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Abstract

We present an accurate and robust algorithm for self-collision detection in deformable models. Our method is based on the normal
cone test and is suitable for both discrete and continuous collision queries on triangular meshes. We propose a novel means of
employing surface normal cones and binormal cones to perform the normal cone test. Moreover, we combine our culling criteria
with bounding volume hierarchies (BVHs) and present a hierarchical traversal scheme. Unlike the previous BVH-based dual-cone
method, our method can reliably detect all self-collisions, and it achieves appreciable speedup over other high-level culling methods.
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1 1. Introduction

2 To ensure the generation of physically plausible results, col-
s lision detection (CD) algorithms have been widely used in vari-
4 ous applications, including physically based simulations, com-
s puter-aided design and computer-aided manufacturing (CAD/-
¢ CAM), and robot motion planning. Such algorithms can be
7 classified as either self-collision detection (SCD) for a single
s object or inter-collision detection among multiple objects. A
s false negative occurs when a CD algorithm misses a collision; a
10 false positive occurs when a CD algorithm conservatively clas-
1 sifies a non-collision instance as a collision. An accurate CD
12 method should not result in any false negatives.

13 Most CD algorithms use bounding volume hierarchies (BV-
12 Hs) for acceleration. These methods work well for inter-object
15 CD, but they incur high computation times for SCD for de-
1e formable objects because the adjacent primitives of a deform-
17 ing mesh are in close proximity and cannot be culled through
18 bounding volume tests. Even if a mesh (with n triangles) has
19 no self-intersection, checking for self-collision is still quite ex-
20 pensive (O(n?) complexity).

21 Many approaches have been proposed to improve the effi-
22 ciency of SCD. Volino and Thalmann [1] introduced the normal
23 cone test for discrete collision detection (DCD). This approach
2« was extended to continuous collision detection (CCD) by Tang
25 et al. [2], leading to more efficient execution of self-intersection
2s queries. Heo et al. [3] proposed a dual-cone culling method
27 based on the normal cone test, which has lower computational
2s overhead but may result in false negatives in practice. To ad-
29 dress this problem, they proposed an extension that includes
% internal boundary edges in [3]. However, although this method
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(b) Our Method

(a) Dual-Cone Method

Figure 1: Pipe Benchmark. We illustrate the benefits of our SCD algorithm
using the Pipe benchmark (78K triangles). The colliding triangle pairs are high-
lighted in red. Unlike the previous dual-cone method (a), our method (b) can
detect all the collisions.

a1 results in no false negatives, maintaining such internal bound-
a2 ary edges can significantly reduce the performance.

3 Main Results: In this paper, we propose a new method that
a not only does not miss collisions but also accelerates the per-
s formance of the extension of the original dual-cone method.
ss First, we introduce a sufficient set of criteria for determining
a7 whether a surface exhibits self-collisions based on two types of
as cones and the boundary contours of four sub-surfaces making
a0 up the entire surface (Figure 5). The two cone types are surface
s normal cones and binormal cones. Second, we design a BVH-
a1 based hierarchical culling method for use in combination with
a2 our culling criteria and present a new bounding volume test tree
s (BVTT) traversal scheme for our culling criteria, which can sig-
s nificantly reduce the number of redundant tests performed. We
ss evaluate the accuracy of our method on many complex bench-
ss marks involving deformable models and cloth. Unlike the pre-
47 vious dual-cone method [3], our method can accurately detect
s all self-collisions. Moreover, we observe considerable speedup
ss compared with other SCD methods.
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s 2. Related Work

51 In this section, we present a brief review of previous works
s2 on CD.

53 High-level culling: The simplest culling algorithms com-
s« pute geometric bounds and use BVHs to accelerate CD. Many
ss alternative culling methods have been proposed to reduce the
ss number of queries. Volino and Thalmann [1] proposed the nor-
s7 mal cone test for DCD, which takes advantage of the topology
ss and connectivity of the input mesh and checks for self-collision
so by means of normal cones and 2D contour tests. Many self-
e collision culling techniques [4, 5, 2, 3, 6] have been developed
&t based on the normal cone test. In addition, Barbi¢ and James
e2 [7] presented a self-collision culling method for subspace de-
& formable models, but their method does not support general de-
e« formations. Based on this method, Zheng and James [8] pro-
es posed an energy-based culling method that is applicable to gen-
es eral deformable models. Moreover, many clustering strategies
7 have been proposed to improve the culling efficiency. Most of
es these techniques are used as preprocessing steps [9, 10]. Wong
e et al. [11] presented a continuous SCD algorithm for skele-
70 tal models and extended it to check for collisions between a
7 deformable surface and a solid model [12]. However, these
72 techniques have several shortcomings during animation, and
73 their cost reduction for CD is limited. A modified framework
7« was proposed in [13] to improve the culling efficiency of these
7s methods. He et al. [14] recently presented a fast decomposi-
76 tion algorithm in which the mesh boundary is represented using
77 hierarchical clusters and only inter-cluster collision checks are
7s necessary; this algorithm achieves a small speedup over previ-
79 ous CCD algorithms.

80 Low-level culling: Many techniques have been proposed
s1 to reduce the number of elementary tests between triangle pairs
& for CCD. Govindaraju et al. and Wingo et al. [15, 16] elimi-
ss nated redundant elementary tests for CCD. Hutter and Fuhrma-
s« nn [17] used the bounding volumes of primitives to reduce false
ss positives. Other methods, such as representative triangles [18]
ss and orphan sets [2], have also been used to reduce the number of
s7 duplicate elementary tests. These low-level culling algorithms
s can be combined with our high-level culling method.

