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Abstract 
 
An efficient and realistic collision handling mechanism is fundamental to any 
physically plausible Virtual Environment. In this tutorial, we will first examine the 
applications of collision handling, and introduce the open problems in this area. We 
will then provide a detailed introduction to the many different approaches, past and 
current, to the problems of collision detection and contact modelling. The 
construction and evaluation of the wide range of bounding volume hierarchies used 
for collision detection will be discussed, as will the particular problems associated 
with deformable object animation. The next issue to be addressed is the problem of 
collision response, and finally we will discuss perceptual issues relating to this topic.  
 

Tutorial Outline  
 
i. Introduction. Collision Handling: Applications and Challenges;  
 

ii. Collision Detection for rigid bodies. Hierarchical techniques and progressive 
refinement; Interruptible collision handling. 

 
iii. Bounding volumes: construction and evaluation;  
 
iv. Deformable object animation. 

 
v. Collision Response: Physically-accurate response techniques for rigid-body 

animation; Problems with contact modelling; Approximate/plausible response; 
Graceful degradation of response. 

 
vi. Perceptual issues in collision handling; Heuristics for perceptually-adaptive 

collision processing; Perception of collision physics;  
 
An overview of these issues is presented in the following notes and in the sets of 
slides found in Appendix A. 
 

1. Introduction 

 
Everyone knows that one solid object cannot occupy the space of another. To express 
solidity in a simulated virtual environment, objects need to respond at the right time 
and in the right manner to collisions with other objects in the scene. Therefore, any 
physically plausible animation system, such as one that drives a Virtual Environment, 
needs efficient and realistic collision handling. The problems of detecting when 
objects collide, reporting the points of contact between them, and subsequently 
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determining an appropriate physical (or behavioural) response, all require a 
significant amount of processing. As the numbers of objects in the scene increases 
and/or the models become more complex, collision handling quickly becomes a major 
bottleneck in the system, sometimes accounting for over 95% of the overall 
computation time per frame [Mirtich 1996]. 
 
Many of the earlier approaches to collision detection were based on expensive object-
object intersection tests. Introducing a multi-pass approach to the problem allows the 
elimination of expensive tests between distant objects. In addition, many techniques 
only provide a yes/no answer to the question of whether a collision has occurred, 
without providing detailed contact information. Performing accurate collision 
response under such circumstances is often difficult. Because of the inherent 
complexity of the problem, further improvements in efficiency may be achieved by 
using pre-computation processes. These usually involve the calculation of hierarchical 
approximations of the objects, thus enabling quick rejection tests. Many collision 
handling methods make assumptions about the rigidity and topology of the objects, 
but what happens when such assumptions are not valid? Collision handling between 
deformable objects is very computationally expensive, and most solutions are far from 
real-time, although recently some attempts have been made address this situation. 
 
For dynamic interactive environments, the kinematics of objects (and hence their 
collisions) cannot be determined a priori. In such situations, where a high and 
constant frame-rate is vital, significant levels of simplification are required in order to 
overcome the collision handling bottleneck. Interruptible techniques attempt to 
optimise this speed-accuracy trade-off by adaptively managing the complexity level 
of the simulation. Approximate contact modelling and plausible response in such 
circumstances is a particularly challenging issue. In particular, knowledge of the 
visual perception of collision events and physics can be very useful in optimising the 
quality of such real-time simulations.  
 

1.1. Collision Handling: Applications and Challenges; 
 
The original motivation for Collision Detection algorithms arose in areas such as 
CAD and Robotics, where the desire was to do more work on the computer, and to 
off-load work from the human designer or planner. Problems such as handling many 
different CAD shape descriptions, VLSI layout, robot path planning, bin packing, and 
assembly planning gave rise to off-line algorithms, where objects positions and 
motions were fully predictable over time, and “what if” analysis was done to generate 
an optimum solution. Real-time performance was not an issue in such systems, and 
fully accurate mathematical intersection tests could be utilized. As time progressed, 
the desire for realtime and interactive systems increased. For example, CAD designers 
want to see the results of their new layout immediately, not several minutes later. As 
they reposition an object, they want to try it out in several locations, and the collision 
tests with other objects must be performed while they are doing this, in real-time. In 
such a case, it is not possible to predict in advance what will happen.  
 
Robotics applications in the past were typically characterised by static scenes, where 
one or more robotic devices performed pre-specified tasks. Therefore, pre-processing 
could be used to predict where collisions would happen. However, with the 



development of more autonomous robots, who can operate in unknown environments, 
and whose behaviour is impossible to predict in advance, this situation has also 
changed. Much cross-over research has occurred between the fields. For example, the 
collision detection algorithm proposed in [Lin and Canny 1991] and [Lin 1993] has 
been used in both robotics and animation.  
 
