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ABSTRACT

Many companiesave startedto investigateVirtual Reality
asatool for evaluatingdigital mock-ups.Oneof the key func-
tions neededor interactive evaluationis real-timecollision de-
tection.

An algorithm for exact collision detectionis presented
which can handle arbitrary non-cotvex polyhedraefficiently.
The approachattainsits speedby a hierarchicaladaptie space
subdvision schemethe BoxTree,andanassociatedlivide-and-
conquertraversalalgorithm,which exploits the very specialge-
ometryof boxes.

Thetraversalalgorithmis generic soit canbeendavedwith
othersemanticoperatingon polyhedrag.g.,distancecomputa-
tions.

The algorithm is fairly simple to implementandit is de-
scribedin greatdetailin an“ftp-able” appendixo facilitateeasy
implementation.Pre-computatioof auxiliary datastructuress
very simpleandfast.

The efficiengy of the approachis shavn by timing results
andtwo real-world digital mock-upscenarios.

Keywords: digital mock-up,interferenceletectionyirtual re-
ality, hierarchicabdatastructures.

INTRODUCTION

Virtual prototyping, namelydigital mock-ups(DMU), are
becomingmoreandmoreimportantto help reducethe time-to-
market, andthusthe costsof a nev modelor product. It is said

thateachday of delayin producinga new carmodelcostsabout
2 million dollars(Dai andReindl,1986).

Many companiesgspeciallyin the automotve andaircraft
industries,have startedto evaluateVirtual Reality (VR) as a
back-endo CAD and CAE in orderto investigatea DMU of a
new design.Theideais to allow designersmanugcturingplan-
ners,stylists,andanalystgo evaluateseveral aspect®of the new
productinteractively andimmersiely. All relevantpartsinclud-
ing functional,descriptie,andotherpropertiecanbe corverted
into a Virtual Environment(VE). Then,appearanceserviceabil-
ity, packagingyariants safety andotheraspectsanbe studied
immersvely andinteractvely by one or mary engineersat the
sametime, possiblyat differentlocations.

Collision detectionin virtual prototyping scenarios Oneof
themaingoalsof usinga VR systenfor designevaluationis the
potentially high degree of “reality” which canbe experienced
whenimmersedn aVE. In orderto achieve this, the VR system
needsto be able (amongotherthings)to simulaterealisticand
naturalobjectbehaior atinteractize framerates.

In orderto simulatea naturalVE (Magnenat-Thalmanand
Thalmann,1994), the VR systemmustinhibit mutual penetra-
tion of objects. It shouldalsomake them*“slide” on the surface
of otherobjectswhenthe usermovesthemto a positionwhere
penetratiowould occur Whentheuserinteractswith theVE us-
ing adata-gloveit shouldalsobe possibleto grabor pushobjects
justlike in therealworld.

Othertasksof a VR systemin the context of DMU arege-
ometricalandspatialanalysesin afitting simulationa designer
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might want to checkinteractvely, if a slightly larger, different
partwouldfit in the placeof the original part(seeFigurell. Or
he might want to scaleor shift a part while the systemchecks
all relevant safetydistances.In orderto checkserviceabilityof
apart,the VR systemhasto track the work spacenecessaryor
removing thepartby ahumanworkerandfor thetools,andit has
to reportbothintentionalaswell as“forbidden” collisions. Dur-
ing anassemblyor disassemblgimulationit is often necessary
to simulatekinematican orderto renderasensibledesignstudy

Whentoolsareto beusedn aninteractveserviceabilitytest,
the VR systemmust checkgeometricand spatialrelationships
betweerthetool andtheobjectbeingmanipulatedy theworker.
For instancewhenthe worker hasplaceda wrenchon a screw,
the systemmustmaintainboth objectscoaxialwhile the worker
unscrevsit.

Handling collisionsis at the core of all of the abore men-
tionedfunctionalities. Two major partscanbe identifiedin col-
lision handling: collision detectionand collision response Al-
thoughbothpartsposeinterestingoroblemsthis papemwill focus
only on the collision detectionpart. For further readingon the
collision responseoartsee for example,(Moore andWilhelms,
1988;BoumaandVanecek,Jr, 1991).