89 Reliable collision queries: Brochu et al. [19] used exact
% computations for reliable CCD, thereby ensuring no false neg-
o1 atives or false positives. Tang et al. [20] presented another ex-
o2 act algorithm based on Bernstein sign classification (BSC) that
a3 offers speedups of a factor of 10 — 20 over [19]. Wang [21]
s introduced a useful approach based on the derivation of tight
ss error bounds for floating-point computations. Wang et al. [22]
96 derived tight error bounds on the BSC formulation [20] for ele-
o7 mentary tests.

e 3. Overview

9 In this section, we present the problem definition and intro-
100 duce the notation used throughout the rest of this paper. We also
101 present an overview of the normal cone test algorithm proposed
102 1N [1]

13 3.1. Problem Definition

14 We assume that the scene of interest consists of one or many
10s deformable objects. Each object is represented by a triangle
1s mesh for simulation. Given two discrete time instances in a
107 simulation, we assume that the vertices of the objects move at
18 @ constant velocity during the time interval between them. Our
100 goal is to check whether any object exhibits any self-collision.
110 Our approach can be used to perform both DCD and CCD on
11 triangular meshes. For DCD, our method returns the number
12 of potentially colliding triangle pairs. For CCD, our culling
113 method computes the number of elementary collisions between
14 vertex-face (VF) pairs and edge-edge (EE) pairs.

115 3.2. Notation

116 We use the following acronyms throughout the rest of the
17 paper: BV, BVH, and BVTT stand for bounding volume, bound-
1s ing volume hierarchy, and bounding volume test tree, respec-
19 tively. We define a cone (A_), 6) in terms of ff, the axis, and 0,
120 half of the apex angle of the cone (Figure 2-a). Unless other-
121 wise specified, the angle of a cone refers to 6. For a BVH node
122 N, N; and N, represent its left and right child nodes, respec-
123 tively; Ny and Ny, represent the left and right child nodes of Nj;
124 and N,; and N,, represent the left and right child nodes of N,.

125 3.3. Normal Cone Test

Several widely used SCD algorithms are based on the nor-
12z mal cone test algorithm proposed by Volino and Thalmann [1].
128 Given a continuous surface S bounded by a contour C, a suffi-
129 cient set of criteria for no self-collision consists of both of the
130 following sequential conditions:

126

131 o Surface normal test: There exists a vector V for which
- o . -,

(N - V) > 0 at every point on S, where N is the normal

vector at each point on the surface.

132

133

o Contour test: The projection of C along the vector 1%
does not have any self-intersections on a plane orthogonal
to V.

134
135

136

137 Provot [4] presented an efficient method for evaluating whether
138 the first condition is satisfied based on normal cones, which can
139 be computed by combining the normal vectors of individual tri-
140 angles in a triangular mesh. However, the contour test has a
11 worst-case time complexity of @(N?), where N is the number of
12 edges on the projected plane. To improve the efficiency of the
13 normal cone test, Heo et al. [3] proposed a dual-cone culling
1.« method based on surface normal cones (SNCs) and binormal
15 cones (BNCs). However, this method may result in false neg-
146 atives in practice when it is combined with a BVH-based CD
1a7 method.

18 4. Dual-Cone Culling Method

In this section, we briefly review the previously proposed
150 dual-cone culling method [3] and highlight several cases in whi-
151 ch this method may result in false negatives.

149
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Figure 2: Binormal Yectors and BNCs. (a) The definition of a cone. (b)
The binormal vector B computed from the boundary edge e on triangle ¢. (c)
An example of a BNC computed from a mesh. The BNC contains all the red
vectors.

152 4.1. Binormal Cones

153 Binormal vector: (Figure 2-b) The binormal vector Bofan
14 edge e of a triangle ¢ is the cross product between the surface
1ss normal N of 7 and the boundary edge e.

156 Binormal cone (BNC): (Figure 2-c) The BNC of a mesh

157 encompasses the binormal vectors of all boundary edges.

158 4.2. BVH-based Dual-Cone Culling

159 Given a surface S, the dual-cone method proposed in [3]
160 Uses two cones to check whether it exhibits self-collisions. The
161 SNC (X,,, 6,) bounds all the surface normal vectors of S. The
162 BNC (/Yb, 6) bounds all the binormal vectors of the boundary of
163 the surface §. According to the Dual-Cone Theorem proposed
164 in [3], if 6, < g and |Xn -Xbl < cos 6, then the surface exhibits
1s N0 self-collision. The second condition plays the role of the
1es contour test in the normal cone test algorithm (Section 3.3).
However, the dual-cone method presented above is very
168 conservative for a connected surface. In many cases, due to
169 the large angles of the BNCs generated from complete bound-
o aries, the method may not cull meshes even when they exhibit
171 no self-collision. Therefore, to achieve a high culling ratio, the
172 authors combined the dual-cone method with a BVH-based CD
173 method. During the BVH updating process, the SNC and BNC
174 are computed for the sub-surface contained in each BV. In this
175 method, the SNCs and BNCs of the BVH nodes are computed
176 in a bottom-up manner. The SNC of each leaf node in a BVH
177 can be easily computed. The BNC of each leaf node contains
7 only the binormal vectors of the original boundary edges of
17 the mesh, making it reasonably small. For example, in Fig-
10 ure 3, only the binormal vectors of the green boundary edges
1e1 are bounded by BNCs. Once these cones have been computed,
1e2 the two cones of each internal node can be computed by merg-
183 ing the cones of its two child BVH nodes. At run time, the
1sa Dual-Cone Theorem is applied to each BVH node in a top-
1ss down manner to cull the sub-meshes contained in this node
18s that satisfy neither condition in the theorem and have no self-
1e7 collision. Unless otherwise stated, in the following sections,
1es the dual-cone method refers to the dual-cone method applied
19 in combination with the BVH-based CD method. Although
190 the Dual-Cone Theorem is accurate in theory, the dual-cone
191 method yields false negatives as a result of ignoring the binor-
122 mal vectors of the shared edges between adjacent sub-meshes.

