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Occlusion Under standing and Recovery

U.CastellanandS.Livatino

1 Introduction

Rangeimagesare usedin a wide rangeof applications. So far they have beenusedextensiely in objectrecognition
[10, 13], reverseengineerind2], andotherapplicationsnearlyall focusingon smallandrathercomplex objectsandscenes.
While extendingthe useof rangeimagesto a whole ervironmentratherthanwell-delimited objects(animportantexample
of theseapplicationds the CAMERA EU project[4]) new issuesarose.

Occlusionis amajorcauseof informationloss: evenin moderatelycomplicatedscenedt is eitherimpossibleorimpractical
to obtaincompleterangescang12]. Ontheotherhand,anexhaustive descriptionof the obseredobjectsor ervironmentis
neededor someapplicationslik e constructiorof a 3D model[4] andernvironmentobjectrecognition.

The problemto solwve is the reconstructiorof partially occludedsimple-shapedreas]ik e partsof a wall hiddenbehind
furniture piecesthe cornerareaof a cupboardhiddenby anopendoor, a collectionof objectson afloor hiding eachother,
etc. Figurel shavstheproblem,i.e. atypical occlusionin rangeimages.

Our solutionis aprocedureo fill in thegapswithout performingextra scans.This procedurés termedreconstructiorand
is ableto automaticallyinfer the shapeof the occludedareashy exploiting informationfrom the surroundings.

Therehave beenfew attemptsin the literatureto reconstrucbccludedsurfaces[1], [6], [9]. They aremostly relatedto
simplified occlusioncases.In fact, occlusionreconstructiorremainsa new andlittle exploredresearctfield. Despitethis
researchmary unsohedcasesstill remain(e.g. reconstructiorof objectbacksides)andthe currentresearctstateis still far
away from a generakolutionto recoverall occlusions.

2 Handling Occlusions

Therearedifferenttypesof occlusionswhich may arisewhena sceneis scannedwvith a laserbeamor structuredight
sensorLotsof theseocclusionsarenotresohablewithoutdomainspecificknowledge,or models helpingto derive structural
interpretatiorof theimages.For this work, we only considerindoor scenegontainingmostly man-madebjects for which
bothgenerakrchitecturahndscenespecificknowledgemightbe available.

Missing data

Figure 1. The Occlusion Problem



Previousresearcton occlusionreconstructioriocusedon thereconstructiorof a singlelargeareaoccludedby oneobject.
In thatcontext two casesvereconsideredOcclusionsPreservingsurfaces OcclusionBreakingSurfaces.

e Occlusions Preserving Surfaces In this casedifferentimageregionscorrespondo differentobjectsandtheoccluding
region is entirely surroundedy the occludedone. For example,a book lying in the middle of a table scanneddy a
rangesensoifrom above. Figure2.ashovs anexampleof theseocclusionsthesurfaceB occludessurfaceA.

The detectionandthe reconstructiorof the occlusionss basedon searchingor regionsentirely containedwithin the
boundarie®f anotheregion, sothatthey canthenbe extendedacrossheoccludingarea[5].

e Occlusions Breaking Surfaces In this casethe occluding part breaksthe occludedsurfaceinto two regionswhich
correspondo asinglesurface.Thewall partobscuredy thechairin figure2.bis anexampleof this case.Thesurface
B occludeghesurfaceA whichis splitinto regionsA’ andA”.

Thedetectionandthereconstructions basedon identifying compatibleregionswhich canthenbe mergedin orderto
reconstructhe missingoccludedpart[1, 6].

In boththe above casegshe occludingobjectdoesnot obscurehe boundarieof the occludedone. Thework of [9] explored
thecasewhenthe occludingpartpartially obscuredoundarie®f anoccludedobject. This cases calledOcclusionBreaking
Boundaries.The cornerareaof a cupboardoccludedby anopendoor, asin figure 1, is anexampleof this case.Figure2.c
shavs anexampleof theseocclusions.

¢ OcclusionsBreaking Boundaries Theproposeaases harderto solve thanthepreviousonessinceareconstructiorof
unseerboundariess alsoneededFurthermoreit canhapperthatmoreobjectsareobscuredindera singleocclusion.
The proposedapproactis differentfrom the previous onessincethefocusis on the detectionof the occludedpart of
anobject.

The detectionandreconstructions basedon establishinga foreground- backgroundelationbetweernregionsduring
the analysisof region boundaries. In particular the backgroundregion is occludedby the foregroundregion and
reconstructiorstartsfrom its boundary

In orderto reconstrucbcclusionsve needto exploit availableinformationthatconstrainsa sceneln particular:

1) goodsurfacecontinuation.Thatis, the occludedsurfacekeepsthe sameshapeof its visible part[8, 11].

