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Abstract
Wepresentanimage-spacetechnique, whichcandetectintersectionsandself-intersectionsamongmultiplemoving
anddeformingobjects.No preprocessingis neededandtheshapeof theobjectsare unconstrainedandcanbean
arbitrarily polygonsoup.Compared to other intersectiondetectionalgorithmsrunning on graphicshardware
thealgorithmonly make modestuseof bandwidthbetweentheCPU andGPU becauseno buffer readbacks are
necessary.

Categoriesand SubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:Collision Detection,
Image-Space,GraphicsHardware,Self-intersections

1. Intr oduction

Ef�cient collision detection is a fundamental prob-
lem in physical-basedsimulation, computer animation,
surgery simulators and virtual prototyping and can of-
ten be the bottleneck in the mentioned areas. For
rigid bodies many ef�cient approaches,based on pre-
computedbounding-volumehierarchieshavebeenproposed
[Hub93, GLM96, KHM � 98].

But asdeformableobjectsarebecomingnormalandnec-
essary, thesehierarchialdatastructurescannot be precom-
puted,but mustbeupdatedfrequently. Someeffort hasbeen
given to optimize this update[LAM01], but it is still ex-
pensive to updatethe hierarchialdatastructuresin dynamic
environments.An even harder problem is posedif self-
intersectionsin adeformingobjectmustbedetected.Useof
bounding-volume hierarchiesmust be abandoned,because
traversalof the hierarchieswill be slow due to the many
overlapsof boundingvolumes.For cloth simulationaccept-
ablesolutionshasbeenproposed[VMT00, VT95].

The rise of graphicshardwarecanprovide a solution to
the self-intersectionproblem.In the last few years,power-
ful graphicshardwarehasbecomea standardpartof a com-
modityPC.Thecheapcomputingresourcesfoundin graph-
icshardwarehasspurredaninterestin intersectiondetection
basedon image-spacetechniques.
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In this paper, an image-spacetechniquefor intersection
detectionof arbitrarily shaped,deforming object is pre-
sented.The objectscandeformin any way andboth open
andclosedobjectscanbetreated.Theapproachis basedon
Cullide,presentedin [GRLM03], but in contrast,we adress,
andsolve, theproblemof self-intersections.

Comparedto previous approaches,our approachis quite
simpleandcaneasilybeimplementedoncommoditygraph-
ics hardware. As processingpower of graphicshardware
growsfasterthanprocessingpowerof generalpurposehard-
ware,our approachshouldbe able to scalefasterthan al-
gorithmsimplementedon standardCPU's. Thereis no re-
strictiononthegeometryused,exceptthatit shouldbetrian-
gulated.Neitherpreprocessingnor hierarchialstructureare
necessaryfor the correctnessof the algorithm.However, a
hierarchy basedonmeshconnectivity canimprove thealgo-
rithm signi�cantly.

Therestof thepaperis organizedasfollows: We give an
descriptionof previouswork doneon algorithmsfor detect-
ing self-intersectionsandintersectionsusinggraphicshard-
warein section2. We give anoverview of theoriginal Cul-
lide algorithmin section3. We presentour modi�cation to
Cullide in section4. In section5 we discussproblemswith
image-spaceprecisionandcompareprecisionof Cullideand
the modi�ed version. In section6, various testsare per-
formed,to ratethe performanceof the modi�ed algorithm.
In section7 we summarizeour work andgive directionsfor
futurework.
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2. PreviousWork

In this sectionwe will give a brief review of prior work on
image-spacetechniquesfor intersectiondetection.

An approachto image-spaceintersectiondetectionis pre-
sentedin [BWS99]. Thedepthlayersof two convex objects
are renderedinto the depthbuffer. Any overlapsbetween
the objectsis found using the stencil buffer. The method
can only handleconvex objectsand do not considerself-
intersections.The main problem is that the stencil buffer
mustbereadbackinto mainmemoryandprocessed.

In [HKL � 99], graphicshardwareis usedto computegen-
eralized2D and3D Voronoi diagrams,which canbe used
for proximity queries.For eachsamplepoint, closestsite
anddistanceto that site is computed,usingpolygonscan-
conversionanddepthbuffer comparisons.Distancemeshes
for points,lines, curvesandcurved surfacesin 2D and3D
canbecomputed.

