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ICCD: Interactive Continuous Collision Detection
between Deformable Models using
Connectivity-Based Culling

Min Tang, Sean Curtis, Sung-Eui Yoon, and Dinesh Manocha

Abstract—We present an interactive algorithm for continuous / > o
collision detection between deformable models. We introduce /
multiple techniques to improve the culling ef ciency and the /
overall performance of continuous collision detection. First, we [
present a novel formulation for continuous normal cones and use c
these normal cones to ef ciently cull large regions of the mesh as ‘
part of self-collision tests. Second, we introduce the concept of ‘
“procedural representative triangles” to remove all redundant ‘
elementary tests between non-adjacent triangles. Finally, we \
exploit the mesh connectivity and introduce the concept of \
“orphan sets” to eliminate redundant elementary tests between ‘
adjacent triangle primitives. In practice, we can reduce the
number of elementary tests by two orders of magnitude. These
culling techniques have been combined with bounding volume
hierarchies and can result in one order of magnitude performance
improvement as compared to prior collision detection algorithms
for deformable models. We highlight the performance of our
algorithm on several benchmarks, including cloth simulations,
N-body simulations and breaking objects. (a) deforming model (c) self-collision areas

(b) artifacts caused ‘
by self-collision |

I

Index Terms—Continuous collision detection, deformable mod-

els, continuous normal cones, orphan set, self-collision, bounding Fig. 1.~ Self-collision in simulation: (a) a deforming cloth model with
volume hierarchies 92k triangles and composed of multiple layers; (b) artifadssed in the

simulation by self-collision; (c) zoomed view of self-collidj primitives (the
blue areas).

. INTRODUCTION haptic rendering and local planning for sample-based motio

Interactive simulations with deforming or non-rigid objec planning algorithms [3], [4].
are widely used in physically-based simulations, CAD/CAM, In this paper, we address the problem of fast and accurate
computer graphics, and robotics. In order to generate phySED between deformable models. Accuracy is very important
ically realistic or plausible motions, these systems amorfeature for various applications including cloth simubat;
non-penetration constraints and need to detect all omfissi where a single missed collision can result in an invalid
between the primitives. The collision queries on deforreabkimulation or noticeable artifacts [5], [6]. This is hightited
models can be classi ed into inter-object collisions bedwe in Figure 1.

disjoint objects and self-collisions on a single object. In practice, performing CCD between complex deformable
Most of the prior work in deformable collision detectionmodels at interactive rates still remains a major challenge
has been limited tadiscrete collision detectionThese al- (7] The continuous formulation of the motion can result in
gorithms check for overlaps at given discrete time steps ¥lvery large number of false positives during self-collisio
the simulation, and may miss collisions between the timgyr example, all the adjacent triangle pairs that share @xer
steps. In order to resolve these problems, many researchgran edge may collide as the model is deforming. As a result,

have proposed algorithms faontinuous collision detection gne of the challenges is to devise ef cient algorithms witprh
(CCD) [1], [2]. CCD techniques model the motion betweegyling ef ciency.

the discrete time steps using continuous paths and chesk the
paths for overlaps. The continuous algorithms are also usedrig
perform time-of-contact computations for dynamic simialat

Prior algorithms for interactive CCD are mainly limited to

id and articulated models. In these cases, self-coligle-

tections can either be skipped or carefully avoided. Masy fa
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computation between complex deformable models including formance improvement in our benchmarks.

breaking objects. Our approach is applicable to all tridagal ~ This paper extends our previous work [11] and present
models and exploits the connectivity information betweegore detailed exposition of our culling methods and results
adjacent triangles in a mesh-based representation. Weeutile also introduce a novel culling method, called “Procetura
this connectivity information to perform high-level anduMe Representative Triangles” (PRT). It provides an ef cierayw
level culling to signi cantly reduce the number of elememta to remove redundant elementary tests among non-adjacent
tests between triangle primitives. Speci cally, we intume triangle pairs by testing the connectivity of meshes Igcall
three novel techniques: PRT overcomes one of the main limitations of our previous
1. Continuous Normal Cones (CNC):Normal cone tests \york [11]. Also, it lowers the memory requirements and makes
are used to cull mesh regions that cannot have self-calsiogyr algorithm easier to parallelize on multi-core platferm
during discrete self-collision tests [8], [9]. We extendstivell-  Organization: The rest of the paper is organized as follows:
known normal cone tests to CCD. Our formulation comput&Section | gives a brief survey of prior work in collision
a tight bound on the range of normals for triangles underfstection. We introduce our notation and give an overview
wide variety of continuous motions. We represent contirsuogf oyr approach in Section Ill. The culling techniques are
normal cones using Bernstein basis functions. We use &scribed in Section IV and Section V. We present the two-
convexity properties to compute the normal cones ef cientl|eve| hierarchy and overall algorithm in Section VI, and the

Furthermore, we also present a fast continuous contour tes§yits in Section VII. We compare its performance with prio
method along with the Continuous Normal Cone. approaches in Section VIIL.

2. Procedural Representative Triangles (PRT):We de-
compose potentially colliding triangle pairs into two seten- I
adjacent and adjacent pairs, to perform the elementarg test . i o
between the primitives. For non-adjacent triangle paheye CoII_|S|0n det_ect|0n has been _Wldely studied in computer
are a lot of redundant elementary tests caused by topologi@&Phics, robotics, and computational geometry liteea{@],
sharing. By extending the concept of Representative ng[14]. In t.hIS sectlop, we give a brief overview of prior work
in [10], we introduce “Procedural Representative Triasgle ON collision detection between deformable models.
(PRT) to remove the redundant elementary tests. Compared to
previous database based techniques [11], [12], our methasd IA. Bounding Volume Hierarchies

faster running performance and lower memory requirements. Bounding volume hierarchies (BVHs) have been widely

3. Orphan Set: We derive an optimal bound on the maX'u(s‘ged to accelerate the performance of collision detection

imum numper of el'ementary' tests r.equired to be pgrform% orithms between rigid and deformable models. Examples o
between adjacent triangle pairs. We mtroduc_e_the noticanof BVHs include sphere trees [15], [16], axis-aligned bougdin
orphan setof a mesh based on the connectivity between tkb%x (AABB) trees [17], hierarchies based on tight tting

triangles and show that only the .pr.imitives in. the arphars s ounding volumes (BVs) such as oriented bounding boxes

need to be checked for exact collision detection among all t 8], discretely oriented polytopes (k-DOPs) [19], or higbr

adjacent pairs. In our benchmarks, the “Orphan Set” formul om'bination of BVs [20] '

tlgn reduc.es't'he number of elementary tests betvvgen ad]acerMost algorithms for deformable models typically use simple

triangle primitives by almost th_ree orders of magmtude. Vs such as spheres or AABBs and recompute the BVHs
\(/jVe ”S‘?t? t\;]vo—lglv el b?tl.mldmgb. V‘Jt'“”."'e Ihlﬁrarchy (IBV.H uring each frame [14]. Approaches to compute dynamic

and use it to handle multiple-object simulations (inc L@ﬂmBVHs include re tting algorithms to update these hieragshi

breaking objects) as well as self-collisions. We have a&gpli 21], [22], [23], [24], and performing dynamic or selective
the algorithm to many complex deformable models compos% t'ru ctur'in g [2’5] [26]

