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Abstract

We present a novel framework for multiresolution collision detection using \ contact levels

of detail" (CLOD). Given a polyhedral model, our algorithm automatically builds a \dual

hierarchy". A dual hierarchy is both a multiresolution representation of the original model

and its bounding volume hierarchy for acceleratingcollision queries. We have proposedvarious

error metrics, including object-spaceerrors, velocity dependent gap, screen-spaceerrors and

their combinations. At runtime, our algorithm usestheseerror metrics to selectthe appropriate

levelsof detail independentlyat each potential contact location. Comparedto the existing exact

collision detection algorithms, we observe signi�cant performanceimprovement using CLODs

on somebenchmarks, with little degradation in the visual rendering of simulations.

1 Intro duction

Collision detection is an important problem in physically-basedmodeling, computer animation,

virtual environments, electronic prototyping, robotics and many other engineeringapplications.

Collision detection is often oneof the computational bottlenecks in achieving interactive simulation

for complex environments. The running time of any collision query algorithm depends on both

the input size (the combinatorial complexity of the models) and the output size (the number of

contact points). Despite the huge body of literature, the existing techniques cannot o�er the

desiredperformancefor many real-time applications, such as haptic rendering of large structures,

real-time interaction with massive CAD models, and interactive dynamic simulations of complex

objects.
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In this paper, we investigate the useof simpli�cation techniques for collision detection. Model

simpli�cation has been an active research area for the past decade. Many e�cien t and e�ectiv e

simpli�cation algorithms have beenproposedto acceleratethe visual rendering of highly complex

models in real time. Applications of meshsimpli�cation algorithms to the problem of collision de-

tection can potentially acceleratecollision queries.However, only relatively simplealgorithms have

beenproposedfor convex polytopes. A simple approach would be to generatea seriesof simpli�ed

representations, alsoknown as levels-of-detail(LOD), and usethem directly for collision detection.

But, collision queriesrequireauxiliary data structures, such asbounding volumehierarchies(BVH)

or spatial partitioning, to achieve good runtime performance. Thesedata structures often take a

substantial amount of memory, while the LODs themselvescan require a large amount of storage

as well. To represent the auxiliary data structures for each static LOD can quickly increasethe

memory requirement to the point where the memory accesstime may dominate the overall run-

time performance.On the other hand, constructing BVHs for on-the-
y simpli�cation can be time

consuming.

Main Con tribution: We present a generalframework for constructing \ contact levels-of-detail"

(CLOD) for acceleratingcollision queries. The resulting set of simpli�ed representations is a dual

hierarchy. It serves both as a BVH for acceleratingcollision queriesand a multiresolution repre-

sentation of the original model for computing contact information. We have also proposedseveral

error metrics, including object-spaceerrors, velocity dependent gap, screen-spaceerrors and their

combinations. At runtime, the algorithm usestheseerror metrics to selectadaptive CLOD at each

potential contact location independently. In addition, the framework o�ers the capability to per-

form time-critical collision queriesfor real-time applications. We have tested our approach on a

diverseset of benchmarks with challengingcontact scenarios.We observed noticeableperformance

improvement with little degradation in the visual rendering of simulation results on someof the

benchmarks.

Organization: Section 2 brie
y surveys previous work. We present the framework on contact

levels-of-detailfor collision queriesin section3. Section4 and 5 describesa speci�c implementation

of hierarchy construction using convex hulls and its use for runtime contact queriesrespectively.
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We discussthe implementation issuesand demonstratethe e�ectiv enessof our approach in section

6.

2 Related Work

This research is built upon a large collection of knowledge in mesh simpli�cation and collision

detection. We brie
y survey related work in this section.

2.1 Mo del Simpli�cation

Many techniques for mesh decimation and model simpli�cation have been proposedfor the last

few years. We refer readersto an excellent book on this subject[Luebke et al. 2002]. There has

beensomegrowing interest in perception-basedsimpli�cation for interactive rendering[Luebke and

Hallen 2001]. However, these techniques are basedon di�eren t criteria than those for collision

detection. Although we precomputethe level of detail (LOD) hierarchy o� line, the way we select

the appropriate LOD on the 
y is \contact dependent" at each potential contact location across

the object surfaces. It sharesa more common theme with view-dependent simpli�cation[Luebke

et al. 2002],which useshigher resolution representations on the silhouette of the object and much

coarserapproximations on the rest of the object that is not as noticeableto the viewpoint.

