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TheSequencedConvex Subtraction(SCS)algorithmfor Construc-
tive SolidGeometry(CSG)sequentiallysubtractsconvex volumes
from thez-buffer. Theperformanceof thealgorithmis determined
by the lengthof thesubtractionsequenceused.View-independent
subtractionsequencesareO H n2 I in length.Thesecanbereducedto
O H knI if themaximumdepthcomplexity k, which rangesbetween
1 andn, is known or canbedetermined.

We presentan improvementto subtractionsequencegeneration
which usesobject spaceoverlap information to give O H nI length
sequencesin the bestcaseand (unchanged)O H n2 I sequencesin
the worst case. The approachis basedon what we term an over-
lap graph. We alsodiscussa unifying approachcombiningover-
lapgraphbasedprocessingwith theSequencedConvex Subtraction
(SCS)CSGrenderingalgorithm. Finally, we presentexperimental
resultswhich show performanceimprovements,dependingon the
spatialarrangementsof objects.

CR Categories: I.3.5 [ComputerGraphics]: GeometricAlgo-
rithms, Languages,andSystemsI.3.3 [ComputerGraphics]:Dis-
play Algorithms I.3.7 [ComputerGraphics]:Visible Line/Surface
Algorithms

Keywords: CSG,renderingalgorithm,graphalgorithm
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TheSequencedConvex Subtraction (SCS)algorithm[Stewart et al.
2000; Stewart et al. 2002] is an image-spaceapproachto CSG
rendering. The algorithmutilisesan O H nI algorithmfor intersec-
tion of convex objectsandan O H n2 I algorithm for subtractionof
convex objects[Stewart et al. 2002]. Previous image-spaceCSG
renderingalgorithms[Epsteinet al. 1989;Goldfeatheret al. 1989;
Wiegand1996] rely on multiple z-buffers,extendedz-testingor z-
buffer copying. TheSCSalgorithmaimsto maximiseperformance
by increasedutilisationof high-performancepolygonrasterisation,
which is typically a fastpath,ratherthanz-buffer copying, which
is typically aslow path[Wiegand1996;Stewartetal. 1998;Stewart
et al. 2000].

V
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In this paperwe presentan approachwhich results in faster
subtractionof large numbersof convex objectsfrom the z-buffer.
Object-spaceintersectiondetection(spatialoverlap) is usedas a
meansof producingshortersubtractionsequences.In thebestcase
subtractionsequencesof lengthO H nI canbe determinedbasedon
the spatial arrangementof objects— an improvementover the
O H n2 I sequenceswhich would otherwisebe needed.In the worst
casethesubtractionsequencelengthremainsthesame.

Theoverlapgraphwhich storesspatialintersectioninformation
andis thebasisof our improvedapproachis introducedin Section
2. Propertiesof theoverlapgraphwe usearediscussedin Section
3, includingmethodsfor encodingsubtractionsequences.In Sec-
tion 4 a completealgorithmis presentedfor encodingsubtraction
sequencesfrom overlapgraphs.Experimentalresultsanda perfor-
mancecomparsionarepresentedin Section5. Finally, concluding
remarksaregivenin Section6.
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TheSCSalgorithmrequiresa subtractionsequencefor eachsepa-
rateCSGproduct.Any CSGtreecanberepresentedasa unionof
products— termedsum-of-products[Goldfeatheretal. 1989]form.
CSGtreenormalisationis theprocessof converting a CSGtreeto
sum-of-productsform. CSGproductsconsistonly of intersections
andsubtractions.

We usewhatwe term an overlap graph to representthe spatial
relationshipof the objectsin a CSGproduct. Nodesin the graph
correspondto shapesor objectswhile edgesin the graphindicate
spatialoverlap(thatis, spatialintersection)betweenobjects.Nodes
andedgesareremovedfrom thegraphasthegraphis processedinto
a subtractionsequence.Aspectsof this processingaredescribedin
Section3.