The range of applications that require collision detection is extensive. Vehicle 
simulators are one case in point, where the users manipulate a steering device, and 
attempt to avoid obstacles in their way. In molecular modeling, simulations allow 
interactive testing of new drugs to examine how molecules interact and collide with 
each other. Training and education systems that realistically model the movement of 
objects within the geometric constraints of their layout, allow designers to experiment 
interactively with different strategies, e.g. to assemble or disassemble equipment, to 
perform a virtual surgery, or to test different paths that a robot could take. Such 
simulations are a safe and cheap way to teach. Human character animation is one of 
the most challenging topics in computer animation, and collision detection is an 
important issue here also. As a figure moves, collisions must be detected between the 
virtual person and its environment, its clothes and hair, and self-collisions between 
limbs and digits. Haptic interfaces are devices that allow humans to interact manually 
with virtual environments, and to actually feel a sense of touch via these devices as if 
they were really touching the virtual objects. 
 
Virtual Environment applications allow users to enter a computer-generated virtual 
world and interact with graphical objects and virtual agents with a sense of reality. 
Such systems may be either immersive, or desktop based. One thing they have in 
common is a requirement for extremely high and constant frame-rates. Physical 
interactions such as touching, hitting and throwing are usually triggered by collision. 
The more objects in the environment, and the more complex these objects are, the 
higher the burden on the engine that powers the animation, and hence the greater the 
need for extremely rapid collision detection.  
 
We have seen that there is a requirement for collision detection in almost all systems 
that animate graphical objects, or which need to determine potential collisions with 
real objects in advance. This poses a significant challenge in the area of real-time 
systems, and as the demand for more realism and interaction in such systems is 
constantly increasing, it is also likely to remain a challenge for quite some time into 
the future.  
 

2. Collision Detection for Rigid Bodies 

 
When animating more than two objects, the most obvious problem which arises is the 
O(N2) problem of detecting collisions between all N objects. This is known as the all-
pairs problem. It is obvious that this is an undesirable property of any collision 
detection algorithm, and several techniques have been proposed to deal with it. 
Hybrid collision detection refers to any collision detection method which first 
performs one or more iterations of approximate tests to identify interfering objects in 
the entire workspace and then performs a more accurate test to identify the object 
parts causing interference. [Hubbard 1995a,b] and [Cohen 1995] both propose hybrid 
algorithms for collision detection. The former refers to the two levels of the algorithm 



as the broad phase, where approximate intersections are detected, and the narrow 
phase, where exact collision detection is performed. Such an approach is essential for 
acceptable collision detection performance. The narrow phase itself may also consist 
of several levels of intersection testing between two objects at increasing levels of 
accuracy, the last of which may be fully accurate. We shall refer to these as the 
progressive refinement levels and the exact level respectively. 

2.1. Narrow Phase: The Exact Level 

 
Any collision detection algorithm depends on the technique used to model the objects, 
and the data structure used to represent that model. The narrow phase, where exact 
collision detection is performed, depends greatly on the object representation scheme 
used. Polygonal representations of surfaces are widely used to represent surfaces in 
3D graphics. Surfaces, which are intrinsically planar, such as those on building 
exteriors and cabinets, can be easily and naturally represented in this way. However, 
virtually any surface can be represented by polygons if the number of polygons is 
sufficiently high. This leads, however, to an approximate representation only. In order 
to reduce the faceted effect of these surfaces, the number of polygons has to be 
increased to such an extent that affects space requirements and computation time of 
algorithms processing the surface. Many different special cases must be handled, and 
cases may occur where polygon edges “tunnel” through each other, or smaller 
surfaces pass through an entire polygon. A major advantage to using polygonal 
representations of objects is the fact that many manufacturers provide specialized 
acceleration hardware to implement common operations on polygons, such as 
clipping and shading. 
 
Polyhedral methods are not well suited to surfaces that deform in time, and which roll 
or slide against each other. In such cases High-level surface representations are more 
desirable. One such representation is a collection of Parametric Patches, which are 
regions on a curved surface bounded by parametric curves. The number of parametric 
patches needed to approximate a curved surface to a reasonable degree of accuracy is 
many fewer than the number of polygonal patches that would approximate it to the 
same level. Implicit Surfaces are defined using implicit functions, and also have some 
desirable properties, such as being closed manifolds. This means that they define a 
complete solid model, not just the surface as in the case of parametric surfaces and 
polygonal models. Collision detection algorithms have been developed to process 
collisions between objects modeled via these techniques [Von-Herzen et al. 1990] 
[Snyder et al. 1993][Shene and Johnstone 1991]. For a more extensive survey of 
collision detection techniques between a variety of geometric models, see [Lin and 
Gottschalk 1998]. 
 