El-Sanaand Varshneyproposedto construct a continuous,multiresolution hierarchy of the model

during preprocessing[El-Sanaand Varshney2000]. At run time, a high-detail representation is used

for regionsaround the probe point and a coarserrepresentation farther away using a bell-shaped

�lter. The proposedapproach only appliesto haptic renderingusing a point probe exploring a 3D

model. It usesthe commercialhaptic rendering toolkit, GHOST, to perform point-object collision

query, which hasa much lower computational complexity. This approach doesnot extendnaturally

to collision queriesbetweentwo interacting 3D objects, sincemultiple disjoint contacts can occur

simultaneously at widely varying locations without much spatial coherence.The latter problem is

the focusof our paper.
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2.2 Collision Detection

Data structuresbasedon hierarchical representations have beenextensively usedin the designof ef-

�cient algorithms for collisiondetectionbetweengeometricmodels(seesurvey[Klosowski et al. 1998;

Lin and Gottschalk 1998]). Examplesof typical bounding volumesinclude spheresand axis-aligned

boundingboxes,dueto their simplicity in performingoverlap testsbetweentwo such volumes.Other

hierarchies include octrees,k-d trees, K-DOPs, OBBTrees,trees basedon S-bounds, R-trees and

their variants, etc.[Klosowski et al. 1998;Lin and Gottschalk 1998]. Other spatial representations

are BSP's and their extensionsto multi-space partitions, space-timebounds or four-dimensional

tests (seea brief survey[Redonet al. 2002]),and many more.

The concept of time-critical collision detection was �rst introduced by Hubbard using sphere-

trees[Hubbard1994]. Collision queriesare performedas far down the sphere-treesas time allows,

without traversing the entire hierarchy. The contact information was derived from two colliding

bounding spheresand could deviate arbitrarily from the actual contact normals and contact loca-

tions. This ideacanbe applied to any type of bounding volumehierarchies(BVH). An error metric

is often desirablefor interactive applicationsto formally and rigorously quantify the amount of error

introduced. However, no tight error boundshave beenprovided usingsuch approaches. This canbe

problematic, especially whencontact normalsand contact points arerequiredto computea plausible

collision response.Other techniquesthat exploit hierarchical representations and motion coherence

for fast distancecomputation betweenonly convex polytopeshave alsobeenproposed[Ehmannand

Lin 2000;Guibas et al. 1999].

O'Sullivan, et al. investigatedLOD techniquesfor collisionsimulations and studiedvariousfactors

a�ecting collision perception,including separation,eccentricit y, causality, distractors, and accuracy

of simulation results[O'Sullivan and Dingliana 2001]. Their work is basedon the model of human

visual perceptionand validated by psychophysicalexperiments. The feasibility of usingthesefactors

for schedulinginterruptible collisiondetectionamonglargenumbersof visually homogeneousobjects

is alsodemonstrated. Instead of addressingthe scheduling of multiple collision events amongmany

objects, we focusprimarily on the problem of contact queriesbetweentwo highly complexobjects.
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Recently techniquesbasedon GPU accelerationhave alsobeenproposedfor collision queries[Ho�

et al. 2001;Lombardo et al. 1999]. However, theseapproachesare not necessarilyfaster for rigid

bodieswhereprecomputation can be e�ectiv ely carried out o�-line, sincethe readback from frame-

bu�er and depth bu�er cannot be donefast enough.

3 Framework for Contact Levels of Detail

In this section, we present our approach for constructing hierarchies of CLODs. First we analyze

the advantage of using CLODs in hierarchical collision detection, then we addressthe problemsof

building such CLODs and the processfor creating them, and �nally we explain how CLODs are

usedin runtime collision queries.

3.1 Hierarchical Collision Detection

Bounding volume hierarchies (BVHs) are commonly used for collision detection between general

geometricobjects. To perform intersection tests, two models are queriedby recursively traversing

their BVHs in tandem. Each recursive step tests whether a pair of bounding volumes a and b,

one from each hierarchy, overlap. If a and b do not overlap, the recursion branch is terminated.

Otherwise, if they do overlap, the algorithm is applied recursively to their children. If a and b are

both leaf nodes,the primitiv eswithin them are tested directly.