A specializedapproachto intersectiondetectionfor cloth
onwalkingpeopleis presentedin [VSC01]. Depthmap,nor-
malsandvelocity for theavataris computedin image-space.
Intersectiondetectionfor a particle can be doneby trans-
forming to imagespaceandcomparingwith thedepthmap.
Thealgorithmreliesheavily onbuffer readback.

In [HTG04] an image-spacetechniqueis usedto com-
putea layereddepthimage,which canbe queriedfor col-
lisions and self-intersections.The algorithm requiresthat
the geometryis a twofold. The algorithm is implemented
in two versions,on CPU and in graphicshardware. For
small con�gurationsthe CPU-implementationis mostef�-
cient.For big con�gurationswith upto 500kfacestheGPU-
implementationrunningon graphicshardwareis mostef�-
cient.Again, thealgorithmreliesonbuffer readback.

In [GRLM03], occlusionqueriesareusedto prunea set
of potentially overlapping triangles.No preprocessingis
neededandarbitrarypolygonsoupscanbehandled.An ad-
vantageis that buffer readbacksare not needed,implying
minimaluseof bandwidth.

3. Cullide

In this sectionwe will give an overview of Cullide aspre-
sentedin [GRLM03]. An objectis de�ned to beacollection
of oneor moretriangles.In thefollowing we assumeanen-
vironmentO of n objectso1;o2; : : : ;on.

In the following, we assumethat all objectsaredivided
into someform of hierarchy. We will ignore the form of
thehierarchy becauseit only in�uencesperformanceandnot
correctness.

3.1. Overview

Givena collectionof objects,thepurposeof a collision de-
tection algorithm, is commonlyto determineeither of the
following

� A setof pairsof intersectingtriangles.
� A setof pairsof closestfeatures.

Most collision detectionalgorithmsdetermineeitherone
or bothof theabove.

Cullide is different in this aspect,as it doesnot directly
determineany of the two resultsmentionedabove. Instead,
thealgorithmtakesasinput a setO, of n objects.Thealgo-
rithm reducesthisset,andreturnsanew set,calledthePCS,
potentiallycolliding set, whichis asubsetof theoriginalset.

For clarity, we considerCullide consistingof two parts.
The �rst part managesthe graphicshardwareandcontrols
what shouldbe sentto it. It alsocontrolsthe usageof ob-
ject hierarchies.Thesecondpart is a simpleoperation,re-
ducePCS, which canbeimplementedusinggraphicshard-
ware.The operationtake as input a set of objectsO, and
prunesomeof thenon-intersectingobjectsaway. Theopera-
tion doesnot guaranteethatall non-intersectingobjectswill
beremoved,but it doesguaranteethatnointersectingobjects
will beprunedfrom theset.

ThereducePCS operationcanbeconsideredaprimitive
operation- Therearefew variationson to how it canbeim-
plemented.The performanceof the algorithmdependspri-
marily onthe�rst partof thealgorithm- wecannot improve
reducePCS , becauseit dependssolelyon theperformance
of thegraphicshardware.

3.2. Part 1: Usageof the object hierarchies

The usageof the hierarchiescan be relatively simple.We
start by running reducePCS at the object level, pruning
non-intersectingobjects.We then replaceall the non-leaf
objectsin thePCS,with their childrenandrepeattheopera-
tion. Thealgorithmis �nished oncethePCSis emptyor all
theobjectsin thePCSareleaf nodes.Thefollowing pseudo
codedescribesthealgorithm:

cullide( Objects )
PCS = Objects
do

PCS = reducePCS( PCS )
for each node in PCS

if !is_leaf( node )
PCS.remove( node )
PCS.insert( node.children )

while has_non_leaf_nodes( PCS )
return PCS

Figure1: A basicversionof Cullide.

3.3. Part 2: The reducePCS operation

The reducePCS operationis implementedon graphics
hardwareusingocclusionqueries,see[GRLM03] for elabo-
rationof thedetails.
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Thevisibility informationgainedfrom occlusionqueries
is usedto pruneobjectsfrom thePCS.If all fragmentspass
the depthtest,whenrenderingan object,the object is said
to befully visible, with respectto thesetof objectsalready
renderedto thedepthbuffer. Thuswegetthe�rst lemma:

Lemma 3.1 If all fragmentsgenerated,whenrenderingan
object,passthedepthtest,theobjectis fully visible. When
an object is fully visible, the objectdoesnot intersectwith
any of theobjectsalreadyrenderedto thedepthbuffer.