167

13 4.3. False Negatives in the BVH-based Dual-Cone Method
The BVH-based dual-cone method is an approximate ap-
15 proach that may miss some collisions. In Figure 3, if a horizon-
1 tal plane passing through the red edges (as shown in Figure 3-a)
197 1S used to partition the penetrating pipe, the dual-cone method
1s cannot detect all self-collisions when checking the lower BV
199 (depicted in Figure 3-b). This inaccurate culling is caused by
200 the fact that some internal boundary edges of the object are ig-
201 nored. Many internal boundary edges (shown as red curves in
202 Figure 3) are incident on two triangles that are partitioned into
203 two different BVs. This method considers only the binormal
204 Vectors for the original boundary edges (shown in green) and
205 ignores the virtual boundary edges (shown in red). Therefore,
206 many collisions that are not on the original boundary can be
207 missed by this method if the angles of the SNCs of the sub-
200 meshes containing these collisions are less than 7.

194

(@)

(b)

Figure 3: Penetrating Pipe. The edges shown in red are internal boundaries
resulting from the BV splitting indicated in (a). (b) The half pipe contained in
the lower BV of (a). The green edges in (b) are the original boundaries of the
pipe.

29 The dual-cone method may also result in false negatives in
210 cloth simulations. As shown in Figure 4, the red colliding tri-
211 angle pairs are missed by the dual-cone method. These self-
212 colliding triangle pairs always appear at locations with slight
213 wrinkles. In the dual-cone method, BVH nodes that contain
212 only internal triangles have no BNCs. If the angles of the SNCs
215 of the sub-meshes contained in these nodes are less than 7, then
216 these nodes may be culled by this method even though these
217 sub-meshes exhibit self-collisions. Many scenarios similar to
218 the cases depicted in Figure 4 arise in cloth simulations; conse-
219 quently, the dual-cone method frequently produces false nega-
220 tives.

@

(b)

Figure 4: Cloth. For these two cloth simulation benchmarks, the dual-cone
method cannot detect the colliding triangle pairs shown in red.



Figure 5: Surface. For an input triangular surface (a), an AABB bounding
box (shown in black) is built. At the center of this AABB box, we define two
partition planes (shown in sky blue) parallel to the x and y axes, which split the
black box into four sub-boxes. (b) The four resulting subsets of the boundary
edges, marked in different colors. For the sub-surface in the upper left corner,
we bound its surface normal vectors and the binormal vectors corresponding
to its boundary edges (marked in red) into an SNC and a BNC, respectively,
as shown in the lower right corner of (b). The SNCs and BNCs of the other
sub-surfaces are computed in the same way.

5. Enhanced Dual-Cone Culling Method

22

222 To address the problems with the previously proposed BVH-
based dual-cone method, we propose an enhanced BVH-based
dual-cone method that can completely avoid false negatives. In
section 5.1, we introduce new general culling conditions for
3D surfaces that improve upon the Dual-Cone Theorem used in
the previous method. Moreover, a BVH-based culling method
for use in combination with the culling conditions and a novel

BVTT traversal scheme are proposed in section 5.2.
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5.1. Dual-Cone-based Culling Conditions

In the normal cone test [4], given a surface, if it is suf-
ficiently flat and the projection of its boundary edges has no
intersection, then the surface is self-collision-free. A simple
edge-edge test is the common method of performing the con-
tour test. Similarly to the normal cone test, the Dual-Cone
Theorem [3] also checks whether the surface has a sufficiently
“low curvature” and uses two cones (SNC and BNC) to per-
238 form the contour test. However, in the Dual-Cone Theorem,
23 the BNC of a surface bounds all binormal vectors from the en-
240 tire boundary of that surface; consequently, in many cases, it is
241 50 large that it is no longer effective.

To generate smaller and more useful BNCs, we propose a
243 novel approach in which the original boundary of a surface is
244 split into four smaller sub-boundaries by partitioning the sur-
205 face into four sub-surfaces. The binormal vectors from each
246 sub-boundary can be bounded into a smaller BNC. Therefore, if
247 the surface is sufficiently flat and the projections of its four sub-
248 boundaries exhibit no self-collision and inter-collision, then the
249 entire surface is intersection-free. These smaller BNCs can be
250 used in self-collision detection for the four sub-boundaries in
251 the same way that the BNC is used in the Dual-Cone Theo-
252 T€IM [3]

Given a surface S, we partition it into four sub-surfaces,
254 as shown in Figure 5-a. We simply partition the triangles into
2ss different sets; we do not change the topology of the surface.
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Algorithm 1: EnhancedDualConeTest(S): Perform a
self-collision test on a surface.

Input: The SNC (At,, 6,) of a surface S, which is split
into four sub-surfaces S, S»,, S; and S 4 with the
four corresponding boundary edge subsets Cy,
Cz, C3 and C4.

Output: True if no self-intersection on this surface, false

otherwise.

if 6, < 5 then

S8 =1{51,52,53.54};

CC ={C,(5,C3,C4};

fori=0;i<4;i++do

if DualConeTest(S S [i], CC[i]) == false then

| return false;

fori=0;i<4;i++do
for j=i+1;j<4;j++do
if ContourOverlapTest(CC[i],CC[ j])==false
then
| return false;

| return true;
return false;

Algorithm 2: DualConeTest(S ,, C,): Perform the test
for the second condition on a sub-surface.