Polygonal models can be either convex, or non-convex. If a polygon is convex, that 
means that the line between any two points inside the polygon must also lie 
completely inside. The concept extends to three dimensions, where a surface 
composed of polygons is called a polytope. If the polytope is convex, then any line 
between two points inside this area must lie completely within the surface defined by 
such a polytope. Most of the work on collision detection techniques has concentrated 
on detecting collisions between convex polytopes. Such approaches fall into two 
broad categories: Feature-based methods, and Simplex-based methods. 
 



Feature-based methods concentrate on the inter-relations between the vertices, edges 
and faces of two polytopes, i.e. their features. The main goal of such algorithms is to 
detect whether two polytopes are touching or not. All feature-based schemes are 
broadly derived from the Lin-Canny closest features algorithm [Lin and Canny 1991] 
[Lin 1993]. They are based on partitioning each polytope into features and 
constructing a Voronoi Region for each feature i.e. the set of points closer to that 
feature than any other. See Figure 1 for a representation of the Voronoi regions 
associated with a face, edge and vertex. 
 

 
 

Figure 1: Voronoi regions for (a) a face, (b) an edge and (c) a vertex. 
 

The Lin-Canny algorithm determines whether two objects are disjoint or not, by 
computing the distance between their closest features. It tracks these features, and 
caches them between subsequent calls to the algorithm. In this way it exploits 
coherence, because the closest features will not change significantly between 
successive frames, and “feature-stepping” is used to keep the closest features up to 
date, i.e. if the closest features have changed, they are going to be adjacent to those 
cached, and hence finding them is quite efficient. The algorithm to track these 
features runs in expected constant time if the collision detection time-step (i.e. the 
steps which the animation takes before each iteration of the collision detection 
algorithm) is small relative to the speed at which the objects are moving. The 
algorithm has been built into a general collision detection package I-Collide, 
described in [Cohen et al. 1995] and [Ponamgi et al. 1997] which is freely available 
on the World Wide Web.  

(a) 

(b) 

(c) 



The Lin-Canny algorithm does not handle penetrating polytopes, however, and if such 
a condition arises the algorithm enters an infinite loop. A possible solution to this 
problem is to force termination after a maximum iteration, and return a simple result 
stating that the objects have collided. However, this solution is quite slow, and no 
measure of inter-penetration is provided. Inter-penetrating objects will occur very 
frequently unless they are moving quite slowly, and/or if the detection time-step is 
quite small. This is unlikely to be the case in real-time applications such as games and 
Virtual Environments. If inter-penetration occurs, and more information is needed 
about the exact time of contact, backtracking is necessary to pinpoint the exact instant 
in time when collision occurred, a slow and cumbersome process. Pseudo internal 
Voronoi regions for convex polyhedra were introduced in [Ponamgi et al. 1997] to try 
to circumvent this problem. Another problem is the need to handle many special cases 
separately (e.g. parallel features), and the difficulty of configuration, with several 
numerical tolerances that need to be adjusted to achieve the desired performance.  
 
The V-Clip (Voronoi-Clip) feature-based algorithm presented in [Mirtich 1998] has 
been inspired by the Lin-Canny algorithm, but claims to overcome the chief 
limitations of that algorithm. It handles the penetration case, needs no tolerances to be 
adjusted, exhibits no cycling behaviour, and is simpler to implement due to fewer 
special-case considerations. This is commonly held to be the fastest available 
published scheme for collision detection between rigid convex bodies. The main 
advantage to the feature-based algorithms is efficiency and fast yes/no answers to 
collision detection. However, for contact modelling they are not ideal.  
 
Simplex-based algorithms are an alternative to feature-based solutions. A simplex is 
the generalisation of a triangle to arbitrary dimensions. The approach in these cases is 
to treat a polytope as the convex hull of a point set. Operations are then performed on 
simplices defined by subsets of these points. The first of such algorithms was 
presented in [Gilbert et al. 1988] and is commonly referred to as GJK. The main 
strength of this algorithm is that, in addition to detecting whether two objects have 
collided or not, it can also return a measure of interpenetration. [Rabbitz 1994] 
improved upon GJK by exploiting coherence, and [Cameron 1997] developed it 
further to produce the algorithm that is known as Enhanced GJK. This algorithm 
achieves the same almost-constant time complexity as Lin-Canny, while eliminating 
most of its main weaknesses. Mirtich claims that the V-Clip algorithm requires fewer 
floating-point operations than Enhanced GJK, and is hence more efficient, but it is 
also admitted that the GJK algorithms return the best measures of penetration. 
 
