe fixed viewpoint con-
straint[1]. This propertyallows the generatiorof geomet-
rically correctperspectie imagesand simplifiesthe com-
putationof incomingrays reflectedby the mirror. Setting
the cameras focal point exactly on the secondfocus point
of thehyperbolasimplifiesthe computatiorof all reflection
of intersectingrays. Without this simplification, the com-
putationwould have relied on the determinatiorof all nor
mal vectorsof the mirror. If the cameraandmirror arein-
correctlyalignedthenmultiple viewpointsareobtainedand
causticamustbe considered10]. This explainstheimpor-
tanceof theestimatingof theposeof themirror with respect
to thecameraocal point.

2.2 Calibration Principle
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Figure 2. Each of thecirclesappearingin theimage
correspondgo a knownsectionof the mirror. The
specification®f themirror beingperfectlyknown,we
canassignto ead of the sectionsa knownradiusand
center Large circle C; correspondso theupperedge
of the mirror, while smallestone Cs is dueto thein-
tersectionof themirror andthebladk needle

The calibrationmethodis basednthe principle usedfor
planarcamerasn [7, 5]. In thistechniquetwo different3D
planesarerequired.Thecalibrationmethod[7, 5] estimates
an homography(or projectie transform) H; betweenthe
image planeand the first plane P;. This is usually done
usingpointswith known positionsn P;. The2D positionin
theimageof these3D pointsis thusalsorequired.With the
samemanneyanhomographyd> canbecomputecetween
the imageplaneandthe plane P,. The questionis then:



how to computethese3D pointsonthemirror, andtheir 2D
images?

As shown in Fig. 2, the mirror boundariesaretwo per
fect circles: the edgeof the uppermirror circle, and the
edgeof theintersectiorof the blackneedlewith the mirror.
Thesewo circlesnamedC; andC- arelying ontwo paral-
lel planesP; and . Indeed,eachcircle corresponds$o a
planarsectionof the mirror. The shapeof the mirror being
perfectlyknown, the centerandradiusvaluesof circlesC,
andC> canbecomputedrom the specification®f the mir-
ror, or easilymeasuredrom the sensor Thesetwo circles
areprojectedasellipsesin theimagedueto thefactthatthe
CCD pixels are not squaresandthe CCD cameraandthe
mirror arenot correctlyaligned. Theseellipsesare named
E; andEQ.

Figure 3. Computatiorof homaraphiesH; and H,
betweertheimage andplanesP; and P;.

Theideais thusto useC,, Cs, E1, andFE, for computing
homographied; and H,. More precisely we computean
homographyH; betweertheimageplanecontainingellipse
E; andthe plane P, containingthe uppercircle C;. And
with the samemanneywe computeanhomographyH-, be-
tweenthe imageplanecontainingellipse E, andthe plane
P, containingthelower circle C> asillustratedby Fig. 3.

However, it is well known thatit is not possibleto es-
timate a unique homographybetweentwo corresponding
conicslying ontwo differentplanes.To overcomethis dif-
ficulty, we samplesachconicaccordingo aregularangular
step. For eachangularstep,we extract the corresponding
ellipsepointse;; for E; andes; for Es. We thenapplythe
sameangularsamplingtechniqueto circles C; andC, to

generatescenepointscy; andey; respectiely. Thesefour
setsof points give us all the information requiredby the
calibrationmethod[7, 5], sincewe canassign,to eachim-
agepoint a known 3D point lying on two differentknown
parallelplanes.Therefore by applying[7, 5], we caneasily
computeH,; from ey; ande;;, andH, from ey; andey;.

2.3 Image Feature Extraction
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Figure 4. Image of theintensityvarianceson 14 im-
agesobtainedby two by two subtaction (a), and its
edgesobtainedusingmathematianorpholay (b).

In orderto compute H; and H,, ellipsesE; and E;
needto beextractedfrom theimage.Whenonly oneimage
is given, several techniquescanbe appliedsuchasan ex-
tendedhoughtransform,constrainedsnales, robustfitting
of ellipses.We chooseo considetthe casewherea few im-
agesof anunknovn scenearegiven. This leadsto aneasier
implementatiortechniquewell adaptedo mobile robotics



applicationsIndeedthe proposednethodwasinitially de-
velopedin the contect of anintelligent transportatiorsys-
tem wherethe catadioptricsensoris usedfor localization
purposesnountedon thetop of avehicle.