Requirementsand solution The requirementn a collision
detectionalgorithmfor interactie virtual prototypingare very
demanding. Under all circumstancesthe collision detection
mustbereal-timein orderto retainthe effect of immersion.The
algorithmmustbe ableto handlearbitrarypolyhedrasincemost
polynomialgeometrydata,corvertedfrom CAD data,are usu-
ally not “well-formed” in the following sense:there might be
gapsbetweenpolygonsbelongingto the sameobject, polygons
could overlap, and almostall polyhedraare not corvex, some
areevennot closed.Furthermoremostcollision handlingmod-
ulesmustbe given at leastone point of intersectionin orderto
take reasonablsteps.Finally, the algorithmmustbe ableto de-
tectcollisionsfor large objectcomplecities at interactve speed,
sincepolygoncountsfor typical CAD datarangefrom 5,000to
50,000polygonsperobject.

While goodresultshave beenachiered for convex polyhe-
dra,non-cormvex, arbitrarypolyhedrastill presenta “hard” prob-
lemunderreal-timeconstraints.

TheBoxTree-algorithmmeetgheabore mentionedequire-
ments: it can handleall objectswhich arejust a collection of
planepolygons.Objectsmay evenbe self-overlapping.lt is fast
enoughto provide for interactve collision detectiorrates.If two
suchpolyhedraintersectat a giventime, the algorithmwill find
two (or more)witnesseganedgeanda polygon).

The BoxTreedatastructureis a binarytree,whichis a hier-
archical,non-uniform,adaptive spacesubdvision. Theleavesof
a BoxTreecontainedgesandpolygonswhich definethe associ-
atedpolyhedron.Basedon someheuristics,a tree construction
algorithmbuilds a nearoptimaltreewith respecto the collision

detectioralgorithm.

The hierarchicaldatastructureis built only oncefor every
object.It doesnot have to betransformedasthe objectmoves.

Theresultsshawv thatthe BoxTreealgorithmperformsmuch
betterthan simple (potentially O(n?)) algorithmswhen object
compleity is above a certainlevel (= 200polygons/object).

Due to the recursve refinementatureof the algorithm, it
canbe interruptedat ary stageshouldthe applicationchooseto
do soin orderto insurea constanframerate. So, this algorithm
is agoodcandidatdor adaptie workloadbalancing.

Outline of the paper. Section describesprevious work
donein thefield. Section introducesour new algorithm,while
Section providesa detaileddescriptionof the algorithmto build
the associatediatastructure.Resultsare presentedn Section.
Thepaperconcludesvith anoutlookin Section, andconclusions
in Section.

PREVIOUS WORK

Collision detectionseemdo have attractedmuch attention
over the past15 years. In the beginning, researcherseemto
have comefrom theareaof roboticsandcomputationagjeometry
Lateron, physicallybasednodelingandanimationhada special
needfor exactcollisiondetection Despiteits comparatiely long
history, real-timeexact collision detectionhasnot beentackled
exceptfor the pastfew years.

Computationatjeometnyfirst focusedontheconstructiorof
the intersectionof two polyhedra(Muller and Preparatal978;
MehlhornandSimon,1985). Later, researchereealizedthatthe
detectionproblemis interestingby itself andcanbesolved more
efficiently than the constructionproblem (Dobkin and Kirk-
patrick, 1985; Reichling, 1988). The algorithmsare very effi-
cientin the asymptoticaworst-casehowever, they seemto be
only of theoreticainterest,becausehe hiddenconstanis prob-
ablyverylarge. No implementatioris known to us.

In thefield of robotics,a completelydifferentapproachas
beenpursuedcollisionsaredetectedn configuationspace(see
(Erdmannand Lozano-Rerez, 1987), for example). This ap-
proachseemso be well suitedfor path-planning.However, no
real-timeimplementatiorseemdeasible.

The representationf objectshasgreatimpacton collision
detectionalgorithms. Non-b-ep representationsg.g., octree,
BSP CSG,etc., allow/needquite differentapproache¢Navazo
etal., 1986;Nayloretal., 1990;ThibaultandNaylor, 1987).

For collision avoidancesystems an approximatecollision
detections quiteappropriatgClifford A. Shafer, 1992).

