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Abstract

Whena sceneis viewed from two differentviewpoints thereareoften re-
gionswhichareonly visible in oneof thetwo views. Theseoccludedregions
giveimportantinformationaboutdepthdiscontinuitiesin theimage.Whena
backgroundline is obscuredby a foregroundobject,it formsa T-junctionin
theimage,andthesejunctionpointscanbeusedto detectocclusion.

Two algorithmsare presentedin this paper. The first algorithm uses
thetrifocal tensorto automaticallylocateT-junctionsvisible in threeviews,
whilst thesecondapplicationusesjunctionpointsto obtaina constraintfor
thedetectionof planarsurfaces.

1 Introduction

Thestereocorrespondenceproblemis oneof theoldestproblemsin computervision,yet
a generaland robust solutionremainselusive. Oneof the major difficulties for stereo
matchingis thepresenceof occlusion,althoughsignificantadvanceshave beenmadeby
computinganocclusionmapwhilst computingthe correspondence[2, 10, 5, 9]. These
algorithmsallow thesmoothingconstraintto besuspendednearocclusions,however, they
onlydetermineocclusionbyfindingregionswherematchingunderthecontinuityassump-
tion fails. This often leadsto boundarieswhich areeitherinaccurateor very dependent
on algorithmparameters.Anotherrecentdevelopmenthasbeentheuseof model-based
stereo[13], which employs a usersuppliedmodelto constrainthematchingprocess.By
specifyinga model,theuseridentifieswheretheocclusions,creasesanddiscontinuities
will occur. Thematchingalgorithmcanthenreliablyextractthebas-reliefstructureof the
model.

The major cueto occlusionis the analysisof binocular junction points which were
introducedto thevisioncommunityby Malik [11]. Thiswork is extended,sothatjunction
pointscanberepresentedfor arbitraryprojective cameras,andusingthis representation,
a new constraint,the trifocal junction point constraint will bepresented.This constraint
is usedin analgorithmto automaticallydetectingjunctionpointsin images.Finally the
conceptof anocclusionpseudo-junctionwill be introduced.Thesejunctionsareformed
by theintersectionof any two lines in the image,andthis will leadto a pseudo-junction
planarity constraint wherebyplanarsurfacesin animagecanbedetectedusingonly two
matchedlines.
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2 Review

Occlusionoccurswhenanobjectcloserto theviewerobscuresabackgroundobject.Since
thereis adifferencein depthbetweenthetwo objects,thepositionof theoccludedregion
will bedependenton thecameraposition. In figure1 the regionsoccludedby the fore-
groundobjectareshadedwith two patternsto show in which view they areoccluded.
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Figure1: A foregroundobjectobscuringa backgroundcausesocclusion.

It will not be possibleto matcha point on the backgroundobject if it is occluded
in eitherof the views. A point which is occludedin only oneview is said to castan
occlusion shadow into the other view[15]. This correspondsto the diagonallyshaded
regionsin Figure1, whicharealsocalleda half-occludedregions[2].

It hasbeenshown that,in humanstereopsis,occlusionplaysanimportantrole in the
perceptionof depthdiscontinuities.Thesecanbe seenin the knife edge discontinuities
of NakayamaandShimojo[12]. In particular, binocularlyviewedT-junctionpointshave
beenshown by AndersonandJulesz[1] to give importantcluesto determiningwhether
edgesbelongto theforegroundor backgroundobjects.

3 Describing Occlusion Junctions

It wasshown by Malik [11] thattheangleof thelinesforming anocclusionjunctionare
relatedto the horizontalandvertical disparity. This definition assumesthat the images
underconsiderationarerectified,andthattheepipolarlinesareparallel.
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Figure2: An occlusionjunction(asdefinedby Malik)
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In this papertheeffectsof occlusionjunctionsin uncalibratedimageswill beinvesti-
gated.Sincetheepipolarlinesarenot alwaysparallel,expressingtheocclusionjunction
asahorizontal(alonganepipolarline)andaverticaldisparity(perpendicularto theepipo-
lar line) is not alwaysmeaningful.Theocclusionjunctionwill beconsideredsimply as
theintersectionof theoccludingandoccludededges,whichareexpressedastwo straight
lines(seeFigure2). ��� ���� ���� � �� (1)��� ���� ���� � �� (2)

Thisdefinitionmakesnoassumptionaboutthenatureof theepipolarlines. In thespecial
caseof rectifiedimages,with two lineslying on fronto-parallelplanes,it canbeshown to
beequivalentto thatusedby Malik [11] (SeeAppendixA).