Input: The SNC (A,,,,6,,) of S, and the BNC (A5, 6,5)

of C,.
Output: True if no self-intersection on this
sub-boundary, false otherwise.
if |A,, - Al < cos 6, then
| return true;
return false;

256 We first build an AABB bounding box for S. At the center
257 of this AABB box, we define two partition planes parallel to
258 two arbitrary axes in Cartesian coordinates. Thus, we split the
2ss bounding box into four sub-boxes. We thus partition all the
260 triangles into four subsets based on the sub-box in which the
261 centroid of each triangle is contained. The triangles in each
262 subset constitute a sub-surface of the entire surface. As shown
2s3 in Figure 5-b, with this splitting of the surface, the edges on
2s« the boundary contour of S are similarly partitioned into four
265 corresponding subsets, as indicated by the four different colors.
Note that the new black internal boundary edges generated
267 by splitting this surface are excluded from the four subsets.

For the entire surface, we bound the surface normal vec-
260 tors of all triangles with a single SNC, which is used to check
270 whether the surface has a sufficiently “low curvature”. Then,
2 for each sub-surface S, a corresponding SNC (ff pns Opn) 18 de-
272 fined that bounds the surface normal vectors of that sub-surface,
273 and similarly, a BNC (ff pbs Opp) 1s defined to bound the binor-
27« mal vectors associated with the corresponding boundary edge
275 subset Cp,. These two cones are used in the test for our second
276 culling condition to check whether each sub-surface exhibits
277 self-collision. In addition, simple EE intersection tests are ap-

266

268

4



278 plied to check whether there are inter-collisions among the four
279 sub-surfaces, which is an essential step of our culling method.
Given a continuous surface S that has been partitioned into
281 four sub-surfaces, to ensure that the surface exhibits no self-
282 collision, it is sufficient to confirm that the following three con-
2g3 ditions are satisfied:

280

284

e The angle of the SNC of S is less than 7.

- - .
285 e For each sub-surface, |4, - Ap;| is less than cos 6,,,.

e The projections of two different pieces of the boundary
of S along the axis of the SNC of S do not intersect on
the projection plane.

286
287

288

289 The first condition is equivalent to the surface normal test pre-
200 sented in [1]. We divide the large BNC into four smaller BNCs
201 Oof @ more reasonable size, thereby improving the applicability
202 of the Dual-Cone Theorem of [3]. In essence, the second and
203 third conditions play the role of the contour test, drawing sup-
204 port from the idea of the Dual-Cone Theorem.

The axis of the SNC of the entire surface and a single point
206 on this surface can be used to construct a projection plane for
297 projecting the edges onto a single plane. We justify the correct-
208 ness of our culling condition tests in section 5.1.1.

The pseudo-code for our culling method based on these
a0 tests is presented in Algorithm 1. DualConeTest returns true
so1 1f the surface satisfies the second condition, and ContourOver-
a2 lapTest returns true if the projections of the contours of a pair
aos of sub-surfaces do not intersect. Algorithm 2 presents a more
as detailed explanation of DualConeTest. We use the BVs of the
aos projected edges for the overlap tests and perform EE tests only
aos for edge pairs whose BVs overlap according to ContourOver-
a7 lapTest.

295

299

as 3.1.1. Explanation of Correctness
It is evident that a regular and smooth surface exhibits few
a0 self-intersections, except in the following two cases [1]:

309

e The surface has a sufficiently high curvature that it forms
a loop and intersects with another part of itself (Figure
6-a).

311
312

313

o The contour of the surface has a folded shape that results
in self-collisions (Figure 6-b).

314

315

In the normal cone test, the surface normal test can detect
317 the first case, and the contour test can find the second one.
s1s Therefore, the normal cone test [1] is sufficient to determine
a9 that a surface exhibits no self-collision.

Our culling criteria are collectively equivalent to the nor-
ser mal cone test. The first condition (6, < 7) is equivalent to the
a2 surface normal test. The second and third conditions are used
a23 to guarantee no self-intersection of the projected contour; i.e.,
a24 they play the role of the contour test. To test the second con-
azs dition, the BNC of a planar curve is calculated. If the angle of
326 the BNC is less than ’57 then the planar curve must have no self-
a27 intersection (as stated by the Turning Tangent Theorem [23]).
s2s When the third condition is satisfied, there is no intersection

316

320

(@)

(b)

Figure 6: Causes of Self-Collision. Self-collisions occurring because of cur-
vature (a) or contour shape (b).

ae among any of the projected curve segments. Thus, by combin-
a0 ing the second and third conditions, we obtain a conservative
ssr contour test. In summary, our culling criteria are sufficient to
sz guarantee no self-collision among the input meshes.

s 5.2. Enhanced Culling Method with BVHs

Our culling criteria can be easily combined with BVHs to
ass improve the efficiency of SCD. By virtue of the properties of
xs the culling criteria and BVHs, our BVH-based culling method
a7 can overcome the problems with the previous BVH-based dual-
xs cone method and ensure accurate CD. The test presented in sec-
ase tion 5.1 can be used to check whether the surface in an interme-
a0 diate BVH node exhibits self-collision. The surface contained
a1 in each intermediate node is used as the input for our culling
a2 condition test introduced in section 5.1. For the BVH node N
a3 in Figure 8, the corresponding surface is partitioned into four
s sub-surfaces, represented by its four grandchild nodes. Simul-
as taneously, the boundary of this surface is also partitioned into
as four subsets corresponding to the four grandchild nodes. In ac-
a7 cordance with our culling criteria, we can use the SNC of the
us surface in N to check whether it has a sufficiently “low cur-
ue vature”. Four pairs of cones and boundary edge subsets are
a0 then used to detect intra-collisions and inter-collisions among
as1 the four sub-surfaces. For each grandchild node, the associ-
as2 ated pair of cones consists of the SNC for the corresponding
ass sub-surface and the BNC for the corresponding boundary edge
a4 subset. In addition, we also detect inter-collisions among the
ass four boundary edge subsets. Therefore, collisions occurring in
a6 an intermediate node can be found using criteria equivalent to
as7 those of the normal cone test. Furthermore, we can logically
ass extend this idea to all intermediate BVH nodes that have grand-
ase child nodes. Thus, we can apply our culling criteria in combi-
as0 nation with BVHs in a top-down manner to perform high-level
361 Culling.