(Hubbard, 1995) presentan object partitioning approach
someavhat similar to ours using spheresnstead. However, the
constructionof the auxiliary datastructuresis much more in-
volved, plusthe covering of spacewith spheress inherentlyre-
dundant.(Garda-Alonsoet al., 1994) partition the setof poly-
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gonsof an objectby a uniform grid. In general,hierarchical
schemesutperformtheir non-hierarchicabounterpartjf they
don't haveto bere-kuilt dynamically

(Gilbertetal., 1988) computethe distancebetweencorvex
polyhedra(or its sphericalextension)with approximatelylinear
compleity. (Lin and Manocha,1991) presentan incremental
distancealgorithm for corvex polyhedra. Recently (Ponamgi
etal., 1995)developeda hierarchyof corvex boundingvolumes.
However, the algorithmsarequite complicatedo implement.A
separatinglaneis usedto computethedistancebetweercorvex
polyhedraby (Heckbert,1994,1.8).

An approactwhich computegheexacttimeof collisionwas
givenby (Canry, 1986),who usequaterniongo represenbrien-
tationsandformulatethe problemin 7-dim. configuratiorspace.
However, this is neitherrelevant for VR systemanor canit be
computedin real-time. In this paper we will not considerthe
issueof finding the exact time of primal contactbetweentwo
polyhedra.

Octreeshave beenconsideredoy (Yu et al., 1996). They
have presented fastmethodfor simultaneousraversalof axis-
alignedoctrees. However, octreesare very time-consumingo
build, sothey arenot suitablefor real-timecollision detectionin
dynamicervironments.

THE BOXTREE ALGORITHM
Motiv ation for BoxTrees

Hereis a very simple algorithm for arbitrary objectswith
traditionalspeed-upmprovements:

Checkevery edgeof polyhedronA if it intersectsary of the
polygonsof polyhedronB, andvice versa.(lt is not sufiicientto
checkonly the edgesof A againstpolygonsof B. It is alsonot
sufficientto checkverticesfor beinginterior.)

Of course,the algorithm above canbe improved by some
pre-checksin a pre-phasewe collectall polygonsof B which
arein theboundingbox of A. Then,edgef A arechecledonly
againstthosepolygonsof B which have passedhis pre-check.
This “filtering” is donemerelyon the basisof boundingboxes,
soit is fastenoughto improve overall performance(The speed-
up gainedby this phases abouta factorof 1.5.) Anothervery
simplepre-checks to testif theedgese of A arein thebounding
box of B. Thereis no needto do thisin a pre-phasesinceevery
edgeis considereaxactly once.

In the following, this algorithmwill be calledthe “simple”
algorithm. It is anO(n?) algorithmin theworst-case.

Profilings have shavn that mostof the time of the simple
algorithm presentedabove is spentin the inner loop (which is
calledthe all pairs weakness Within this inner loop, mostof
thetime is spentwith theloop construcitself plusthe bounding
box check!

The ideais to usea divide-&-conquerapproach. It is in-
spiredby BSPtrees k-d trees andbalancedipartitions(known

Figure 1. ONLY FACES AND EDGES OF OVERLAPPING BOXES
HAVE TO BE CHECKED FOR INTERSECTION. FOR EXAMPLE,
EDGES OF A.L DON'T HAVE TO BE CHECKED WITH POLYGONS OF
B.L.

in theareaof VLSI layoutalgorithms).

Outline of the algorithm

Thesimplealgorithmasgivenabovewill beimprovedby the
following divide-&-conquerapproachseeFigurel): we divide
theboundingboxesof A andB into two parts,not necessarilyf
equalsize(we callthem“left” and“right” sub-box)we partition
the setof edgesof A into two setsdependingvhetherthey are
in theleft or theright sub-box;in the samemanneywe partition
the setof polygonsof B. Whencheckingedgesof A andfaces
of B for intersectionwe first checkwhetherbboxA) intersects
bboxB) (thenon-alignednes!);if they don't, we're finished.If
they do, we checkall 4 pairsof sub-boxesof A andB, resp.,for
intersection. Obviously, we needto checkedgesagainstpoly-
gonsonly, if theirboxesdointersect.

Of course the sub-boxpre-processings donerecurssively,
whichis why wewill call thewholedatastructurea BoxTee

Sometimesit is moreefficientif we splitaboxsuchthatone
of the sub-boxesdoesnt containany polygonsatall (sucha box
will becalled“empty”). The checkbetweenan emptybox and
another(non-empty)oneis trivial. Of course,‘chipping off” an
empty sub-boxis not always possible hor is it alwayssensible
(criteriawill bederivedbelow in).