of tens or hundreds of thousands of triangles. Our algorithm

can compute either the rst time-of-contact or the full sét o

colliding triangles during the continuous time domain inge B. Deformable Models

or hundreds of milliseconds. As compared to prior approache There is considerable literature on ef cient collision cke

our algorithm offers the following bene ts: ing between deformable models. These include ef cient al-
Generality: Our approach is applicable to various kindgorithms based on normal cone culling and GPU-based ap-
of models and deformable simulations. These incluggoaches. Bergen [17] presented an early approach using
self-collisions, inter-object collisions between muléip re tting for deformable models.
objects (i.e. N-body collisions), and breaking objects. = Normal Cone Culling: Volino and Thalmann [8] proposed
High culling ef ciency: We are able to achieve higha culling technique for efcient self-collision detectioat
culling ef ciency on adjacent pairs by three orders ofliscrete time steps using bounds on the normals. This method
magnitude and reduce the number of overall false posakes advantage of the topology and connectivity of the mesh
tives caused by adjacent pairs and non-adjacent pairsdnyd checks for self-collision by using normal cones and
two orders of magnitude in complex simulations. two dimensional contour tests. They can be combined with
Interactive performance: Our hierarchy update and hierarchical approaches to handle highly tessellated mode
traversal algorithms have small overhead. As compar§2i7], [9], [28]. We extend this normal cone culling method to
to prior CCD algorithms, we observe considerable pecontinuous collision detection.

. RELATED WORK
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GPU-based Algorithms: The rasterization capabilities of we know the position of each vertex in the mesh at every time
commodity GPUs have been used for fast collision detectiastep. We also assume the position of each vertex is de ned by
between deformable models [29], [30], [31]. These include continuous interpolation function. Let a polynomial ftion
many specialized algorithms for self-collision detecti@2], P (t), of timet, represent the interpolating function for vertex
[33], [34], [35]. Some of these approaches are limited tposition.
handling certain types of input models (e.g. closed objectsin the simplest caseR (t) is a linear function. Detecting
or xed mesh connectivity). Furthermore, their performanccollisions between two such triangles in motion reduces to
can vary based on the support of occlusion queries or reguérforming pairwise vertex-face (VF) and edge-edge (EE)
backs from GPUs. We perform a detailed comparison widlementary tests [5], [9]. These VF and EE elementary tests
these approaches in Section VIII. require solving cubic algebraic equations, which are @efiv
from co-planarity conditions. For two arbitrary trianglese
would need to perform 15 tests: 6 VF and 9 EE tests. For

, . . , a linear interpolating function, these tests involve nglithe
CCD algorithms check for collisions in the continuoU$y ots of a cubic equation.

time interval between two discrete time steps. These imclud WhenP (t) is a polynomial function with degree (d > 1)
interactive algorithms for rigid mod_els [1.] and articuldte o resulting test becomes more complex. We still need to
models [2], [36] that are based on tight- tting pre-commiite ,o o, 15" VF and EE elementary tests, but the resulting
hierarchies. CCD techniques for deformable models [7]],[3 olynomial equations would have degrée. For example, if

[37] are mostly limited to models with xeq conngctivity. we used cubic spline functions Bt), we would need to nd
We compare the performance of our algorithm with thestﬁe roots of an equation with degree 9. Solving these higher
approaches in Section VIIl. order equations can be expensive and result in numerical
inaccuracies. As a result, most deformable applicatiores us
Il. OVERVIEW a simple linear interpolating motion between the discretet
In this section, we introduce the notation used in the resteps.
of the paper and give an overview of our approach.

C. Continuous Collision Detection

C. BVHs for CCD

Most prior algorithms for CCD between complex models

We use the symbol¥, E, F, andT to represent vertices, yse BVHs. At each frame, these algorithms update the BVHs
edges, faces, and triangles, respectively. We use love&r-cBased on the new position of the swept triangles and traverse
symbolsy, e, f, andg to denote a speci c vertex, edge, facethe BVHs to check for overlaps. Eventually, they perform
and triangle, respectively. The vector quantities aretemiin  elementary tests on the triangular prisms to check for exact
bold face, e.g.n for the normal of a triangle. Also, we usecollisions during thg0; 1] time interval. However, the perfor-
fvi;fj g to denote a pairwise relationship between two meshance of these algorithms is governed by the two following
elements, in this case; andf;. factors:

Our CCD algorithm is applicable to triangulated meshes. We 1. Culling ef ciency of BVHs: Intuitively speaking, as
refer to each connected mesh asadjectand the simulation 3 BVH ts the mesh tightly, the BVH can provide higher
may consists of one or more objects. We do not make agdlling ef ciency and better CCD performance. In sceneshwit
assumptions about the motion of any object or its deformaticextreme deformations, the BVH computed for one frame may
Furthermore, the number of objects can change due to topole@t provide good ef ciency for the next frame and needs to be
ical changes, such as breaking objects. We use the sy@ibolypdated or recomputed. Many prior algorithms for collision
to represent an object and Iét' represent its mesh. Eadh'  detection between general deformable models use re tting

is represented as triangles with the connectivity and @#li@¢  algorithms [17], [21], [24], [33], and they may not work well
information, i.e., its vertices, edges, and adjacent g1 on scenes with changing topologies.

We denote the time interval, in which we perform CCD, to 2. High number of false positives:Self-collision detection

be [0;1]. Let M; denote the con guration of a mesh at timgs performed by recursively checking the BVs for overlap
t 2 [0;1]. LetM{ andM; represent the con guration of meshyjith other BVs. Given that the BVs of adjacent (or nearby)
i at the two discrete time step§, and 1. As a result, the triangle primitives overlap, the hierarchical traversaked not

motion of each triangle during this time interval sweeps ®ut¢|| many primitives at the lower levels of the tree. As a

A. Notation and De nitions

triangular prism'. result, these algorithms perform exact collision tests digh
number of triangle pairs resulting in a very high number of
B. Continuous Collision Detection false positives.

In order to compute the rst time-of-contact or the set
of all collisions, we perform continuous collision detettj D. Our Approach

including self-intersections, on the meshes. We assunie thaWe improve the performance of CCD algorithm by using

it is not strictly a prism. Here we just use the term for the voéuformed nove_l 9””'”9 techniques and a h'e.rarCh'Cal .represemm'(
by a swept triangle. maximizes the effect of those culling techniques. Spediyca
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Inter-object testing

—»|k-DOPs based cullin

Low-level culling

Traversal of

_BVH Intra-object testing PR-Triangles

High-level culling
Orphan pair test|

Continuous norma
L cone test

Continuous conto!
test
Fig. 3. Continuous normal range of a deforming triangle For a deforming

Fig. 2. Culling pipeline: By using k-DOPs based culling, high-level culling triangle, we construct a CNC that contaimg, n1, and(ng + n1 )=2.
and low-level culling, the number of elementary tests is sigmitly reduced.