334

a2 5.2.1. Internal Boundary Edges

w3  For an object with a BVH, the internal boundary edges in
s« the BVH nodes are incident on pairs of triangles that are parti-
aes tioned into two different BVs.

Consider the example surface in Figure 7, for which a BVH
a7 18 built. Take as an example the child node of the root node that
as 1S depicted in the lower branch in the figure; for this child node,

5
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Figure 7: Internal Boundary Edges. For an input triangular surface, a BVH
is built. For the example of the child node of the root node that is depicted in
the lower branch in this figure, the previous dual-cone method consider a BNC
that bounds only the binormal vectors of the original boundary edges (shown
in green). By constrast, by virtue of our smaller BNCs, our method can also
consider the internal boundary edges that are generated by splitting the parent
surface (shown in red). The internal boundary edges that are generated by fur-
ther splitting this surface into grandchild nodes are shown in black; these black
edges are ignored even in our smaller BNCs. In other words, only the edges
on the boundary contour of the surface are included in our BNCs. The new

internal boundary edges on the contours of the four sub-surfaces are excluded,
following the same principle as our culling conditions.
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ase the BNC that bounds the binormal vectors of all boundary edges
a7 18 s0 large that it is ineffective for high-level culling. Therefore,
a7t in the previous BVH-based dual-cone culling method, the bi-
a2 normal vectors on the red internal boundary edges are excluded
a7s from the BNC to make it smaller, which can result in false neg-
ars atives. To address this problem, the authors of [3] proposed an
ars extension of the method that includes internal boundary edges.
a7e In this modified method, separate dual-cones are built for these
a77 internal boundaries. However, for many surfaces in interme-
ars diate BVH nodes, if the majority of the boundary edges are
a7 internal boundary edges, the new binormal cones for the inter-
a0 Nal boundary edges may again be so large that they offer no
as1 culling effect for these surfaces. Although this method results
as2 in no false negative, maintaining such internal boundary edges
ass can reduce its performance. In contrast to these two dual-cone
s« methods, our method not only considers all boundary edges
ass but also uses more useful and efficient dual-cones. In accor-
ass dance with the culling conditions presented in section 5.1, the
as7 four surfaces in the grandchild nodes can be used to define four
ass smaller BNCs that bound the binormal vectors from the corre-
ase sponding boundary edge subsets. Our BVH-based method has
a0 no need to exclude the red internal boundary edges in Figure
a1 7 because our four BNCs, which collectively bound the binor-

Figure 8: BVHs and BVTTs. For the BVH in the upper right corner, we con-
struct a BVTT, as shown here. Only the nodes shown in green cannot pass the
culling condition tests; therefore, in accordance with our traversal scheme, we
continue to perform collision tests only for these three green nodes, effectively
eliminating the CD tests for the other seven nodes (in the red box).

a2 mal vectors of all boundary edges, are sufficiently small indi-
ass vidually and thus are more useful than the BNC used in the
ass previous BVH-based dual-cone culling method. The black in-
ass ternal boundary edges, which do not lie on the boundary con-
se6 tour of the entire surface, are excluded in our method; however,
a7 these edges will later be treated as the boundary edges of the
aes grandchild nodes while traversing the BVH. During the traver-
ase sal of the grandchild nodes, the sub-surfaces contained in these
a0 nodes are the input surfaces for our culling conditions, and the
s01 black edges now play the role of red edges and thus can also
a2 be considered in our method. The constructed BNCs are used
a03 in the test for our second culling condition, and we also test
s04 for intersections among these boundary edges. In this way, our
ss BVH-based culling method performs exact contour test that
a0s fully consider the internal boundary edges.

w7 5.2.2. Preprocessing

According to our culling conditions, we should use four
a00 subsets of the boundary edges to compute the BNCs for the
a0 surface in each intermediate BVH node. To this end, four edge
a1 sets should be collected for each intermediate node during pre-
a1z processing. Each edge set contains a subset of the boundary
a3 edges in this node. These subsets can be computed by finding
a1 the edges on the boundaries that correspond to both the node
a1s itself and its four grandchild nodes. During preprocessing, the
s1s BVHs are traversed in a bottom-up manner to collect four edge
a7 sets for each intermediate node.

408

a8 5.2.3. Updating

For each frame, the BVHs, SNCs, and BNCs are updated
s20 through refitting in a bottom-up manner. The SNC of each
a1 node is computed by merging the two corresponding cones of
s22 its two child BVH nodes. For the BNCs, we compute the bi-
s2s normal vectors of the edges in each of the edge sets computed
s24 during preprocessing. The binormal vectors from one edge set
425 are bounded by one BNC. Thus, the two types of cones for the
s2s BVH nodes can be computed by traversing the BVH. In this
a27 Way, each intermediate BVH node, which has four grandchild

419
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Algorithm 3: SelfCollide(N): Perform high-level culling
using our criteria and the new BVH traversal scheme.

Input: A BVH node N, where S is the surface in this
node, and a set of Boolean values R.
Qutput: No return value.
if IsLeaf(N) then
| return; // Traversal terminated.
if /IsLeaf (N— LeftChild) and !IsLeaf c(N—
RightChild) then
// Initial value of each element in R is false.
R = {Ru, Ry, Ru1, Ryrs Ruyirs Rugrt,
Rl]lrrs erlrls erlrrs er\rr} = {fa]se sssss fa]se};
// R is updated by the following function

if EnhancedDualConeTest(S, R) then
| return; // S has no self-collision.

else
//Check the descendants in accordance with the values
in R.
O = {Ny, Ny, N;i, Ny };
fori=0;i<4;i++do
if R[i] == false then
| SelfCollide(Oli]);

fori=0;i<4;i++do
for j=i+1;j<4;j++do
L if R[i + j + 4] == false then
| Collide(O[il,O[j]);

else
SelfCollide(N—LeftChild);

SelfCollide(N— RightChild);
| Collide(N—LeftChild,N—RightChild);

428 nodes, is associated with one SNC and four BNCs. Each of
s20 the BNCs corresponds to one of the grandchild nodes because
a0 the four grandchild nodes partition the boundary into four parts
a1 by splitting the entire surface into four sub-surfaces. Then, the
a2 SNC of each grandchild node and the corresponding BNC are
a3 used in the test for the second condition as described in section
434 5. 1 .