BoxTreeswill beconstructedn objectspacei.e.,notrans-
formationsare appliedto the object. When objectsare trans-
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Figure 2. THIS VISUALIZATION OF THE BOXTREE ALGORITHM
SHOWS, HOW MANY AND WHICH POLYGONS ARE ACTUALLY CON-
SIDERED FOR INTERSECTION. THE LEAVES OF THE BOXTREE ARE
DEPICTED GRAPHICALLY BY BOXES.

formedduringa simulation,the boxesof their BoxTreeshave to
be transformedaswell. However, it turnsout that we needto
transformonly the root boxes. We do thatby settingup the re-
cursve traversalappropriately Then,no furthertransformations
(of sub-boxes)have to bedone.

The intersectiontest of two boxes could be done by the
Liang-Barsly algorithm(LiangandBarsky, 1984). However, ex-
ploiting the very specialgeometryof boxesallows a muchmore
efficient intersectiontest for two boxes: we will clip all box-
edgegarallelto eachotheratthesametime. Thiswill enableus
tore-usemary resultsduringonebox/box-checkpluswe canre-
useall of the arithmeticalcomputationsvhendescendinglovn
onelevelin theBoxTree.Speciaffeaturef boxesare:thefaces
form threesetsof two parallelfaceseach,the edgesform three
setsof four paralleledgessachwhenaboxis dividedby a plane
perpendiculato an edge,all edgesretaintheir entering/leging
status.

Simultaneous recur sive traversal of BoxTrees
Simultaneousecursve traversalof two BoxTreesconsists
of two phasesaninitialization phaseanda traversalphase.By
“simultaneous”we meanthat the two treesof both objectsare
traversedsynchronously
Thealgorithm(seealsoFigure2) hasthefollowing pseudo-
codeoutline:

B
left sub-box B.I
yT // right sub-box B.r

q q’
A = X
£ |
z B
X xh'-plane
xI"-plane

Figure 3. SPLITTING BOX B PERPENDICULAR TO ITS X-EDGES
BOUNDS THE LINE INTERVALS OF EDGES OF A.

Simultaneous traversal of BoxTrees
a = boxin A’'sBoxTree, b = boxin B’s BoxTree
a.l, ar areleftandright sub-boxsof a

traverse(a,b):

a, b dontintersect —»
aor b isempty ——
b leaf —

a leaf ——
elementaryperatioron Box Treeleaves
return

a notleaf —
allb intersect —
arb intersect —

b notleaf —

a leaf —

a,b.l intersect —
a,b.r intersect —
a notleaf —»
alb intersect —
a.lb.l intersect— traverséa.l,b.l)
a.l,b.r intersect— traverséa.l,b.r)
arb intersect —»
a.rb.l intersect— traverséa.r,b.l)
a.rb.r intersect—s» traverséa.r,b.r)

return
return

traversda.l,b)
traversda.r,b)

traversda,b.l)
traversda,b.r)

For collision detectionthe “ elementanoperatiofi, which oper
ateson two leavesof the BoxTree,is the simpledetectionalgo-
rithm. However, the simultaneougraversalof BoxTreescould
beusedfor otherfunctions,too: theonly partthatwould have to
bere-defineds the “ elementaryoperatiofi, which providesthe
“semantics’of theoveralloperation(see(Nayloretal., 1990)for
asimilar point of view regardingBSPtrees).
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2 new y-edges

right sub-box B.r

4

left sub-box B.I

Figure 4. SPLITTING BOX B PERPENDICULAR TO ITS X-EDGES
YIELDS 2 NEW Y-INTERVALS AND 2 NEW Z-INTERVALS. ALL OTHER
INTERVALS CAN BE RE-USED.

A single traversal step. We will not discuss the de-
tails of one step of a simultaneous traversal of two
BoxTrees due to limited space. Interested readers
can find a thorough description in (Zachmann, 1995)
and in ftp://ftp.igd.fhg.de/pub/doc/-
techreports/zach/BoxTree-appendix.ps .gz .
(Althoughthealgorithmhasbeenimprovedalot, the mathemat-
ical detailsin (Zachmann1995)are still valid concerningone
traversalstep.)