It is often claimed that extending these “exact” techniques to handle non-convex 
polytopes is simple, as such polytopes can be represented by hierarchies of convex 
components. A “pass the parcel” approach is recommended, with collision checking 
being performed between the convex hulls of successive subsets of convex 
components, which are then unwrapped when a collision is detected. Results are 
rarely presented for such operations, and the focus of the validation performed is 
mainly on the efficiency of the intersection tests between two convex objects. Mirtich 
admits that although this technique works well for slightly non-convex objects, it 
becomes very inefficient as the level of non-convexity increases. Therefore, these 
techniques are very useful for situations where a small number of convex, or slightly 
non-convex objects are interacting in real-time, but in other situations techniques 
based on hierarchical representations are much more suitable. 



2.2. Narrow Phase: Progressive Refinement Levels 
 
The progressive refinement levels of the narrow phase of a collision detection 
algorithm are often based on using bounding volumes and spatial decomposition 
techniques in a hierarchical manner. Hierarchical methods have the advantage that as 
a result of simple tests at a given point in the object hierarchies, branches below a 
particular node can be identified as irrelevant to the current search and so pruned from 
the search. 
  
Trees of bounding volumes are used, each level approximating the object. This is a 
form of Level Of Detail (LOD) representation of the object. This differs from the 
polygonal levels of detail used in multiresolution methods for faster rendering of 
complex objects, or surfaces such as mountainous terrain [Hoppe 1998][Rossignac 
and Borrel 1993]. In such techniques, the aim is to render an approximation that is as 
visually similar to the original model as possible. LODs for collision detection are 
always conservative approximations to the object, and the choice of volume is usually 
based on the speed of their intersection tests. More recently emphasis has been placed 
on their ability to approximate the geometry of the bounded object. Some of the 
hierarchies that have been used are presented in Section 3. 
 

2.3. Broad Phase Collision Detection 
 
[Hubbard 1995a,b] highlights three potential weaknesses of collision detection 
algorithms. The most serious of these is the all-pairs weakness discussed above, 
where every object in the scene must be compared with every other one at every 
collision timestep of the animation. Most research has concentrated on alleviating this 
problem. A second problem is what he calls the fixed-timestep weakness. Allowing 
the objects to move larger distances before checking whether they intersect leads to a 
more efficient algorithm, but it is possible that some collisions will be missed, and 
objects will tunnel through each other. Decreasing the size of the time-step would 
reduce the chances of this happening, but would cause a lot of extra unnecessary 
intersection tests. The third weakness refers to the narrow phase, and is the pair-
processing weakness. This refers to the non-robust properties of algorithms such as 
the original Lin-Canny discussed above, which must handle many special cases and 
can exhibit strange behaviour such as cycling.  
 
Hubbard recommends the use of an adaptive timestep, which becomes small when 
collisions are likely and large when they are not. For the broad phase of his algorithm, 
4-dimensional structures called space-time bounds are used, which provide a 
conservative estimate of where an object may be in the future. The fourth dimension 
represents time. Overlaps of these bounds trigger the narrow phase, which is based on 
hierarchies of spheres. Collision detection between sphere trees is robust, thus solving 
the pair-processing problem. Using the space-time bounds, attention is focused on the 
objects that are likely to collide, and those far away can be ignored, thus alleviating 
both the all-pairs weakness and the fixed-timestep weakness. [Cameron 1990] also 
addresses the fixed-timestep weakness through the use of four-dimensional bounding 
structures. 
 



In [Cohen et al. 1995] multiple object pairs are “pruned” using bounding boxes. 
Overlapping bounding boxes then trigger the narrow phase of the algorithm.  Their 
“Sweep and Prune” algorithm orthogonally projects axis-aligned bounding boxes of 
all objects onto the x, y and z-axes. This results in intervals, of which overlaps in all 
three dimensions indicate overlaps of the corresponding bounding boxes. Because of 
coherence, the relative positions of objects will not change significantly between 
frames, so insertion sort is used to keep the interval lists sorted, which runs in almost 
linear time for almost-sorted lists.  
 
This O(N) algorithm is extremely desirable, because it handles the all-pairs weakness, 
and has small computational overheads. It does not tackle the fixed-timestep 
weakness, but runs in almost constant time for a given number of objects. This makes 
it preferential in situations where a constant frame rate is required in the presence of 
large numbers of interacting objects. The use of an adaptive timestep could be 
undesirable in these circumstances because processing would slow down when many 
objects were close to each other, due to the smaller size of the time-steps, and then 
speed up as they became more evenly distributed. This would give a non-constant 
frame-rate, and hence lead to a jerky animation that can cause simulator sickness. 
However, it may be feasible to use an adaptive time-step in conjunction with adaptive 
techniques for the narrow phase testing (and ideally for other operations such as 
rendering). Efficient load-balancing mechanisms would be important in this case. 
 