(b) continuous normal

(a) a deforming triangle cone of the triangle

_ . IV. HIGH-LEVEL CULLING
we introduce a novel two-level dynamic BVH based on k- In this section, we present a novel high-level culling algo-

DOPs that has a low update cost and can provide high culli $m that signi cantly reduces the number of false posity

ef ciency. The two-level hierarchy is computed based on t ?ading to more ef cient execution of self-intersectionegies.

fO?t?neCtl\::;[jy Ofl th:iavprrlmlilrve?, rziinnd Y’e rlijtierznatcomt()jlg‘atlrﬁn %" One of the most expensive computations in deformable
€ ting and selective restructunng algo S loupdstem. .\, qels is self-collision detection. Prior self-collisioneth-

During th? traversal_ of our two-IeyeI dynamic BVH, W€,ds based on normal cones are limited to discrete collision
perform culling operations at two different levels. We rst

. : . detection. We extend them to CCD and present a compact
perform high-level cullingbased on a novel continuous nor-

mal cone (CNC) formulation. The CNC test consists of th%fieoslﬁgga;fn to compute a normal cone and quickly check
construction of a cone which bounds the direction of all the '

normals of a surface in a time interval and a continuous

contour test which detects collisions on the boundary of tife Discrete Normal Cone

surface in the same interval. These two tests, taken togethe Given a continuous surface, S, bounded by a contour, C,
are sufcient to eliminate large regions of the mesh fronvolino and Thalmann [8] presented a suf cient criterion for
consideration for self-intersection. The CNCs are assedia no self-intersection based on the following two conditions
with nodes in the hierarchy and are computed in a bottom-up1) Bounds on the normals:There is a vectory, such that
manner. We use a compact representation of CNCs based on' (N V) > 0 for every point of the surface, S, wheke

Bernstein basis functions, which have low storage and menti is the normal vector for a point of the surface.
overhead. These CNC tests work particularly well in culling 2) No self-intersections on the boundaryThe projection
the regions of the mesh with low curvature. of the contour C along the vectd does not have any

Our approach also performs low-level culling to further self-intersections on the projected plane.
reduce the number of elementary tests. We apply our tech-ro <acond condition is also called thesntour test
nique_s to reduce the number of exact elementary tests bRIWEE, ot [9] presented an efcient method to implement the
the t_rlangle fgatures. Th? rst t(_achnlque, P,RT' ellmlnaaﬂs rst condition based on normal cones. The normal cone for a
ppsable duplicate tests msFantlated by pairs of qoneaxd]a region of triangles is computed by merging the normal vector
triangles. The second technique, Orphan set, provides #,sm& 0o triangles.
exact bound on the elementary tests that need to be performe, | 4o 1o extend these tests to CCD, we need to develop

between ad]acen'F tngngle pairs. L continuous-versions of these tests over the range of nermal
Overall CCD Pipeline: For each simulation time step, the

algorithm for CCD between deformable models is executed ?nnd contours in the interval2 {0; 1]

two stages. At the rst stage, only collisions between non- _

adjacent triangle pairs are considered. During the traver®- CNC: Continuous Normal Cone

of the two-level BVH, k-DOPs based culling is used to In order to use the normal cone for CCD, we compute
reduce inter-object testing. We also use high-level cglioe a normal cone that bounds the normals of the deforming
reduce intra-object testing. The high-level culling catsiof triangles in the entire interval. Lety; bo; co anda;;bi;cy to
two methods: continuous normal cone testing and continudos positions of the vertices of the triangles at the time &am
contour testing. During the second stage, low-level cglim t =0 andt = 1, respectively, as shown in Figure 3(a). Also, let
used to deal with non-adjacent and adjacent triangle gains. us dene v, = a; ag;vp = by  bg, andvw = ¢c;  Co.
non-adjacent triangle pairs, PRT are used to remove rediindAssuming that the vertices of the triangles undergo linearl
elementary tests. For adjacent triangle pairs, only a seedlbf interpolating motion, we use the following theorem to corepu
feature pairs, called an orphan set, need to be checkedsat tlarmal cones:

stage. The overall running pipeline of above culling tegeis CNC Theorem: Given the start and end positions of the
is shown in Figure 2. vertices of a triangle during the intervdl; 1], which are
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linearly interpolated in the interval with respect to theng
variable, t, the normal,n¢, of the triangle, at time, is given
by the equation:

Nt = no Bi()+(no+ n1  )=2 BE(t) + ny BE(1);

where
ni1 =(by ay) (c1
and BA(t) is the i
polynomials of degree 2.

Proof: Please refer to [11] for a detailed proof. &

We take advantage of the convex hull property associated
with control points of Bernstein basis to compute a bound
on CNCs. For a given triangle, the range of is bounded
by the control vertices in our case, those control vertices are
Ng, Ny, and(ng + Ny

No =(bo a) (Co ao),
a), =(v¥p ¥a) (¥c WVa),
basis function of the Bernstein

Cl
d
b, do d~ °
(b) (©
C, A ca L a,
Cl Cl

)=2. We use these three vectors tQg 4. planar (E,E) tests : Checking whether two co-planar edgab

construct a CNC for each triangle in the interval, as showamdcd (shown in (a)) intersect during the interval reduces to mdige line
in Figure 3(b). We also use the method proposed in [9] f§9ment intersection test (b) and VE tests (c)-(7).

construct an axis and an apex angle of a normal cone from
three vectors. Then, the CNCs are merged as described in [9]
by traversing the hierarchy in a bottom-up manner.

C. CCT: Continuous Contour Test

Computing the continuous normal cone satis es the rst
condition for showing no self-collisions. We still need tat-s
isfy second condition: a collision-free boundary for a nmayi
surface. This typically involves computing a projectiontbé
contour ofS and checking for self-intersections. Even for dis-

touches another edge. Analogous to the elementary tests
between the triangles, i.e. VF or EE tests, we need
to perform a VE test in the plane. Take the case in
Figure 4, it boils down to 4 VE tests that are based
on the following combinations: vertea with edgecd
(Figure 4(c)), vertexb with edge cd (Figure 4(d)),
vertex ¢ with edge ab (Figure 4(e)), and vertexd

with edgeab (Figure 4(f)). If any of these four tests
returns a true value, that implies an intersection between
deforming edgesb andcd.

crete c_ollision detec_:tion, thg contogr test cgp be an exyens We use the following theorem to perform a VE test in a
operation. Some prior algorithms either omit it under staad plane.
geometrical contexts [8] or use some approximations [H].[2 VE Test Theorem: Suppose that a vertex and an edge

In this section, we present an exact and ef cient contoustes, undergo linear deformation in the time intervi0: 1]
method for CCD. At a high level, we transform the contouy o a0:bo:Coido be the positions of all the vertices at
tests into intersection tests between two edges that lichen | _ 0, and a;:bs;ci:d; be the positions at = 1
same plang. W.e refer to them pianar (E,E) testsin or_der respectively, as shown in Figure 4(c). Also, let us de ne
to differentiate it from the EE elementary tests used in CCD) _ a, A Ve =0C, Co, andvy =d; do. Then, the
a — Ve — 1 - . )

to check whether two W ept edges 'overlap. . intersection between the edge and the vertex can be computed
Planar (E,E) Tests: Given a node in the BVH with a CNC by the roots of the following equation:

C(; ax), where isthe apex angle, arak is the axis of the

cone. _We prqject the boundary edges of the connected mesh (a0 do) (co do) +
associated with the node to a plane de nedéy and check (Ve va) (co do) +
for self-intersection among the projected edges. a d 0 0
We llustrate our approach with a simple example. Con- (@ do) (v wa)]l t +
sider the two edgeab andcd in Figure 4(a). The vertices (Va w) (v w) t?2 = 0: (1)

representing their positions ag;bg;co;do att = 0, and
ap;;bi;cy;dy, att = 1. In order to check whether any
projection of these two edges intersect during [0;1], we  After computing the intersection, a trivial test is used to
preform the following tests: check whether the intersection point lies between the tvasen
1) Discrete line segment intersection testA discrete line Of the edge. Based on the above theorem, the problem of planar
segment intersection betweegbo andcodo att = 0 (E, E) tes_ts can be sqlved by solving four quadratic equation
is shown in Figure 4(b). If these discrete segments £ naive |mpI.em_entat|on would perform plapar (E, E) tests
not intersect, we need to further test to ensure there §10ng all pairs iro(N ?) complexity, whereN is the number
no intersection during 2 (O; 1]; of the_z edges in the contour. We use dn_‘ferent_ acceleration
2) Vertex/edge(VE) elementary test Suppose the two techniques to speed up the computation, including:
deforming edge segments intersect during the interval.1) Bounding box culling: We compute a k-DOP for each
Lett 2 (0;1] be the time of rst contact between deforming edge swept over the time intenf@ 1]. If
them. For two moving edges, there is only one case the k-DOPs of two boundary edges do not overlap, the
of elementary contact type: one vertex of an edge just edges cannot intersect.