The test betweenthe two BVHs canbedescribedby the boundingvolumetest tree (BVTT)[Larsen

et al. 2000], a tree structure that holds in each node the result of the query between two BVs.

When temporal coherenceis present, collision tests can be acceleratedby generalized front tracking

(GFT)[Ehmann and Lin 2001]. GFT cachesthe front of the BVTT, wherethe result of the queries

switches from "true" to "false", for collision query in the next time step. The overall cost of a

collision test is proportional to the number of nodesin the front of the BVTT.

When largeareasof the two objectsare in a closeproximit y, a larger portion of the BVTT front is

closeto the leaves,and it consistsof a larger number of nodes. The sizeof the front alsodependson

the resolution at which the objects are modeled;higher resolution implies a BVTT with a greater

depth. We can draw the conclusionthat the cost of a collision query dependson two key factors:
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� The sizeof the contact area

� The resolution of the models

Figure 1: a) Large contact areain high resolution; b) Large contact areain low resolution; c) Small

contact area in high resolution

The contact betweentwo real objects typically occursalong a certain contact area. With polyg-

onalizedmodels, this may result in multiple contact points. The �ner the resolution of the objects,

the larger the number of contact points, as seenin Fig. 1. However, employing a larger resolution

may have little e�ect on the forcescomputed between the objects, becausetheseforcesare com-

puted asa sum of contact forcesarising from a net of contact points. We can arguethat intuitiv ely

a larger contact area allows the objects to be described at a coarserresolution. In this paper we

exploit this hypothesis to create multiresolution representations of the objects, and use them at

each contact location independently for selectingthe appropriate resolution of each approximation.

Using CLODs we can achieve nearly constant cost for collision queriesby exploiting, amongother

factors, the relation betweencontact areaand the resolution of local contact features.

3.2 Construction of Dual Hierarchies

In order to perform e�cien t multiresolution collision detection, we needto achieve two main objec-

tiv es:

1. Create accurate multiresolution representations.

2. Embed the multiresolution representations in e�ective bounding volumehierarchies.

Wecreatemultiresolution representations by performingmeshdecimationon the givenpolyhedral

models. The di�cult y ariseswhen trying to embed theserepresentations in BVHs. If we consider



3 FRAMEW ORK FOR CONTACT LEVELS OF DETAIL 7

Figure 2: Constructing Dual Hierarchies: (a) Initial surface;(b) Clusters of triangles; (c) BVs for

each cluster (in this case,AABBs); (d) Mesh simpli�cation; (e) BV of the union of clusters after

someconditions are met.

each LOD of the object as onewhole model, each LOD would require a distinct BVH for collision

detection. This would result in a very ine�cien t collision query, becausethe front of the BVTT

would have to be updated for the BVH of each LOD. Instead, we introducea procedureto create

oneunique dual hierarchy that servesas both a multiresolution representation and a BVH.

The root of the hierarchy will be the BV of the coarsestLOD. Descendingto the next level of

the hierarchy will yield the children BVs, whoseunion enclosesthe next LOD. At the end of the

hierarchy, the leaf BVs will enclosethe original surface.

The processof creating the CLODs, depicted in Fig. 2, starts by grouping the triangles of the

original surfaceinto clusters. The sizeand properties of theseclustersdepend on the type of BV

that is usedfor the BVH, and will be such that the collision query performancebetweentwo BVs is

optimized. The next step is to compute the BV of each cluster. After this initialization, we start a

meshdecimation processwith a bottom-up construction of the BVH. This is achieved by merging

clustersand computing the BV of their union.

The atomic simpli�cation operations needto satisfy the following:

� Constrain ts imp osed by the BVH: The BVs haveto remainvalid after each simpli�cation

operation. This may imposetopological and/or geometricconstraints.

� Design requiremen ts to achiev e better e�ciency: The union of clusters is possible

whencertain conditionsare met. The BVH will be moree�ectiv e in collision pruning, if these

conditions are taken into account when designingthe atomic simpli�cation operations.
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In Sec.4, we present a speci�c implementation of CLODs that usesconvex hulls as the BVs.

3.3 Runtime Queries with CLOD

Using CLODs, multiresolution collision detection can be implemented by slightly modifying the

typical collision detection proceduresusing BVHs. For each node x of the BVTT, we perform a

collision query. If the query returns "false", we do not need to descendto the children. If the

query result is "true", then we perform a test for selective re�nement. This test can embed various

perceptual error metrics, and it determines if the resolution of x is �ne enough to describe the

contact information at each query location. If the re�nement test returns "true", then we can

directly compute contact information for x, otherwise we descendto its children in the BVTT.