Figure 5. Thedeterminationof the focal point: All
linesdefinedby couple(t;, ¢; ) corverge on thefocal
point of thecames.

The ellipse extraction methodis simply basedon de-
tectingthe imageregions correspondindgo the mirror and
then on fitting ellipsesasits internal and external bound-
aries. Indeed,the persistentlypresentblack pixelsin the
imagecorrespondo the black mountingdevice of the mir-
ror and of the black needle. From oneimageto another
pixelswith varying valuesareproportionof incominglight
from whatis seenin the scene By weightingthosepropor
tion overtime, we canseparate¢hethreeregions(mounting
device, mirror, needle)oy detectingtheregionin theimage
whereintensitiesare varying a lot with respecto the oth-
ers. For instance this canbe simply performedby taking
a sequencef successie images,subtractingthemtwo by
two, andmake the averageof all results. The averagevari-
ancesof eachpixel is estimatedrom theimagesequence,
asillustratedin Fig. 4(a).

After this processingall needleand mounting device
pixelshave alow variance andcontrariwise the scenepix-
elswill have large variance. Thesethreeregionsarethen
separatedy a simple thresholdingand boundariescom-
putedusing arny kind of edgedetector For instance,we
have usedmathematicamorphologyasshowvn in Fig. 4(b).
Thenby applyingellipsefitting techniqug8] onthe edges,
the two ellipsesparametergan be estimated. The advan-

tageof this techniguecomparedo moreclassicalconicfit-
ting, is thatno hyperbolacanbe obtained Whenthe sensor
is mountedon a mobile robot, this methodcan be simply
appliedby therobotunderrotation.

2.4 Pose Estimation

In orderto computethe focuspoint of the CCD camera,
wefollow theschemealescribedn [7]. We chooseasetof n
pointst; in theimage,asshavnin Fig. 5. Then,every point
t; is back-projecteadntoeachplaneP; andPs, in pointst;
andt; , usinghomographiesf; and H, respectiely. Each
couple(t;, t; ) determinesaline [; in space All theselines
corvergein onepoint F' correspondingo thefocuspoint of
the camera.Noticethatpointscoordinatesareexpressedn
the mirror coordinatereferencesystemR, centerecon one
of thefocuspointof the mirror, andalignedwith the z axis.
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Figure 6. Sideview of the 3D representatiorof the

calibrated catadioptricsensor: on top two segments
correspondingto the mirror calibration points, the

linescorrespondo theline of sightof corresponding
image points, their intersectionis the camen focal

point.

We still have to estimatethe CCD cameraorientation.
We againfollow [7], but we found out that the proposed
techniqueis not always reliable, and we thus proposean
improved method. We have a sett; of 2D pointsin the
image,andtheir correspondin@D pointsin spacet'i in ho-
mogeneousoordinatesThereferencesystems now setto
F whichis now known. As noticedin [7], the computation
of the CCD cameraorientationconsistsin minimizing the
leastsquareerror:

YNt = NP
%



whereN isthe2 x4 matrixcodingthe CCD cameraorienta-
tion, i.ethematrixof thecamerebasevectorscorresponding
to theimage.Thisleastsquareproblemis solvedasalinear
system However, theobtainedsolutionis notreliablesince
the constrainbof orthogonaimageaxisis notenforced Let
the setsN; and N, be the two lines of IV, thenthe con-
straintof orthogonabxiscanbewrittenasN{ N, = 0. This
constraintis quadraticandthuscanbe easilyintroducedin
the minimizationproblemusingLagrangemultipliers. The
minimizationnow becomes:

Y lits = Nt;||* + AN{ N
%

where) is seta priori to asmallvalue. Thesolutionis still
obtainedsolvingalinearsystem.

As a consequencehe posebetweerthe mirror andthe
CCDcamerds thusestimatedyith theintrinsic parameters
of the CCD camera.

Figure 7. Theoriginal scenas madeof black rectan-
gles. Theimagewith anincorrectlyalignedcatadiop-
tric sensoris simulated(CCD focusedpoint moved
of 5mm alongthe optical axis fromthe mirror focus
point). Theedgesof thisimage are bad projectedon
the true sceneassuminghat the camen is perfectly
aligned. Theseedges badly superimposedvith the
original edges.

