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Abstract

Virtual reality applications such as computer games form a large portion of the computing
industry. The increasing expectations for immersive and interactive entertainment require
fast graphics rendering with a lot of details and high-fidelity physics simulation. Interference
and collision detection between general polygonal models, including all those tasks in the
simulated motion of solids which cannot penetrate one another, has been widely explored.
The most recent works have been focused on increasing the number of collision queries per
second to an interactive rate, assuming that the computing resources such as memory, CPU
capacity, and network bandwidth are sufficient all the time. However, the performance of a
collision detection algorithm may vary in real environments where the available computing
resources are not sufficient or are dynamic at runtime. Such an unstable performance directly
affects the interactive rate of many applications, which is not acceptable. This drawback has
been noticed extensively by practitioners. Little research work has been introduced to
systematically solve this problem. One way out of this problem is to use a technique to
dynamically adjust the cost of the collision detection (CD) task according to the

measurements of available resources.

In this dissertation, a solution to the problem is proposed. The problem is analyzed under
three different physical environments: single low end computer, clustered multiple-machine
setting, and distributed environment. An extensive comparative study of several methods is
done in the context of polygonal models. A new approach, “multi-resolution collision
detection”, is proposed. It performs time-critical and exact interference detection on

continuous level of detail (LOD) representations of arbitrary triangle meshes undergoing

iv



rigid body motion. The goal of this work is to extend the bounding volume hierarchy (BVH)
based collision detection approach from static to dynamic in order to adapt the cost of
collision detection to the available resource in either centralized or distributed environments.
Several adaptive mesh refinement criteria based on viewing distance, application context,
and movement velocity are proposed. Global and local mesh refinement algorithms and a
BVH CD algorithm are introduced. They are computationally simple and achieve reliable
real-time performance. The complexity of the proposed algorithms is analyzed and proved.
Measurements are taken to compare with the analytical results and strong agreements are
achieved. The major application areas considered are distributed virtual environments

(DVESs) and interactive haptic applications.
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Chapter 1 Introduction

1.1 Computer Graphics and Virtual Environments
Computer graphics is a field concerned with all aspects of producing pictures or images of
three-dimensional objects using a computer. This field covers three areas, modeling,
rendering, and animation [Shi02, Ang97, BHT97]. Modeling deals with the mathematical
specification of shape and appearance properties in a way that can be stored in the computer.
Rendering is a term inherited from the arts and deals with the creation of shaded images from
3D computer models. Animation is a technique to create an illusion of motion through
sequences of images. Here, modeling and rendering are used, with the handling of time as an
issue not usually dealt with in basic models. The combination of computers, networks, and
the complex human visual system through computer graphics, has led to new ways of
displaying information, seeing virtual worlds, and communicating with both other people
and machines. Although the applications of computer graphics are many and varied, we can
divide them into four major areas. Display of information (medical imaging, information
visualization, film special effects); Design (CAD/CAM); Simulation and animation (video
games, flight simulator, haptic rendering); User interfaces (graphical network browser).
From a historical point of view, virtual reality is a logical consequence of an on-going
virtualization of our every-day life [EDd+96]. The definition of virtual reality involves three
components:

1. Real-time interaction;

2. Real-time simulation;



3. Immersion and direct interaction by I/O devices.

From a technical point of view, a VR system must meet three criteria:

1. Interaction with the virtual environment must be immersive and intuitive;

2. Rendering must be done in real-time and without perceptible lag (30 Hz for

graphics, 1k Hz for haptics);

3. Object behavior must be simulated in real-time.
As an important part of virtual reality technology, computer graphics deals with real-time
display of images to fulfill the requirements of human visual perception. Virtual reality also
involves some other human factors, such as human auditory perception, force field display /
haptic display, and computer generated artificial intelligence. With the advent of virtual
reality technology computer-based synthetic worlds, which are referred to as virtual
environments (VE), are attempting to imitate the real world. A distributed virtual
environment (DVE) is a networked multi-user VR system where participants navigate in

synthetic 3D space and see, meet and interact with other users and applications.

1.2 Problem Statement

A major objective of virtual reality is to create realistic-looking motion. A major component
of realistic motion is the physically-based reaction of rigid bodies to commonly encountered
forces such as gravity and those resulting from collisions. Collision detection (CD) and
collision response (CR) are two issues to be addressed in which collision detection is the
most time-consuming task of many simulation issues. Collision detection is strictly a
kinematic issue in that it has to query the positions and orientations of objects and how they
change over time [Ric02]. It deals with finding out whether or not there is a geometric

contact about to occur or has occurred. Sometimes, we also want to know when and where



this event happens. Collision response is a consideration in physics based simulation. Instead
of the geometric extent of an object, the distribution of its mass is an important part of the
calculations. In a geometric context, a collision query or proximity query reports information
about the relative placement of two objects. Some of the common examples of such queries
include checking whether two objects overlap in space, or whether their boundaries intersect,
or computing the minimum Euclidean separation distance between their boundaries. These
computations become quite involved when dealing with a large number of non-trivial
complex object models (i.e., several tens or hundreds of objects, each consisting of some
10,000-100,000 polygons). Many research works on different aspects of these queries have
been done in robot motion planning, dynamic simulation, haptic rendering [MPT99],
interactive walkthroughs (Figure. 1.1), computer gaming, and molecular modeling. A virtual
environment is used to present the user a sense of presence in a synthetic world and it should
make the images of both the user and the surroundings feel solid. Objects in the virtual world

should not pass through each other. They should move as expected when pushed, pulled, or

Figure 1.1 lllustrate a Walkthrough Application Built by NPSNET-IV for Articulated
Humans Either Mounted or Dismounted [SZ99].



grasped. These interactions among the objects require fast and accurate collision detection
among their geometric representations. A large number of collision detection algorithms
have been proposed. However, most of them are static algorithms. First of all, they claim that
real-time performance is achieved under the condition that the computing resources are
sufficient. In other words, the resources are static. Free memory space is always available to
load models and store required data structures, CPU is always free to do this specific
computing task, and the available network bandwidth is always sufficient to transmit
geometric models in a negligible time. However, this assumption may not be satisfied in
some real computing environments in which the resources are very limited or are varied
continuously. The drawback is that the real-time performance may not be satisfied or it may
become very unstable, which directly affects the interactive rate of the applications. For
many real-time applications such as haptic surgery and flight simulation, etc., this is
unacceptable. Second, the geometric models as input data to these algorithms are static. The
geometry and topology of the models are not changed at runtime. The data are input to the
program only at initialization phase. The collision detection can not start until all models are

loaded. In addition, some constrains are imposed on the input of the algorithms, such as the

Figure 1.2 Virtual Mall (Courtesy of www.activeworids.com)



representation of the object (Constructive Solid Geometry, convex or non-convex polygonal
model), the complexity of the representation (the number of features of the geometric
models), the motion of the object (parameterized or arbitrary trajectory), and the number of
pair wise collision queries. Due to these limitations, the algorithms may not satisfy the
desired performance of many new applications such as distributed virtual malls (Figure 1.2),
massive multiplayer online games (Figurel.3), and haptic rendering of large structures. The
emerging of the new applications introduces new issues, which motivate a number of
practical problems.

1.2.1 Massive Complex Models in Virtual Environments

Massive complex models in non-convex polygonal representation are required in virtual
environments. Highly detailed geometric models are necessary to increase the accuracy of
collision detection and collision response. These models are often represented as complex
triangle meshes. As the complexity of the models increase, the costs of collision queries

increase accordingly. As the number of objects in the virtual world rises, the number of pair-

Figure 1.3 A Screenshot of Rainbow Six, a Multiplayer Online
Game (Courtesy of www.ubi.com)



wise collision queries increases Therefore, the overall cost of collision detection increases
significantly. Algorithms with the current best run time for convex polytope collision queries
take O(n) time [CW96, GJK88], where n is the number of features (face, edge, and vertex). If
the objects do not move swiftly the best runtime can be roughly constant [LC91]. Algorithms
for collision queries between non-convex polygonal models are dominated by the
hierarchical bounding volume (BVH) approach of which the cost is determined by the choice
of bounding volume and the complexity and the relative placement of models [GLM96].
When applying these algorithms to applications in which the size of input models in terms of
the number of features is small, a real-time performance may be achieved. However, when
the models are represented by millions of polygonal faces, the performance of collision
queries degrades. To accelerate collision queries, many algorithms utilize spatial and
temporal coherences of geometry, which require a time consuming preprocessing to collect
topology and geometry information of the models. Frequent changes to the models make the
algorithms very inefficient because time consuming preprocessing is required whenever the
changes happen. Practically, in order to speed up collision queries, some algorithms
deliberately introduce errors by reducing the input size. Collision queries are performed on
crudely approximating shapes of the objects. For example, an avatar rendered in thousands
of polygons might be approximated as a sphere or a convex bounding polytope in a collision
query. This simplification can lead to inconsistencies, whereby it visually appears to the
users that the avatar can squeeze through an area, though the simulation makes it impossible

to do so.