Sincetheocclusionjunctionhasnow bedefinedindependentlyof theepipolargeom-
etry, we canuseany two camerasrelatedby a fundamentalmatrix. Theonly difficulty is
that thereareno constraintson themotionof a line in two views. Henceboth linesthat
form thejunctioncouldmove in any direction,sothereis no constrainton theocclusion
junctionin two views. Hence� � and � � canbeany two pointsin thetwo images.

4 Detecting occlusion junctions using three views

It wasshown in the previous sectionthat thereareno constraintson the motion of the
occlusionjunctionin two views. For this reasonit is necessaryto considera third view.
Thetrifocal tensor[8] canbeusedto projecta line from two views into a third view. In
particular, thetwo linesforming thejunctioncanbetransferedto thethird view :����! ���� ��#" � ��%$#& "'$ (3)����  ���� �� " � �� $ & "'$ (4)

The occlusionjunction will now be given by the intersection

� � � � ��(� � �� . This can
be usedby an automaticalgorithmto detectjunction points in the first two images,by
hypothesisinga match,andprojectingit into thethird view. Thehypothesiscanthenbe
verifiedby checkingto seeif a junctionactuallyexistsat

� �
.

4.1 Algorithm

Junctionpointsaredetectedby segmentingeachof the sourceimages,andidentifying
pointswherethreesegmentsmeet. This hasprovedmorereliablethanusingCanny [4]
edges,as the non-maximalsuppressionbreaksjunctions. Straight lines were fitted to
eachof the junctionpointsandall combinationsof the junctionsin thefirst andsecond
imageswereprojectedinto thethird view. A junctionpointwasacceptedif thepointwas
predictedto within 3.0pixels,andtheanglesof thepredictedanddetectedlinesagreedto
within 10degrees.Any junctionpointwhichcouldnot sustaina straightline for 5 pixels
wasrejected.
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Figure3: The trifocal junction point constraint.Figures(a) and(b) show straightlines
fitted to a junctionpoint. Figure(c) showsthelinesprojectedinto thethird view.

Figure4: Automaticallymatchedjunctionpoints.

4.2 Results

The junction points which weredetectedby the algorithmareshown in figure 4. Six
pointsweredetected,five of which obey the trifocal junctionconstraint,andonewhich
is anoutlier (CPUcase).Of the five correctlymatchedpointsonly threerepresenttrue
junction points,as the remainingtwo representrigid points in space.Theseareeasily
rejectedasthey obey theepipolarconstraint,while theoccludingjunctionsdonot.

In a secondimagesequenceof Neville’s Court,Trinity College,occludingjunctions
weredetectedon thepillars of thearchway, andon therooftop,wheretheroof occludes
thechimneys. Theseresultsareshown in figure5.

Figure5: Junctionpointsdetectedusingthe trifocal junction point constraint, from im-
agesof Trinity College,Cambridge.
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4.3 Discussion

The small numberof junctionsmay appear, at first, to be surprising,however thereare
two factorswhichcontributeto thisresult.Therequirementthata junctionpoint is visible
in all threeviews, andthat it lies on thesameedgesin all threeviews, meansthatmost
junctionsarenotmatchable.In clutteredareasof theimagebothedgebasedandsegmen-
tationbasedalgorithms,fail to produceedgesof sufficient lengthto fit accuratestraight
lines.

Thenext sectionof thispaperintroducestheconceptof apseudo-junctionasbeingthe
intersectionof two matchedlines.Thisenablesthejunctionpointconstraintto beapplied
wherenoexplicit junctionis visible in all threeimages.

5 Planarity constraint of two lines

5.1 The occlusion pseudo-junction

In theprevioussection,it wasfound that it is difficult to matchjunctionpointsin three
images,as the junction point movesa large distancein the image,for a small change
in cameraviewpoint. It wasalsoobserved, that the lines forming the junctioncouldbe
matchedindependently. Henceeven if a junction point ceasesto be visible in all three
views, the locationof the junctioncanstill be locatedby extrapolatingthe two matched
lineswhichwerecomputedusingequations3 and4.

5.2 The planarity constraint

Considertwo linesin two viewsthatbelongto two differentsurfaces,oneforegroundand
onebackground.The intersectionof theselines will form a occlusionpseudo-junction,
andthis intersectionpointwill notobey theepipolarconstraint.If, however, theintersec-
tion doesobey theepipolarconstraint,thenweknow thattheintersectionrepresentsareal
point in space.Fromthiswecanconcludethatthetwo linesarecoplanar.) � �+*-,/. � � ��0

(5)) � ��1� � �� * , . ) � ���� � �� * ��0 (6)

Equation5 will only besatisfiedif thepseudo-junctionpoint (� � ,� � ) is the intersection
of two coplanarlines ( 2 �� , 2 �� and 2 �� , 2 �� ). This canbe representedasthe junction point
planarity constraint (equation6).