Our approachdoesnot requirea perfectoverlap graph. Extra
edgesin theoverlapgrapharepermissiblebut mayresultin longer
subtractionsequencesandtherebydegradetheperformanceof the
SCSCSGrenderingalgorithm.Extraedges(falsepositives)in the
overlapgraphoccurwhenoverlapdetectionis basedon bounding
volumes. We useboundingvolumesto build the overlap graph.
More ef�cient approachesfor intersectiondetectionare available
but overlapgraphconstructionis not thefocushere.

acbed fhgjilknm�o�m&p�q&g5rTs4i&t�u�vGgjqGwGxzy

In this sectionwe introducegraphtheoryterminologyandnotation
usedin ourwork[Diestal2000].

A graph G {|H V } E I is a setof nodesV anda setof edges E.
Edgesconnectpairsof nodesin the graph. Theorder of a graph,
denoted~ G ~ is thenumberof nodesin agraph.Thenumberof edges
in a graphis denoted~•~ G ~•~ .

If v € V, e € E andv € e, thenthe nodev is an endof edgee,
edgee is incidenton v, ande is anedgeat nodev. Two nodesx } y
areadjacentif xy is anedgeof G. Two edgesareadjacentif they
have anendin common.Thedegreeof a noded H vI is thenumber



of edgesincidentat v. Nodesof degreezeroaretermedisolated.
Nodesof degreeonearecalledleaves.

A pathis a graphP {�H V } E I linking two endnodesvia interme-
diatenodesandedges.Thedegreeof theendnodesin a pathis 1
andthedegreeof theintermediatenodesis 2. Thelengthof a path
is thenumberof edges.A cycleis a graphC {QH V } E I connecting
thenodesof thecycleV into a loop alongtheedgesE. Thedegree
of thenodesin a cycle is 2. Thelengthof a cycle is thenumberof
nodesor edges.A graphcontainingacycleis cyclic. A cyclic graph
consistedof only onecycle is calleda ring. A graphcontainingno
cyclesis acyclic.

A graphis connectedif every pair of nodesis connectedby a
path in G. Otherwise,the graphis disconnected. If U is a setof
nodes,G � U is obtainedby deletingall the nodesin U

�

V and
their incidentedges.
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Ouroverlapgraphis implementedin C++asanadjacency-list using
the standardlibrary vectorandmaptemplatedcontainers.Useof
a sparserepresentationis basedon the assumptionthat thereare
generallyfew edgesat eachnode. Sparsegraphsaremore likely
to resultin shortsubtractionsequences.We expectthat real-world
applicationstypically resultin sparsegraphs.

Theimplementationusesastd::vectorof std::maps,onemapfor
eachnodein thegraph.Eachmapis a balancedtreeof edgesinci-
denton a particularnode. Eachedgeis storedat both endnodes.
Theclassinterfacesupportsedgeadditionandnoderemoval. Node
degreeandedgelist queriesareef�cient.

Our own shapeintersectiontestingroutineshave beenusedfor
overlapgraphinitialisation. In principle oneof the availablecol-
lision detectionlibraries[Cohenet al. 1995] could be usedas an
alternative. Optimisationof this aspectwasnot pursuedin this in-
vestigationdue to our focus on per-frame performance.Overlap
graphconstructionis usuallya onceoff pre-processingstep.
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Theoverlapgraphcontainsinformationaboutthespatialrelation-
ship of the objectsin a CSG tree. This sectionpresentsseveral
propertiesof overlapgraphsthatcanbeusedto constructsubtrac-
tion sequencesfor theSCSCSGrenderingalgorithm.

The aim of overlapgraphprocessingis to embedall necessary
sequencesin acombinedsubtractionsequence.An optimalsubtrac-
tion sequenceis in front-to-backorder, requiringa linearsequence
of subtractionstepsto achieve thecorrectresult. Thefocusof this
work is to utilise overlapinformationratherthansorting. Theaim
is to embedevery graphpathin a subtractionsequenceof minimal
length. Eachpathrepresentsa potentialsequenceof subtractions
necessaryfor ensuringthecorrectlyrenderedresult.