It is clear that the complexity of input models is a factor that significantly affects the

complexity of the CD algorithms. In this work, we pursued an approach to control the
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Figure 1.4 A Progressive Mesh (PM) at Multiple Resolutions [Hop96]
complexity of CD by dynamically adjusting the complexity of the models. For a model, the
level of complexity is determined by the availability of computational resources at an
instance and by how realistic and consistent animation a user expects on the specific object

in the virtual world. The goal is to maximize the utilization of the computational resources

and to provide an overall more consistent and realistic virtual environment.
1.2.2 Storage and Transmission

Complex triangle meshes are expensive to store and transmit. In a distributed virtual
environment, e,g., an online virtual mall, maintaining a huge volume of geometric data of
static and dynamic objects requires a large storage space. Updating and distributing these
data requires a reliable and fast data communication network. These tasks cannot be handled
in a single computer. From the perspective of physical deployment, a common solution is to
store the data in a geographically dispersed grid-computing environment or in distributed
clusters, which enables sharing data across networks and collaboration among end users.
From the perspective of data processing, the problem of minimizing the storage space for
meshes has been addressed in two ways. One is mesh simplification: a mesh is simplified to

a nearly indistinguishable approximation with far fewer faces [Hop93]. The other is mesh



compression: minimizing the space taken to store a particular mesh [TR98]. The problem of
minimizing the transmission bandwidth of meshes for graphics rendering has been
investigated in the work of progressive mesh [Hop96] as shown in Figure 1.4. The idea
comes from static level of detail (LOD) and the transmission of images in progressive JPEG.
The static LOD defines several versions of a model at various levels of detail. A detailed
mesh is used when an object is close to the viewer in view volume, and coarser
approximations are substituted as the object recedes. A progressive mesh is represented in a
continuous LOD. When a mesh is transmitted over the network, viewers would see

progressively better approximation to the model as data is incrementally received [CLL+03].

However, when performing a CD operation the problem of minimizing the transmission
bandwidth of meshes introduces some new problems. Existing CD algorithms have a
limitation in common. In a distributed application, to start a collision query at the client,
mesh data have to be completely loaded in local memory. This will cause the client to start
slowly if the application runs on an unreliable or low bandwidth network. In a distributed
application, collision detection on objects that rarely collide with other objects, such as walls
and ceilings, requires the transmission of the coarsest meshes of the objects from a server.
For those objects at high risk of collision, such as avatars and moving cars, the meshes in
finest resolution need to be transmitted. Such a globally refined approach can significantly
reduce the transmission bandwidth of the meshes and start the client instantly. Each mesh
captures the surface of a model at a uniform (global) resolution. Sometimes it is desirable to
do collision queries on selected regions where collisions are most likely to happen. In a flight
simulation for instance, as a user flies over a terrain mesh, the regions near the viewer are at

high risk of collision, therefore need to be refined to the finest resolution. The regions far



away from the viewer only need to be refined to the coarsest resolution. When relative
position and orientation among objects change the topology of the meshes is changed
accordingly. The input size of collision detection is affected by the predicted contact regions
of the objects in the virtual world instead of the data volume of the meshes. Such a locally

refined approach can further increase the accuracy of the collision detection.

An accurate and fast collision detection algorithm is a fundamental component of a
distributed complex virtual environment. How to accelerate collision detection and maintain
a high accuracy is a challenging issue. In this thesis, we explore an approach to selectively
refine and progressively transmit meshes either globally or locally for collision detection.
Figure 1.5 illustrates the globally refined collision detection algorithm. The goal is to
minimize transmission bandwidth requirement in distributed environments, accelerate the
initialization at the client, lower the complexity of collision detections, and selectively

increase the accuracy to perform collision detection on objects.
1.2.3 Highly Interactive Haptic Applications

Compared to presentation of visual and auditory information in virtual environments,
methods for haptic interaction are not as well developed. Haptic interaction, as an
augmentation to visual and auditory displays, enriches the perception and understanding of
both force fields and world models populated in synthetic environments. Multiple tasks, such
as haptic sensing/actuation, visual updates must be accomplished in a synchronized manner
in haptic applications. It becomes commonplace to separate tasks into computational threads
or processes, to accommodate different update rates, distribute computation load, and
optimize computation. Conventionally, multithreading and multiprocessing software

architectures are applied to develop effective multimodal VEs to optimize the usage of CPU



capabilities [HBS99]. However, an important consequence of the conventional architectures
is that it makes the operating system an inherent component of the applications. This means
that the operating system scheduling algorithms limit the application’s quality of service.
The application may request a theoretical rate of force display but it is the scheduler that
determines the actual rate. This scheduler is itself a complex algorithm, particularly when
considered in terms of its interactions with the other services provided by the operating
system [KS04]. Multi-machine solution for a haptic application was addressed in [SBN+03,
SZE+04]. Unlike conventional multithreading or multiprocessing approaches for haptics, this
multi-machine model solution applies a hard real-time operating system for haptic control,
while applying a mainstream soft real-time operating system for the application and the
graphics. It also provides the potential for tele-haptic applications to switch between multiple
protocols, for example, one for large-scale distributed simulations and another adapted to
collaboration when several users meet and need to perform a collaborative task. It also

requires an architecture that supports those different protocols.

Two major tasks in haptic interaction paradigms are collision detection and collision
response. The goal of collision detection is to detect collisions between the end point of a
generic probe and the objects in a scene, while the goal of collision response is to respond to
the detection of collision in terms of how the forces reflected to the user are computed.
Studies of human tactile perception of contact information have shown that a desired force
update rate is preferably 1 kHz. Unfortunately many proposed algorithms targeted graphics

applications which require a relatively low collision query rate (desirably 30Hz).
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In this dissertation we show that the update rate can be raised by applying the “locally
refined” collision detection on multi-resolution meshes in haptic interaction applications. At
runtime, the meshes are dynamically refined to higher resolution in areas that are most likely
to collide with other objects. The algorithms are successfully demonstrated in a simulated
interactive haptic environment. Compared to existing CD algorithms on single resolution
models, noticeable performance improvement has been observed in terms of the precision of

collision queries, frame rate, and memory usage.

1.3 Contributions

Despite promising research efforts since the beginning of virtual reality, there are a number

Figure 1.5 illustration of a Multi-resolution Collision Detection Algorithm. From Left to
Right the Sphere Model in Collision is Refined from Low LOD to High LOD.
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of unsolved problems. Rendering speed is still too slow for complex scenes. Human-
computer interface devices are very immature. They are cumbersome, clumsy, inaccurate,
and limited. This includes tracking as well as visual and haptic / tactile rendering. Creating
or authoring virtual environments for highly interactive scenarios with complex object
behavior and complex interactive processes is a time-consuming task.

Real-time physically-based simulation of non-trivial object behavior has been recognized as
one of the major missing ingredients. Behavior includes rigid body dynamics, inverse
kinematics, flexible objects, etc. All of these problems have been solved in theory and in
non-real-time systems. However, simulating that behavior in real-time for non-trivial object
complexities and numbers (i.e., several tens or even hundreds of objects, each consisting of
some 10,000-100,000 polygons) has not been resolved. To my experience, as the most time-
consuming part of many simulation problems, collision detection which is superior in theory
might lose in practice. To the best of my knowledge, little research work has been published
to discuss and resolve the issue of unreliable performance of collision detection in
environments where cacheable memory space is not large enough to load all required data,
underlining operating system is not real-time, network connection is unreliable, and network
bandwidth is unstable. The goal of this work is to establish a solution to provide real-time
collision detection in practical virtual environment applications.

The solutions presented in this dissertation are applicable to not only centralized but also
distributed virtual environment systems in general. In this thesis, we present a new approach
to CD, called multi-resolution collision detection. It is based on a form of bounding volume
hierarchy (“AB-Tree”). The main contributions are considered from the following aspects.

Time Cost

12



Typically, the input to a collision detection algorithm is a large number of geometric objects
comprising an environment, together with a set of objects moving within the environment. In
addition to detecting accurately the contacts that occur between pairs of objects, one needs
also to do so at real-time rates. The complexity of a BVH CD algorithm is determined by the
complexity of the input models and relative configurations of objects in the environment. VR
applications run faster on computers with more powerful CPUs. However, if the underling
operating system is not real-time, then the available CPU time might be changed at any time.
This makes the performance of CD which is the most time consuming task of physically-
based simulation, degrade in practice. In order to obtain a real-time performance, the time
cost for CD must be adjustable according to available CPU time. The relative configurations
of objects in the environment are context oriented. They are mostly controlled by users
through human-computer interface (HCI) or by computer generated intelligent agents. Thus
we focus on controlling the complexity of input models. The “multi-resolution mesh”
technique is used to adjust the complexity of the models. Collision queries are performed on
the BVHs. The BVH algorithms proposed by other researchers assume that the object models
don’t change after being loaded to local cache. Thus the BVHs constructed initially can not
be reconstructed very fast when the models are changed at run time. This thesis presents a
new data structure, an AB-Tree along with the associated algorithms which solve the
problem of performing fast CD on models with dynamically changing complexity. Also, in
this way applications running on low end computers can obtain the same collision detection
frame rate as high end computers but lose some accuracy. The multi-resolution collision
detection is useful for applications, such as a video game, walk through application, or where

real-time interaction is more important than realism of physics simulation.
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Space Cost

The increasing expectation for fast high-fidelity physics simulation requires more and more
complex models. In a large scale VE application with hundreds of complex objects, the
required storage space for the entire environment is not available on a single computer. BVH
CD algorithms assume that the input objects models do not change after loading time. For
example, if there are 100 objects in the environment, each of size 10 MB, then at least a 1GB
main memory space is required just for CD initialization. Considering the space required for
other tasks of the application, those CD algorithms can not be handled by regular PCs in
practice. By integrating the LOD selection method proposed in this thesis with the multi-
resolution CD approach, the requirement for storage space is significantly reduced without
sacrificing the overall realism of the physics simulation. For large scale models with millions
of polygon, a locally refined approach is presented to further reduce space cost by selectively
refine the models to higher resolution in areas that collisions are very likely to occur. Other
areas of the models remain in low resolution. Although the total size of the models is large,
the size of the data in use is small.