2) goodboundarycontinuation.Thatis, the occludedooundarykeepsthe sameslopeof its visible part.

3) architecturakonstraints.Thatis, the occludedsurfaceis boundedby anarchitecturakonstraint. This canbeawall, a
floor, adoor, awindow etc.[3, 7].

The readershouldnotethatin orderto solve casesf OcclusionPreservingSurfacesand OcclusionBreakingSurfaces,
thesurfacegoodcontinuationconstraintsuffices. In the proposedtaseof OcclusionBreakingBoundariest is alsoneededo
applythe constraintof goodboundarycontinuatiorandthe architecturatonstraints.

3 Occlusion Under standing

The goalis to understandhe kind of occlusionsthat aroseby the scanning.Our input is a rangedatasetthat provides
3D spatialinformation relatedto the sensorposition. The datacontainsdepthinformation that we exploit for detecting
occlusions.

In orderto detectocclusionis more corvenientto switch from true 3D point-setsto a 2.5D representationi,e. a range
image. In this way, we obsene the scengrom the sensowiewpoint, thatis, we look at occlusionghe sameway the sensor
does.

3.1 Method for Occlusions Preserving Surfaces and Occlusions Breaking Surfaces[1, 6]

I mage Segmentation
The imagerangecanbe segmentedby extracting depthdiscontinuitieseither acrosseachcoordinateaxis [1], or between
neighbourinditted 3D surfaceq6]. The caseof depthdiscontinuitiess representeth figure 3, while the caseof 3D surfaces
is representeth figure4.
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Figure 2. Type of occlusions
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Figure 3. A Range image (left) and corresponding extracted regions after labelling (right).
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Figure 4. The first segmentation.
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Figure 5. An intensity image (left) and its corresponding range image (center -left). The same image
after depth discontin uity processing (center-right) and additional partitioned using fold edges (right).




The extractedsurfacesare further ssgmentedby analysingtheir surface orientation. This processis called fold edge

detection.Theresultof this detectionis shawvn in figure 5. Theright-handfigure shovs thata fold edgedetectionleadsto a
moreaccurataletection.

Surface Fitting
The extractedsurfacesare then fitted by parametricsurface shapesn orderto obtain good comparatie measures.Ex-
perimentshave shovn that planes,cylinders and spheresare usually sufficient to describemostof the simple surfacesin
architecturakcenesThefollowing tableshavs the parametersassociatedvith eachsurfacetype.

| Surfacetype | Description |
Planar surfacenormalsur f -nl
displacemendlisp
Cylindrical pointonaxisp
(circular) | unitvectorof axisaxis_uv
radiusr
Spherical centrec
radiusr

For two surfacesto be contiguousthey mustbefirst of the sametype. The surfaceparameteréntroducedabove canbe

usedfor comparisonThefollowing tablegivesthe parameterandthethresholdusedfor determiningwhethertwo surfaces
matchor not.

| Surfacetype | Requirement$or matching |
Plane surfnly - surfnly < 5deg
|disp1 — dispa| < 5em
Cylinder axis_uv - aris-uve < 5deg

axis_uvg - p1p2 < Hdeg
p1pe - axis-uvy < Hdeg
(2% |r1 —ra])/(r1 +1r2) <5%
Sphere (2 x dist(c1,c2))/(r1 +1r2) < 10%
(2% |r1 —ra])/(r1 +72) < 5%

3.2 Method for Occlusions Breaking Boundaries[9].

The detectedsurfacesare consideredn pairsandtheir boundariescompared.If depthvaluesassociatedvith adjacent
surfaceboundariesresimilar, thesurfacesarecontiguousandsonotoccludedn theareasurroundinghoseboundariesThe
boundariebetweenthewall andcupboardshavn in figure 6 areexamplesof boundariedetweencontiguoussurfaces.We
call themtrueboundaries.

If instead,depthvaluesassociatedavith adjacentsurfaceboundariesaredifferent,it meansthatthe surfacecloserto the
sensotis in foregroundandthe otheroneis in background.In this casethe boundaryof the backgroundsurfaceis a false
boundary In figure 6 the boundariedetweendoor andcupboardare examplesof falseboundaries We have to establisha
foreground-backgound relationfor eachpair of adjacentegions.

Oncefalseand true boundarieshave beenidentified it is possibleto detectthe points wherethe backgroundsurface
boundaryis occluded.We call themendpoints. The endpointsarethe endsof the backgroundsurfacetrue boundariesand
they lie justnext to thefalseboundaryendpoints Figure6 shavs the endpointsor the examplecase It is importantto detect
endpointdbecausehey representhe startingpointsfor thereconstruction.