Descendingto the children involvesdescendingto the children BVs, as well as re�ning the surface

representation. This approach handlesthe selective re�nement at each query location independently

in a very e�cien t way.

CLODs can alsobe usedto perform time-critical collision detection[Hubbard1994]. We needto

store the nodesof the BVTT front, and assignpriorities to each node basedon the re�nement test.

In Sec.5 we describe how we implement the collision queriesusingCLODs basedon convex hulls,

as well as various error metrics that we have designed.

4 Dual Hierarchies of Convex Hulls

In this sectionwe describe a particular implementation of CLODs using BVHs of convex hulls. We

�rst addressthe reasonsfor choosing convex hulls as the BVs, and then describe the details of

constructing dual hierarchies.

4.1 Selection of the BVs

Overlap tests betweenconvex hulls can be executedrapidly in expectedconstant time with motion

coherence[Guibaset al. 1999]. Furthermore, convex hulls provide at least equally good, if not

superior, �tting to the underlying geometry as OBBs[Gottschalk et al. 1996]or k-dops[Klosowski

et al. 1998].
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Most importantly the �tting property is related to the performanceof the query to obtain contact

information of a certain CLOD. As explainedin Sec.3.3, when the re�nement test determinesthat

a CLOD doesnot needto be re�ned, we must get contact information at that level. That implies

getting contact information from the triangles of that speci�c CLOD. If the BVs at that level are

oneof AABB, OBB or k-dops,the e�ciency of getting contact information usingtriangles is related

to the number of triangles in each cluster. However, with convex hulls, if we ensurethat the clusters

are themselvesconvex surfacepatches,the contact information at the triangle level is obtained for

free when performing the query betweenBVs[Ehmann and Lin 2001].

The initial clusterswill bede�ned asthe surfacepatchesof a convexsurfacedecomposition[Ehmann

and Lin 2001]. The de�nition of convex surfacepatchesimposestwo typesof convexity constraints

on the processof creating dual hierarchies:

� Lo cal constrain ts: the interior edgesof convex patcheshave to remain convex after simpli-

�cation operations are applied.

� Global constrain ts: the enclosingconvex hulls cannot intersect with the surface of the

object.

However, it is important to note that convex hulls posesomelimitations on the types of mod-

els that can be handled. In our implementation, the convex hulls are formed by convex surface

decomposition, which requiresthe input models to be described as 2-manifold oriented surfaces.

4.2 Construction of the Dual Hierarchy

As already mentioned, the processis initialized by performing a convex surfacedecomposition of

the object and computing the convex hulls of the patches. This is followed by a simpli�cation loop

represented schematically in Fig. 3.

We apply atomic simpli�cation operations taking into account convexity constraints. After each

operation, we test if the union of every pair of neighboring convex patchesis a valid convex patch. If

so,wemergethe patches,construct the convexhull of the union, andsetparent children relationships

betweenthe BVs. We have chosento generatea new LOD every time that the number of convex

patchesis halved.
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Due to the convexity constraints, we might reach a point whereno moresimpli�cation operations

are possible. We completethe construction of the hierarchy by unconstrainedpairwise merging of

patches[Ehmannand Lin 2001]. The levels of the hierarchy createdin this manner cannot be used

as CLODs in collision queries,but are necessaryto completethe BVH.

Figure 3: Generationof CLODs

There are various aspects of the simpli�cation processcentral to our framework of CLODs that

needto be de�ned:

� The type of simpli�cation operation

� The assignment of priorities for simpli�cation

� The local retriangulation after the simpli�cation

We select edge collapseas the atomic simpli�cation operation. There are many options for

prioritizing edgesand selectingthe position of the resulting vertices: minimization of energyfunc-

tions[Hoppe 1996], optimization approaches[Lindstrom and Turk 1998], quadric error metrics for
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measuringsurfacedeviation[Garland and Heckbert 1997],and more. However, none of theseap-

proachesmeetsthe convexity constraints or takes into account the factors that maximize the e�-

ciency of CLODs. Our local simpli�cation operations are inspired by multiresolution analysisand

signal processingof meshes.