The proof is trivial. If thereis an intersectionwith any
of the objectsalreadyrendered,the intersectionwill cause
someof thepixelsto fail thedepthtest.

An objectcanbeprunedfrom thePCSif it is determined
that the object is fully visible, with respectto all otherob-
jects in the set. A naive approachto using the algorithm
would requirerenderingeachobjectn times,thusyielding
atimecomplexity proportionalto O(n2). Thesolutionto the
problemlies in thefollowing lemma

Lemma 3.2 Givena set,O, of objectso1;o2 : : :on. Theob-
ject ok ; k 2 [1;n] is fully visible with respectto O n ok, if f
it is fully visible with respectto O0

k = o1:::ok� 1 and fully
visiblewith respectto O00

k = ok+ 1:::on.

Again, the proof is trivial. If ok is fully visible to both O0
k

andO00
k , it mustbefully visible to theunionof thetwo sets,

O n ok.

Using lemma3.2, we seethat the two subproblemsex-
hibits an optimal substructure.That is, whentestingobject
ok, against the setO0

k, we note that O0
k = O0

k� 1 [ f ok� 1g.
Thuswecanreusetherendereddata.Likewisefor O00

k .

To take advantageof this, we �rst testall objectsagainst
their respectiveO0

k, andthentestall objectsagainsttheirO00
k .

The effect of this, is that the runningtime of the algorithm
is reducedto O(n). Pseudocodefor thereducePCS algo-
rithm is givenin �gure 2.

4. Self-intersections

A drawback of Cullide, is that the algorithm is unableto
detectself-intersections.This is due to the constructionof
the reducePCS operationwhereobjectok only aretested
for intersectionagainsttheothern� 1 objects.Sowhenwe
remove an object from the PCS,we know that it doesnot
intersectwith otherobjects,but we do not know if any self-
intersectionexistsin theremovedobject.In thefollowing we
will explain how to modify Cullide suchthat thealgorithm
becomescapableof detectingself-intersections.

Algorithm

A simpleidea,wouldbeto testtheobjectagainstitself,while
testingagainsteitherO0

k or O00
k . This is not immediatelypos-

sible, sincethe depthtest function is lessthan. If we ren-
der an object to the depthbuffer, andthenrenderit again,

reducePCS( Objects )

ClearDepthBuffer()
for each object in Objects

DepthTest( GREATER_EQUAL)
DepthMask( FALSE )
BeginOcclusionQuery()
object.render()
object.fullyvisible =

EndOcclusionQuery() == 0
DepthTest( LESS )
DepthMask( TRUE )
object.render()

reverse( Objects )

ClearDepthBuffer()
for each object in Objects

DepthTest( GREATER_EQUAL)
DepthMask( FALSE )
BeginOcclusionQuery()
object.render()
object.fullyvisible =

EndOcclusionQuery() == 0
&& object.fullyvisible

DepthTest( LESS )
DepthMask( TRUE )
object.render()

remove_fully_visible( Objects )
return Objects

Figure 2: Pseudocode for reducePCS.As EndOcclu-
sionQuery() returns the numberof fragmentspassing
the inverteddepthtest,a objectis fully visible with respect
to theobjectsrenderedinto thedepthbuffer if this queryre-
turns0.

doing an occlusionquery, it will fail no matterwhat,since
noneof thefragmentswill generatelesserdepthvalues.This
happensbecausewe submitthe sameobjecttwice - during
thesecondpass,therasterizerwill generateexactly thesame
fragments.

This caneasilyberemedied,by changingthefunctionto
lessthanor equal.This ensuresthat someof the fragments
will passthedepthtest.Wethushaveanopportunitytoprune
away subpartsof theobject.Facesclosestto theviewer will
be pruneable.Facesobscured,fully or partially, by other
facescan not be prunedbeforethe facesin front of them
arepruned.