4 Occlusion Recovery

Thekey to reconstructions to identify which partof the occludedregion canpotentiallybe connectedehindthe occlu-
sion.

To reconstrucbccludedareass a difficult tasksincewe needto estimatesomethingwhich is not visible. Sometimeit
is in factimpossibleto reconstrucbccludedareas suchasthe casewhenthe hiddenareacontainsabruptsurfacechanges
which do not follow the conceptof continuousconstraints.This explainswhy we proposea consenrative approacho the
reconstructionWe needto be surewe seetheright conditionallowing somereconstructions.
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Figure 6. Endpoints and boundaries between adjacent surfaces.
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Figure 7. Matching areas. These belong to the same wall lying behind the chair. Areas are gray,
perimeter points are shown in black (left). The distance transform for one of the areas shown in the
left figure . Perimeter points have been added for clarity. (right) The potentiall y reconstructib le area
between the two surfaces shown in the left figure .

4.1 Method for Occlusions Preserving Surfaces and Occlusions Breaking Surfaces[1], [6].

Identifying Allowed Reconstructions
We rely on distancetransformg6]. This methodfinds perimetemointsthat are actuallyfacingthe connectingarea. Then
we draw lines betweerthe pixelsfacingeachotherwith the Bresenhanalgorithm,asin [1]. The methodrelieson distance
transformswhich encodehedistance(in pixels)to the nearestegion point. Figure7 (center)showvs the distanceransform
of oneof the matchingareasn figure 7 (left). Figure7 (right) shavs the potentially reconstructibleareabetweenthe two
surfacesshavn in figure 7 (left). Thedistanceransformgecordshe distanceto the nearesboundarypointallowing aneasy
computatiorof the hypothesisedccludedsurface.

Surface Reconstr uction
Reconstructiortakes place betweenregions belongingto the samegroup and satisfyingthe depth constraint. Given an
occludingpixel andanoccludedsurface,a simpleandintuitive way to performreconstructioris to intersectheray from the
sensothroughtheoccludingpointwith theoccludedsurface.As this ray overlapsthe opticalray of thelaserscanningoeam,
thereconstructegixel is placedin a positionthatcouldactuallyhave beensensedy the sensor

For planesthereis usuallyoneintersection.For cylindersandspheresve usuallyfind two intersectionsIf the shapeof
thesurfaceis concare, the mostdistantintersectioris chosen Similarly on corvex surfacegshe closerintersectioris chosen.

Dueto noise,surfacesextrapolatednto the possiblyoccludedareanever perfectlymatcheachother Consequentlythe
surfacesare interpolated. A solutionis a weightedaveragingbetweenall the intersectionswith the extrapolatedsurfaces,
with weightsdependingn the distancegrom theintersectiorto the closestperimeterpoint of eachsurface.The positionof
thereconstructegixel canbe computedoy:

XA "

Tinter = Ef(ds)
f(dS) = (dmaw - dS)% 2
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Figure 9. Results for an occluded wall (left) and two occluded cylinder s (right)

The summationin equation(1) takesplaceover all the surfacesinvolvedin the reconstruction.Becausepointsthatare
closerto a certainsurfacewould be weightedmore than points that are further away, the weighting function shouldbe
decreasingvith theinputdistance Theweightingfunctionusedfor the exampleis shovn in equation(2).

Reconstruction Validation
The choicenow becomesvhetherto reconstrucor not. Reconstructions a severechangeto theimage,soit is important
to bevery carefulin applyingit. If the areabetweerntwo matchingsurfacesis furtheraway from the sensothanthe areaof
the surfaceto bereconstructedhenreconstructiorshouldnot happen(seefigure 8). This happen®n mary occasionsvhen
nichesasdoor or windows areinvolved. In casesf ContiguousOccludedAreasor Single Region Occlusionsa proposed
solutionis to first reconstructhe surfaceandthencomparereconstructednd measuregoints. Reconstructions allowed
only if reconstructegbointslie behindthe measurednes. All the pixelsin the areabetweenthe surfacesare considered.
To achieve a morereliable resulteachpixel vote for reconstructionand only if enoughpixels votesfor a reconstruction
will it beapplied.As ary reconstructiorrequireshypothesisingion-obserabledata,the assumptiongeadto a consenrative
reconstructiorhaving a high likelihoodof beingcorrect.