Onestepof thetraversalalgorithmcorrespondsonceptually
to splitting one box of a pair of boxes(a,b) (seeFigures3, 4)
andcalculatingthe overlapstatusof thetwo new pairsof boxes.
Suffice it to sayhere,thatsucha stepcanbe performedwith at
most72 multiplicationsand72 additions!

CONSTRUCTING THE BOXTREE

The BoxTreesbeing constructedhere are inspired by k-d
treesandbalancedipartitionsfrom VLSI layoutalgorithms.

We do not constructoctreeshecausehey aretooinflexible.
In fact,octreesarejusta specialcaseof ourdatastructure Here,
we want to constructbalancedreesfor reasonsavhich will be-
comeclearbelow.

The following discussionwill discussthe constructionof
BoxTreesfor a setof polygons.Everythingcarriesoverto edges
quiteanalogously

The goalis to partition recursvely the setof polygonsin
sucha way that the numberof elementaryi.e., edge-polygon)
intersectiontestswith the setof polygonsis minimizedon av-
erage. In the following, we will derive someheuristicsfor an
optimal partitioning.

Wheneer the collision detectionalgorithmstepsdown one
level in the BoxTree,andit discardsone of the sub-boxs,we
wantit to discardasmary polygonsaspossible.This leadsto a
spacesubdvisionschemevhichtriesto balancehetreein terms

Figure 5. THIS SHOWS ALL THE EMPTY BOXES OF THE BOXTREE
FOR A TORUS. DURING INTERSECTION TESTS, THESE CAN BE RE-
JECTED TRIVIALLY. THE OBJECT'S COMPLEXITY IS RATHER LOW
(400 POLYGONS), SO ONLY 23% OF ITS BOUNDING BOX IS COV-
ERED BY EMPTY BOXES. WITH LARGER COMPLEXITIES 40%-60%
ARE COVERED, TYPICALLY.

of polygoncounts.

In general,therewill be always polygonswhich are con-
tainedin both sub-boxs,though. During a collision check,we
haveto dealwith those(atleast)twice. Thisleadsto theheuristic
thata bisectionof a box shouldcut asfew polygonsaspossible.

We startwith a givensetof n polygons. Given a cut-plane
¢ perpendiculato the x-axis (w.l.0.g.), we denotethe number
of polygonsto the left, the right, and crossingc by n;, n;, and
ne, resp.Accordingto the heuristicproposedabove, we definea
penaltyfunctionfor c by

p(C) = [N — N |+ ync 1)

wherey is the factorby which a crossingpolygonis worsethan
anunbalanceane.(Note: in generaln +ny +ne > n.)

Thebasicstepfor building a BoxTreeis to find thecutplane
c for agivensetof polygonssuchthatc realizesheglobal mini-
mum

min{p(cx) | Cx L X-axis,Cx € [Xmin, Xmax }
minq{min{p(cy) | ¢y L y-axis,Cy € [Ymin, Ymax }
min{ p(C;) | ¢z L z-axis ¢z € [Zmin, Zmax] }
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Figure 6. EXPERIMENTS INDICATE THAT BUILDING BOXTREES IS
IN O(N) AVERAGE RUNNING TIME. THE GRAPH SHOWS TIMINGS
FOR BUILDING THE BOXTREE FOR SPHERES AND HYPERBOLOIDS.
TIMING WAS DONE ON AN R4400/200MHZ.

We usethesimplerfunctionp(c) = |m —nr|, whichis monotonic.
Thuswe can find the minimum by interval bisection and the
BoxTreesyieldedby thisfunctionhave beensatishctory

After we have found a cut-planewe divide the input array
of polygonsinto two; crossingpolygonsarecopiedinto both(for
reasonsvhichwill bemadeclearbelowv). Thenwe startthe pro-
cessoveragainfor thetwo new arrays.

As mentionedabove, “empty” boxesare “good” (seeFig-
ure 5). By splitting off empty boxesduring the tree construc-
tion, the non-emptyboxeswill approximatehe boundarymore
closely However, anemptybox won't pay off if it is too small,
sowe introduceanempty-box-threshold.

Beforetrying to find the cutplanec which realizesthe bal-
ancedcut, we try to find a cutplanee, suchthat one of the two
sub-boxesis empty andwhichrealizeghemaximumemptysub-
box. If thequotientof the volumeof thatemptysub-boxandthe
volumeof its fatheris greatethantheempty-box-thresholdhen
we usethecutplanee.