Data Availability

In a distributed virtual environment, object models are stored in servers and are transmitted
through network to clients upon request. When VE applications are run in distributed
environments, network transmission and related issues have to be considered. First, the
network connection may be unreliable. For example, when the network connection is down,
only some of the objects belonging to the virtual scene or part of an object is received at the
client. This may suspend the application from execution until the network connection failure

is recovered and all the requested data are received successfully. For internet based
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applications, such as massive multiplayer online games, suspending the application from
time to time is unacceptable. The proposed multi-resolution collision detection solves this
problem very well. Models in simplified shape are transmitted initially. Then the complexity
of the models is increased progressively by streaming the models in a specific rebresentation.
If the network is down after the simplified models are received at the clients, CD can be
performed on the simplified models. Thus the task for physics simulation does not suspend.
Second, the network bandwidth is low. In such a situation, if the entire scene has to be
received before starting the simulation, then the client has to wait a long time to start
execution. Again, the multi-resolution CD approach allows the clients to start execution
whenever the simplified models are received. In other words, the clients can start instantly if
the sizes of the simplified models are relatively small.

The main contributions of this thesis include:

e A new BVH CD algorithm, “AB-Tree”, is introduced which performs output-
sensitive CD on dynamically refined meshes at a cost similar to that of the existing
CD algorithms on static LOD meshes. The cost of mesh refinement is as low as a

small constant when the objects do not move swiftly and do not move very often.

e A real-time collision detection framework for DVEs is proposed. A new approach,
“multi-resolution collision detection” is introduced. It performs collision detection
between multiple complex object models in a collision detection progressive mesh
(CDPM) representation. A new LOD selection method is introduced in this work. It
has been shown that the proposed multi-resolution CD approach significantly reduces

the requirement of data transmission over high bandwidth networks, saves the time
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for initialization at the client, and selectively increases the accuracy of collision

detection on object models.

In addition, a new multi-resolution mesh representation “Space Partitioned
Progressive Mesh (SPM)”, which is an extension to CDPM, is introduced. The
meshes can be progressively transmitted on demand and locally refined at runtime on
large scale mesh models. This research work has successfully exploited the potential
of dynamic network resources to increase the accuracy of CD for interactive DVEs.
The local mesh refinement method is derived from view-dependent LOD techniques.
The major contributions are to integrate it with the proposed BVH CD algorithm to
solve particular issues of CD in DVEs and to prove the correctness of local

refinement algorithm.

The collision detection framework for DVEs is further extended for haptic
interactions between multiple probes and complex object models in a multi-machine
architecture. The high update rate of force display and the limited memory capacity
of haptic rendering hardware are two of the most challenging issues we tackled. In
such a real-time multi-machine framework, SPMs are progressively transmitted on
demand and locally refined at runtime. The AB-tree algorithm allows us to bound the
input size of the problem, thus improving the desired collision query performance for

force display.
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1.4 Thesis Organization

In this chapter, the main problems of collision detection in DVEs is introduced and a brief
overview of the contributions of the thesis is provided. Chapter 2 presents a comprehensive
survey of DVEs, haptic interaction applications, mesh coding techniques, and state-of-art CD

methods. Chapter 3 presents a multi-resolution collision detection approach which tackles
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the issue of providing real-time performance in non-uniform and dynamic computing
environments. A BVH CD algorithm “AB-tree” and a multi-resolution mesh CDPM are
introduced. Chapter 4 presents a framework for integration of multi-resolution collision
detection into DVEs. Various issues relating to implementation and performance are
discussed in it. Chapter 5 deals with the problem of CD of large scale models in DVEs. A
locally refined CD approach is developed comprising the earlier presented AB-tree algorithm
and a space partitioned mesh representation method SPM. The algorithm for local refinement
is presented and the correctness is proved. In addition, implementation and performance
issues are presented. A summary of the thesis and a discussion of future works are given in
chapter 6. Several applications that can be built on top of the frameworks and algorithms
presented earlier are described. They prove the usefulness, flexibility, and power of the
algorithms and frameworks developed in this thesis, helping to make physics simulation in

DVEs more realistic.
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Chapter 2 Review of the State of the Art

In this chapter, we provide a comprehensive review of the following topics: distributed
virtual environments, haptic interaction, multi-resolution meshes, view-dependent LOD, and
collision detection methods. Then we justify why the problems we choose are important and

how our work differs and improves on the work of others.

2.1 Distributed Virtual Environment

A distributed virtual environment (DVE) is a network-based multi-user VR system where
participants navigate in synthetic space and see, meet and interact with other users and
computers. The history of the development of DVEs is illustrated in Figure 2.1. The origin of
DVEs comes from two communities: military simulation and networked games. A series of
successful distributed simulation projects pushed the promotion of standards for distributed
simulation, e.g., DIS and HLA [SZ99]. The fast growing networked games triggered the

improvement of techniques for high-quality interactive graphics applications.

In DVEs, two main approaches have been proposed to distribute virtual objects from servers
to clients. Many early systems such as SIMNET and DIVE [HLS97, CH93] employ the
complete replication approach to distribute geometry data to the clients before the
simulations are started. This approach assumes the use of high-speed networks to transmit
the usually large volume of data. For example, DIVE environments as illustrated in Figure
2.2 are distributed on heterogeneous networks (making use of the Isis library [Bir85]). New
participants of the virtual world can join at any time and on doing so they will receive a copy

of the current database. All behavior is specified as a (usually very simple) finite state-
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machine (FSM). Any FSM is part of some object’s attributes. Database consistency is
achieved by using distributed locks. On-demand transmission is another approach used in
NPSNET and Bricknet [SSP+94] to distribute the data to the clients at runtime. This
approach requires the transmission of only the visible region of the virtual environment to
the clients, which reduces startup time and optimizes network usage. For example, the
NPSNET Visual Simulation System is a real-time, interactive distributed simulation system
that was developed by the Naval Postgraduate School (NPS). The system is written in C++
and uses SGI's Performer. NPSNET reads MultiGen Flight databases and is DIS-compliant.
The system can also read in SIMNET models. In the system, components are dynamically
loaded in a distributed component-based environment through a directory service

Lightweight Directory Access Protocol (LDAP).

However, there is a problem of maintaining an interactive rate at the clients. The visible
objects need to be retrieved from the server in advance so that they are available whenever
the clients need them. This problem is solved by a scheduling method [WMO00] and by pre-

fetching and caching methods [CLL+03]. These solutions only focused on providing
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Figure 2.1 lllustration of the History of DVEs.
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Figure 2.2 DIVE Environment Screenshot. DIVE has a homogeneous distributed dynamic
database and uses reliable multicast protocols to replicate new objects [SZ99]

continued viewing service of the virtual environments. However, dynamic simulation,
especially the issue of interactive and accurate collision detection over the distributed

environment, is not tackled in the abovementioned works.

2.2 Haptic Interaction in Virtual Environments

Haptics, a term which was derived from the Greek verb “to touch”, introduce the sense of
touch and force in human-computer interaction. Haptics enable the human operator to
manipulate the environment in a natural and effective way, enhance the sensation of
“presence”, and provide information such as stiffness and texture of objects, which cannot be
described. Haptic interaction, as an augmentation to visual and auditory displays, enriches
the perception and understanding of both force fields and world models populated in

synthetic environments.

Early work was accomplished over three decades ago for tele-robotics applications. The
technology has already been explored in contexts as diverse as modeling & animation,

geophysical analysis, dentistry training, virtual museums, assembly planning, mine design,
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surgical simulation, design evaluation, control of scientific instruments, and robotic
simulation. Haptic interaction in virtual environments involves augmentation of a client
station. These applications are typically implemented upon non- or soft- real time operating
systems. The true potential of the technology in interactive virtual reality, tele-presence, tele-
medicine and tele-manipulation applications has not been well studied [SZE+04, ZSGO04,
ESGO04]. These tele-haptic interactions impose more stringent requirements. They demand

hard real time guarantees [SZE+04].