3 Validation

The proposecdtalibrationmethodcansuffer from alack
of precisionfrom imagefeatureextraction.Dueto thenon-
linearity involvedin the projectionprocesdor catadioptric
camerasit is difficult to obtain analytical equationrelat-
ing errorin theimageto errorin thecalibrationparameters.

Thereforewe have studiedthe accurag of calibrationona
syntheticcatadioptricsensoreventuallyincorrectlyaligned,
makingsyntheticimages. Notice, that the resultsobtained
with thesesyntheticexperimentsarelessgenericthanfor-
mal derivationssincethey dependon the shapeof the used
mirror.

3.1 FeatureDetection Errors

A key questionfor our methodis to know how sensitve
it is to errorsin the featuredetection,.e errorsin fitted el-
lipse parametersindeed the accurag onthe parametersf
C, is relatively poor, sinceC, canbe seenasa relatively
smallellipsein theimage.To studythis problem,we check
the calibrationmethodandits accurag on a syntheticbut
realisticsensor We usethe exact profile of our mirror and
a calibrationmatrix closeto the specificationgjivenby the
CCD manuficturer To simulateerrors,we projectedthe
idealmirror boundarie®ntoavirtual imageusingtheideal
matrix of calibration,we alsoadd perturbationson the ob-
tainedellipse parametersFor every perturbationnew cali-
brationparameterareestimated.

300F

Figure 8. Theoriginal sceneis madeof black rect-
angles. Theimage with an incorrectly aligned cata-
dioptric sensoris simulated(CCD focuspointmoved
of 5mm alongthe optical axis fromthe mirror focus
point. Theedgesof this image are badk-projectedon
thetrue sceneusingthe estimatectalibration param-
eters. Theseedgeswell superimposeavith the origi-
nal edges,contrary to the casewhele alignedsensor
is assumeas shownin Fig 7.

Five parametersiescribean ellipse, however we treat
variationson only four: scalingson oneaxis, andtransla-
tionsof thecenter Thesefour parametergfor bothellipses)
were perturbedindependently It appearghat parameters



whichintroduceshe highesterrorsin the estimationof the
poseparameterss theaxislengthsof thesmallellipse.We
first noticedthat when ary of the four parameterof the
largeellipse E; is 2% perturbedthe positioningerrorsin-
troducedn theestimatiorof thecameraspositionis around
1.3 mm. Similarly, whenary of the four parametersf the
small ellipse E, is 2% perturbed the error on the poseis
aroundl.0 mm. A 2% perturbationrmeanst to 5 pixelsfor
all the parametersinlessit is the axis lengthsof the small
ellipse E». Indeed,if we reducethe axislengthsby 2% for
E, its implies only about1 pixel in the image. Neverthe-
lessan erroron 1mm in poseis not too badfor a 1 pixel
featuredetectionaccurag. We alsonoticedthatthe errors
implied by small perturbationsof the ellipse centerason
axis lengthsare linearly relatedto the errorson the focal
point F'.

3.2 PoseErrors

In orderto testtheproposedalibrationmethod we used
a syntheticcalibration grid composedof squaresand set
thevirtual catadioptricsensorat a known height. We mis-
alignedthevirtual CCD camera mmalongthe z axisfrom
its optimal position (i.e focuspoint of the mirror with per
fectly alignedsensorjandgeneratedhe correspondingm-
ageof the calibrationpattern. We thenback-projectedhe
imageedgesassuminghatthe optical centerof the camera
is atits optimal position. Theresultis illustratedby Fig. 7,
wherewe canclearlyseethattheprojectiondoesnotfit with
the calibrationpatterngeometry

Figure 9. Testingthe calibration methodon realim-
ages: Thecatadioptricsensoris mountedntop of a
flat calibration patternat a knownheight.

We appliedthe proposedtalibrationmethodon the syn-
theticcatadioptriamageandthen,usingthe estimategose

of themirror with respecto the CCD cameraye backpro-
jectedthe imageedgeson the true scene,asillustratedin
Fig. 8. To be consistentwith the non-uniqueview point
model,theback-projectioris computedapplyingthereflec-
tion laws usingthe normalvectorto the surfaceof the mir-
ror. As displayedin Fig. 8, the edgesperfectlymatchwith
the original squaresdges.This meanghatthe calibration
methodaccuratelycorrectsthe misalignmentbetweenthe
cameraand mirror focus points. In our syntheticexperi-
ments,suchan accuratecorrectioncan be obtainedfor a
misalignmentn arangefrom —5 mmto 5 mm. Largerval-
uesarequiteunrealistic.