Proof: Please refer to [11] for a detailed proof. ®
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2) Fewer projections: The projected boundary edges used
for the parent nodes can be directly reused for the chil-
dren nodes. As a result, only a few additional boundary
edges need to be projected for successive child nodes.
We maintain a cache that contains the boundary edges
used for the parent nodes. We store boundary edges in
the cache only I.f the n_or_mal cone test s sais ed'. but th 1g. 5. Two regions of a single meshThe highlighted vertex on the right
contour tests fails. This is performed as part of hierarchyiersects the red vertex on the left. The shaded triangl¢herright is the
traversal. vertex's representative triangle.

3) Fewer intersections:If two contour edges for a partic-
ular node intersect, then any descendant nodes that hawbaustively perform all 15 elementary tests. By virtuehsfit
those edges in its contour will also fail the contour testion-adjacency, all intersections detected are meaninghe
So, we do not perform this test on children nodes. same criteria may not hold for adjacent pairs.

These optimizations are easy to implement and result inlf we were to evaluate every test arising from the non-
considerable speedups in our benchmarks. For example, &tiacent triangle pairs, we would perform redundant elemen
are able to improve the performance of continuous contot@y tests. This is because a single vertex (or edge) isdiipic

test by 93% for the cloth-simulation benchmark (Figure 18hared by multiple triangles. Rather, we use an efcient
based on these accelerations. duplication removal technique, PRT, to guarantee all these

elementary tests will be evaluated once and only once.

N
\/\/

D. Discussion

Extension to other interpolating functions: In our deriva- B- Procedural Representative Triangles (PRT)

tion, the CNC is de ned with the assumption that the position Curtis et al. [10] uses the concept of “Representative Frian
of the deforming vertices are linearly interpolated (iR(f) is gles” (R-Triangles) to cheaply eliminate duplicate eletaen
linear). But for higher-order functions, e.g. quadratiobic, tests. The approach provides a unique assignment of every
etc., the CNC equation for other motions, e.g., polynomiadge and vertex to an incident triangle and uses this mapping
interpolation, can be derived in a similar manner. A highab dispatch elementary tests only once. Figure 5 illustratav
order formulation will result in a larger set of control ptén R-Triangles work. The two triangle mesh sections represent
for the higher-order Bernstein functions. When tRé€t) is portions of the same mesh. The vertex,in the sub-mesh
a polynomial function with degred, a Bernstein basis with on the left intersects the red triangfe, on the right. Normal
degree2d is needed to perform the CNC test. triangle culling will produce six triangle pairsf ( ;) for i
Robustness: As pointed out by Andersson et al. [40],= 1...6. Only one trianglef,, represents the vertex. So,
there are several pitfalls to use the criterion of [8] whethis test will be performed only once, when the pdir {») is
some hypotheses such as exclusion of singularities, simptsnsidered. In order for this approach to work, all triarggérs
connectedness of the parametric domain, interpretatidchef must be considered. If, for whatever reason, the pajrf6)
projection, non-sel ntersection of the projected contoetc. were omitted from consideration, the relevant VF test would
are not satis ed. In our de nition of CNC and CCT, thenot be performed. Figure 5 implies that the two portions ef th
simple connectednessensured by storing connected trianglemesh are separated by some arbitrary topology. If the tigang
at BVH nodes, andon-sel ntersection of projected contourf, were actually one of the blue triangles in the sub-mesh on
is checked at the CCT phase. These methods enhance tHeeleft, our non-adjacent phase would dismiss the triapgie

robustness of our algorithm. (f, f2). The VF test would not be performed and the collision
would be missed—an unacceptable outcome.
V. Low-LEVEL CULLING Previously, duplicate tests were prevented through thefise

In the previous section, we presented a test to cull pote§w1_run—time database. Fo_r each feature pair to bg _testedka loo
tially large regions of the mesh from consideration for selfP would be performed in the datgbase to see if it had aIre_aQy
intersection. Ultimately, we need to test for collisionstie P€€N performed. If not, the test is performed and the pair is
remaining regions. To perform these tests, we logically pdfcluded in the database. This has all of the costs normally
tition the candidate triangle pairs into two sets: non-eeja asSociated with maintaining such a data structure. Ideadyl
and adjacent pairs. The initial phase culls the non-adjacé'ﬁe to bene t from all of thg advant“ages of R-Tr.langle.s. ,
triangle pairs to nd potentially colliding triangle pairdVe To do so, we eXte”O_' the idea of _Representat_lve Tne_mgles
perform exact collision tests on those pairs. The secondgh&® PRT. Instead of static representation, we provide a dyniam
uses the novel concept of anphan seto perform the optimal procedural de nition which accommodates our non-adjacent

number of tests between adjacent triangle pairs. pair constraint. In R-Triangles, the choice of triangle i a
as R-Triangle for a vertex is arbitrary. Our non-adjacent-co
straint can limit this choice. In Figure 5 if fade is one of the
blue triangles on the left, theiy, cannot serve as R-Triangle
The high-level culling produces non-adjacent trianglerpaifor the feature pair\(, f). But for collision with a different
whose bounding volumes overlap. For each of these pairs faee, distant from those shown in the gure, it would satisfy

A. Non-adjacent Phase
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Algorithm 1 VFtest: Testing collision between given vertex Algorithm 2 EEtest: Testing collision between two edges, an

from t; and facef from t, by usingPRT

edgee; from t; and an edge, from t,, by usingPRT

1: for all Trianglet; 2 the incident triangle set of do
if t; not adjacent, then

3 if tj ==t4 then

4 DoVFTesty, f) 4:
5 else 5:
6: return 6:
7 end if 7
8 8:
9 9:

end if
. end for

10:

our non-adjacent constraint. This dynamic property mears:
that our procedural de nition of PR-Triangles are actually
dependent on the actual feature pair being considered. 12:
For PR-Triangles to work, we need to guarantee two prog3:
erties: completeness and correctness. PR-Triangles neust 1
complete; they cannot miss a collision. They must also bé:
correct; no duplicate queries should be allowed. In othé:
words, every relevant feature test should be performed oné&é

1: e=min( e, € )
2: E = max(e, &)
3: for all

i 2[0;1] do
forall j 2[0;1] do
te = ith incident face ofe
te =jth incident face of
if te not existk tg not existthen
continue
end if
if te not adjacentg then
if (te S tl & tE == t2) k (te == tz & tE == tl)
then
DoEETesté;, )
else
return
end if
end if
end for

and only once. We will show these properties as we descripg: end for

the functions which determine representation.