In orderto seehow we detectself-intersections,we must
considerthe objectsvisibility asa whole.We describethis
visibility with referenceto theobjectitself asself-visibility.
Thefollowing de�nition formalizesit:

De�nition 4.1 An object is fully self-visible, if all frag-
mentsgeneratedby renderingtheobjectto a depthbuffer in
which theobjecthasalreadybeenrendered,passthemodi-
�ed depthtest.
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The crucial observation, is similar to what appearedin the
original Cullide algorithm- Fully visibility meansno inter-
sections.We restateit regardingself-intersectionsandself-
visibility:

Lemma 4.2 An objectwhich is fully self-visiblenever has
any self-intersections.

The proof of this lemmais obvious. If an object is fully
self-visibleall fragmentsgeneratedcanbeseenif welook in
the directionof projection.A necessarycondition for self-
intersectionis thata fragmentgeneratedmustbehiddenbe-
hind anotherfragment.Thereforewe concludethatno self-
intersectioncanexist. Noticethatthelemmaabove is vague
- fully self-visibility implies no self-intersections,but ob-
jects that arenot fully self-visiblearenot necessarilyself-
intersecting.

We needto expandour rule to sub-objects,otherwise,we
will beunableto prunemany objects.Thefollowing lemma
describesself-visibility recursively, asa functionof theself-
visibility of the sub-objects.This allows recursive testing,
andpruningobjectsby theuseof their hierarchies.

Lemma 4.3 An object is fully self-visible, if all its sub-
objectsarefully self-visibleandfully visible with reference
to all othersub-objects.

Again, the proof is trivial. If an sub-objectdoesnot in-
tersectwith any othersub-object,andneitherintersectswith
itself, it cannot be part of any self-intersection.If this ap-
pliesfor all sub-objects,theobjectcannot containany self-
intersections.

Turningbackto theoriginalversionof reducePCS (Fig.
1), we can seethat it doesalreadytest all sub-objectsfor
visibility againsteachother- Wemustthereforemodify it to
testagainstitself.

By changingthedepthfunctionandaddinga testagainst
the object itself, while testingagainst O0

k, we get a mod-
i�ed versionof reducePCS , which doesnot pruneself-
intersectingobjects.Thisis theonly changenecessary, to en-
ableCullide to handleself-intersections.The modi�ed ver-
sionis shown in �gure 3.

Drawbacks

Thereare drawbacksto the method.The �rst comesfrom
thechangeof depthfunction.TheoriginalCullidealgorithm
wasableto detectcontacts.Our methodcannot do this,but
is limited to detectingpenetrations.This limits our method
to detectingpenetrations.We do not believe that it will be
a problem.The primary reasonis, that thereareno way of
distinguishingbetweencontactsandpenetrations.If an al-
gorithm is to useour method(or the original Cullide), it
wouldhave to utilize somealgorithmto distinguishbetween
facespenetrating,andfacesin contact.Further, whendetect-
ing contacts,algorithmsprovide somemeansto seta min-
imum detectiondistance,a collision envelope,suchthatall

reducePCS( Objects )

ClearDepthBuffer()
for each object in Objects

DepthMask( TRUE )
DepthTest( LESS )
object.render()
DepthMask( FALSE )
DepthTest( GREATER)
BeginOcclusionQuery()
object.render()
object.visible =

EndOcclusionQuery() == 0

reverse( Objects )

ClearDepthBuffer()
for each object in Objects

DepthMask( FALSE )
DepthTest( GREATER)
BeginOcclusionQuery()
object.render()
object.visible =

EndOcclusionQuery() == 0
&& object.visible

DepthMask( TRUE )
DepthTest( LESS )
object.render()

remove_fully_visible( Objects )
return Objects

Figure 3: Our modi�ed versionof reducePCS where ob-
jects containing self-intersectionare not pruned from the
PCS.

primitivescloserthanthis minimum distancearetreatedas
contacts.This is not possiblewith Cullide either, but it is
implicitly set,by the precisionof the depthbuffer and the
resolutionof thescreen.

Anotherdrawbackappearswhenconsideringclosedob-
jects.It shouldbeobvious,thatall closedobjectswill not be
fully visible with respectto themselves- Someobjectparts
areboundto obscureotherparts.Thusthey areguaranteed
to stayin thePCS.Thisdoesnotaffect thecorrectnessof the
algorithm,sincethe algorithmdescendsto the lower levels
of thehierarchy of theobject,andprunesonthelower levels
of theobjects.