Thisconstraintwill only bereliableif thematchedlinesarenotparallelto theepipolar
lines,andthattheir intersectionlies within theimage.An alternateproofwhich doesnot
rely on theuseof occlusionjunctionsis presentedin AppendixB.

Theconventionalwayof findingplanarsurfacesis to usefour points,or lines,to com-
putea homography. This, however, doesnot guaranteeall pointswill obey theepipolar
constraint.A homography(8 degreesof freedom)doesnotnecessarilyrepresentaplanar
surface(3 degreesof freedom).A furtheradvantageof usingtwo linesis thatthenumber
of iterations,requiredfor a RANSAC [7] solution,aresignificantlyreducedasonly two
lines 3 )5476 * arerequiredasopposedto four points 3 )�498 * .
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5.3 Method

Thealgorithmconsidersall pairwisecombinationsof matchedlines. If the intersection
of thematchedlineslies insidetheimage,thentheintersectionpoint is testedto seeif it
obeys theepipolarconstraint.If so, thenthesetwo lines areusedto computethe plane
normal(3 DOF) for thesurface.

Algorithm 1 Algorithm for findingcoplanargroupsof edges
for eachpairof edgesdo

if theedgesintersectwithin theimagethen
if theintersectionobeystheepipolarconstraintthen

Findall lineswhichagreewith theinitial pairof lines
Computetheplaneequation(4-vector)for thetwo edges
Computethehomographyfor thisplane
Findall theedgeswhichagreewith thishomography

end if
end if

end for

Eachsurfacenormal is computedlinearly from the endpointsof the two matched
lines,in two views. Thetwo projectivecameramatricesare : �<; = 0?>

and :A@ �B; C DE>
.

Therows of matrix
C

arelabelled FHG , , FJI , and FJK , . Theplaneis representedby L �; M%NOM 6 M �QP > , andthe imagepointsaregivenby R �S; TVU P > , and RW@ �X; T @ U @ P > , . The
linearsolutionto theplaneequationwill now bederived:

Theplanetransferequation[6] : YJRW@ � ) C[Z\D%] , * R (7)

usingthethird row to solve for Y : Y � ) FJK , Z_^ � ] , * R (8)

substituteY : RW@ ) FJK , Z_^ � ] , * R � ) C[Z_D!] , * R (9)

rearranging:
) R`@aFJK , Z_C * R � ) ^ � R`@ Z_D * ] , R (10)

selectingthefirst row : bdc�egf�hjilkHf#m'ionqprts c e k r'u � R , ] (11)

Equation11 givesoneconstrainton the planevector
]

. With threeor morepoint
matches,a leastsquaressolutioncanbeobtained,for theplanevector

]
.

5.4 Results

The first experiment,to test the algorithm,usestwo imagesof a calibrationgrid. Two
planesweredetected(seefigure6), andtheanglebetweenthetwo planeswasfoundto be
89.91degreeswhich is a relativeerrorof 0.1%.

A secondsequenceof uncalibratedPAL imageswascapturedusinga PULNIX cam-
era.Theimageswereprojectively calibratedusingasetof manualpointmatches[3], and
matchededgeswereobtainedusingtheautomaticedgematchingsoftwareby Pollardet
al. [14]. Theresultsof thealgorithmdescribedin Section5.3areshown in Figures7 and
8. Figure7 showsgroupsof blacklineswhichagreewith planesin theworld, andFigure
8 showsthetwo incorrectplanesfoundby thealgorithm.

A secondsequenceof threeimagesof Fitzwilliam Museumwerecapturedusinga
digital camera,andtheresultsareshown in figure9.
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Figure6: Two automaticallydetectedplanesof a calibrationgrid. (angle89.91degrees.)

Figure7: Thegroupsof blacklinesin thesethreeimageswerefoundto becoplanar.

Figure8: Thisfigureshowstwo groupsof blacklineswhichwerefoundby thealgorithm
to becoplanar, but donot representrealplanesin thescene.

Figure9: Thefollowing surfacesof theFitzwilliam Museum,Cambridge,werefoundto
becoplanarandaredisplayedusingblacklines.
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5.5 Discussion

To illustratethe importanceof this algorithm,thenumberof planecomputationswill be
considered.In a typical sequencewith 400 straightedges,thereare80,000unordered
pairs. After the planarityconstrainthasbeenapplied,only about2,000possibilitiesre-
main. It is possibleto testeachof thesepossibilitieswithout having to resortto random
sampling.In comparison,to performanexhaustive searchof point matches,to compute
a homography, would requirev 0w0 8 �yx%zg{?|~} P 0 Nt� computations.