Multiple tasks, such as haptic sensing/actuation, visual updates must be accomplished in a
synchronized manner in haptic applications. It becomes commonplace to separate tasks into
computational threads or processes, to accommodate different update rates, distribute
computation load, and optimize computation. Conventionally, multithreading and
multiprocessing software architectures are applied to develop effective multimodal VEs to
optimize the usage of CPU capabilities [HBS99, GGT99]. A disadvantage of the
conventional architectures is that the rate of force display is determined by the scheduler

algorithm of the underlining operating system. For a soft real time operating system, the
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actual rate may not satisfy the requirement.

Multi-machine solutions for a haptic application were addressed in [SZE+04, SBNO03], as
shown in Figure 2.3. The multi-machine architecture is comprised of three parts: haptic
device, Haptic Real Time Controller (HRTC) and Virtual Environment (VE) graphics
station. The HRTC communicates with its VE station through a local Ethernet connection
and relies on a hard real time operating system (eg. QNX Neutrino, VxWorks or Windows
CE) to guarantee the stability of the control loop. The separation of functionalities of haptic
and graphic rendering makes this architecture easier to extend to existing applications.
Unlike conventional multithreading or multiprocessing approaches for haptics, this multi-
machine model solution applies a hard real-time operating system for haptic control, while
using a mainstream OS such as Win2K or WinXP for the application and graphics. It also
provides the potential for tele-haptic applications to switch between multiple protocols. For
example, one for large-scale distributed simulations and one adapted to collaboration when
several users meet and need to perform a collaborative task. It also requires an architecture

that supports those different protocols.

Two major tasks in haptic interaction paradigms are collision detection and collision
response. Studies of human tactile perception of contact information have shown that a
desired force update rate is preferably 1 kHz. Although there is a huge volume of literature in
the area of collision detection, many proposed algorithms targeted graphics applications

which require a relatively low collision query rate (desirably 30Hz).
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2.3 Mesh Coding

Highly detailed geometric models are becoming necessary to fulfill a growing expectation
for realism in computer graphics. Consequently, objects are often scanned or tessellated into
polygonal meshes at very high resolution to accommodate this need for detail. However, the
computational cost of manipulating a model is directly related to its complexity. Detailed
models result in large storage space, expensive transmission, and slow rendering. In addition,
the full complexity of such models is not always required. Therefore, it is useful to have
simpler versions of complex models. Several mesh coding techniques have been proposed to

address these problems.

2.3.1 Traditional Meshes

A common representation in 3D computer graphics is the polygonal surface mesh because
meshes can model objects of arbitrary shape and can be easily constructed from sensed 3D
data. The resolution of a surface mesh is the overall spacing between vertices that comprise
the mesh. A mesh whose 3D points are evenly distributed is in uniform resolution. Most
often, surface meshes are represented by triangle meshes. A traditional mesh M is composed
of four components, as illustrated in Figure 2.4. It can be represented as (V, K, D, S), where
V is a set of vertex positions, K is a set of simplicial complexes, D represents discrete
appearance attributes, such as material identifier, and S represents scalar appearance
attributes, such as color, normal, texture coordinate. Each vertex is represented by three
floating-point numbers. Mesh compression is needed in applications where there are

hundreds of complex models in a scene.
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2.3.2 Mesh Compression

Meéh compression methods are aimed at two complementary tasks. Compression of
geometry: efficient encoding of numerical information attached to the vertices (position,
surface normal). The compression is performed by discretizing coordinates in floating-point
real numbers and expressing them on a predefined number of bits (lossy compression). Some
methods are proposed for predicting vertex position from its predecessors in the bit stream.
Tree-based prediction [TR98], parallelogram rule [TG98] used in the MPEG-4, and
prediction based on triangle strips [Dee95] are examples. Algorithms that quantize vertex
positions and normals, and then apply Huffman or entropy encoding can achieve
compression in the range from 15:1 to 65:1, depending on the nature of the model.
Compression of mesh connectivity: efficient encoding of the mesh topology. In general, an
implicit encoding of Triangle-Vertex and Triangle-Triangle relations is needed. Techniques
based on triangle strips have been used in graphics libraries (GL, OpenGL) for rendering
applications. Techniques based on graph traversal utilize adjacency information and obtain
high compression for connectivity information. Topological surgery [TR98], cut border

[GS98], and Edge-breaker [Ros98] are examples.

X1,y1,z1) Face 1 {Jj
Vertex 2 (x2,y2,72) Face 2 (3,2,4)
ees Face 3 (4,2,7)
Vertex 7 (x7,y7,27)

Figure 2.4 Traditional Triangle Meshes
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2.3.3 Mesh Simplification and Optimization

Mesh simplification is the construction of coarse meshes from non-optimal scanned meshes.
It usually involves some preprocessing of the input data which may take a substantial
amount of time. The primary goal of mesh simplification is to reduce the problem’s
complexity. The primary goal of mesh optimization is to construct a simplified mesh that
accurately fits the model with a smaller number of vertices. Error metrics are derived to help

decide the best geometry to approximate the shapes.

Mesh simplification algorithms generate several simplified versions of a geometric model,
rather than compress the model in its original resolution. Most works in this area focus on
the simplification of polygonal models. Previous mesh simplification works fall into two
categories: multiple static level-of-details (LODs) or single LOD with multi-resolution. A

general reference to LOD and mesh simplifications can be found in [LRC02].

2.3.4 Static LOD

The static LOD mesh simplification creates several versions of a mesh at various discrete
level-of-details off-line (Figure 2.5). Initially it was proposed for accelerating the graphics

rendering of polygonal models. There are two possible objectives in choosing an LOD: gain

69,451 polys 2,502 polys 251 polys 76 polys
Figure 2.5 Static LODs
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the cheapest rendering time within a given error bound; and gain lowest error bound within a
given rendering time. Typically 5 to10 LODs are created for each model. One LOD typically
has half the resolution of the other. The LODs are switched based on projected area on
screen or viewing distance. Models far from a view point are rendered in low LODs, those
close to the view point are rendered in high LODs (Figure 2.6). Large projected area
indicates closer distance, therefore high LODs are required to render [FS93]. Static LODs
have some advantages over a highly detailed mesh in a single LOD. They decouple the
simplification from rendering and simplify the programming model. Run-time rendering
needs only pick the appropriate LOD. However, switching between discrete LODs brings
some disadvantages. First, in a distributed environment, when LODs are switched at the
client, multiple LODs are transmitted from the server over a network which leads to delay at
the client. Second, instantaneous switching of LODs leads to perceptible “popping” artefacts.
Third, multiple discrete LODs requires larger storage space at the server in comparison with
the original mesh. Finally, this does not work for large models, where some parts may be
very close, while some other parts are far away. Applications such as flying over a terrain
require changing the level-of-detail locally, based on viewing direction. Since static LODs

are created off-line, no viewing directions are considered in the mesh simplification process.

£/ Moving object

High Res. | Medium Rei Low Res

View point

v

Near

Far

Figure 2.6 Switch LODs by Viewing Distance
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Therefore, a static LOD is not a view-dependent LOD, but a view-independent LOD.

2.3.5 Multi-resolution and Continuous LOD

Multi-resolution: Multi-resolution mesh simplification creates a data structure that can be
employed to dynamically produce a mesh with any desired resolutions lying between the
highest and the lowest number of polygons from the original mesh at run-time. Whereas the
static LOD mesh simplification creates several versions of a mesh at various discrete LODs
[FS93]. Some multi-resolution mesh simplification algorithms refine or simplify meshes
globally based on the distance to the view point and projected area on the screen. They are
called continuous LOD [GSG96, Hop96, RB93, MBF+04]. Compared to the static LOD, the
continuous LOD has the following advantages: (1) It allows a geometric model to be
efficiently delivered over a network in a progressive manner; (2) Objects use no more
polygons than necessary, which frees up polygons for other objects; (3) In rendering, the
visual effect is smoothed with multiple resolutions at a finer granularity; (4) The storage
requirement is significantly reduced due to the single multi-resolution data structure; (5)

View-dependent mesh refinement is supported.
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Figure 2.7 Vertex Clustering. All vertices within a grid cell are merged into one vertex.
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Rerrove this vertex
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Figure 2.8 Vertex Decimation. At each iteration, a vertex is selected, its
adjacent faces and itself is removed, the “hole” in the mesh is re-triangulated.

Multi-resolution Case Study

Mesh simplification for highly detailed geometric models is used in rendering, storage and
transmission. There are also a lot of other uses for mesh simplification: collision detection at
a different resolution than the one used for rendering; editing a model not in its highest
resolution, but at an arbitrary level of detail, automatically applying the changes to the entire
multi-resolution structure, and so on. Over the past few years, a tremendous amount of work
has been done on mesh simplification and multi-resolution data structures. The following list
contains some of the work that has been very important and influential, each being a

representative of a distinct approach to solving the problem.

Figure 2.9 Example of Vertex Split. Vertices to be split are marked with 0.
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Vertex Clustering [RB93]: Grouping vertices into clusters and determining a single
representative vertex. Clusters are iteratively merged into larger clusters until only a single
cluster/vertex remains. Vertices are clustered by simple coordinate quantization, octrees, etc.
This approach is fast and simple. However, the output is often a very bad approximation of
the original mesh. The degree of simplification is only controllable indirectly by quantization

parameters (Figure 2.7).