45 5.2.4. Run time

During run time, our self-collision check starts at the root
a7 node of the BVH and traverses the BVH in a top-down manner.
s For a scene with deformable objects with the BVH shown in
s30 the upper corner of Figure 8, the execution of the self-collision
o detection algorithm corresponds to the traversal of its BVTT,
41 as shown in Figure 8. A node (A, B) in the BVTT represents
a2 the collision check between nodes A and B of the given BVH.
a3 When applying our culling conditions for these BVTT nodes
aaa (N, N), which corresponds to checking for self-collisions among
445 all the nodes below the intermediate node N of the BVH, this
ws intermediate node and its four grandchild nodes are considered
a7 to check whether that node can be culled. For the example of
«s BVH node N in Figure 8, four of the BVTT nodes for SCD
s (in the red box) correspond to four tests for the second con-
ss0 dition, and the other nodes in the box correspond to six tests

436

Algorithm 4: EnhancedDualConeTest(S, R): Perform
a self-collision test on the surface in one BVH node.
Input: A surface S, which has the same configuration as
the surface in Algorithm 1, and a set of Boolean
values R.
Qutput: True if no self-intersection on the surface, false
otherwise.
if 6, < 5 then
SS§ ={51.52.53.54};
CC ={C1,(5,C5,C4}s
fori=0;i<4;i++do
| R[i{]=DualConeTest(S S [i]);
fori=0;i <4;i++do
for j=i+1;j<4;j++do
=i+ j+4;
L R[t]= ContourOverlapTest(CC[i],CC[j]);
if all elements in R are true then

| return true;

return false;

ss1 for the third condition. In accordance with our culling condi-
ss2 tions, in the worst case, we will perform all ten tests enclosed
ss3 in the red box in the BVTT of N in Figure 8. The traditional
sss BVTT traversal scheme is a simple top-down traversal scheme.
455 When a BVTT node cannot be culled, SCD and inter-collision
sss detection will then be performed at the subsequent level in the
ss7 hierarchy.

458 However, based on the properties of our criteria, we pro-
a9 pose a more efficient traversal scheme as follows: During our
sso culling tests on N, the results of the ten tests in the red box
ss1 are recorded. If the surfaces contained in N and the grand-
ss2 child nodes of N all satisfy our self-collision culling criteria,
ss3 then this surface in N is collision-free, and the following BVTT
4«64 nodes need not be traversed. Otherwise, in accordance with the
sss previously recorded results, our culling method continues to be
sss performed on only the BVTT nodes that correspond to grand-
467 child nodes and cannot pass the relevant tests. In this way, we
sss can eliminate many redundant tests. When each of the grand-
a0 child nodes is traversed, a new self-collision test of a surface is
a70 initiated, and the surface in that node is treated as the input for
a71 testing our culling criteria presented in section 5.1.

Based on Algorithm 1, the overall algorithm for our entire
a73 culling method is shown in Algorithm 3. Given a deformable
472 object with a BVH, the process of checking for self-collisions
475 begins at the root node of the BVH and traverses it in a top-
a7s down manner. For a BVH node N with grandchild nodes, we
477 perform our culling method using its four grandchild nodes Ny,
a8 Njr, N,y and N,,. R is a set of Boolean values that records the
a79 results of the ten tests enclosed in the red box in Figure 8. In ad-
ago dition, in Algorithm 4, we describe how the new EnhancedDu-
ss1 alConeTest function updates R. This function can be regarded
se2 as a variant of the function described in Algorithm 1. The input
ssa surface S again is split into four sub-surfaces and four bound-
sss ary edge subsets corresponding to its grandchild nodes, which
sss are used in Algorithm 4 in the same manner as in Algorithm

472
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(a) Pipe

(b) Karate

(c) T-shirt

(d) Funnel (e) Flamenco

Figure 9: Benchmarks. We use five challenging benchmarks involving deformable models and cloth simulations for performance comparisons between our DCD
and CCD algorithms and previous methods.

1433 1955 1955 1955
157526 157594 | 157594 | 157594 75455 | 75455 | 75455
33899 34151 34151 | 34151 10453 | 10453 | 10453
7378 7378 7378 7378 6523 6523 | 6523
40459 40459 | 40459 | 40459 22667 | 22667 | 22667

. # of false negatives

Figure 10: Number of Collision Queries. We compare the numbers of collision queries performed in our enhanced dual-cone method, in the dual-cone method
without internal edges [3], and in other previous methods. As this figure shows, our method results in exactly the same numbers of collisions as those of the other
three culling methods; however, the dual-cone method can generate false negatives for Pipe, T-shirt and Karate (with correspondingly fewer collisions).

ass 1. After all ten tests for our second and third conditions have
a7 been performed, the first four values in R correspond to the SCD
ass results for the sub-surfaces contained in the grandchild nodes,
480 and the six remaining values represent whether each pair of sub-
400 surfaces exhibits collision. If all these tests are satisfied, then
s01 there is no need to traverse the grandchild nodes to check for
se2 collisions. Collide generates a list of the leaf nodes that will
a3 need to be traversed in the next round of CD processing.