�cbed �ex	�Ep&g�� p�t��Ep y������ p t����

For a CSGproductto be non-empty, all intersectedobjectsin the
productmustoverlapall otherintersectedobjectsin theproduct.If
any pair of intersectedobjectsin the productdo not overlap then
thewholeproductis emptyandnorenderingis required.

Algorithm 1 IntersectedObjectsCheck
empty � f alse
for all pairsof intersectedobjects:i and j do

if i and j arenotoverlappingthen
empty � true � CSGproductis empty�

stop � No furtherprocessingrequired�
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Surfacesof subtractedobjectsin theCSGproductmustbeinsideall
intersectedobjectsin theproductto bevisible. Subtractedobjects
in theproductnotoverlappingall intersectedobjectsin theproduct
areexternalandcanbeomittedfrom thesubtractionsequence.

In theexamplein Figure1,acylinderis subtractedfrom arectan-
gularblock. Thecylinder andblock do notoverlap,sothecylinder
neednot besubtracted.Theresultingsubtractionsequencefor the
setof externalnodesis empty. This processis analogousto view-
frustum culling — only subtractedobjectsoverlappingparticular
areasof interestneedto proceedto subsequentprocessingsteps.

Algorithm 2 ExternalSubtractedObjects
for all subtractedobjects:i do

for all intersectedobjects: j do
if i and j arenotoverlappingthen

remove i from overlapgraph � i is externalandnot visi-
ble�

�cbQ� R�p i3SUT qcylpL�

Intersectedobjectsin theCSGproductarenot includedin subtrac-
tion sequences.Theprevioustwo testsmakeuseof thespatialover-
lapof intersectedobjectsin theproduct.Intersectedobjectsarere-
movedfrom theoverlapgraphat this stagesincethereis no further
usefor this information.

Leaf nodesarethosehaving a degreeof one(connectedby one
edgeonly) — andrepresentsubtractedobjectswhich only overlap
oneothersubtractedobjectin theoverlapgraph.Leafnoderemoval
canresult in new leaf nodes,a cyclic graph,isolatednodes,or an
emptygraph.A setof removed leaf nodesis referredto asa trim.
Theoverlapgraphis trimmeduntil no furthertrimming is possible,
resultingin a setof trims: T1 } T2 }�VWVWV•} Tn. Repeatedtrimming results
in eithera cyclic graph,isolatednodes,or anemptygraph.

In theexamplein Figure2, threecylindersaresubtractedfrom a
rectangularblock. Thetwo outercylindersaretrimmedasleavesin
the�rst pass.

Subtractionsequenceencodingis basedon theobservation that
necessarysequencesof subtractionproceedfrom the outer trims

�! #"N YX� >Z $�%'&�(�%�)*%+(,$�%+-+.�/ 0 G:[�%')?/ @�\6]^)_@B\�`
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Algorithm 3 LeafNodes
pass� 1
while leafnodesexist do

Tpass � leaves
remove Tpassfrom overlapgraph
pass� pass� 1

towardsthe inner trims andthenbackout towardstheoutertrims.
DenotingScyclic H Gcyclic

I asthesubtractionsequencefor thegraph
resultingfrom leaf trimming, the subtractionsequenceSleaves is:
T1 } T2 }�VWVQV•} Tn �

Scyclic H Gcyclic
I

�

Tn } VQVWV•} T2 } T1.
In theexamplein Figure2, T1 { A } C andScyclic { B. Thecom-

binedsubtractionsequenceis: ACBAC. Eachleaf nodeappearsin
thesubtractionsequencetwice,resultingin O H nI lengthsubtraction
sequencesfor completelyacyclic graphs.