Vertex Decimation [SZ1.92]: Vertices that pass a certain distance/angle criterion are
iteratively removed. Resulting holes are patched by local re-triangulation (Figure 2.8). The
approach is primarily developed for processing the output of Marching Cubes. It is limited to
a manifold surface.

Edge Collapse [HDD+93]: Vertices connected by an edge are collapsed into a single
representative vertex (Figure 2.9). This is the most often used primitive operation. The
efficiency depends on the error metric employed.

Wavelets [EDD+95, GSG96]: This approach hierarchically decomposes arbitrary meshes to
multi-resolution form. The method is based on the approximation of an arbitrary initial mesh
by a mesh that has subdivision connectivity and is guaranteed to be within a specified
tolerance. However, it has many constraints and requires many mesh preparation steps which
may introduce error into the highest level of detail. Typically, it is very costly and difficult

(Figure 2.12).
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Contact LOD: Miguel A. Otaduy and Ming C. Lin proposed contact LOD in [OL03], a
multi-resolution data structure for collision detection between two interacting 3D objects
(Figure 2.10). Given a polyhedral model, the algorithm automatically builds a "dual
hierarchy", both a multi-resolution representation of the original model and a convex hull
BVH for accelerating collision queries (Figure 2.11). The generation of CLODs employs a
local simplification operation that filters edge collapses subject to local and global convexity
constraints. A cluster of triangles forms a part of a convex hull surface. The major benefit of
» using the convex hull as a BV is that when the refinement reaches certain CLOD, the contact
information obtained from the BVs at that level approximates the contact information from
the triangles of that CLOD. This is especially important when contact normals and contact
points are required to compute a plausible collision response. The loss is that convex hull
requires that the input models be 2-manifold oriented surfaces. At runtime, the algorithm
uses error metrics to adaptively select the appropriate levels of detail independently at each
potential contact location. Various error metrics are proposed which include object-space
errors, velocity dependent gap, screen-space errors and their combinations. Compared to the
existing exact collision detection algorithms, significant performance improvement is

obtained on some benchmarks. However this algorithm does not refine a mesh at runtime

(d) (e

Figure 2.10 Creation of CLODs. (a) Initial surface; (b) Clusters of triangles;
(c) Bounding volumes for each cluster (in this case AABBs); (d) Mesh simplification;
(e) Bounding volume of the union of clusters, after some conditions are met.

31



using perception-based simplification criteria. Therefore, it does not provide a simplified
mesh that can satisfy a growing requirement of perceptual realism very well. This is one of
the problems we address later in this thesis. In addition, CLODs do not support progressive
transmission. In a distributed environment, simulation can not be performed at the client
until the whole CLODs data have been received. Therefore, CLODs are not appropriate for
interactive distributed applications. In section 3, we propose a collision detection algorithm
which performs collision queries on PM, a multi-resolution data structure supporting both
progressive transmission and local refinement.

Quadric Error Metrics (QEM): This is a surface simplification algorithm that can be used in
rendering systems for multi-resolution models [GH97]. It assumes surface models are
represented as triangle meshes, points do not move far from their original positions, and the
topology of the models need not to be maintained. A simplified mesh is a good
approximation to the original mesh. The algorithm iteratively contracts vertex pairs (a
generalization of edge collapse). As the algorithm proceeds, a geometric error approximation
is maintained at each vertex of the model which is represented using quadric matrices. The
algorithm proceeds until the simplification goals are satisfied.

The error approximation at a vertex v is defined as A(v)= vIQv, where Q is a symmetric 4x4
matrix. The initial error approximation for each vertex is computed as follows. Let p = [a, b,
¢, d]” represents the incident face planes of v. ax + by + cz + d = 0, and a® + b*+ ¢*= 1. K;is

defined as ‘fundamental error quadric’.
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Figure 2.11 BVH of the Lower Jaw. From left to right and from top to bottom. LOD,, and
convex decompositions of LODg, LOD;, LODg, LOD44, and LOD44 (courtesy of M.A. Otaduy
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The error approximation of v is defined as the sum of squared distances to the planes.
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For the following pair contractions (vi, v;) -> v’, the matrix Q’ for v’ is derived by

Q’=Q;+Q,, where Q; is the matrix for v;, Q; is the matrix for v,.

Quadric Error Metrics have a nice geometric interpretation. Each quadric corresponds to a

quadric surface centered at the point of minimal error. The surface itself (an ellipsoid in the

non-degenerate case) has the same error everywhere, that is, it is an iso-surface for a given

€rror.
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Progressive Mesh: "Progressive Mesh" [Hop96] introduces a very efficient data structure
that can be used to represent a triangle mesh at multiple levels of detail. It also allows
progressive refinement and transmission. Hoppe posed the mesh simplification task as an
energy minimization problem. He introduced a very high quality error metric using an
energy function which combines a measure of the geometric similarity between an
approximating mesh and the original model with a cost proportional to the number of data
points in the approximating mesh. Many works for general polygonal models simplification
are related to a progressive mesh (PM). The PM format is well suited to accelerating
graphics rendering. A triangle mesh can be represented at multiple LODs by performing a
series of refinement operations. The operations include vertex split and edge collapse. A
triangle mesh is encoded as a base mesh plus a sequence of n vertex split records. The mesh
can be refined from the coarsest level to the finest level or vice versa by performing the two
operations. Another paper by the same author focuses exclusively on the view-dependent

refinement of progressive mesh [Hop97] and defining efficient refinement criterion.

2.3.5.1 Progressive Techniques

Progressive techniques are aimed at speeding up transmission of geometric data. They

5
A A  TYY A o~
® \< ©
wavelet coefficients wavelet coefficients

Figure 2.12 Wavelet Mesh Decomposition
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provide progressive transmission of meshes. A coarse mesh approximation must be
transmitted in a short time. The received initial approximation is refined through subsequent
incremental modifications as more and more data are received. The techniques can be
classified as to whether they are based on signal processing (or wavelet methods) and
geometric techniques.

Wavelet methods: Wavelets, with their roots in signal processing and harmonic analysis,
have had a significant impact in several areas of computer science. The development of
wavelets has been motivated primarily by the need for fast algorithms to compute compact
representations of functions and data sets. They exploit the structure (if any) in the data or
underlying function, reorganizing it in a hierarchical fashion. The wavelet approach to
progressive transmission of 3D surface meshes is basically the same as that used for curves,
images, or any signal. The basic idea is to treat the model as an approximation, which can be
updated with wavelets. The approach iteratively decomposes the original, or high-resolution,
surface into a low-resolution part and a detail part. It end up with the coarsest representation
of the original surface, along with a sequence of details which can be used to reconstruct the
original. At runtime, a base mesh is sent first then the wavelet additions are sent until the
desired level of detail is achieved at the receiver (Figure 2.12). This approach can provide
very simple base mesh and efficient compression of the mesh. However, the wavelet

mathematics is not trivial.

2.3.5.2 Geometric Techniques

There are two classes of geometric techniques. Fine-grained progressive techniques: based
on modifications that update a few triangles at one time producing more levels of detail.

Progressive Meshes (PM) [Hop96] is an example. Coarse-grained progressive techniques:
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based on batches of modifications which are encoded at the same time; they usually lead to
more compact bit streams. Progressive forest splits [TGH+98], progressive technique based

on vertex insertion [CLR99], and Compressed Progressive Meshes (CPM) [PR0O0] are

examples.

Progressive Meshes (PM): A triangle mesh is encoded as a coarsest mesh (or base mesh)
plus a sequence of n vertex split records (My {vsplity, ..., vsplit,.;}). At runtime, a PM is
transmitted progressively with a M, followed by a sequence of vsplit; as shown in Figure
2.13. The receiver refines the mesh progressively as more and more vsplit records are

received. The mesh is refined from the coarsest level to the finest level and forms a sequence

vsplit, vsplity  vsplit,_; A
of meshes called a PM sequence, M, - M, — ... = (M, =M). Performing a vertex

split requires inserting two new vertices vy and v, and adding two triangles (vy, vr, v;) and
(ve, Vi, vr). An edge collapse is an inverse operation of vertex split as shown in Figure 2.14.
The coarsest mesh is obtained by performing a sequence of edge collapses on the full mesh.

PM is a fine-grained technique since at each refinement at most two triangles are inserted in

Transmit records progressively:

Y

time

Receiver
displays:

\

(~ progressive JPEG)

Figure 2.13. Progressive Mesh Transmission
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a manifold domain. A traditional representation of mesh geometry with n vertices requires
storage of 3n coordinates or 96n bits with IEEE single-precision floating point. In [Dee95],
vertex coordinates are quantized to 16-bit fixed precision values without significant loss of
visual quality, thus reducing storage to 48n bits. Further compression by delta-encoding the
quantized coordinates and Huffman compressing the variable-length deltas can reduce
storage to 35.8n bits. PM uses a similar approach. Experiments from Hoppe show that the
space requirement is 30n to 37n bits.

Compressed Progressive Meshes (CPM): A triangle mesh is encoded as a coarse mesh M)
plus a sequence of sets of vertex splits, called batches, which can affect the whole mesh. In

the PM approach, logn bits are used to encode the index of the vertex which must be split. In

the CPM approach, at the i-th refinement step, each vertex of the current mesh M; is marked
with one bit to specify whether it must be split or not. The number of bits used to encode the

index of a vertex is relatively small due to large refinement steps.