2.4. Interruptible Collision Detection 
 
In Virtual Reality applications, in order to create an illusion of real-time exploration 
of a virtual world, high and near-constant frame-rates must be achieved. If the frame 
rate is too slow, or too jerky, the interactive feel of the system is destroyed. In a very 
complex environment, the objects may be modeled using thousands or even millions 
of polygons. To render these polygons completely accurately, with full hidden surface 
removal, shading, and collision detection is usually beyond the capabilities of a 
typical desktop computer. Even with higher-powered graphics workstations, highly 
variable frame rate would be the result. One solution to this problem is to adjust 
image quality adaptively in order to maintain a uniform frame rate. Now consider the 
problem of a simulation with large numbers of colliding objects. In [Mirtich 2000] an 
avalanche of rocks falling down a mountain was simulated, generating a large number 
of collisions to be handled. Each frame took on average 97 seconds to compute, 
because the high number and complexity of contact groups formed generated a 
significant bottleneck in the collision detection routines. He states, however, that 
when robustness is more important than efficiency, it may be necessary to accept 
these computation times. However, collisions in a Virtual Environment must be 
handled in real-time, so it is obvious that a trade-off between detection accuracy and 
speed is needed to achieve the required high and constant frame-rate, thus maintaining 
the immersiveness and plausability of the environment. 
 
We have seen in the previous section that the use of an adaptive timestep is 
recommended in [Hubbard 1995a,b]. However, he goes further than this and 
recommends adaptive refinement at the narrow-phase level also. The idea of 
interruptible collision detection is presented, which allows the accuracy of 
intersection tests to be progressively refined until a target time has elapsed. Collisions 



are detected between the sphere-trees of objects in round-robin order at increasing 
levels of detail, descending one level of all sphere trees at each iteration of the 
algorithm, until interruption occurs. This enables a fast, albeit approximate, answer 
when required.  
 
The advantage of an interruptible algorithm is that the application has full control 
over the length of time that collision processing may take. However, Hubbard’s 
algorithm simply returns a yes/no answer to the question of whether two objects have 
approximately collided or not. There is no facility to improve response based on the 
increasing accuracy of the tests when time allows. In addition, inaccuracies in the 
handling of collisions may cause the viewer to perceive unrealistic behaviour of 
colliding entities, such as them bouncing off at a distance or not rotating 
appropriately. In [Dingliana and O’Sullivan 2000], [Dingliana et al. 2001] and 
[O’Sullivan et al. 1999], an interruptible collision handling scheme is presented which 
attempts to alleviate both these problems. Firstly, perceptually-guided scheduling of 
collision processing is used, which allows the application to prioritise collisions and 
assign more processing time to those that are more important (see section 6 for further 
details). Secondly, graceful degradation of response is achieved by using approximate 
contact information to provide an optimal physical response with the most accurate 
data available (see section 5). 
 

3. Bounding volumes: construction and evaluation 

 
As mentioned in Section 2.2 the narrow phase processing often uses a tree of 
bounding volumes to cull out areas of the objects that cannot be in contact.  Here is a 
list of some hierarchies that are used: 
 
• Octrees [Sammet and Webber 1988] Octrees are built by recursively sub-dividing 

the volume containing an object into eight octants, and retaining only those octants 
that contain some part of the original object as nodes in the tree. Such a data 
structure is simple to produce automatically, and lends itself to efficient and 
elegant recursive algorithms. The disadvantage of this approach is that each level 
of the hierarchy does not fit the underlying object very tightly. 

• Sphere Trees [Hubbard 1995a, 1996][Palmer and Grimsdale 1995][Quinlan 
1994]. The main advantages of using spheres are that they are rotationally 
invariant, making them very fast to update, and it is very simple to test for 
distances between them, and test for overlaps. The disadvantage is that spheres do 
not approximate certain types of objects very efficiently. Hubbard attempts to 
improve upon this by building first a medial axis surface, which is like a skeleton 
representation of an object, and then placing the spheres upon this to provide a 
tighter-fitting approximation to the object. [O’Rourke and Badler 1979] also 
developed a method of tightly fitting spheres to an object. 

• C-trees consist of a mixture of convex polyhedra and spheres [Youn and Wohn 
1993]. This has the advantage of choosing primitives that best approximate the 
enclosed object, but a major drawback is that the hierarchy must be created by 
hand, and cannot be produced automatically. A similar approach is taken in [Rohlf 
and Helman 1994]. 