Figure 4.1 shavs somereconstructedmages. The left imageshaws the occlusioncausedy a chairin front of a wall.
Theright imageis animageacquiredby an orthographicscanner The middle row shaws a rangeimagewith reconstructed
pixelsandthe bottomrow shavs thereconstructionn 3D. Becauseahereconstructedurfaceappearedinnaturallysmooth,
thesameamountof Gaussiamoisein the z-directionasfoundin the original surfaceswvasadded.

Texture Reconstruction
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Figure 10. Texture reconstruction

Although reconstructinghe occludedsurfacesmakesthe 3D modelsmorerealistic (no more chairshapecholesasin the
figure), they still lack intensitytexture. The reconstructedurfacesare merely pointsin 3D spacewithout any information
aboutthe light intensityor colour at that point. So, we hypothesisavhatthe intensityon the surfacewould have beenif it
waspossibleto directly sensehesurface.

The mainideais illustratedin diagramof figure 10 The reconstructegoints andthe neighbouringmeasurednesare
mappedonto a planartexture space.This stepallows easierand more efficient processinghanthe unorderecpointsin 3D
spaceFor 3D sceneplanesthisis a simpletranslationandrotation. For cylinderswe usea h-6 surfaceparametrizationand
for spheres 8-¢ parametrization.

An acquiredntensityimageis mappedn the sameplaneaccordingo numberandpositionof the mappedsurfacepoints
andthenpropogatedy a variety of methods.The reconstructe®D pointsthenacquirea hypothesizedntensityfrom the
correspondingpointin thesurfacetexturespace.

4.2 Method for Occlusions Breaking Boundaries[9].

The proposedmethodis basedon the conceptthat the occludedareais filled in with the sametype of surfacewhich
fits the visible area. To achieve this we first needto estimatethe boundariesf the occludedregion. Consequentlyfor
eachendpointwe estimatethe direction of its continuationwithin the occludedarea. The methodproposedio estimate
the occludedboundaryis basedon the boundarygood continuationconstraint. In particular the endpointprolongation
is performedaccordingthe Gestalprinciple of good continuationand proximity in the order: linearity, co-circularity[8],
closure[11]. In thisway we areableto boundthe surfacewhich is goingto bereconstructed.

We candistinguishthree possiblecaseshasedon the relation betweenvisible boundariedying in the proximity of an
intersectiorwith theoccludedsurface.

caseA) coincidentboundaries;

caseB) corvergentboundaries;

caseC) divergentor parallelboundaries.

Thiscasesrerepresenteh figure11.
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Figure 11. Proposed reconstruction rules
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Figure 12. Main steps of the reconstruction process (case of convergent boundaries)

a)

In all thethreecaseghe hiddenboundaryis the continuationof the visible one. However, in thefirst case the boundary
extensionsacrosshe occludedareaarecoincidentto the line connectingendpointsjn the secondcase the boundaryexten-
sionsovertheoccludedareaintersectwithin theoccludedarea(e.g.figurel3); in thethird case theboundaryextensionsover
theoccludedareado notinterseci(e.g.figurel5). Thelastcaseneedsanarchitecturatonstrainto limit boundaryextensions.
In thework presentedhere we assumehatthe extensiondoesnot passhroughwalls or thefloor. This mayoverextendsome
surfacesthealternatve would be moreconsenrative andnot reconstructhesecases awaiting insteadadditionaldata.

Hypotheticalsurfacescanthenbe createdby extendingthe visible surfaceregionsinto theidentifiedboundedarea. The
methodto estimatethe occludedsurfaceis basedon the surfacegoodcontinuationconstraint. Thatis, we hypothesisdhat
the surfacedoesnot changets shapewithin the occludedarea. Thereconstructions performedin the 3D spacean orderto
achieve ahigheraccurag. Givenanoccludingpixel andanoccludedsurfacewe intersectheray from thesensothroughthe
occludingpoint with the occludedsurface.As this ray overlapsthe optical ray of thelaserscanningoeam thereconstructed
pixel is placedin a positionthatcould actuallyhave beensensedy the sensar For planesthereis usuallyoneintersection.
For cylinderandspheresve usuallyfind two intersectionsFigure12 summarizesherecovery method.Figuresl3- 15shav
someexamplesof reconstruction.
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Figure 13. Reconstruction of a surface with rules of case B. Occluded surface (left), extended bound-
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Figure 15. Examples of reconstructed objects: right-side pyramid of scenario 1 (top-left) and right-
side pyramid and little house of scenario2 (top-right). Pyramid pyramid before reconstruction (center -
left) and pyramid after reconstruction (bottom-left), little house and pyramid before reconstruction
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