2.3.6 View-dependent LOD

View-dependent LOD: Some multi-resolution mesh simplification algorithms extend
continuous LOD to support local refinement of the meshes based on viewing directions or

moving directions relative to other models in a scene. They are called view-dependent LODs.

vsplit(vs,vi,v, Vs V)

|

Vr \ Vr

ecol(vs’ ,vi V)

Figure 2,14 Vertex Split and Edge Collapse
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Compared to view-dependent LOD representations, continuous LOD representations have
more evenly distributed 3D points. Continuous LOD representations are in uniform
resolutions and view-dependent LOD representations are in non-uniform resolutions.
Comparing with continuous LOD representations, view-dependent LOD representations
have some advantages. First, they have better granularity. View-dependent LODs allocate
polygons where they are most needed, within as well as among objects, therefore enabling
even better fidelity. Second, they enable drastic simplification of very large objects, such as

the stadium model and terrain model (Figure 2.15), etc.

Normally, a multi-resolution representation needs more space than a single resolution
representation, because not only does the original mesh need to be stored, but also additional
information for all other levels of detail. However, if the only mesh stored in its entirety is
the lowest-resolution mesh (or base-mesh) and all other levels are stored as deltas from the

base-mesh, then it can also be used for compression: delta encoding. At least, the storage

Birds-eye view

View from viewpoint

Figure 2.15 lllustration of View-dependent LOD. Nearby portions of object is at higher resolution
than distant portions
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vsplit Figure 2.16 Redefinition of vsplit

and ecol Transformations.

requirements of a multi-resolution representation need not be higher than those of a high-

resolution mesh. Several mesh simplification techniques and multi-resolution data structures

are introduced in the following section.

Recent works on view-dependent simplification take into account viewing parameters in
mesh simplification to speed-up graphics rendering further. Xia et al [XEV97] introduced a
merge tree which is built upon progressive meshes to enable real-time view-dependent
rendering of objects. The vertex split and edge collapse operations for an object are
organized in a hierarchical manner. Hoppe [Hop97] developed a view-dependent
simplification algorithm for progressive meshes which use screen space projection and
viewing orientation to guide the runtime simplification. Luebke and Erikson [LE97] defined
a tight octree, called vertex tree, over a given model to generate hierarchical view-dependent
simplifications. When the screen-space projection of a cell in the octree is too small, all the
vertices in that cell are collapsed to one vertex. Taubin et al [TG98] demonstrated a surface
partition scheme for progressive encoding of surface. Schilling and Klein [SK98] introduced

a texture dependent refinement algorithm.

2.3.6.1 View-dependent Refinement Case Study
View-dependence solves the problem of fast rendering of large models by non-uniformly
refining the meshes. It is integrated into the PM framework by only performing those vertex-

split operations required for a certain screen-space error. Because the mesh operations cannot
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be performed independently, a PM hierarchy tree needs to be considered instead of a simple
list of vertex split records (Figure 2.17). It has been proven useful to redefine the ecol/vsplit
transformation, as shown in Figure 2.16. The transformation vsplit(vs, Vi, Vu, /i, fr» Jn0s Ju1s Jn2s
fa3), replaces a parent vertex vg by two children v, and v,. Two new faces f; and f; are created
between the two pairs of neighboring faces (fuo, 1) and (fn2, fi3) adjacent to vs. The edge
collapse transformation ecol(vs, vi, vy, ...) has the same parameters as vsplit and performs the
inverse operation. To support meshes with boundaries, face neighbors fuo, fur, fn2, fn3 may
have a special nil value, and vertex splits with f,,= fn3 =nil create only the single face f.. A set
of preconditions for vsplit and ecol to be legal is defined and a set of properties of the view-
dependent mesh refinement is given. The correctness of the preconditions and the properties
has held for the numerous experiments, but they have not been proved formally as yet.
Preconditions

A vsplit(vy, vi, vy is legal if

(1) v is an active vertex, and (2) the faces { fuo, fur, fn2, fn3} are all active faces.

A ecol(v, vi, vy is legal if

(1) v, and v, are active vertices, and (2) the faces adjacent to f; and f. are { fuo, fu1, fn2, fn3}-
Note that a vertex or a face is active if it exists in the selectively refined mesh.

Some criteria have been proposed in [Hop97] to decide whether a vertex should be split or
not, which include viewing volume, surface orientation, and screen-space error. A vertex
obviously doesn't need to be split if it lies outside the viewing volume or belongs to a back-
facing region. If the vertex is visible from the current viewpoint, an estimation of the screen-
space error introduced by the corresponding edge collapse is needed. Hoppe extends the

metric used in [LKR+96] and defines an error volume called deviation space, whose
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projection to screen is used for the screen-space error test. All these conditions are packed
into a single function grefine which returns true if a vertex should be split and false

otherwise.

2.4 Collision Detection

Collision detection is a fundamental problem in computer animation, physically-based
modeling, computer simulated environments and robotics. In a geometry context, collision
detection is a system which samples object motions in a time interval, and then queries and
reports information about the relative configuration or placement of two objects. The system
should be easily interfaced with a variety of applications. Two common examples of
collision queries are:

Interference detection: Checks whether two objects overlap in space or whether their
boundaries intersect.

Separation distance computation: Computes the minimum Euclidean separation distance
between the boundaries of two objects and reports if it is more or less than a given value.
Each collision query can be augmented by adding the element of time. If the trajectories of
two objects are known, then the next time to sample can be determined at which a particular

query (interference, or separation distance) will become true. These queries are called

Figure 2.17 lllustration of the Vertex
Hierarchy for PM. The vertex
hierarchy on the set of vertices in all
meshes of the PM sequence forms a
“forest’, in which the root nodes are
the vertices of the coarsest mesh
(base mesh M;) and the leaf nodes

are the vertices of the most refined
A

mesh (original mesh M ).
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dynamic queries. The ones that do not use motion information are called static queries. In
the case where the motion of an object cannot be represented as a closed-form function of

time, the underlying application often performs static queries at specific time steps.

2.4.1 Large-scale Virtual Environments

The abovementioned collision queries only apply to pairs of objects. In a large-scale virtual
environment which consists of multiple objects, collision detection becomes a O(r?) problem
where n is the number of objects. Some methods have been proposed to overcome this
bottleneck. A common solution to interactive applications is to divide collision detection into
two phases [Hub96]: a broad phase, in which pairs of objects on which collision potentially
will happen are identified, and a narrow phase, in which exact pair-wise queries are
performed (Figure 2.18).

For the broad phase, a simple approach is space division. Space is equally divided into cells
and an object is assigned to one or more cells. Collisions are checked between object pairs
belonging to the same cell. In [Tur90, ZOM+93] a regular grid is used to identify objects that
are close to each other. Choosing a near-optimal cell size is difficult, and failing to do so
results in large memory usage and computational inefficiency. Overmars uses a hash table to

efficiently perform point location queries in fat subdivisions [SHO91, Ove92]. Subdivisions

. verlapping Colliding
- - Object Pruni : - )
Simulation runing pairs Pair wise pairs Analyze
multi-body pair exact collision collision
(broad phase) Detection :>
(narrow response
phase)

response parameters

Figure 2.18 Two phases multi-body collision detection
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are called fat if no cell has long and skinny parts. This approach does not work well in
environments where objects are not uniformly distributed in the space. A recent approach is
sweep-and-prune [Bar92, CLM+95], which exploits inter-frame coherence in a dynamic
environment to efficiently sort bounding boxes, identifying those that intersect. It
incrementally computes an axis-aligned bounding box (AABB) for each object and checks
them for overlap by computing the projection of the bounding boxes along each dimension,
and sorting the interval endpoints using insertion sort or bubble sort. The number of pair
wise collision queries is reduced to O(n+m) where n is the number of objects and m is the
number of objects very close to each other. This approach is limited to environments where
objects undergo small movements. Another approach is swept volume [Cam90]. It operates
on a 4D volume which is swept out by object motion over time. If the swept volumes for a
pair of objects do not intersect, then no collision will occur between them. Due to the
computationally expensive generation of the swept volume, many works deal with it by
using convex approximations and piecewise translation motions. In cases where object
trajectories are expressed as functions of a parameter (time), collision instants can be
determined analytically. However, when the degrees of the polynomial functions are
arbitrarily high, the determination of the collision instant becomes computationally very
expensive. In [Can86], the problem is tackled by designing a trajectory connecting two
arbitrary configurations for a moving polyhedron, so that the obtained polynomials are of
degree 3. It is the lowest degree supporting translation and rotation simultaneously. The
exact points of collision are computed. In the narrow phase, all pairs of objects identified in
the broad phase require applying exact collision detection between either 3D volumes or 4D

ones. Different set of algorithms can be classified based on query type (interference
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Figure 2.19 The Minkowski Difference Mpq (dashed line) can be constructed by taking the
convex hull of the points resulting from subtracting the vertices of Q from the vertices of P.
(a) The distance between P and Q (dotted line) is the same as that from the origin to Meq.
(b) If P and Q are interfering, the origin will be within Mpq.

detection, separation distance), temporality (static, dynamic), and representation (convex
polytope, general polygonal model, curved model represented by implicit, parametric, or
NURBS surface). Object representation plays a very important role in the performance of
collision queries. Therefore it is used in the following sections as a criterion to classify the

algorithms.
2.4.2 Convex Polyhedra

Most algorithms used to detect interferences between convex polyhedra rely on the
computation of the minimum distance. When the separation turns out to be zero, the
interference is detected implicitly. A number of algorithms with good asymptotic
performance are given below.