4.2.1 Multiresolution Analysis of Meshes

An LOD M j of a meshM at resolution r j is de�ned as an approximation of M that storesall the

surfacedetail at resolutionslower than r j . Following this de�nition, we have decidedto prioritize

the edgesto be collapsedbasedon their resolution. We usethe samede�nition of edgeresolution

as in[Otaduy and Lin 2003],which is inspired by the de�nition of resolution for functions in the

1D setting. By the same de�nition of LODs, the collapseof an edge at resolution r j involves

removing the geometric detail at resolutions higher than r j . We implement this by placing the

verticesresulting from edgecollapseoperationsusingGuskov's minimization of secondorder divided

di�erences[Guskov et al. 1999].

We have compared this approach to other techniques for placing the vertices resulting from

edgecollapses,and it has proved to acceleratethe processof merging convex patches. This is

probably becauseunconstrained�ltering tendsto remove concavities at high resolution,while other

techniquesfail to remove theseconcavities in favor of preservingother properties. Note that a more

e�cien t merging of convex patches has bene�cial consequencesin the performanceof CLODs at

runtime.

4.2.2 Filtered Edge Collapse

Wede�ne a local simpli�cation operation �ltered edge collapse subject to convexity constraints[Ehmann

and Lin 2001;Otaduy and Lin 2003]. This operation is composedof the following steps:

1. A topological edgecollapse.

2. An initialization processthat sets the position of the resulting vertex using quadric error

metrics.

3. Unconstrained�ltering of the position of the vertex.
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4. Solving an optimization problem to minimize the distanceof the vertex to its unconstrained

position while taking into account the local convexity constraints.

5. A bisectionsearch to �nd a location wherethe global convexity constraints are alsomet.

The local convexity constraints for each edgeare linear in the position of the vertex v, and can

be expressedin terms of the neighboring vertices(seeFig. 4 ) as:

((v � a) � (b� a)) � (c � a) � 0 (1)

Figure 4: Assignment of verticesfor local convexity constraints: a) incident edges;b) oppositeedges

In Fig. 5 we show an exampleof a dual hierarchy of CLODs. The processis applied to the model

of a wrinkled torus. Fig. 5-b shows a detailed view of the convex decomposition of the original

surface. In the next CLODs, the �ltering smoothens the concave areas,and the convex patches

grow forming triangle strips on the hyperbolic regions. Likewise, the simpli�cation operations

coarsenthe triangulation. Also notice that initially the simpli�cation operations are concentrated

in the region wherethe wrinkles mergeand is also the areawith the �nest detail.

5 Runtime Queries

In this section we discussour implementation of collision queriesusing CLODs of convex hulls,

present variouserror metrics for selectingthe appropriate CLODs, and demonstratethe application

to rigid body simulation.

5.1 Collision Queries between CLODs of Convex Hulls

A typical collision query betweentwo BVs a and b determinesif a and b are closerthan a distance

� . The collision detectionalgorithms basedon BVHs must ensurethat if a leaf node x of the BVTT
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Figure 5: From left to right and top to bottom, original meshand detail view of CLOD 0, CLOD1,

CLOD2, CLOD4 and CLOD6.

returns "true" to the collision query, then all its ancestorsmust return "true" too. This is usually

achieved by containing the surfaceof each object inside the union of the BVs at every level of

its BVH. In our implementation of CLODs this containtment property doesnot hold, but we can

ensurethe correctnessof the collision detection by modifying the collision distance� ab betweentwo

convex hulls a and b:

� ab = � + h(ai ; a) + h(bj ; b) (2)

whereh(ai ; a) and h(bj ; b) are maximum directed Hausdor� distancesfrom the descendant BVs of

a and b to a and b respectively.
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5.2 Error Metrics

We have designeda functional � to evaluate the resulting error, when we stop a collision query at

a node ab of the BVTT.

� a =
sa

r 2
a

(3)

wheresa is the surfacedeviation of the convex hull a with respect to the original surfaceand r a is

its resolution. This functional can be regardedasa measureof the volume of the �ctitious features

that are �ltered out when using a as the CLOD.