494 Moreover, we can extend our culling method to CCD by
sss adopting the same approach used in [3] to compute the SNCs
s and BNCs. The continuous contour test (CCT) method pro-
a7 posed in [2] is used to check whether contour edge sets overlap.
s Compared with the previous dual-cone method, our method is
490 slightly slower because it requires more tests to be performed;
so0 however, it also results in no false negatives.

so1 6. Implementation and Results

s2  Inthis section, we describe our implementation and demon-

sos strate the accuracy of our algorithm.

soe 0.1. Implementation
s We implemented our algorithms on a standard PC (Intel i7-
sis 4790K CPU @4.00 GHz, 32 GB of RAM, 64-bit Windows 7

so7 OS) in C++. We also implemented the dual-cone method [3]
soe on the same CPU (also in C++). We performed a high-level
so0 culling procedure including both our culling method and low-
s10 level culling techniques that can eliminate duplicate elemen-
si tary tests [2]. After these culling computations, we performed
sz triangle-triangle intersection tests for DCD and exact elemen-
s13 tary tests for CCD [20]. We present performance comparisons
st of our algorithm with the following previous methods:

515 e Dual-Cone Method: This is the algorithm without in-
ternal edges that we describe in Section 4, which misses
collisions on many benchmarks. This method has been
implemented for DCD and CCD, in combination with
AABB hierarchies and BSC elementary tests [20]. As
our experiments show, our method can make up for the

521 defects of this method.

516
517
518
519

520

522 o NCT: This method corresponds to the implementation of
the normal cone test of [4] for DCD. It is based on the

surface normal test and the contour test.

523

524

s2s o CBC: This is the continuous normal cone algorithm for

CCD [2] in combination with AABB culling and BSC
elementary tests. This method extends the normal cone

526

527



test to tests for CCD, namely, the continuous normal cone
test and the continuous contour test. In this method, the
530 contour test is transformed into a test for intersection be-
51 tween two edges that lie on the same plane.

528

529

AABB only: In this method, no self-collision culling
is performed; only low-level culling algorithms are used
to eliminate duplicate elementary tests. The AABB ap-
proach is used to determine the BVs, and reliable elemen-
tary tests are performed using BSC [20].

532 L
533
534
535

536

537 e Dual-Cone Method (Internal): This algorithm is the
previous BVH-based dual-cone method modified to also
consider internal edges, as proposed in [3] to address the
540 problem of false negatives. Separate BNCs are computed

541 for the internal boundary edges.

538

539

sa2 0.2. Benchmarks

543 ‘We used five benchmarks related to different simulation sce-
s« narios for our performance evaluations:

545 o Pipe: (Figure 9-a) A hollow pipe with 78K triangles lies
on the ground, and one end of the pipe can intersect with
the other. This benchmark has a high number of self-

collisions.

546
547

548

Karate: (Figure 9-b) A boy wearing three pieces of cloth
550 (with 127K triangles) is practicing karate. We count only
551 the number of self-collisions for each piece of cloth.

549 L

T-shirt: (Figure 9-c) A T-shirt (with 10K triangles) is
stuffed into a small box, which generates numerous self-
collisions of the cloth.

552 (]
553

554

Funnel: (Figure 9-d) A piece of cloth with 64K triangles
falls into a funnel and folds to fit into the funnel, exhibit-
ing many self-collisions.

555 L]
556

557

Flamenco: (Figure 9-¢) A flamenco dancer performs wh-
ile wearing a dress (with 49K triangles) with ruffles, whi-
ch has numerous self-intersections.

558 L
559

560

561 The inputs for the Flamenco and Pipe benchmarks are given
se2 as discrete keyframes. Karate, T-shirt and Funnel were gener-
sss ated using a cloth simulation system. We used the linearly in-
se4 terpolated motion of the vertices between keyframes to check
ses for inter-object collisions and self-collisions.

We integrated our CD algorithm into a cloth simulation sys-
se7 tem, which was then used to generate the entire simulation for
see each of the Karate, T-shirt and Funnel benchmarks. This sim-
seo Ulator performs the implicit integration described in [24] and
s uses the repulsion forces presented in [25] along with CCD
s71 computations to avoid interpenetration.

Figure 10 shows the numbers of triangle-triangle intersec-
s73 tions for DCD and the numbers of exactly colliding elemen-
s74 tary pairs (VF and EE pairs) for CCD found throughout the
s7s entire CD process using our high-level culling algorithm and
s76 the other four methods on these benchmarks. It also reports the
s77 numbers of false negatives generated by the previous dual-cone

566

572

Figure 11: Performance and Comparison. We present the speedups of our
algorithm in comparison with the NCT [4], CBC [2] and AABB-hierarchy-
based culling methods for each benchmark.

s7s method. Compared with the AABB-hierarchy-based culling
s7 method with BSC [20], the previous dual-cone method results
se0 in false negatives on Pipe, Karate and T-shirt for both CCD and
sst DCD, whereas our method does not miss any collisions on these
se2 benchmarks. On the other two benchmarks, our method and
ses the previous dual-cone method yield the same results. We illus-
se4 trate the speedups of our algorithm in comparison with the other
ses three high-level culling methods for each benchmark in Figure
sss 11. The speedups of our method range from minor to signifi-
ss7 cant. We also compare the accuracy and time consumption of
sss our method, the dual-cone method and the dual-cone method
sso (internal) for the above benchmarks. We observe that the dual-
se0 cone method (internal) produces no false negatives, as reported
so1 in [3], but it is slower than the other two methods. The average
se2 times (in ms) required for DCD and CCD queries in these three
ses methods are presented in Figure 12.