Finally, wemustconsiderthecasewhereanodeof thehi-
erarchy containsasetof triangles,whichobscureeachother,
no matterwherethey areviewed from. Closedobjectsare
oneinstanceof sucha problem,anotheris shown in �gure
4. This will prevent the algorithmfrom pruningthe object.
As canbe seenin �gure 4, it is a ratherobscureexample-
sub-meshescomposedof few trianglesrarely exhibit these
forms.
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Figure4: Illustrationof a badmeshcombination.
The Figure showsa samplecombinationof triangles, that
will alwaysfail to bepruned,whenplacedin a leaf. It fails
to do so,becauseno matterfromwhere weobservethesub-
object,wewill unableto seeall fragmentsgeneratedbyren-
dering theobject.Notethat the illustration is a two dimen-
sionalversionof theactualthreedimensionalproblem.

5. Precisionissues

In orderto correctlyutilize thealgorithm,it is necessaryto
understandtheimplicationsof usingthegraphicshardware.
In this sectionwe will shortlyexplain whathasaneffect on
theprecisionof thealgorithm.Thediscussionwill generally
apply to the original Cullide andour version,andwe will
mentionwhenthey differ.

The algorithmcanbe consideredasa hardwareacceler-
ateddiscreteapproachto a brute force solution.Thus the
precisionissueswith thealgorithmoccurswhentransform-
ing ourexactly formulatedprobleminto adiscreteone.This
happenswhenusingtherasterizerof thegraphicshardware.

The �rst problemis regardingtheroundingof thevalues
usedin thedepthbuffer. Hereourapproachdiffersfrom Cul-
lide. In Cullide, the strict lessthantestensuresthat if two
polygonsmapto the samedepth,they will generatean in-
tersection.Sinceour methodchangesthe depthtest func-
tion, it requiresobjectsto penetrateby a certainamount,
beforethe depthtestwill ensuredetectionof intersections.
Givenanorthographicprojectionwith clippingplanesgiven
by near; f ar; f ar > near, anda depthbuffer with n bits of
precision,they needto penetrateby at least

f ar � near
2n

to guaranteedetection.

In �gure 5(a), threedifferentcasesof overlapin depth
valuesareillustrated.Theverticallinesindicatewherethe
roundedvaluechanges.Thereis nooverlapin A, and
penetrationonbothB andC. Cullidedetectsanintersection
in all threecases.Ouralgorithmonly detectsanintersection
in caseC.

Thesecondproblemsis regardingto therasterizer. The
generalrule thatrasterizersfollows, is to �ll only pixels
having centerscompletelyinsidethetrianglebeing
rendered.Thishastheeffect, thattrianglescanoverlapin

screen-space,withoutactually�lling thesamepixels.The
boundfor thisoverlapis, givenascreenwith apixel of size
width� height,

p
width2 + height2.

Figure5(b), shows12pixelsof thescreenthatwe render
threecasesto, hereillustratingtheproblemswith the
resolutionof thescreen.Thedotsmarkthecenterof the
pixels.In all threecases,thetrianglesintersect.In caseA,
neitherCullideor ourmethodwill detectanintersection.In
caseB, Cullidewill detectanintersectioniff thetriangles
depthvaluesatP1areroundedto thesamevalue.Our
methodwill notdetectanintersectionin caseB. In caseC
Cullidewill alwaysdetectanintersection,ourmethodwill
detectoneif thedistancebetweenthedepthof the
fragmentsatP1andP2areat least f ar� near

2n .

2

far-near
n

Z

A

B

C

(a)depthvaluerounding

A

B

C
P2

P2

P2

P1

P1

P1

(b) rasterization

Figure 5: Differencein precisionbetweenCullide and our
method

Givena triangle,weobserve, thatthecloserthenormalof
thetriangleis to beingperpendicularto thedirectionof
projection,thesmallerwill theprojectedtrianglebe.In fact,
a trianglewith normalperpendicularto thedirectionof the
projectionshouldnotgenerateany pixelsatall. Thisdoes
unfortunatelycauseerroneouspruningof triangles.