�cb�� �g� xzv�fhgjilkGm	�

Repeatedleaf nodetrimming resultsin eithera cyclic graphor an
emptygraph. Cyclic graphsforming a ring areidenti�ed anden-
codedindividually. In theexamplein Figure3, four cylinderssub-
tractedfrom a rectangularblock form a ring in theoverlapgraph.

A ring is formedby a setof nodeswith degreetwo connected
with edgesthat form a loop. The following algorithm is usedto
�nd a ring in anoverlapgraph:

Algorithm 4 RingGraphs
for all nodesof degreetwo: i do

j � overlappingnodeof i
R0 � i
R1 � j
k � 1
while degreeof Rk is two do

next � unvisitedoverlappingnodeof Rk
if next is R0 then

remove R0 } VQV•} Rk from overlapgraph
Gring � R0 }�VWV } Rk
stop

k � k � 1
Rk � next

Subtractionsequencesfor ring graphsneedto includeall clock-
wiseandanti-clockwisetraversalsof thering. All traversalsin one
directionareencodedin the sequenceR0R1 VWVWV RnR0R1 VWVWV Rn � 1, and
in theotherdirectionRn VWVQV R1R0Rn VWVWV R1. Thelengthof eachof these
sequencesis 2n � 1. Combiningthe sequencesin eachdirection,
thelengthof ring subtractionsequencesis 4n � 2.

Graphnodesprocessedas rings appearin the subtractionse-
quenceup to 4 times, resultingin subtractionsequencesof O H nI

length.
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An overlapgraphmaybedisconnected,that is, composedof sepa-
rateconnectedcomponents.Eachconnectedcomponentis treated
individually when convertedto a subtractionsequence.Thereis
no needto embedsequencesbetweendisconnectedportionsof the
overlapgraph.

Individual connectedcomponentscan be identi�ed by starting
from any nodeand traversingall the known edgesuntil no new
nodescanbefound.Thiscanbeimplementedaseitheradepth-�rst
or breadth-�rsttraversal.

Eachcomponentcanbe encodedseparatelyandcombinedinto
a concatenatedsubtractionsequencewithout concernfor theorder.
Separateconnectedcomponentsin theoverlapgraphhave no inter-
dependence.Figure4 illustratessix subtractedobjectsforming a
disconnectedgraphwith two connectedcomponents.

Isolatedoverlapgraphnodes(thosewith adegreeof zero)canbe
treatedastrivial connectedcomponents.Thesubtractionsequence
for anisolatednodeis simplythenodeitself — theobjectneedonly
besubtractedonceto ensurethecorrectlyrenderedresult.

�cb�� � r t3�W� tYf�gjilknm	�

Cyclic graphsthatarenot ringsareencodedaseitherO H n2 I view-
independentor O H knI view-dependent̀ image-space'subtraction
sequences.Theseencodingalgorithmshave beendescribedpre-
viously[Stewart et al. 2000;Erraet al. 2001;Stewartet al. 2002].

In the example in Figure 5, the four subtractedcylinders are
overlappingall the othercylinders. Noneof the nodesareexter-
nal to theblock or areleaf nodes.Also, thecylindersdo not form
a ring. In this caseeither a O H n2 I view-independentor a O H knI

view-dependentsubtractionsequencemustbeused.
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TheSCSCSGrenderingalgorithmoperatesin four generalphases:

� CSGtreenormalisation[Goldfeatheret al. 1989]

� Overlapgraphconstruction

� Subtractionsequenceencoding

� Rendering[Stewart etal. 2002]

Typically, the last two stepsareperformedfor every frame. If
the viewing directiondoesnot changebetweenframes,thenonly
the renderingphaseneedsto be repeated.This sectionfocuseson
the third phase:subtractionsequenceencoding.This is wherethe
improvementsfor CSGrenderingfrom usingobject-spaceoverlap
informationarise.