350

Qry Time (DCD)
300
250
200
150
100
o | il 1
0 —
Pipe Karate T-shirt Funnel Flamenco
700
Qry Time (CCD)
600
500
400
300
200
100 I I I
0 —m
Pipe Karate T-shirt Funnel Flamenco
M Dual-Cone Method M Dual-Cone Method (Internal) Our Method

Figure 12: Time Consumption Comparison. We compare the average times
(in ms) required for DCD and CCD queries in our method, the dual-cone culling
method [3] and the dual-cone method (internal) for each benchmark.



We also compare the numbers of self-collision tests and
ses inter-collision tests required for CCD based on our culling cri-
ses teria during BVTT traversal using our new scheme and the sim-
se7 ple top-down traversal scheme. In this evaluation, we used the
ses depth-first traversal algorithm to traverse the BVTT in the sim-
see ple traversal scheme. Figure 13 shows the average numbers of
o0 additional self-collision tests and inter-collision tests required
eo1 in the simple top-down traversal scheme compared with our
ez traversal scheme. The corresponding minor speedups of the
e0s proposed scheme over the simple scheme are also given in this
e0s figure. Moreover, we also tested the previous BVH-based dual-
e0s cone method with our BVTT traversal scheme. Compared with
eos the simple top-down traversal scheme, our scheme offers no
o7 advantage in this case because it traverses BVTT layers more
e0s deeply than the simple scheme does, which reduces the perfor-
e0 mance. Moreover, our culling conditions force the emergence
sto of our new traversal scheme, which is more suitable for our
et culling method.

594

19897

252204 | 9727 | 12062 | 35788 7826

1.13X | 1.05X | 1.06X | 1.08X 1.03X

Figure 13: Comparison of two BVTT traversal schemes. We compare the
average numbers of self-collision tests and inter-collision tests required when
using the simple top-down traversal scheme and our traversal scheme. The
average numbers of additional tests required when using the simple scheme are
shown in this figure. Because of these differences, our scheme is slightly faster
than the simple scheme.

62 0.3. Analysis

Our enhanced dual-cone method produces no false nega-
e1a tive for either CCD or DCD, both in theory and in practice
e1s (see Figure 10). This is because our method not only com-
et putes the binormal vectors of the original boundary edges of
617 objects but also considers internal edges. In the Pipe, Karate
e1s and T-shirt benchmarks, there are many collisions on internal
e1o triangles, and because the previous dual-cone method does not
620 compute binormal vectors for the internal boundary edges of the
e21 sub-meshes that exhibit these collisions, these collisions may
622 be missed. By contrast, for Funnel and Flamenco, the dual-
e2s cone method does not miss any collisions because for these two
2« benchmarks, simply checking whether the angles of the SNCs
e25 are less than % is sufficient to find all collisions. In fact, because
e2s the second condition in the dual-cone method ignores the in-
627 ternal edges, it cannot completely replace the contour test that
e2s 1S performed as part of the normal cone test presented in [1].
e20 Meanwhile, although the new BVTT traversal scheme proposed
e for use in our method cannot accelerate the BVH updating pro-
eat Cess, it can eliminate many redundant tests in the BVTT and
ea2 thus reduce the time spent traversing the BVTT.

We also compared our method with the other techniques in
e terms of time consumption. Compared with the NCT, CBC and

613

633

sss AABB-hierarchy-based culling methods, our method requires
e less time for high-level culling because it performs fewer EE
ea7 intersection tests and thus yields more efficient culling results
eas (see Figure 11). However, compared with the previous dual-
e cone method, our method requires the computation of more bi-
0 normal vectors and the performance of more EE tests and thus
e41 18 slightly slower, as shown in Figure 12. As reported in [3], al-
es2 though the dual-cone method (internal) prevents the occurrence
es3 Of false negatives, the consideration of the additional cones can
ess significantly degrade its time performance. For some interme-
ess diate BVH nodes whose boundary edge sets contain few or no
ess original boundary edges, the angles of the BNCs for the addi-
s7 tional internal boundary edges are no less than 7, so these BNCs
s cannot play an effective role in dual-cone culling. Although
es9 they consider the internal boundary edges, their inclusion pre-
eso vents the traversal of the BVTT from stopping as soon as pos-
est sible, which slows the performance of this method. Therefore,
es2 the essential concept of our method is to consider BNCs for all
ess boundary edges in the BVH nodes while simultaneously mak-
es¢ ing these BNCs more useful.

ess 7. Conclusion, Limitations and Future Work

656 Inspired by the previously proposed dual-cone culling meth-
es7 0d, we present a reliable algorithm for performing self-collision
ess culling on complex deformable models. We introduce new con-
eso ditions for checking whether a surface exhibits self-collisions, a
es0 BVH-based hierarchical culling method using these dual-cone
es1 criteria, and a new hierarchical traversal scheme. Unlike the
es2 previously proposed dual-cone culling method, our method can
es3 reliably detect all self-collisions on the benchmarks used for
ess testing, thereby overcoming the defects of the original dual-
ess cone method.

666 Our approach has some limitations. First, our method uses
es7 the conditions of the Dual-Cone Theorem, which yields conser-
ess Vative results, to check whether a boundary exhibits intersec-
eso tions. Dual-cone-based self-collision culling works well only
70 when the resulting meshes do not exhibit high variation in cur-
e7t vature. In addition, since our method requires more informa-
e72 tion than is required by previous methods, more computations
e7s are required for BVH updates.

There are many potential avenues for future work. We would
e7s like to parallelize our approach on multi-core CPUs and GPUs,
e76 similar to the work reported in [26] and [27]. And we prefer
77 to combine our method with BVTT front [28, 29] and apply
e7s this technique into the self-collision culling in cloth simulation
e79 [30]. Furthermore, we would also like to optimize our method
es0 to achieve faster BVH updating. Finally, we would like to inte-
es1 grate our algorithm with other simulation systems, such as hair
ez simulation systems and finite element modeling systems.

674
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