• OBB-trees [Gottschalk et al. 1996]. These hierarchies consist of tightly fitting 
Oriented Bounding Boxes. It is claimed that using an algorithm based on a 
separating axis, all the contacts between large complex geometries can be detected 
at interactive rates. However, it is admitted that other methods are very good at 
performing fast rejection tests, and a disadvantage of OBB-trees over Sphere trees 
is that they are slower to update.  

• AABB-trees [Van Den Bergen 1997]. Axis Aligned Bounding Boxes are used, 
the advantage of these being their ease of computation and overlap testing. The 
disadvantage is, however, that the bounding boxes must be re-calculated whenever 
the objects rotate, or a separating axis test must be performed, as for OBB-trees. 

• K-DOPs  [Klosowski et al. 1997]. This approach uses hierarchies of k-DOPs, or 
discrete orientation polytopes, which are convex polytopes whose facets are 
determined by half spaces whose outward normals come from a small fixed set of 
k orientations. Again, they implement it with a small number of highly complex 
objects, for the purposes of haptic force-feedback. If there are a large number of 
objects between which fast rejection or acceptance is needed, the update time 
needed for these approximations is likely to add an unacceptable additional 
burden. This approach is a generalisation of AABBs (which are actually 6-dops), 
and therefore also suffers from the need for dynamic updating of the nodes. 

• ShellTrees [Krishnan et al 1998a,b]. These trees consist of oriented bounding 
boxes and spherical shells, which enclose curved surfaces such as Bezier patches 
and NURBS. They are particularly suited to collision detection between the 
higher-order surface representations discussed in the previous section. 

• Swept Sphere Volumes [Larsen et a. 1999]. A swept sphere volume is a sphere 
that is swept out along a geometric primitive, such as a point (a sphere) line (a 
cylinder with rounded ends) or rectangle (a cuboid with rounded edges and 
corners). These volumes provide a means varying the shape of the bounding 
primitive to achieve a tighter fit to the underlying geometry, without the 
disadvantage of having to compute them by hand. Similar performance results to 
OBB-trees are reported, although the potentially better fit provided by the swept 
voumes should provide more accurate collision tests, especially if no exact testing 
is performed at the end of the narrow phase, e.g. in the case of interruptible 
collision detection. 

 
While many of the algorithms that use these Bounding Volume Hierarchies do so 
simply as an acceleration technique, interruptible collision detection [Hubbard 1995a] 
uses the hierarchies to produce a definite answer.  Thus it is not only necessary to 
have tight fitting hierarchies – but it is also necessary to be able to compute the points 
of contact that are needed for contact modelling and collision response.  For example 
the Separating Axis Test, used for OBBs and k-DOPs, simply provides a yes/no. 
 
A common way to evaluate such hierarchies is based on the time taken to perform the 
narrow phase traversal.  As the objects are in motion it is necessary to update each of 
the primitives as the traversal occurs.  Having updated a pair of nodes, so that they are 
both in the same co-ordinate frame, it is necessary to determine if they overlap.  If the 
two nodes don’t overlap then their children nodes need not be considered.  The 
following equation expresses the cost of performing collision detection between two 
objects: 



Tc = Nu*Cu + Nv*Cv 
 
where  Cu and Cv are the update and overlap costs respectively, and Nu and Nv are the 
number of nodes to be updated and tested.  The number of bounding volumes needed 
to represent an object generally depends on the primitive used.  Generally, the more 
degrees of freedom the primitive has the better it can approximate an object.  Spheres 
and AABBs generally converge quite slowly to the object’s geometry, whereas OBBs 
and Spherical Shells converge much faster.  It is also generally the case that the more 
degrees of freedom the primitive has – the higher the cost of updating (Cu) and of 
overlap testing (Cv) will be. 
 
This section of the tutorial will look at some of the bounding volume hierarchies 
mentioned and will use the above metric to evaluate their suitability for use in 
interruptible collision detection. More details may be found in the slide set in 
Appendix A. 
 

4. Deformable object animation 

This section reviews the approaches to collision detection that take deformations into 
account. The ability to detect and handle a collision between deformable objects is 
commonly seen as a “special feature” rather than a different problem. After all, the 
introduction of deformable objects in real-time environments is still a recent issue, so 
it is natural to try to extend the known algorithms, i.e. those for rigid bodies, to the 
case of objects that deform, before developing ad hoc algorithms. 