As introducedin Sec.3.1, larger contact areasallow the modelsto be described at coarserresolu-

tion. We take into account this observation by averagingthe functional � over an estimatedcontact

areaD. Thus, we computea weighted surfacedeviation s� as:

s�
ab =

max(� a; � b)
D

(4)

s� can beenconsideredasthe surfacedeviation errorsweighted by a constant that dependson both

the contact area and the resolutions of local surface features. Contact area is too expensive to

be computed in run time. Instead, we compute support areasof the vertices of the models as a

preprocessing,and we usethoseto estimate the contact area.

The node of the BVTT abis re�ned if s�
ab is larger than a threshold value, s0. This threshold can

be determinedbasedupon di�eren t perceptualmetrics.

Size Dep endant Metric

s0 will be determined as a �xed percentage of the radii of the objects involved in the contact

queries.

Velocit y Dep endant Metric

Set s0 as a value proportional to the relative velocity of the colliding objects at the contact

location. This is basedon the fact that the gap betweenthe objects is lessnoticeableasthe objects

move faster.

View Dep endant Metric
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Determines0 basedon screen-spaceerrors. Given N pixels of error, a distancel from the camera

to the contact location, a distancen to the near plane of the view frustum, a sizef of the frustum

in world coordinates,and a sizei of the imageplane in pixels:

s0 =
N � l � f

n � i
(5)

Selective re�nement using CLODs can be implemented combining any of theseerror metrics. It

can alsosupport other typesof perceptualerror metrics[O'Sullivan and Dingliana 2001].

Constan t Frame-rate: Another important feature is the fact that CLODs can be used for

time-critical collision detection. The factor s�

s0
, computed at every potential contact location, can

be usedto prioritize the re�nement. To achieve a guaranteed framerate for real-time applications,

the algorithm will perform as many collision queriesas possible,within a �xed time interval. The

query event queuewill be prioritized basedon s�

s0
.

5.3 Application to Rigid Body Simulation

In rigid body simulations, many of the factors involved in the selectionof CLODs, such as the

velocity of the objects, the contact areaand the distanceto the camera,will vary dynamically. This

results in transitions between the re�nement tests and thus switching between selectedCLODs.

Rigid body simulations often require the execution of time-stepping algorithms to search for the

time instants prior to collision events. Special treatment is necessaryso that switching CLODs do

not generateinconsistenciesor deadlock situations in the time-stepping algorithms. (The analogy

in visual rendering is the \p opping" e�ects often seenduring LOD switching.)

Given a node x i of the BVTT, with collision query "false" at times t i and t i +1 of the simulation,

and a node x j , child of x i , with collision query "true" at both time instants, if the re�nement test

of x i switches from "false" to "true" at t 2 [t i ; t i +1 ], the time stepping method will encounter an

inconsistency. It will try to search for an inexistent collision event in the interval [t i ; t i +1 ]. We solve

this problem by estimating a collision time tc interpolating the separationdistanceof the node x i

at t i and the penetration depth of the node x j at t i +1 . We apply the contact responseand restart

the numerical integration from tc with x i as the active CLOD.
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6 Implementation and Performance

In this section we describe the implementation issuesand the benchmarks used to analyze the

performanceand e�ectiv enessof CLODs.

6.1 Benchmark Mo dels

Fig. 6 shows the set of benchmark models. They are:

� A wrinkled torus falling along a spiral peg

� A spoon sliding inside a cup

� A soupof numberssettling in a bowl

In Table 1 we present the statistics of the dual hierarchies created to represent the benchmark

models. Note that in all casesthe models are simpli�ed to a coarsestCLOD with a complexity in

the order of 1000triangles and 100convex pieces.This limitation is imposedby the topology of the

objects and the localized in
uence of the simpli�cation operations. The statistics of the numbers

represent an averageof all the models from number 0 to number 9.

Models Cup Spoon Spiral Torus Bowl Numbers

Trisor ig 64000 86016 32160 32000 12288 1080

BVsor ig 15490 16125 6448 5919 4336 161

Trissimp 1532 1074 716 644 634 306

BVssimp 241 61 100 92 63 37

CLODs 7 9 7 7 8 3

LODs 14 14 13 13 13 9

Table 1: Mo dels and Associated Hierarc hies. The number of triangles (Trisor ig ) and convex

patches (BVsor ig ) of the initial mesh of the models; the number of triangles (Trissimp ) and con-

vex patches(BVssimp ) of the coarsest valid CLOD; and CLODs and total number of LODs in the

hierarchies.
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6.2 Runtime Performance

The rigid body simulations captured in the snapshotsin Fig. 6 were computed using impulsive

methods[Mirtich and Canny 1995]. These simulations were performed on a Pentium-4 2.4Ghz

processorPC with 2.0GB of memory, a NVidia GeForce-FX graphicscard and Windows2000OS.