� b a M � M ����p&g � ilk fhgUizkGm�I!xztBqcyK� x&v
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Algorithm 5 combinesthemethodsin Section3 to producea sub-
tractionsequenceS given an overlapgraphG andthe viewing di-
rection.

Algorithm 5 OverlapGraphSubtractionSequenceEncoding
� Emptyintersection�

for all pairsof intersectedobjects:i and j do
if i and j arenotoverlappingthen

S � f
stop

� Externalsubtractedobjects�

for all subtractedobjects:i do
for all intersectedobjects: j do

if i and j arenotoverlappingthen
remove i from overlapgraph

� Leaf nodes�

for all leaf trims: Ti do
remove Ti from overlapgraph

� Ringgraphs�

for all ring sub-graphs:Gring do
remove Gring from overlapgraph
Sinner � Sinner �

Sring H Gring
I

� Cyclic connectedgraphs�

for all connectedcyclic graph:Gcyclic do
remove Gcyclic from overlapgraph
Sinner � Sinner �

Scyclic H Gcyclic
I

� Combinedsubtractionsequence�

S � T1 �

T2 �

VQVWV

�

Tn
�

Sinner �

Tn
�

VWVWV

�

T2 �

T1

� bQ� IKJ i��.k�� p

Subtractionsequenceencodingis illustratedin Figure6. Nine sub-
tractedobjectsaretestedfor mutualintersectionandform theover-
lapgraphin Figure6(a). Intersectednodesarenotshown — empty
intersectionandexternalsubtractedobjecttestshave alreadybeen
applied. The resultof the �rst leaf trimming passis illustratedin
Figure6(b). Four leaf nodesareremoved in total, which form the

(a) Initial overlapgraph

(b) First leaf trimming pass

(c) Secondleaf trimmingpass

Figure6: OverlapGraphSequenceEncodingExample

pre�x andpost�x of thecombinedsubtractionsequence.Thesec-
ondtrimming passremovesanadditionalleafnodeasillustratedin
Figure6(c). Now thatno further leavesexist in theoverlapgraph,
cyclic connectedgraphsareconsidered.Theringgraphof sizethree
is encodedas the �rst part of the inner subtractionsequence.Fi-
nally, the remaining(isolated)nodeis addedto the inner subtrac-
tion sequence.In this casethe lengthof thecombinedsubtraction
sequenceis O H nI andno depthcomplexity samplingis necessary.

The combinedsequenceis formedby surroundingthe encoded
cyclic graphswith theleaf trims:
T1 �

T2 �

Sring H Gring
I

�

Sisolated H Gisolated
I

�

T2 �

T1

�
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Resultsfor two experimentsare presentedin this section. The
lengthof subtractionsequencesfor image-spaceandoverlapgraph
encodingalgorithmsare comparedby using a proceduralswiss
cheeseCSGmodel.In thesecondexperiment,a3-axismilling sim-
ulation is usedto examinethe real-world performanceof subtrac-
tion sequenceencodingandrendering.

Our previous CSG rendering implementation[Stewart et al.
2002]hasbeenextendedto includeoverlapgraphintersectiontest-
ing andsubtractionsequencegeneration.Theseare implemented
as a C++[Stroustrup1997] classlibrary using the standardC++
templatelibrary[Josuttis1999],OpenGL[Wooetal. 1999;Shreiner
1999] and GLUT[Kilgard 1996]. The experimentalplatform is
a 1.6GHzIntel Pentium4, 256MB RAM, RedHatLinux 7.3 and
NVIDIA GeForce4Ti 4200graphicshardware. The implementa-
tion is alsoportableto WindowsandotherUNIX platforms.Exper-
imentswereconductedusinga800x600pixel OpenGLwindow, 24
bit z-buffer and8-bit stencilbuffer.

Overlapgraphconstructionandperformancearenot the focus
of this work. Our implementationusing spatialsubdivision was
suf�cient for thepurposeof theexperimentsreportedhere.