The box bisectionrecursionwill stopwhenone of the fol-
lowing conditionsholds:

— depth> dmax

— # polygonsin the box currently consideredor splitting <
Min.

— ny > Anorn, > An (it doesnt make senseo splitthebox, if
oneof the sub-boxescontainsalmostas mary polygonsas
thefather;typ. A ~ 0.8).

. won't be checked
will be

checked

Figure 7. IF CROSSING POLYGONS ARE STORED AT LEAVES OF
THE BOXTREE, TOO, THEY CAN BE DISCARDED DURING THE SI-
MULTANEOUS TRAVERSAL LIKE “NON-CROSSING” POLYGONS.

left | | _
\ | —] ’:\T: T =—right
[y Rl S
e

L — X

<:‘|‘\\§§L\‘:

I :\\:>I

! - $crossing

c-d ¢ ctd

Figure 8. FOR SPLITTING A SET OF POLYGONS BY A PLANE, GEO-
METRICAL ROBUSTNESS CAN BE ACHIEVED BY GIVING THE CUT-
PLANE A CERTAIN “THICKNESS".

Whentherecursiorstops,we attachthearrayof polygonsto the
correspondingdeaf of the BoxTree.

It shouldbeevidentnow, why we did not chooseoctreessub-
octantsof a cell of the octreearenot balancedin general Also,
implementinga simultaneoudraversalof octreess muchmore
complicated.

It canbeshaowvn thatundercertainassumptionthe comple-
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avg. time (ms)

#polygons/object

Figure9. SEARCH FOR THE OPTIMAL DEPTH OF A BOXTREE. THIS
IS THE GRAPH FOR TWO SPHERES. TESTING TWO TORI OR TWO
TETRA-FLAKES YIELDED VERY SIMILAR RESULTS. EACH SAMPLE
IS AN AVERAGE OVER 10x 500 FRAMES.

ity of computinga BoxTreeis in O(nlogn), wheren is thenum-
ber of polygons. Experimentsndicatean even betteraverage
runningtime of O(n) (seeFigure6).

Crossingpolygons. What shouldwe do with crossingpoly-
gons(polygonswhich areon both sidesof the cut plane)? The
approachwe have takenis to storepolygonsonly at leaves. So,
crossingpolygonswill be put in both sub-boxs. This avoids
somedisadwantagesf we would storethem at iner nodes. Of
coursepolygonscanbestoredmultiple timesatleaves,thisway.
However, this doesnot causeary memoryproblems:testshave
shavn that a BoxTree containsby a factor of 1.2 — 1.6 more
pointersto edges/fceshantherereally are.

Geometricalrobustness. Thisissueis of greatimportanceas
experimentshave showved clearly. This is especiallytrue for
polygonalobjectswhich are computergeneratedcind exposea
highsymmetrylike spherestori, extrudedandrevolvedobjects,
etc. Theseobjectsusuallyhave very goodcut-planesput if the
splitting routineis not robust, the BoxTreewill be not balanced
atall.

The problemis: whendo we considera polygonto be on
the left, the right, or on both sidesof the cut-plane? Because
of numericalinconsistenciesnary polygonsmight beclassified
“crossing” even thoughthey only touch the cut-plane(seeFig-
ure 8). Theideais simply to give the cut-planea certain“thick-
ness”26. Then,we'll still considera polygonleft of a cut-plane

1000

tiral BoxTi

boxtree w/o émpty boxes; ~+-
102 algorithr

100

time (ms)

10

1
100 1000
#polygons/object

Figure 10. COMPARISON OF THE BOXTREE ALGORITHM WITH THE
SIMPLE ALGORITHM. SCENARIO: TWO TORI BOUNCING OFF EACH
OTHER IN A FAIRLY TIGHT CAGE. OTHER OBJECT TYPES (SPHERE
AND TETRA-FLAKE) YIELDED SIMILAR RESULTS WITH SLIGHTLY
DIFFERENT THRESHOLDS.

¢, evenif oneof its edgeds right of c, but left of c+ 8. All the
possiblecasesaredepictedn Figure8.