The timing pro�le of Fig. 7 shows query times and the number of nodesin the BVTT front for

a simulation of the spoon sliding inside the cup. We have comparedresults obtained with a exact

collision detection algorithm[Ehmann and Lin 2001] against the results of our CLOD technique

using the sizedependant error metric. In particular, we have usedvaluesof s0 of 3:5%, 0:35%,and

0:035%of the radius of the cup. As the timings show, CLODs with s0 = 3:5% perform at least as

good as the exact algorithm for most of the simulation duration. During several time intervals, we

observe a performancegain of almost one order of magnitude. In the other two benchmarks, we

have not observed so remarkable performancegainsusing CLODs.

We have alsoevaluated CLODs with velocity and view dependant error metrics. In Fig. 8 coarse

CLODs are selectedwhen the spoon hits the bottom of the cup, and �ne resolution CLODs are

selectedwhen the spoon slidesalong the sideof the cup. In the �rst casethe polygon count of the

representations is roughly 10 times larger than in the secondcase.

6.3 Limitations and Analysis

We have chosen a diverse set of benchmarks with varying model complexity and observed the

performanceof CLODs on di�eren t simulation scenarios. As a result of the modi�cation to the

collision tolerance introduced in Sec.5.1, the multiresolution collision detection algorithm using

CLODs cannot prune ase�cien tly asthe exact algorithm[Ehmann and Lin 2001],when the objects

are separatedby a distancenotably larger than � . However, when they comecloseto contact, the

temporal coherencein the front of the BVTT is much higher with CLODs than with the exact

algorithm. This can be veri�ed in Fig. 7, where the number of nodes does not vary much with

CLODs. This alsoexplains the spikespresent in the timings for the exact algorithm. Thesespikes

takeplaceat the instants whenthe objectsareabout to interpenetrate. Even if the number of nodes

in the front of the BVTT is smaller for the exact algorithm than for CLODs with s0 = 0:035%,the



7 SUMMARY AND FUTURE WORK 18

coherenceis lower, becausesuddenly many nodes in the BVTT comecloserthan � , thus yielding

longer query times.

We believe that the insigni�cant performancegain in the simulation of the torus falling along

the spiral is due to the similar reasons. Becauseof the high traveling speed and the impacts of

the falling torus, the simulated objects are rarely in closeproximit y. As for the simulation of the

numbers settling in a bowl, the polygonal complexity of the models of the numbers is not high

enoughto bene�t from CLODs.

To summarize, we can conclude that CLODs perform remarkably better than exact collision

detection algorithms (up to one order of magnitude) for situations of sliding or resting contacts

betweencomplexmodels. Theseare in fact someof the most challengingcontact scenarios,because

large areasof the objects are in parallel closeproximit y[Gottschalk et al. 1996].

7 Summary and Future Work

We have introduced a novel framework for multiresolution collision queriesusing \contact levels

of detail" (CLOD). CLOD is a dual hierarchy that servesas both a multiresolution representation

of the model and its bounding volume hierarchy for collision queries. At run time, the algorithm

dynamically selectsadaptiveCLOD at each potential contact independently usingvariouserror met-

rics. This approach considerablyspeedsup the overall performanceof collision queriesin complex

environments with challengingcontact scenarios.

This research may be extendedin several directions:

� A further investigationof the problemof switching CLODs and its implications on the contact

responsemodelsof various simulation methods;

� Optimization of the simpli�cation processto obtain more e�ectiv e hierarchies,perhapsincor-

porating an operation with a more global support than the current ones;

� The application of the generalframework of CLODs to other typesof BVHs.
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Figure 6: Snapshotsof our benchmark simulations. From top to bottom: torus falling alonga spiral

peg,a spoon in a cup, and a soupof numbers in a bowl.
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Figure 7: Comparisonof query time and sizeof the BVTT front for exact full res. collisiondetection

and CLODs

Figure 8: Velocity dependant adaptive selectionof CLODs in the contact between a cup and a

spoon. In blue and green, the vicinit y of the contact locations shown at the resolution of the

adaptively selectedCLODs.