De nition: For a given feature, there is a set of incidentartesian product. It's more complex because the PR-Tigang
triangles. For a pair of features, the cartesian producveenh must be invariant to whether the edge padr, (g) or (g,
their two incident triangle sets represents all trianglérpa ) are examined (both cases can easily arise during typical
which could request the particular feature test. Because Rftocesses.) For the cartesian product of the EE pair, we need
Triangles is dependent, not on a single feature, but theifeatto be able to enforce a xed order of operation. We de ne
pair, we de ne one PR-Triangle for each feature, simultan¢he order as follows: &n, Em), (€m, Em ), (v, Em), (€w ,
ously. The PR-Triangle pair is simply going to be a nongEy )), wheree and E are the edges with the smaller and

adjacent triangle pair in the cartesian product.

larger mesh indices, respectively. And the subscriptand

Completeness is guaranteed so long as a non-adjacent phirrefer to the incident triangle with the smaller and larger
of triangles appear in the cartesian product. In the noacaljt index respectively. The list can be truncated if either eidge
phase, we only consider non-adjacent triangle pairs. S if incident only to a single triangle. Determining which edge i
other triangle pair in the cartesian product is non-adjgcer and which iSE happens at runtime. But the incident lists
there must always exist at least one. (If all triangle pairthe for each edge can be constructed such that the rst incident
cartesian product are adjacent, then the feature pair idlé@n triangle has the lower index.

in the following adjacent phase.) So, PR-Triangles is cetepl

Advantages:As compared to prior methods [11], [12], PRT

To be correct we simply need to ensure that no mattghe the following advantages:

how the feature pair is expressed, or the state of the amilisi
detection, the same PR-triangles are always selected. Wd)
accomplish this by having some static, topologically-lase
data structures. Each feature has a list of incident tresg|
The order of the list is arbitrary, but xed for the life of the
mesh (barring topological changes.) For vertices, the sfze

the list is arbitrary and dependent on the fan. For edges, it
is either one or two triangles (for well-de ned meshes.) By
de nition a triangle is always incident to itself.

VF PR-Triangles: Algorithm 1 shows the process by which
PR-Triangles are assigned to a VF feature pair. The face2)
represents itself and the vertex's PR-Triangle is simpéy tkt
triangle in its incident list which is non-adjacent. Becaulse
vertex's incident list is in xed order, it will always exame
them in the same order and, with respect to the given face,
always nd the same PR-Triangles.

EE PR-Triangles: Algorithm 2 shows the process by which
PR-Triangles are assigned to a EE feature pair. EE feature
pairs are simultaneously simpler and more complex. They are
simpler because there are at most four triangle pairs in the

Lower memory requirements: Traditional methods for
eliminating duplicates involve a run-time database which
caches the tests evaluated. With PR-Triangles, there is no
need to maintain such a table. The size of the database
is theoretically has arO(n?)-bounded size, so this
potentially massive memory footprint are eliminated. For
example, about 50M memory for the cloth-simulation
benchmark (Figure 12) and about 18M memory for the
N-body collision benchmark (Figure 11) are saved.
Faster running time:Because operations to maintain
and query the database consist of extensive memory
allocation/deallocation operations, the database can pro
vide a signi cant cost. These system calls are replaced
by local query operations so the running speed of the
algorithm is improved. It is also worth noting that in
the vast majority of cases, the rst triangle pair in
the cartesian product proves to be non-adjacent and
no further tests need be performed. This makes the
procedural de nition very fast.
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Fig. 6. Elementary tests for adjacent triangles: Two adjacent triangles

(ta andty,) share a common edge. Only four elementary tests are necessdrt: 7- OIS and OAS for a vertex and an edge:(a) shows theOIS
feéy elg, fe§, egg, fva, tpg, andf vy, tag. Of those four tests, there is a ahdOAS for the vertexv. Vertexv forms an orp_han pair with facas. (b)
non-adjacent triangle pair which would perform the samestéEey arefte, ~Shows theDIS andOAS for the edgee. Edgee, likewise, forms an orphan
tr g, ftc, tag, ftg, thg, andftn, tag, respectively. pair with (but not limited to) edge,.

3) Better suited to parallelization:Using PR-Triangles,
eliminating duplicate tests becomes a read-only oper-
ation. This makes it easier to parallelize as there is
no need for explicit synchronization or using locking
operations required in maintaining a database.

C. Adjacent Phase ' ) . ) ) )
Fig. 8. Internal orphans: The element pair ind), (v;a1), is an internal
Many researchers [33], [7], [41] have observed that farphan pair. The pyramids irb and €) consist of nothing but orphan pairs.

a given pair of adjacent triangles, all 15 elementary tests
need not be performed for exact collision detection. If twan elementary pair (edge-edge or vertex-face) for which no
triangles are adjacent (i.e they share an edge or vertex)pair of triangles exists such that each triangle is incident
lesser subset of the 15 tests is suf cient. Beyond that, rethédo one of the elements and both triangles are non-adjacent.
have recognized that the results of the non-adjacent ph&eincidenttriangles, we mean the triangles that include the
could be used to further reduce the number of tests betweglgment in its construction, e.g., the fan of triangles atba
adjacent pairs [33]. Figure 6 shows a typical example of twrtex. An orphan pair is the pair of elements in the orphan
edge adjacent triangles: ta and tb. Only four tests are tgtugest. The collection of all orphan tests is the orphan set.
meaningful:f va; tpg, fvb; tag, fel; elg, andfel; e2g. 1) Orphan Classi cation:Conceptually, there are two types
Now consider the non-adjacent triangle pair, (tg). of orphans: boundary and interior. Boundary orphans appear
If,during the non-adjacent phast, andty have been tested in open manifold meshes. In fact every edge and vertex on
and found not to intersect we can easily argue that the téke boundary of a mesh are part of one or more orphan pairs.
f va; thg cannot produce a collision. So, the test is unnecessarjgure 7 shows two such orphan pairs. Figure 7(a) shows a
Directly exploiting this relationship requires some forrh overtex, v, on the boundary of the mesh. The triangle is
database to be maintained. The database would store thesre€@jacent to every triangle incident to. There is no non-
of the non-adjacent phase. The adjacent phase would @gacent triangle pair (includings) that would execute the
the database to determine if a particular test on an adjactst ¢, as). So, ¢, as) is an orphan pair. Similarly, in Figure
pair is necessary. For any particular element pair on &ifb), we see one of the orphan pairs #or(e, €p).
adjacent pair of triangles, the non-adjacent triangle, paiose Orphans are also possible on the interior of the mesh. There
collision state could eliminate some of these elementaiste are some special cases, such as a tetrahedron (Figure 8(b)) o
depends on both the type of element pair and the naturefegir-sided pyramid (Figure 8(c)), in which every triangk i
the adjacency between the adjacent triangles. Each adjacddjacent to every other triangle. Additionally, any ringttwi
triangle pair could require multiple unique database aseria circumference formed by three triangles will have interio
(as mentioned in [33].) orphans. There is a more general condition that can lead to
This idea can be taken much farther and made far mofgerior orphans—if a triangle in the mesh has vertices en it
ef cient. The costs (in both memory and query time) of thénterior, orphans can also arise (Figure 8(a)).
database is unnecessary because the adjacent tests ttat nee
to be evaluated depend only on the topology of the medh. Orphan Set Computation