RESULTS
Timing

For timing testswe chosethe following scenario:two ob-
jectsmoveinsidea “cage”. Initial positionsiinitial translational
androtationalvelocitiesarechosemrandomlyatstart-time.When
thetwo objectscollide, they bounceoff eachotherbasedn sim-
ple heuristicye.g.,by exchangingranslationahnd/orrotational
velocities). The sizeof the cageis chosensoasto “simulate” a
denseervironment,.e., mostof thetime thereareonly “almost-
collisions”,whichis the“bad” casefor mostalgorithms.In gen-
eral, the cagesize was chosenl.5 — 2 time the radius of the
test-objectssothatcollisionswill happerfairly often(but large
enoughsothatthetwo objectswill not“get stuck”). Thetestob-
jectswereregularones,like spherestori, tetra-flales, etc.,and
real-world data(e.g.,analternator) Renderingvasswitchedoff,
of course.Thisscenariavaschoserin orderto excludeary side-
effects,e.g.,by doingary bboxchecks.

First, we determinedoptimal parametes for a BoxTree,
namely the maximum depth, the minimum number of poly-
gons/edgeper box, andthe thresholdfor an“empty-box” split.
To thisend,we ranseveraltestswith differentobjectsanddiffer-
entchoicesof thoseparametersTheproblemis actuallyto find a
globaloptimumin 4-spacdor eachpolygoncountandeachob-
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Figure 11. DURING AN INTERACTIVE FITTING SIMULATION IN A
VIRTUAL ENVIRONMENT, THE SYTEM HIGHLIGHTS ALL OBJECTS
COLLIDING WITH THE ALTERNATOR (DATA COURTESY AIT CON-
SORTIUM).

jecttype. Thiswould requirea lot of teststaking daysor weeks
of CPUtime! However, several timing experimentsindicated
that one canindeedsearchfor the optimaof all threeparame-
tersindependently Figure 9 shaws the timing testsfor finding
theoptimalmaximumdepth(on anR4000/50MHZndigo) when
the minimum numberof polygonsper box is 1. It turnedout
that the optimal minimum numberof polygonsper box yields
aboutthe samemaximumdepth.We alsorantestswith thefixed
“optimal” maximumdepthwhile varying the minimumnumber
of polygons;thesetestssuggestedhat said optimal maximum
depth,togetherwith 1 beingthe minimum numberof polygons
perbox, is actuallythebestchoiceof thosetwo parameters.

Similar testswere doneto find the optimal thresholdfor
whento split off anemptybox. They yieldedsimilar resultsin
thatthereseemgo beanoptimalthresholdvhichis independent
of the otherparametersFurthermorethe “nearoptimal” range
seemdo be fairly broad. We also checled experimentallythat
emptyboxesdo actuallygive somespeed-ugseeFigure10).

It alsoturnedout (fortunately),thatoptimal boxtreeparam-

Figure 12. NEW PIPES CAN BE DESIGNED FROM BUILDING
BLOCKS. HERE THE USER ATTACHES A VALVE TO THE END OF
A NEW PIPE. WHEN THE VALVE TOUCHES THE PIPE AND IT HAS
NEARLY THE “CORRECT” POSITION, THE SYSTEMS SNAPS IT TO
THE PIPE. DURING POSITIONING, COLLISIONS BETWEEN VALVE
AND PIPE ARE HIGHLIGHTED BY RENDERING THE PIPE IN WIRE-
FRAME. (DATA COURTESY .)

etersdo not dependmuch on the type of the object. The tim-
ing testsdescribedaborve have beenconductedor spherestori,
cylinders,and“tetra-flakes” (atetrahedronvhichhassmalltetra-
hedraplacedrecursvely onits sides).They shavedthattheopti-
malmaximumtreedepth for example variesby about+1 across
differentobjecttypes.

The following table for the optimal maximum BoxTree
depthwas obtained,which is usedfor generatingnearoptimal
BoxTrees:

#p'gons | 100 | 300 | 700 [ 1300 | 2000 [ 3000 |
depth 4 5 6 7 8 9 |

Next, we comparedhe BoxTree algorithm (using optimal
parameterfor theBoxTreeconstruction}o thesimplealgorithm
asdescribedn Section; the resultfor two tori is showvn in Fig-
ure 10. The samescenarioas abore was used. Eachsample
is an averageover 20 x 2000frames. The testswererun on an
R4400/200MHz.

As expected,BoxTreesare much fasterwhen objectcom-
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plexity is above a certainthreshold but slower for smallobjects.
As canbe seenfrom the graph,a collision checkof two fairly
close 1000-polygon-tartakes about20 msecon average. The
threshold(for tori) is about100 polygons belon whichasimple
algorithmout-performshe sophisticateane.