6 Conclusion

In this papertwo applicationsof junctionpointshave beeninvestigated.By usinga sim-
ple representationof a junctionpointastwo linesa trifocal junctionpoint constraintwas
presented.This wasusedto developanalgorithmfor theautomaticdetectionof junction
pointsin threeimages.Trackingjunctionpointsover many views is not oftenpossible,
but it wasobservedthatin many cases,eventhoughthejunctionpointmaynotbevisible,
the lines associatedwith the junction are visible. This leadto the conceptof an occlu-
sionpseudo-junction,which wasthe intersectionof any two lines in an image.Pseudo-
junctionswereusedto definea planarityconstraintfor two lines,andanalgorithmwas
demonstratedwhichusedthis resultto detectplanarsurfacesin realimages.
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A Derivation of the junction point motion of two lines

In this appendixtheexpressionfor themotionof a junctionpoint from theanglesof two
lineswill bederivedusingtheprojective line representation(seefigure10). A junction
point is representedasthe intersectionof two straightlines. This is a moregeneralrep-
resentationthanwasusedby Malik [11], as it doesnot rely on rectifiedcameras.The
following proof shows that this new representationcan be usedto derive Malik’s two
componentdisparity
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Figure10: Occlusionjunction(asdefinedby Malik)

� �� ���g������� Z���� ��� 0#�
(12)� �� � � ������� Z���� �E� 0 �
(13)� �� � � ������� Z���� ��� 0 �
(14)� �� � � ���a��� Z���� �E� �A�������W�
(15)

Thesetwo linesin theleft andright imagesintersectat
) 0���0 *

and
)�� �w���#� *

(seefigure10).� � � � ��~� � �� �� � 0�0 P � , (16)� � � � ��1� � �� ���� Z � ��� �J�Q���a���Z ���������Q���a������ �J�Q���a��� Z �-����� � � �!�
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¡¢

(17)

This equationhasrelatedthe angleof the lines forming the occlusionjunction to the
horizontaldisparity, andis thesameresultasobtainedby Malik [11].
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B Alternate proof of planarity constraint.

ThematchedpointsABCD areobtainedby intersectingtwo imagelineswith two epipolar
lines. Thesefour pointsdefinea homographyH. In addition the point E lying on the
intersectionof the two lines mustalsoobey the homographyH. E will not necessarily
obey theepipolarconstraint(seefigure11).
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Figure11: ThepointsABCD definehomographyH. PointE will only obey theepipolar
constraintif bothlinesarecoplanar.

If the two lines arecoplanarthey will definea plane L �­; ®lN�zaz ® 8 > . This planewill
inducea homographȳ

� ��<°~± ¯ � on theimagegivenin termsof thecameramatrices: � �²; = 0#>
and : � �³; C F 8 > (whereF  denotesthe ´ -th columnof : @ ). A derivationof

thisequationcanbefoundin Faugeras[6].° ± �µ® 8 C�Z F 8 � ® N ® 6 ® � � (18)

Theepipolargeometryof thetwo views is describedby
T , � . T � �¶0

, andthefunda-
mentalmatrix

.
canbeexpressedin termsof theprojectionmatrix : � �<; C F 8 > by the

equation

. �­; F 8 >-·lC . It will now be shown that homographiesof the form (18) must
satisfythe equation̄

, � ° ,± . ¯ � �S0
, which is the epipolarconstraintfor homography°~±

.° ,± . � ) ® 8 C[Z F 8 � ® N ® 6 ® � � * , ) ; F 8 > · C *��® 8 �� F
, NF ,6F ,�
¡¢ �� F 8 � F N F 8 � F 6 F 8 � F � ¡¢ Z¸�� ® N® 6® �

¡¢ F ,8 �� F 8 � F N F 8 � F 6 F 8 � F � ¡¢
��® 8 �� 0 F , N ) F 8 � F 6 * F , N ) F 8 � F � *F ,6 ) F 8 � F N * 0 F ,6 ) F 8 � F � *F ,� ) F 8 � F N * F ,� ) F 8 � F 6 * 0

¡¢ Z_¹
(19)° ,± . is anantisymmetricmatrix(equation19),so

T , � ° ,± . T � ��0 for all
T �

, or in other
words, the epipolarconstraintis satisfiedfor all points transferedby homography

°~±
,

where
°~±

is definedin termsof L .
Thisargumenthasshown thatin generaltheintersectionof thetwo lineswill notobey

theepipolarconstraint.In thespecialcasewherethe linesarecoplanar, all pointsobey
theepipolarconstraint,andin particularsomustpoint E which is the intersectionof the
two lines.