(a)n=50 (b) n=100 (c) n=200

Figure7: ProceduralSwissCheese
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(a) Image-spacesubtractionsequences
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(b) Overlapgraphsubtractionsequences
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(c) OverlapGraphimprovementfactor

Figure8: SwissCheeseSubtractionSequences
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TheswisscheeseCSGmodelis generatedprocedurally. The user
suppliesa speci�cationof thenumberandmaximumsizeof holes,
anda seedfor the randomnumbergenerator. In this experiment,
themaximumsizeof holesandrandomnumbersequenceare�x ed,
andthenumberof holesvariedbetween10 and200. Themodelis
illustratedin Figure7 with 50,100and200holes.

Table1 liststheminimum,maximumandaveragesubtractionse-
quencelengthsfor swisscheesewith up to two hundredholes.The
sequencelengthswere obtainedby observingone thousandran-
domviewing directions.Image-spacesubtractionsequencelengths
areplottedin Figure8(a),andoverlapgraphobject-spacesequence
lengthsareplottedin Figure8(b). Theimprovementof theoverlap
graphobject-spacesequenceover theimage-spacesequencefor the
meansequencelengthis plottedasanimprovementfactorin Figure
8(c).

Theseresultsindicatethat object-spaceoverlap graphsubtrac-
tion sequencesareconsistentlyshorter. The minimum,maximum
andaveragecasecharacteristicsaresimilar. In Figure8(c)for small
n, sequencelengthimprovementfactorsof betweentwo andthree
areobserved.As n approaches80,therelativeadvantagedropsdra-
maticallyandapproachesanasymptoteatunity asn increases.This
re�ects the fact that as the numberof holesincreasesthe overlap
graphbecomesmoredenseandcyclic andtheopportunityfor leaf
nodepruningdiminishes.Overlapgraphsubtractionsequenceswill
never be longer, sincein theworst casethe image-spaceencoding
algorithmis used.

To summarise,theswisscheeseexperimentcon�rms theadvan-
tageof overlapgraphsubtractionsequenceencodingwith substan-
tially shortersequencespossiblefor sparseoverlapgraphs.

n Image-spacesequence Overlapgraphsequence
min max mean min max mean

20 58 115 78.3 30 30 30.0
40 157 391 252.4 83 143 103.0
60 355 709 462.9 164 301 208.3
80 554 1107 759.6 349 749 505.6
100 793 1684 1143.0 628 1212 867.1
120 1072 2024 1468.4 876 1520 1159.7
140 1530 2642 1993.4 1351 2311 1737.9
160 1750 3340 2476.2 1570 2970 2196.9
180 2328 4118 3068.5 2146 3776 2816.7
200 2986 4976 3777.0 2788 4628 3517.2

Table1: SwissCheesesequencelength



(a)n=50 (b) n=100 (c) n=200

Figure9: Simulated3-Axis Drilling
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This experiment considersa simulated3-axis drilling scenario.
User speci�ed parametersfor the numberand maximumsize of
holesareusedto randomlygeneratedrilled holesof variedradius
andposition.Themodelis illustratedin Figure9 with 50,100and
200holes.

Thisexperimentfocusesontimeratherthansequencelengthand
examinestheprocessingoverheadof object-spaceoverlapgraphse-
quenceencoding.Table2 lists theencodingtime andtotal time for
3-axisdrilling modelswith up to two hundredholes.Onethousand
randomviewing directionswere sampledfor image-spacebased
andoverlapgraphbasedsequenceencodingmethods.Image-space
renderingtimesareplottedin Figure10(a),andoverlapgraphren-
deringtimesareplottedin Figure10(b). Therelative performance
of overlapgraphCSGrenderingis plottedasa speed-upfactorin
Figure10(c). Theproportionof CPUtime spentencodingsubtrac-
tion sequencesis plottedasa percentagein Figure11.