The concept of orphan set formalizes this relationship andthe number and location of orphans are strictly a function of

provides an optimal set of tests to perform without complexe topology and connectivity of the mesh. Deformations tha
run-time data structures, algorithms, and cache-antagoni gon't change the connectivity in the mesh will leave the det o

random memory access. orphans unchanged. It is suf cient to identify all orphansai
_ pre-processing step. The algorithms to identify the orghase
D. Orphan Pairs and Tests two concepts: the Orphan Incident S&tIS) and the Orphan

Overall, the orphan tests are the elementary tests betweeadjacent Set QAS). The OIS of an element contains all
adjacent triangles thadon't get performed during the non-triangles that are incident to that element (e.g. the famraato
adjacent phase. More precisely, an orphan test is a tesebatwa vertex.) TheOAS of an element is the set of all triangles
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. . . . TABLE |
adjacent to the triangles i®IS but not inOIS. These sets 15 tapLe SHOWS THE NUMBER OF ELEMENTARY TESTS PERFORMED

are also known as the one-ring and two-ring, respectivelyBETWEEN ADJACENT TRIANGLES THE FOURTH COLUMN REPRESENTS

These sets are illustrated in Figures 7(a) and (b). Thelddtai "™E WORK PERFORMED BY[33], IN WHICH 9 ELEMENTARY TESTS ARE
PERFORMED FOR VERTEXADJACENT PAIRS AND4 FOR EDGEADJACENT

algorithms for identifying these orphans can be found in.[39pxrs, THE ORPHAN SET IS SIGNIFICANTLY SMALLER-ROUGHLY 0:1% OF

1) Topological changes:In the event of topological THE TESTS PERFORMED IN33].
changes, such as fracturing or tearing, the orphan set Gily ea
be updated. Changes to the orphan set are limited to thenreg|oModel Tri# | Adjacent | Elementary | Orphan
of the fracture or tear. We form a set consisting of the triaag pairs | tests of [33] Set
adjacent to the fracture (i.e. any triangle on the fractargd Cloth (Figure 12) 92K 564K 4:4M 4:8K
the triangles adjacent to those.) We eliminate any orphstririe | Princess (Figure 9) | 40K 269K 2:1M 2K
the orphan set that had an element eliminated by the fractureN-body (Figure 11) | 34K 198K 1:5M 200
Finally, we perform orphan nding algorithms on all of the| Letters (Figure 13) 5K 29K 224K 114
edges and vertices in the fracture adjacent set. Flamenco (Figure 14) 49K 291K 2:3M 10:8K
F. Processing Orphan Set VI. DT-BVH: DYNAMIC Two-LEVEL BVH

The adjacent phase simpli es to evaluating all of the tests |, order to fully utilize our culling algorithms, we use a

in the orphan set. It is possible to perform tests on only g |evel hierarchy, DT-BVH, and use it for interactive CCD
subset of the orphan set. We require some external conditioRrpe yyyo-level hierarchy is built based on mesh connectivity
which indicates that a particular orphan pair can't intetse 5y pounds on the normals of the triangles. The two-levels
BV-overlap tests are insufcient for this purpose. Becausgysist of the following two parts:

orphans lie on adjacent triangles, BV-overlap tests woualt ¢ The rst-level of the hierarchyHW , is a k-DOP hier-

the triangle pair and, therefore, can't cull the orphan .pair h d h of the leaf nod f th
However, any test which is immune to this particular adjayen archy and eacn o the leaf nodes represent one of the
’ objectsO' and its meshv'.

artifact would be S.Uf cient to cull orphan tests. The second-level of DT-BVH represents a k-DOP hi-
The CNC test is one such culling mechanism that we :
erarchy of each meshyl'. We denote each of these

explqlt. If. the CNC test shows that'no sglf mtersec'tlon IS\ ierarchies asii = BVH(M). We also maintain a
possible in a region, any orphan pair entirely contained in . ) . .
. L . . CNC, contour information, and associated orphan pairs
that region can be summarily dismissed without testing. S
for each node in this hierarchy.

Even without such a culling mechanism, the orphan set ] ) ) )
tends to be quite small relative to the number of possiblstes N dynamic scenes with changing topologies, the number

between adjacent triangles. of objects in the scene may change and we update these
hierarchies accordingly.
G. Completeness and Optimality Please note that CNC is only associated with the nodes of
It is important to recognize that a system using orphan sé . ﬁ:‘;ﬁgg{:\i\fel hierarchy, which contains a connectedesub

is both complete and optimal with respect to tests betwe8
adjacent triangles.
CompletenessA collision detection algorithm is complete A. DT-BVH Construction

if no collisions are missed. In CCD all intersection test?ﬂﬂm Based on the de nition of DT-BVH, we use a two-level
the primitives are reduced to intersections between VF or Efgnstruction algorithm. We consider the connectivity oflea
pairs. If the speci ¢ VF or EE pair is incident to non-adjatenmesh M, to compute its BVHH'. We compute an object
triangles, it will be checked for overlap in the non-adjacenhat is connected component and construct its BVH in a
phase. Otherwise that pair corresponds to an orphan pair om-up manner. Each node B represents a subset of
will be evaluated during the adjacent phase. Any VF or Efge meshv . We compute the CNCs and the boundary edges
test that results in a collision will be evaluated. As a resulyssociated with each nodelgf in a bottom-up manner. Next,

the orphan set formulation will not miss any collision. we compute the rst-level hierarchy, HW, based on the root
Optimality: The orphan set is optimal in the sense that {pdes of eact in a top down manner.

contains only those tests between adjacent triangles#matot

be evaluated in the non-adjacent phase. No other tests éetw, .

adjacent triangles are necessary. But every pair in theamrphg' Updating DT-BVH

set must be accounted for, whether through direct evalmatio As the models undergo deformation, we update the nodes of

or elimination via some technique similar to CNC. DT-BVH. Our goal is to perform the update operation quickly
Although the size of the orphan set represents an upp¥id ensure that the resulting hierarchy provides tightirayll

bound on the number of elementary tests between adjaceh€iency. Again, a two-level approach is used.

triangles that need to be explicitly evaluated, the boumdige Retting H''s: We use a simple, linear time re tting

to be quite small. In our benchmarks, the number of orphan algorithm to update the k-DOPs and CNCs of ekichin

tests are three orders of magnitude smaller than the number a bottom-up manner. The re tting algorithm updates the

of tests which would otherwise be performed between the extents of each k-DOP associated with the nodel of

adjacent triangles (see Table 1). We also compute CNCs of each leaf node as described in
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Algorithm 3 Updating Continuous Normal Cones Algorithm 4 SelfCollide(NodeN '): Perform self-collision on
1: /I Calculate the normal cone for deforming triangle. a node ofH'
2: if IsLeaf()then 1: if IsLeafN') then
3:  cone = conafp, Ny, Ng + Ny ) 2:  return // Skip leaf nodes.
4:  return 3: end if
5. end if 4: |/ Continuous normal cone test.
6: /I Update the cone of parent node by merging children. 5: if TestCNC() == truethen
7: cone = left cone + right cone 6:  // Continuous contour test.
7:  if CCT() == Nolntersectiorthen
Section IV-B. The CNCs of the intermediate nodes are?: Il Associated orphan pais skipped in low-level culling.
computed in a bottom-up manner (Algorithm 3), based®: SkipOrphanPairs()
on the CNCs of their child nodes. 10: return // This region is skipped by high-level culling.