Unfortunately it turns out that most of the known approaches, and especially the most 
efficient ones, are not really applicable to this new context. The reason is that they 
either use structures that depend on the shape of the objects (OBBTree, k-DOPs, 
sphereTrees, shellTrees) or assume that the objects are convex (feature based, V-clip, 
GJK). Furthermore, taking deformation into account leads to two new problems:  

• self-intersection: this term refers to the fact that a deformation can possibly lead 
to a contact between different parts of the same surface, especially when it is 
experiencing  a high degree of deformation as, for example, a piece of cloth. This 
problem introduces a factor of O(m2) to the complexity of the brute force solution, 
where m is the number of primitives composing the surface; 

• cuts:  the ability to cut the objects is a must for many real applications, especially 
the ones related to virtual surgery. This problem has a deep impact in both 
modelling the physics of the object and in detecting the possible collisions, 
because it requires discarding the assumption that at least the description of the 
surface never changes. 

This part of the tutorial presents a set of techniques specifically designed for collision 
detection between deformable objects. It identifies the situations that each approach is 
suitable for, i.e. which assumptions it makes. The first part relates to collision 
between surfaces defined by parametric functions, emphasising the advantages of 
having such a compact description in computing hierarchies of bounding boxes and in 
testing for self-intersection [Von-Herzen et al. 1990, Hughes et al. 1996]. The second 
part is devoted to collision detection between polyhedral surfaces. Under the 



assumption that the connectivity of polyhedra does not change, [Van Den Bergen 
1997] showed that a hierarchy of Axis Aligned Bounding Boxes can be kept updated 
on the fly and [Volino et al. 1995] devised an approach to detect self-intersection 
through the use of triangles’ normals.  

If the assumption on connectivity is also discarded, a surface may simply be 
considered as a soup of polygons. The no-assumption approaches, which can handle 
cuts, are generally based on indexing the space occupied by the bounding box of the 
object. In [Kitamura et al. 1998], when the bounding boxes of two different objects 
overlap, a hierarchy of Axis Aligned Bounding Boxes is built over the polygons 
intersecting the overlap region, while in [Ganovelli et al 2000] such a hierarchy is 
kept updated for each object, exploiting frame-to-frame coherency.  

The special case of collision detection between a rigid object with a simple shape and 
a deformable object has been investigated in the context of models applied to virtual 
surgery, where ad hoc techniques, not applicable to the general case, have been 
developed [Cotin et. al 1998, Lombardo et. al 1999].    

Further details about these techniques may be found in the slide set in Appendix A. It 
will emerge how challenging it is to define an efficient algorithm for the general case 
and therefore how many opportunities for research collision detection between 
deformable models still offers.  

5. Contact Modelling and Collision Response 

 
The primary goal of collision response is to deal in some consistent and expected 
manner with objects, which the detection mechanism has identified as colliding 
[Moore and Wilhelms 88]. The actual response will be specific to the application 
domain and may range from something as simple destroying one of the objects in a 
game, choosing a different path for one of the objects in a collision avoidance system 
or moving two objects apart so they are no longer colliding after the collision event. 
In self-regulating physically based animations we are primarily interested in rules that 
create behaviours in objects that are representative of their real-world counterparts. 
Solid objects should therefore not interpenetrate and if they should collide due to their 
movements across the scene, we expect that they will bounce away in directions and 
velocities that depend on their initial states and properties e.g. mass-distribution, 
relative sizes and densities. 
 
Collisions are a primary source of simulation discontinuity, where the states of objects 
or the laws that drive the evolution of states change instantaneously. Collisions are 
therefore a source of much additional computational workload. As we deal with a 
simulation on a discrete timestep by timestep scheme we often only detect a collision 
when two objects disjoint at time t0 are found to be interpenetrating at time t0+∆ t. For 
accurate results a rollback to the precise moment of contact is required and simulation 
should ideally restart from that point [Baraff and Witkin 97]. However this is 
expensive as it entails not only determining (or reasonably approximating) the exact 
contact time but discarding all the updates to the world that have been applied for the 
interpenetration frame. Techniques exist to improve this necessary rollback [Mirtich 
00] but this remains a major problem for speed dependant interactive environments. 
 



The requirement for fast and consistent frame rates in interactive animations can only 
be met through simplification and culling; by trading accuracy for speed. Many 
approaches try to optimise this trade-off by means of interactive techniques 
[Funkhouser and Sequin 93][Chenney and Forsyth 97][Dingliana and O’Sullivan 00]. 
Where accuracy is sacrificed, visually plausible results can still be achieved cheaply 
by the introduction of non-determinism (whether it be by design or implicitly due to 
simplifying approximations)[Barzel et al 96].  
 