Anotheradvantageof the proposedalibrationmethods
thatit canalso checkif the single view-point assumption
is valid or not. This canbe easilydoneby comparingthe
positionof the camerafocuspoint with the positionof the
mirror focuspointsobtainedrom themirror surfacespecifi-
cations.In caseof anotvalid singleview-pointassumption,
the classicakeflectionlaws areapplied.

3.3 Real Experiment

Figure 10. Simpleched of the obtainedcalibration,
on areal image, usinga squaed knownshape The
bad-projection on the ground of points selectedin
Fig. 9isdisplayed.

To shaw the validity of the proposedcalibrationtech-
nigue,we appliedit onrealimages.Thesensoiis setabove
a flat calibrationpatterncomposedf squareswith known
metricsasshavn by Fig. 9.

The calibrationis performedtheresultingF’ estimation
is shawvn in Fig. 6. This figure shavs a side view of the
calibratedsensor On top, two segmentscanbe seen,cor-
respondingto the usedcalibration points chosenon each
mirror circlesC; andC>. Thelines representhe camera



line of view of eachimage calibrationpoint used. Their
intersectiorcorrespond$o the camerdocal point.

Figure 11. Exampleof new mirror designfor im-
provedcatadioptricsensos with a black needle

To shaw the validity of the obtainedcalibrationon the
real catadioptricsensora squaredpatternis positionedun-
der our sensor Using the retrieved projectionparameters,
we back-projectthe rays of sight of a few image points
alongthe squaredpattern,on the groundplane. As shavn
in Fig. 10, theresultis a square wheresquareanglesare
correct.

Figure 12. Exampleof new mirror designfor im-
provedcatadioptricsensos withoutblack needlgthe
two calibration circles appearon the bottom of the
mirror, where calibration points can easily be re-
trieved.

3.4 Improved Sensors

Figure 13. Exampleof new mirror designfor im-
provedcatadioptricsensos withoutblack needlewith
bettercalibration accuracythan previousexamples.

Noticethatthe proposedtatadioptriccalibrationmethod
canbe extendedto new kinds of catadioptricsensorsThis
provides the possibility of manufcturing as shovn by
Fig. 11, Fig. 12 and Fig. 13 a newv generationof sen-
sorswheretwo thin circles are positionedat two different
heights. Calibrationpointsare easyto detectandcanalso
beaddedalongtheseedgesn suchaway thatthe proposed
processings simplified. With theseaddedfeatures,the
catadioptricsensorcan be continuouslycalibrated,in real
time.

Fig. 11 shavs a mirror containinga black needleuseful
in the eliminationof multiple reflections.Fig. 12 is anex-
tensionof the conceptwithout the useof the black needle.
Evenif ellipsesradiusarelarger, this configurationcould
suffer from a lack of precisiondueto two calibrationplans
P, and P, notfarenough.Indeeddueto errorsduring cal-
ibration processfocal point F is not estimatedat its true
position F'. It is easyto shav thatthe distancebetweenF’
andF" is decreasingvith d, thedistancebetweerplansP;
andP,. As aconsequencédo geta goodprecision thebest
configurationis to usea patternatthetop andbottomof the
mirror asshawn in Fig. 13. Contraryto the first configu-
ration, top calibrationpoints are easierto detect,andthus
allow to improvethe calibrationaccuragy.

This improvedsensorsanbe particularlyusefulin out-
doorroboticsapplicationswherevibrationscould misalign
the cameraandthemirror.



4 Conclusion

We have developeda new methodto calibratepanoramic
catadioptricsensors. The main ideais to usethe mirror
boundariedik e a calibrationpatternfor computingthe in-
trinsicandextrinsic parametersf the CCD camerawith re-
spectto themirror. The proposedilgorithmis veryfastand
the calibrationprocesss very simpleto handleandcanbe
appliedon mostcatadioptricsensorainlessthe parameters
of the mirror surfaceareknown. The power of our method
is its total autonomy:no calibrationpatternin the sceneno
featuresextractionin the imagesceneare required. With
little modificationson the catadioptricsensorno humanin-
terventionis neededandthe processcanbe doneary time
required,evenin real time to tackle the problemsdue to
vibrationsin mobilerobotapplications.
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