Restructuring HW: Given each updateti’, we use a 11 end if
restructuring algorithm to update HW. Our goal is tol2 end if
compute a tight- tting BVH. Given scenes with moving 13: // Check the descendants. _ .
or breaking objects, a simple re tting approach mayt4: SelfCollide(N' ! left) AND SelfCollide(N' ! right)
result in a poor hierarchy in terms of culling ef ciency. 15: Collide(N" ! left, N I right)
Instead we use a restructuring approach, which regroups
some of the primitives in the tree. If the number obenchmarks. We have implemented our algorithm on a stan-
objects in the scene is small, we use a simple, top-doward Intel Pentium 4 with 2.66 GHz and 2GB RAM by using
rebuilding algorithm of complexityO(nlogn), wheren  Microsoft Visual Studio 2005. All the timings are generated
is the number of objects. If the number of objects is highusing a single thread.
we perform selective restructuring, as described below.
Selective Restructuring for_ Collision Detection:ln_ order A Benchmarks
to reduce the restructuring time, we use a selective restruc
turing algorithm, which restructures localized regionstloé
hierarchy. Particularly, we identify regions with poor kg
ef ciency. We use a volumetric metric [26] that measures t

In order to test the performance of our algorithm, we used
six different benchmarks, arising from different simubeits
h\é{ith different characteristics.

culling ef ciency of any sub-BVH within the hierarchy. We Folding cloth simulation: We drop a cloth on top of a
perform restructuring operations on regions where theuest ball and, then, rotate the ball. It results in a high number
turing bene t in terms of improved culling ef ciency is gréer of self-collisions in the benchmark consisting 62K
than the cost of restructuring. Each restructuring openati  triangles (Figure 12).

only affects a portion of the tree [26]. This formulation cidy Princess: A dancer with owing skirt @0K triangles)
computes a tree with good culling efciency and can also Sits on the ground. This model has many inter- and intra-
handle breaking objects. object collisions (Figure 9).

N-body collision: A scene with hundreds of ball84K
triangles) that are colliding with each other (Figure 11).
This sequence is generated using a rigid-body simulator.
Breaking and deforming letters: Multiple deforming
charactersgK triangles) fall into a bowl and break into
pieces (Figure 13).

Bunny-Dragon breaking simulation: We drop a bunny
model on top of a dragon model (totab3XK triangles)
and the dragon model breaks into a high number of
smaller pieces (Figure 10).

Flamenco:A ery amenco dancer wearing colorful skirt

C. Continuous Collision Detection using DT-BVH

Our collision algorithm starts with updating DT-BVH, as
described above. The collision checking process is started
by performing self-collisions on the root node bW . As
the recursive algorithm reaches the leaf no#ls then self-
collision algorithm is invoked on the correspondiHg. For a
node ofH' with CNC, we check whether the apex angle of
the normal cone is less thanand also perform the continuous
contour test. If these two tests are satis ed, then, we do not
need to traverse deeper to check for self-collisions. Ard al with rufes(49K  triangles). This benchmark has many
the orphan pairs associated with the node are marked and will . " intra-object collisions (Figure 14).
be skipped in orphan tests. The pseudo code description of . ; .
the algorithm is given in Algorithm 4. Then, elementary gest All the bepchmarks 'hgve multlple simulation steps. We
are used to check for collisions between the leaf nodes iof perform continuous colhsmn_detectlon between each discr
(Please refer to [11] for a detailed algorithm). Finally, wéteps and compute the rst time-of-contact.
perform orphan tests for all the orphan pairs which not been

marked in high-level culling phase. B. Performance
In this section, we analyze the performance of our algo-
VII. I MPLEMENTATION AND PERFORMANCE rithm. The running time of our algorithm is governed by three

In this section, we describe our implementation and higlsteps: updating DT-BVH (performing selective restruatgri
light the performance of our algorithm on many differenfor breaking models and re tting for simple models, e.g., no
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TABLE Il
Performance and SpeedupTHIS TABLE SHOWS THE AVERAGE QUERY
TIME OF OUR METHOD AND PERFORMANCE IMPROVEMENT OVER THE
BASE IMPLEMENTATION AND GPU-BASED TECHNIQUE OF[35].
PERFORMANCE IMPROVEMENT OVER THE BASE IMPLEMENTATION IS
MAINLY DUE TO OUR DT-BVH HIERARCHY REPRESENTATION AND
IMPROVED CULLING METHODS

Model Query Speedup over: Speedup over
(time ms) | the base impl. | GPU-based method

Cloth 290 9X 2:4X Fig. 10. Dragon benchmark: In this simulation, a bunny model is dropped
Princess 45 8:8X 12X on top of the dragon model and the dragon model breaks into maoegpi

- This model has 193K vertices and 253K triangles. In this sedttechanging
Flamenco 185 9:4X N/A topologies, our algorithm obtains high culling ef ciencynch reduces the
N-body 89 14:6X N/A number of false positives b30 times, as compared to prior CCD algorithms.
Letters 9:4 12:6X 10X The average CCD query time is abdi#8ms, about an order of magnitude

faster than prior algorithms.

Dragon 878 21:4X N/A

Fig. 9. Princess benchmark: A dancer with a owing skirt. This model Fig. 11. N-body benchmark: In this simulation, multiple balls are colliding
has 60K vertices and 40K triangles. Our novel CCD algoritlakes45ms ~ With each other. This scene has 18K vertices and 34K trian@err culling
per frame to compute all the collisions, and is about one orélenagnitude algorithms reduce the number of elementary tesi8yimes and can nd all

faster than prior approaches. collisions in abouB9ms per frame.
drastic deformations), traversing the DT-BVH, and perfign VIIl. ANALYSIS AND COMPARISON
elementary tests. In this section we provide in-depth analysis on our results

We assume that the triangles are deforming under lineamnd compare its performance with those of prior methods.
continuous motion and implement the EE and VF elementary
tests used to check triangular prisms for overlap by solving. Analysis
cubic equations. In practice, each such elementary té#S ta 4 jevel culling & low-level culling: Figure 15 shows the

about0:2 microseconds on average. Moreover, we performasve ratio of the number of elementary tests that wequerf
a planar (E,E) test by performing multiple VE elementarkger each culling step. As shown in the gure, the high-leve
tests. .Each VE elementary test reduces to solving a q“adr%'iﬂlling achieves high culling ef ciency for deforming mode
equation and takes abo0fl microseconds on average. it |arge relatively at areas. It can remove the elementar
In order to demonstrate the benet of our hierarchicalpgtg among both adjacent triangle pairs and non-adjacent
representation and culling techniques, we implementedyfngle pairs. On the other hand, the low-level cullingwko
‘base” version without any of these culling methods. Thgmijar culling ratio across different benchmarks. Thisuié
“base” version also uses an k-DOPs hierarchy computed usiggmainly because it relies on the local topological streetu
re tting algorithms (for models with xed connectivity) ah ¢ deforming models.
rebuilding algorithms (for models with changing topolagie Bounding volume: We selected k-DOPs (speci cally 18-
or breaking objects). We used the same implementation of tbg)ps) as bounding volumes over AABBs for their superior
elementary tests, using the cubic equation solver fromifg], culling ef ciency. Based on our experiments, k-DOPs offer
both of these implementations. better overall performance for CCD than AABBs. The cost to
Table Il shows the average CCD time of our algorithm angpdate the hierarchy is a small fraction of the overall s
performance improvement over the base method and GPirery. But the improved culling ef ciency yields an overall
based technique [35]. We observe almost one order of maggéin. Please note that this is not the case in discrete iooitis
tude improvement due to the improved culling efciency.  or ray tracing. The bene ts in terms of fewer false positives
The main benets of our algorithm come from the highwith k-DOPs offer a slight net speedup (5%-18%).
culling efciency of the DT-BVH, along with the benets Memory overhead: The storage overhead of DT-BVH is
of the high-level and low-level culling methods. We observabout 500 bytes per triangle. The memory requirements of
signi cant reduction in the number of elementary tests (iour two-level BVH are not optimized in our current imple-
terms of false positives). Moreover, the time to update threentation and higher as compared to maintaining a single
DT-BVH hierarchy is relatively small (at mo& 10%of the BVH per object. Moreover, we store more information with
total query time). This results in almost one order of magiet the intermediate nodes of the second-level BVHs including
improvement in our benchmarks. CNCs, contour, etc.
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Fig. 12. Cloth benchmark: We drop a cloth on top of a rotating ball. This