Traditional techniques for calculating contact responses can be roughly classified into 
penalty methods, impulse based methods and constraint based methods. The impulse-
based methods allow for local calculation of state changes and are most suited for 
interactive simulation. All methods require fairly detailed input about the object to 
object contact points (or manifolds) and an intermediate contact modelling phase is 
necessary particularly in the case of refinable collision detection methods which have 
been traditionally used to only return a “yes, no or maybe” result about a collision. 
Ideally the narrow phase implements fine polygon-level intersection tests that 
produces accurate response data [Palmer and Grimsdale 95]. However, in time-critical 
implementations we are required to make an approximation of the contact from the 
results of an imprecise detection mechanism. As the collision detection is refined so 
too is the contact approximation and this is the convenient basis for refining the 
collision response (an otherwise “non-negotiable” constant time process). In 
hierarchical collision detection contact data becomes more precise as we traverse 
deeper down the hierarchy. The number of intersecting nodes increases and so does 
the collision response workload. A scheduler for such a system needs to project time 
for collision response and pre-allocate this from the full time-quota. These issues are 
presented in greater detail in the slide sets in Appendix A. 

6. Perceptual Issues in Collision Handling  

 
As stated in Section 2.4, Dingliana and O’Sullivan extended Hubbard’s interruptible 
collision detection routine to return collision data, which can be used in computing 
physically based responses to object collisions. As with the collision detection process 
the accuracy of the data (such as details of contact points) is improved as the 
mechanism traverses deeper into the sphere tree. As we deal with higher resolutions 
of the volume model, the approximated contact points become increasingly accurate 
(see Figure 2). If the mechanism is interrupted, e.g. when it has used up its allocated 
time quota, then it immediately returns the most accurate approximation it has so far 
computed.  
 
We must remember that we are dealing with a viewer-centric model and that what we 
are trying to optimise is the plausability of the animation rather than it’s mathematical 
accuracy [Barzel et al. 1996][Chenney and Forsyth 2000]. In the viewer-centric 
model, the first thing we should note is that objects (and collisions between objects) 
further away from the user, due to occlusion or perspective fore-shortening become 
more difficult to judge and, as a result, errors and approximations in their states and 
behaviours become more difficult to notice. Furthermore, even a casual study will 
show that users' primary awareness of events in a scene focuses in a small radius 
around the point of fixation (see Figure 3). 
 



Other factors, which might influence the user's ability to judge an event on the scene, 
are properties of the objects involved e.g. size, shape, velocity, separation of the 
colliding entities; or properties of the scene and surroundings e.g. crowdedness, 
lighting, etc. Since the user's ability to notice error is non-uniformly spread across the 
scene, this suggests that processing time (and as a result simulation accuracy) for 
different events across the scene should also not be uniform. Instead, events should be 
prioritised across the scene, allowing the scheduling of processing time to be based on 
some measure of the importance of a collision or other event. A similar approach to 
the use of heuristics to select levels of detail for rendering is described in [Funkhouser 
and Sequin 1993] and [Reddy 1998]. The level of optimisation depends a great deal 
on the quality of the metrics used to perform the prioritisation of objects in the scene. 
Although good results have been achieved by using “obvious” metrics such as object 
velocities, projected screen distances and distance from the user's fixation point 
(determined with the use of an interactive eye-tracker, see Figure 4) more extensive 
studies need to be performed to identify the most important factors which affect user 
perception of events and to determine how the influence of all such factors varies 
across a simulation scene. 

Figure 2: Multi-resolution collisions between objects. The bottom row of images 
show the volumes used to perform collision detection at increasing levels of detail, 
while the top row shows what is actually seen by the viewer at the moment of impact. 

 
In [O’Sullivan et. al 1999] and [O’Sullivan and Dingliana 2001], criteria for 
prioritising collisions are presented. Psychological experiments are described which 
aim to determine the factors that influence people's perception of dynamic events such 
as collisions and physical behaviours with the purpose of developing dynamically-
calculated metrics to drive the perceptual scheduling of our real-time adaptive 
physical simulations. In the former it was also demonstrated that the overhead from a 
full prioritisation and sorting of events in the scene on a per-frame basis becomes too 
high. A more fruitful approach is to use a small number of different priority groups 
into which events are interactively distributed. Each priority group is then allocated its 
share of processing time by the scheduler, with more processing being spent on higher 
priority groups. This method, whilst preserving a prioritisation scheme, bears 
considerably less overhead expense than a full continuous sort and in practice delivers 
good results even with very small numbers of priority groups. 



 
 
 

 
 

Figure 3: Important collisions, e.g. those close to the viewer's fixation position, 
should be processed first. 

 
 
 
  

 
 

Figure 4: An eye-tracker is used to determine the viewer's point of fixation 
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Appendix A: Tutorial Slides 
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