For n up to 40all nodesareprocessedin leaf trimming resulting
in noneedfor depthcomplexity sampling.Overlapgraphsequence
encodingis particularly advantageousin thesecases,resultingin
overall speedupsof betweenthreeand four. As drill holesstart
formingcyclic clustersfor 60

�

n
�

90executiontime for overlap-
graphencodingincreasesin both absoluteandrelative terms. For
n � 100 overlapgraphencodingtime decreasesasthe modelbe-
comesincreasinglydenseandcyclic. As the opportunityfor leaf
trimmingandring �nding diminish,theoverallperformanceof both
approachesconverge.

Image-space OverlapGraph
n encode render total encode render total
20 14.4 14.1 28.5 0.3 7.4 7.6
40 15.9 37.9 53.8 0.7 15.7 16.4
60 17.3 70.0 87.3 14.8 28.3 43.0
80 18.7 117.1 135.8 70.1 57.4 127.4
100 20.3 166.9 187.3 85.8 83.9 169.7
120 21.6 245.8 267.4 76.5 154.2 230.7
140 23.3 310.1 333.3 55.1 232.9 288.0
160 25.0 392.6 417.6 46.4 323.0 369.3
180 26.1 474.8 500.9 37.8 457.6 495.4
200 27.6 571.9 599.5 42.2 554.1 596.3

Table2: Three-axisTiming Results(msec)
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(a) Image-spaceencodingandtotal time(sec)
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(b) OverlapGraphencodingandtotal time(sec)
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(c) OverlapGraphspeedupfactor

Figure10: Three-axisTiming Results
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Figure11: Three-axisRelative EncodingTime

For overlapgraphsequenceencoding,thefractionof time spent
encodingthe subtractionsequencepeaksat nearly 60%, but still
resultsin an overall speedup.In theseexperiments,theper-frame
overlapgraphencodingtime is alwaysmorethanoffsetby theper-
formancebene�t of shortersubtractionsequences.Stencil buffer
copying relatedto depthcomplexity samplinghasbeenobserved
to bea bottleneckat higherresolutionsthan800x600.Thesizeat
which stencil buffer copying becomesthe bottleneckdependson
the relative rasterisationandbuffer copying performanceof a par-
ticular platform.

To summarise,the 3-axis drilling experimentdemonstratesan
overall per-framespeedup,despitesomeextra time spentencoding
overlap graphsubtractionsequences.Substantiallyhigher frame
ratesarepossiblefor sparseoverlapgraphs.
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Object-spaceoverlap graph techniquescan be bene�cial for de-
creasingthelengthof SCSsubtractionsequences.In thebestcase,
O H nI subtractionsequencescanbe determined.In the worst case,
O H knI subtractionsequencesarestill necessary. CSGtreescom-
posedof relatively sparseandevenly distributedobjectsespecially
bene�t from thisapproach,while denseor clusteredCSGtreesmay
not.

Overlapgraphsequenceencodingaddsanadditionalstepto the
SCSalgorithmthatoftenresultsin improvedoverall performance.
Speed-upfactorsof up to threehave beenobservedexperimentally.
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Thereis scopefor extendingthesetechniquesto cyclic graphen-
coding.Graphspresentingrelatively few opportunitiesfor leafnode
trimmingcouldbeapproachedby eithergroupingnodesor by con-
sideringfurtherobject-spaceinformationaboutadjacenciessuchas
locationandorientation.

Object-spacecollision algorithmssuch as I-COLLIDE[Cohen
et al. 1995] could be combinedwith the SCSCSG renderingal-
gorithmfor dynamicandinteractiveCSGtrees.Suchmodelscould
be dynamicin termsof the position andshapeof objects,or the
arrangementof objectsin theCSGtree.

Useof thestencilbuffer for depthcomplexity samplingis a po-
tentialbottleneckfor graphsconsistingof many cyclic clusters.For
eachdisconnectedgraphthestencilbuffer is readinto mainmem-
ory for analysis.Alternative algorithmsmayneedinvestigation.
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