model has 46K vertices and 92K triangles and the simulationlteedn a

high number of self-collision. Our algorithm takes ab@®0ms on average Fig. 14. Flamenco: A ery amenco dancer wearing colorful skirt with
to perform continuous collision detection. Our culling he@ues reduce the rufes. This model has 25.7K vertices and 49K triangles. Oawel CCD
number of false positives b$8 times. algorithm takesl85ms per frame to compute all the collisions.

100%

80%

60%

40%

Fig. 13. Letters benchmark: Multiple characters interact with a bowl. This

model has 3K vertices and 5K triangles.|t taleedms on average for CCD,
which is almostl0 times faster than the running time presented in [35].

20%

Cloth  Princess FlamencoN-body Letters Dragon

Culling ef ciency: Table Ill shows the improvement in thegig 15 High-level culling & low-level culling: This gure shows the
number of elementary tests performed per frame. The twaling efciency of high-level culling & low-level cullirg respectively by
orders of magnitude improvement is due to our hierarchic&gasuring the ratio of elementary tests performed.

representation and culling algorithms. ) o
between adjacent primitives [33], [7], [41], [10], [12]. ©u

B. Comparison formulation is more general and achieves higher culling and
GPU-based accelerationsThe GPU-based algorithms us{/(\&/wer elementary tests as compqred to the prior approac hes.
e also compared the culling ef ciency of our algorithm with

the rasterization hardware to perform occlusion queried [3 .
or compute 3D distance elds [35], and readback these eldtr?at presented in [7]. We observe that our method performs

Their performance can vary based on the specic GPU ang times ar_1d_7 times fewer elementary tests in the cloth and
driver implementation. They have been combined with AAB _bOdy_COHISIOH benchmarks, respecu_vely.
culling to improve the performance of CCD. We compare Al9orithms [41], [10] can be classied as feature based
the performance with the implementation of [35] and obsenf@!lliNg methods. By making some sort of assignment at
considerable speedups on some of the benchmarks (upPgProcessing stage, all the replication of elementarydas
10X). As compared to occlusion queries or readbacks, off naturally solved. In practice, these methods are limited
hierarchy traversal with CNC and contour tests appears $ SCEnes with xed connectivity. For breaking scenes with
have a lower overhead. For example, Sud et al. [35] reporte@@nding topology, it can be inefcient to adjust the assign
that their method spends about 50 ms for readbacks. HolReNt dynamically. Our culling method is more general and
ever, our method spends about 45 ms on the whole cdppust to deal with various kinds for deforming scene.
computation with the Princess benchmark. Furthermore, theRepresentative Triangles:[10] proposes “Representative
low-level Cu”ing a|gorithms Signi Canﬂy reduce the numb Triangles" to reduce the redundant elementary tests. It can
of elementary tests. drastically reduce the number of elementary tests. As a
Kinetic BVHs and updates: [24], [42] used kinetic BVH downside of this method, due to the randomness of feature
and separation lists to reduce the number of updates arsd tékstribution, all branches of the BVH need to be traversed to
on the BVH. This is an event-based approach and Comp|em§ﬂSUI’e the completeness of elementary tests. This makgdit ha
tary to our work. We use a Sing|e two-level hierarchy for ppt to integrated with other triangle-based CuIIing method.r Ou
objects in the scene as well as new culling algorithms, whid?RT extends above method by distributing elementary tests
appear faster in practice. On the other hand, it becomeshar@nly among non-adjacent triangle pairs. So it can be used as
to maintain the kinetic separation lists ef ciently, esjadly in @ further culling method to the high-level culling.
complex scenes with hundreds of thousands of triangles. As aAdjacency-based culling: [12] extends the idea of [33]
result, our approach could be faster on such complex scernesyeduce the number of elementary tests between adjacent
especially with breaking objects. triangle pairs. By utilizing a hierarchical method, thelisabn
Lower-level culling: Many other authors have also pro-detection results for non-adjacent triangle pairs are ticedit
posed methods to reduce the number of elementary tedtsvn the elementary tests among triangle pairs sharing one
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TABLE Il
Improved culling ef ciency: THIS TABLE SHOWS THE NUMBER OF

ELEMENTARY TESTS PERFORMED PER FRAME BY THE BASE METHOD AND

OUR IMPROVED ALGORITHM. THE COMBINATION OF DT-BVH AND
IMPROVED CULLING ALGORITHMS REDUCES THE NUMBER OF FALSE
POSITIVES BY ALMOST TWO ORDERS OF MAGNITUDE

Model Base implementation | Our algorithm
Letters 340K 8K
Princess 932K 14K
Flamenco 1;125K 16K
N-body 3; 359K 188K
Cloth 7;522K 216K
Dragon 16; 199K 981K
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of a mesh for continuous motion, using a "canonical cone”.

However, their formulation can be rather conservative and

inef cient as compared to our fast culling test based or
Bernstein basis representation.

C. Limitations [2]

Our approach has some limitations. First of all, the benet[
of our approach is limited by the extent of connectivity in
the model. As the objects break into pieces and loses mesh
connectivity, the benet of high-level and low-level culy [l
techniques decreases. Secondly, our normal bounds of CNCs
can be quite conservative, especially on models with higfs]
curvatures. We observe this in cloth simulation benchmarks
after the cloth folds multiple times. [6]

IX. CONCLUSION AND FUTURE WORK [7]

We have presented a novel algorithm for CCD betweers]
complex deformable models. Our approach is based on a two-
level hierarchy and applicable to models arising in différe
applications, including cloth simulation, breaking oltifeand  [9]
N-body simulations. We introduce high-level and Iow—leve[Im]
culling techniques that signi cantly reduce the numberaité
positives. We have tested the performance on differentlizenc
marks and observed considerable improvement in pen‘orenarﬁ:1
over prior CCD algorithms. ]

There are many avenues for future work. Firstly, we
would like to address some of the limitations pointed OLH_Z]
in Section VIII-C. Secondly, we want to further improve
the performance, especially on scenes with breaking abject
that reduce the mesh connectivity. One option would be [t%

. . " -~ [13]
develop novel algorithms that can easily utilize the migtip 14
cores on current processors and ensure good cache ef ciency
Finally, we would like to integrate our collision detection
algorithm into different simulators and use applicatigrea ¢ [15]
optimizations to improve the performance.
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