6. Results

Wehave implementedoursystemona2.8GHzPentium4
with aGeForceFX5900Ultra graphicscard.Wehave tested
our implementation,usingmodi�ed meshesfrom [Bra], in
thefollowing environments:

� A deformedStanfordBunny with asingleintersection
area.Wehave testedwith trianglescountfrom 5000
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Figure 6: This �gur e showsour deformedStanford bunny.
Theintersectingtrianglesareshownwith green.

trianglesto 270000triangles.Weareableto prunethese
modelsin 20 to 600ms.Themodelis shown in �gure 6.
A �gure showing thebunny in thepruningprocesscanbe
foundin �gure 12

� Two cowscombinedto oneobjectsuchthatmany
self-intersectionsexists.Wehave testedwith triangle
countfrom 3000to 270000triangles.Weareableto
prunethismodelin approximately35msto 1000ms.
Themodelis shown in �gure 7.

A comparisonof pruningtimesis presentedin �gure 8.
This is doneata resolutionof 500x500.It canbeseenthat
it is signi�cantly fasterto prunethebunny comparedto the
cow. This is causedby thelargeamountof
self-intersectionsin thecow, whichmake thealgorithm
descenddeeplyinto thehierarchy.

In �gure 9 and10wehavecomparedpruningtimewith
trianglesrenderedfor eachpassof asinglecollisionquery
on thecow andbunny. A passincludesseveralcallsto
reducePCS with differentdirectionof projections.In
�gure 11wecomparetherelativeperformancesof thetwo
collisionquerieson thecow respectively thebunny. For the
cow approximately40%of theusedtime, is spentpruning
2-3%of theprunedtriangles.Thesametendency is
exhibitedwith thebunny.

6.1. PerformanceAnalysis

Fromthetestresultswecanconcludethattheperformance
of thealgorithmdependson trianglecount,numberof

Figure 7: This �gur e showsour intersectingcows.Thein-
tersectingtrianglesareshownwith green.
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Figure 8: A comparisonof pruningtimefor bunnyandcow
withvaryingtrianglecount.Thepeakfor thecowisduetoan
extra numberof passesrequiredto prunethePCScompared
to otherinstancesof thismodel.
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Figure 9: Thetime usedand trianglesrendered is plotted,
for each pass,for the bunnywith 5000triangles.Theused
timeandnumberof trianglesrendereddoesnot necessarily
dependlinearly oneach other, becausethenumberof occlu-
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Figure 10: Thetimeusedandtrianglesrenderedis plotted,
for each pass,for thecowwith 3000triangles.
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mancefor a occlusionqueryon thecowandbunny. On the
x-axisthe accumulatedpercentage of trianglesprunedcan
beread,while thepercentage of theaccumulatedusedtime
can be readfrom the y-axis.Thestarting point of the lines
denotethepercentageof trianglesprunedin �r st pass.

occlusionqueries,andnumberof intersections.Another
importantobservation,wemadeduringdevelopmentof the
modi�ed Cullide is theimportanceof thehierarchy. Initially
weuseda randomlybuilt hierarchy, whichperformed
poorly. Insteadweusedahierarchy built onmesh
connectivity, which improvedperformancesigni�cantly.
All of thetestsarebasedonhierarchiesbuilt thisway.

7. Conclusionand further work

WehavepresentedCullide,andshown how to augmentit,
to handleself-intersections.

Themodi�ed Cullideseemsreasonablyeasyto implement,
but this is not thecaseif performanceis of importance.To
maximizeperformanceof themodi�ed Cullideclever
strategiesfor renderingandconstructionof hierarchiesmust
bemade.

Performancewisemany thingscouldbedone.Systematic
methodsfor �nding thebestdirectionof projectioncouldbe
basedonassumptionsof temporalcoherenceor object
orientation.A heuristicfor �nding thetime,atwhich
pruningshouldbeturnedto theCPUcanimprove the
algorithm.

Regardingtheprecisionissues,somework is necessaryto
make thealgorithmstable,andto ensurethatno
intersectingtrianglescanbepruned.Testinghow closea
trianglesnormalis to beingperpendicularto thedirectionof
projection,couldbeusedto estimatingwhich trianglesthat
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aretoosmallto bepruned.This is de�nitely possible,but
webelieve it will behardto implementoncurrentgraphics
hardware,without imposingsomerestrictionsto thelayout
of thetriangles.Futuregraphicshardwareis very likely to
providecapabilities,allowing theprocessto befully
automated.
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Figure 12: ThissequenceshowshowthereducePCS operation workson thebunnywith 5000faces.The�r st picture shows
theoriginal modelandin each succedingpicture thePCSis shownafter thePCSin thepreviouspicturehasbeenpruned.
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