Applications

Thealgorithmspresentedh this paperhave beenintegrated
with our proprietaryVR system‘Virtual Designll” (Astheimer
etal., 1995). Several applicationshave beenimplementedvith
it, mainly for automotve companiegDai etal., 1996).

An early DMU prototypehasbeendescribedby (Dai and
Reindl, 1986). This is one of the first attemptsto simulate
(amongotherthings)a completeservicemaintainancef acar’s
alternatoby adigital mock-up:theusemwearingahead-mounted
display and data-glwe interactswith a sceneof about40,000
polygonsrepresentinghefront of enginecompartmentwhichis
renderecht about20 frames/secHe hasto openthe hoodof the
carfirst. Thenhe hasto accomplistthefollowing stepsin order:

1. removethefan,

2. tilt theall filter,

3. pushthecoolinghoseto theside,

4. unscrev thefixing wheelof the V-belt,
5. grabthealternatorandtake it out.

Althoughthisis still arathersimplified scenarioof a realmain-
tainanceoperation,the VR systemhasto provide quite a few

functionalitiesfor objectmanipulatiorandobjectbehavior. Each
stepandeachfunctionalityincludingthe carhoodinvolvescolli-

siondetection!

Variantsof partscanbetried andfitted interactvely in place
of theoriginalones.Figurellshavsanexample:all objectscol-
liding with thenew partwill be highlightedon-lineby switching
theirrenderingo wireframe.

Anotherexampleof collision detectiorfor digital mock-ups
involvesmostly pipes,herein theinterior of a ship. It is anex-
perimentalapplicationwherea usercanverify the designof all
kinds of pipesin a ship. Furthermorehe canmaodify the exist-
ing layoutor evendesignnew pipes(seeFigure12). New pipes
canbedesignedrom building blockssuchasstraightsegments,
curved sggments,valves, T-sggments,etc. The systemaidsthe
designelby a snappingmechanisnwhich attachegartsat each
otherwhenthey arepositionedouchingeachother Thisrequires
fastandexactcollision detectiornto achieve interactvity.

FUTURE WORK

The algorithmpresentedbore offers mary morepossibili-
tiesfor furtherspeed-up.

One could try a simultaneoustraversal of axis-aligned
boxes They canbe computedon-the-flyfrom the oneson the

level above togethemwith the informationstoredwith eachBox-
Treenode.Still, we would build theBoxTreeasdescribedn this
paper

The algorithmseemdo be particularlywell suitedfor par
allelization. Eachrecursioncanbe processedn parallelon up
to 4 processegdependingon how mary box-pairshave to be
checled).

An incrementalsimultaneougraversalmight save a lot of
box-boxchecksduringtreetraversal.Unfortunatelyit is notyet
clearto us, how suchanincrementablgorithmcould be imple-
mentedefficiently.

CONCLUSION

An algorithmhasbeenpresenteavhichallowsreal-timeand
exact collision detectionfor complex arbitrary polyhedra. This
is achieved by a recursve divide-&-conquerapproachwhich is
genericandcanbe furnituredwith othersemanticaswell very
easily(e.g.,distancecomputations)Therecursiornstepbasically
consistof anintersectiortestof non-axis-alignedboxes,which
gainsits efficiency by exploiting the specialgeometryof boxes
andby re-usingall resultsfrom previoussteps.

TheassociatedatastructurgtheBoxTree)is ahierarchical,
non-uniformspacedecompositionwhich canbe pre-computed
quite efficiently at start-uptime. An algorithmfor thathasbeen
presentedandit hasbeentestedthouroughly Parameterdiave
beendeterminedwhich yield a nearoptimal object partitioning
with respecto fastsimultaneougraversal.

The collision detectionalgorithm is very efficient: Two
1000-polygon-tarin closeproximity, but not touching,canbe
checledin 20 msecon average(on a R4400/200MHz).

Boththecollision detectioralgorithmandthe BoxTreecon-
structionalgorithmarequite easyto implement.

Thealgorithmspresentedhave beenintegratedwith our pro-
prietaryVR software (Dai et al., 1996),which is beingusedfor
virtual prototypingin Germanautomotve industry The effi-
cieng of the approachhasbeenverified in several real-world
digital mock-upscenarios.
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