Linear programming: 1t is proved in [LC91] that intersection detection for two convex
polyhedra can be done in linear time, in the worst case by reduction to linear programming.
Two convex polyhedra do not overlap if and only if there is a plane separating them. The

three parameters that define the plane are treated as unknown. The algorithms check whether
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there is a feasible solution to the constraints that all vertices of one polyhedron lies in one
half space of the plane and those of the other polyhedron lie in the other.

Dobkin-Kirkpatrick (DK) hierarchy: Convex polyhedra can be properly preprocessed to
make the complexity of intersection detection drop to O(lognlogm) [Dom90], where » and m
are the numbers of features of a pair of convex polyhedra. Preprocessing takes O(rn+m) time
to build a DK hierarchy to each polyhedron. If the topology of the polyhedra does not
change, the hierarchies need to be computed only once.

Minkowski difference: 1t is defined as Mpq={p-q | peP, ge Q} where P and Q are two
polytopes. Mp has been used in distance computation in [Cam86, Cam97], exploiting the
fact that the distance between P and Q is equal to that from Mp g to the origin (Figure 2.19).
While the complexity of computing the Mpq is O(n’), a fast algorithm similar to DK that
exhibits linear time performance in practice is proposed in [GJK88].

Tracking closest features: Separation distance is computed by navigating along the
boundaries of involved polyhedra in the direction of decreasing distance. An incremental

algorithm for distance computation by using Voronoi regions is proposed in [LC91]. Every

Object B

s
ANz av
p Object Figure 2.20 A Walk Across the External Voronoi Region
/ . of Object A. Vertex Vb of Object B lies in the Voronoi
P region of Ea.
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feature of a polyhedron has associated one such region, consisting of all the points that are
closer to it than to any other feature. The algorithm first pre-computes the Voronoi region for
each external feature in linear time. At each time step, it starts with a pair of features and
checks whether they are the closest features based on whether they lie in each other’s
Voronoi region. If not, it performs a local walk to neighbor features until it finds the closest
features (Figure 2.20). In applications with high motion coherence, the local walk typically
takes roughly constant time in practice. Enmann and Lin proposed the “multi-level Voronoi
Marching” algorithm in [EL00], which modified this algorithm and used an error bounded
LOD hierarchy to accelerate collision query, using a progressive refinement framework.

2.4.3 General Polyhedra

General non-convex polyhedra are more difficult to handle. A few works try to cope directly
with non-convex polyhedra without decomposing them [BEG+04]. Most researchers resort
to decomposing them or their boundaries into convex parts (convex polyhedra and polygons
respectively) and to apply collision queries to those parts. In any case, a number of additional
fictitious entities are created which have to be considered in the intersection tests. Typically,
decomposition is performed in a preprocessing step, and has to be computed only once, if the
topology of the polyhedra does not change. The minimum decomposition problem is known
to be NP-hard [BD92]. The solutions can be classified based on whether the object is
represented as a closed polyhedral model which forms a solid, or is represented as a
collection of polygons without assumptions related to the connectivity among different faces,
or whether they represent a closed set. The strategy of the latter is to focus the search for
collisions on relevant portions of the objects. The approach is to apply a hierarchical

bounding to approximate a volume or a boundary representation. Space partitioning and
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bounding volume hierarchies (BVHs) representations for collision detection are introduced

next.

2.4.3.1 Space Partitioning

The spatial partitioning is a recursive subdivision of the space occupied by an object. Octrees
[HH96], kd trees and their variants [Sam89], BSPs [NAT90], and regular grids are examples
of spatial partitioning hierarchies. Octrees and BSPs are most widely used. Octrees
recursively partition cubes into octants. The octree representation makes it possible to avoid
checking for collisions in those parts of space where octants are free of objects. BSP-trees
recursively cut the space by hyperplanes. This can be considered a cross between octrees and
boundary representations, in which partitioning is not restricted to be axis-aligned, as in
octrees. Therefore, transformations in space can be simply applied to each hyperplane

without rebuilding the whole representation.

2.4.3.2 Bounding Volume Hierarchies (BVHs)

BVHs are based on a recursive partitioning of the primitives of an object. BVHs use
bounding volumes (BVs) to bound or contain sets of geometric primitives, such as triangles,
polygons, curved surfaces, etc. In a BVH representation, the geometry BV are stored at the
nodes of a tree structure. The root BV bounds all the primitives of a model, and children BVs
each bound separate partitions of the primitives enclosed by the parent. Leaf nodes’ BVs
typically contain one primitive each. In some variations, one may place several primitives at
a leaf node or use several volumes to contain a single primitive. BVHs are used to perform
interference and separation-distance queries. Sphere-trees [Hub96, BOO04], oriented
bounding boxes (OBB) trees [GLM96], axis-aligned bounding boxes (AABB) trees [Ber97],

swept sphere volume [LGL+00], spherical shell-trees [KPL+98], discrete orientation
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polytopes (k-dops) trees [KHM+98], SSV-trees [LGL+99], multi-resolution hierarchies
[OL03], convex-hull trees [ELO1], and CHPM [YSL+04] are examples of BVH
representations.

Collision queries:

Interference queries are performed by traversing the BVHs. Two models are compared by
recursively traversing their BVHs in tandem. Each recursive step tests whether BVs A and
B, one from each hierarchy, overlap. If they do not, the recursion branch is terminated. If A
and B overlap, the enclosed primitives may overlap and the algorithm is applied recursively
to their children. If A and B are both leaf nodes, the primitives within them are tested
directly.

Separation-distance queries are performed similarly to the interference queries. As the query
proceeds, the smallest distance found from comparing primitives is maintained in a
variable § . At the start of the query, J is initialized tooo, or to the distance between an
arbitrary pair of primitives. Each recursive call with BVs A and B must determine if some
primitive within A and some primitive within B are closer than, and therefore will modify & .
The call returns trivially if BVs A and B are farther than the current o', as this precludes any
primitives within them being closer than & . Otherwise the algorithm is applied recursively to
its children. For leaf nodes it computes the exact distance between the primitives, and if the
new computed distance is less thand , it updates o .

Performance of BVHs:

The abovementioned approach is based on the divide-and-conquer paradigm. There are two
main advantages in the approach: (1) In many cases, interference or non-interference

situations can be easily detected at the first level in the hierarchy; (2) the refinement of the
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representation is only necessary in the parts where collision may occur. The creation of a
BVH representation must follow three criteria: (1) the bounding volumes need to tightly
approximate the input primitives of an object; (2) an intersection test between two bounding
volumes needs to be fast; (3) the refitting of the bounding volumes and the hierarchical
structure needs to be fast when the geometric primitives are rotated or translated, or when the
topology of the geometric representation is changed.

The performance of BVHs on collision queries is governed by a number of factors
(techniques to build the trees, the maximum number of children per node, the choice of BV
type). Some of the commonly used algorithms assume that the BVHs are binary trees and
each primitive is a single triangle or a polygon. The cost of performing a collision query is
given in [GLM96] as:

T=N,xC, +N,xC,,

where T is the total cost for a collision query, Np, is the number of BV pair operations, and
C, is the total cost of a BV pair operation. N, is the number of primitive pairs tested for

proximity, and C, is the cost of testing a pair of primitives for collision. Typically, for tight-

Figure 2.21 OBBs Overlap Test. Under projection onto L, A and B become
disjoint intervals, therefore L is a separating axis for OBBs A and B
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fitting bounding volumes, e.g., OBBs, Nj, and N, are relatively small, whereas Cjy is

relatively high. In contrast, C, is low while N, and N, may be larger for simple BV types

such as spheres and AABBs. Due to the opposing trends, no single BV yields optimum
performance for collision queries in all situations.

Queries on BVs:

e In cluttered environments, OBB trees perform better than AABB trees or sphere trees.
OBBs fit objects tighter, therefore fewer intersections between bounding volumes are
reported. In [GLM96] an efficient algorithm to test two OBBs for overlap based on the
separating axis theorem (SAT) has been presented. It computes the projection of each
OBB along 15 axes in 3D. The 15 axes are computed from the face normals of the
OBBs (6 face normals) and by taking the cross products of the edges of the OBBs (9
cross products). It is shown that two OBBs overlap if and only if their projection along
each of these axes overlap (Figure 2.21). In practice, it can take anywhere from 80 to
240 arithmetic operations to check whether two OBBs overlap. Routines for building
OBB trees, as well as for performing fast overlap tests between them can be found in
the RAPID interference detection package.

e  Although AABBs cannot fit some primitives like long-thin oriented polygons tightly,
the overlap test of AABBs performs better than that of OBBs. A BVH based on
AABBs has the advantage that the overlap test between each pair of AABB trees is not
orientation dependent, as is the case of OBB trees. In other words, the boxes in AABB
trees need to be projected on the coordinate axes only once. For each pair of boxes of
OBB trees undergoing an overlap test, one box has to be projected onto the axes of the

other one. The separation distance between them can be computed based on the
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separation along each axis. Furthermore, AABB trees need less memory and are faster
to build, and are even faster to update [Ber97], which makes them suitable for
deformable models. SOLID is a library for collision detection between polygonal
models using AABB trees. Hierarchies of AABBs are also used in the context of self-
intersections and collisions between deformable models [HDL+96, VT94, LMOI1].

k-dops are BVs that are convex polytopes whose facets are determined by half-spaces
with outward normals coming from a small fixed set of k orientations. The overlap test
for k-dops is similar to the test for AABBs, in which the projections of a k-dops are
checked along the k fixed axis. A k-dops tree is a type of BVH representation. This is a
compromise between the relatively poor tightness of AABBs and bounding spheres and
the relatively expensive overlap tests and updates of the OBBs and convex hulls. We
will employ both AABBs and OBBs data structures in our approach and study their

performance.

2.4.4 Real-time Collision Detection

In Computer Graphics, research emphasis has been placed on the possibility of detecting

collisions in real-time, even if speed is gained at the cost of losing precision. This problem

has been well studied in the literature. Some strategies have been developed to lower the cost

of collision detection.

The first is to exploit a BVH. The BVH provides higher precision as one moves down the

hierarchy and allows output precision to be adapted to the computing time available [Hub96,

BO04]. However, spatial inaccuracy is inherent due to the lack of exact collision queries on

primitives. This becomes a significant limitation when applying the BVH CD to time-critical
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applications in which contact normal and contact points are required to compute a plausible

collision response in physics simulation.

The second is to determine forefront features in the direction of motion. Back-face culling,
which has been used in Computer Graphics to speed up the rendering of polyhedra, can also
be used in the collision detection context to avoid unnecessary checking of boundary
elements for collision. The basic idea is to cull those faces of a pair of polyhedra whose
normal vectors have negative projections on the relative motion vectors. Half of the faces are
eliminated on the average. Applicability constraints [Don87] permit detecting the vertex-face
and edge-edge pairs of two polyhedra that can actually come into contact under translational
motions.

The third is to exploit the motion coherence to keep track of the closest feature points. At a
given instant, the boundary elements of the polyhedra that realize the minimum distance
must be close to those realizing it at the previous instant, which are therefore taken as initial
points for the search [JTTO1]. This is known as temporal and geometric coherence or motion
coherence. The incremental minimum distance calculation technique [LC91] has been
discussed in section 2.4.2, in which a neighborhood criterion is used to save computational
effort. A collision detection library I COLLIDE based on this technique has been developed.
The Separating vector algorithm efficiently determines whether there exists a separating
plane between two convex polyhedra [CW96]. If so, they do not collide. Otherwise, the
situation at the previous instant is examined. The motion coherence is exploited, so that the
separating plane can be determined in expected constant time. The abovementioned two

techniques are limited to convex polyhedra.
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2.4.5 Other Collision Detection Methods

Most of CD algorithms support static LOD, which means that the mesh geometry and
topology are static at runtime. In DVEs, they are predetermined by the lowest available
network bandwidth and the accuracy of CD required by the application. A few recent works
have been focused on using multi-resolution representations in haptic CD. Pai and Reissel
[PR97] investigated the use of multi-resolution image curves for 2D haptic interaction. El-
Sana and Varsheny [SV00] introduced a multi-resolution hierarchy. A detailed mesh is used
for regions around probe pointer and a coarser mesh is used elsewhere. A locally refined
method is introduced in [LSG+05] to perform fast collision queries among probe pointers
and other objects in a scene. Otaduy and Lin [OL03] developed an algorithm to decompose a
surface model into convex pieces and construct a multi-resolution BVH for fast collision
queries of an object-object pair. However, that algorithm does not refine a mesh at runtime
following perception-based simplification criteria. The above mentioned algorithms do not
support progressive transmission. Therefore they do not support interactive DVE in low

bandwidth network.

Collision detection on deformable objects is important to some applications such as clothes
simulation [BFA02, CD97, RKL+04], hair simulation [WFL02] and articulated models
[GNR+02, JP04, KAA+03, LC02, LSH+02]. A summary of previous works can be found in
[TKH+05]. Using graphics hardware to prune the number of objects that are in close
proximity and check for overlapping triangles between objects is proposed by Govindaraju et
al.[GRL+03]. It works well for non-rigid objects. CULLIDE is extended to perform intra-
object or self-collisions between complex models in [GLMO05]. However, accuracy of

hardware collision detection is limited by the resolution of the rasterization hardware.
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2,5 Summary

Collision detection is considered to be one of the major bottlenecks in building interactive
and realistic virtual environment. Some strategies have been exploited to reduce the cost of
collision queries on polygonal surface models. One is to introduce BVH representation of
models in time-critical collision detection. Another is to perform collision queries on
simplified approximation of the models. Some recent surveys of these works can be found in
[JTTO01, LG98]. However, no good real-time collision detection systems are known for
distributed and interactive virtual environments. We are seeking to overcome the
shortcoming of the existing strategies and propose new strategies to speed up collision

detections in the context of distributed virtual environment.
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Chapter 3 Multi-resolution Collision Detection

Collision detection is accelerated to an interactive rate by setting the meshes to a low
resolution. Performing collision detection on meshes in low resolution saves storage space
and transmission bandwidth, but loses accuracy. On the other hand, the graphics display of
computers is more and more powerful with the integration of Graphics Processing Units
(GPUs) into computer graphics cards. GPUs are capable of manipulating and displaying
millions of polygons per second. The detail and the complexity of a scene can increase
without affecting the performance of CPU. In practice, coarse meshes for collision detection
are decoupled from fine meshes for visual rendering, which leads to an inconsistency
between realistic visual display and inaccurate simulation. Therefore, setting the resolution
of the meshes for collision detection in a virtual environment application becomes an
engineering trade off between speed and accuracy. In this thesis we propose a multi-
resolution collision detection approach for distributed virtual environments which benefits

from recent advances in mesh coding techniques.

The continuous LOD technique makes it possible to change the cost of collision detection
dynamically. At runtime, the full meshes, which are stored in secondary storage locally or
remotely, are progressively loaded to main memory and dynamically refined to higher or
lower resolutions. Certain refinement criteria have to be set in order to maintain the collision
detection at interactive rate. The progressive techniques make it possible to transmit the
meshes for collision detection on demand of accuracy. In a distributed environment, clients

may have varied computing power. More powerful clients can subscribe more detailed
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meshes from the server and gain more accuracy in physics simulations. Instead of

performing ubiquitous non-realistic physics simulations on all clients, the performance of

both high ends and low ends is maximized.

A multi-resolution collision detection approach is composed of three tasks:

1. Multi-resolution mesh modeling.
2. Definition of a multi-resolution data structure for mesh refinement.
3. Creating a BVH collision query algorithm for multi-resolution models.

The following sections discuss the design and implementation issues of the three tasks. How

they are fitted into the DVE frame work is explained later.
3.1 Multi-resolution Mesh Modeling

3.1.1 CDPM Representation

' '

(a) one new face (b) one new face (c) two new faces (d) multiple new faces

Figure 3.1 Non-manifold (a, d) and Manifold Triangle mesh (b, c) Vertex Split and Edge
Collapse. (Faces in grey are generated by vertex split operations).
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The proposed CDPM modeling method involves the use of the progressive mesh and the
Quadric Error Metrics (QEM). The QEM is a method we use to efficiently generate CDPM
from traditional triangle meshes in arbitrary topology by performing two operations, vertex
split and edge collapse [GH97]. A vertex split operation splits one vertex v;’ to two vertices
vs and v, and adds several new faces Fy, F, ... F, (Figure 3.3). The edge collapse operation
is an inverse of the vertex split. In this thesis, a vertex split operation is denoted as VSP. A
set of VSP is denoted as VSPs. The ith VSP is a sequence of VSPs is denoted as VSPi. The
input to the QEM algorithm is non-manifold triangle meshes. A manifold polygonal surface
is such that the neighborhood of every vertex can be continuously deformed to a disk (to a
half disk at the boundary). Many real-world polygonal meshes are non-manifold, that is,
contain topological singularities, (e.g., edges shared by more than two triangles) [GBT+99].
Figure 3.1 illustrates mesh refinement operations. Meshes in (a) and (d) are non-manifold

while those in (b) and (c) are manifold.

The CDPM representation is similar to PM. An advantage of PM representation over some
other multi-resolution representations is that PM supports progressive transmission. A

CDPM mesh can be streamed over network by progressively transmitting vertex split records

Header (H) Coarse mesh(M,) Vertex split record i (VSP;) (i
from 1 to n)
# vertex in full mesh vertex list: {v, ...vc}
# face in full mesh primitive index list: i {vs, Vi}
# vertex split record {f1,v11,V12,V13, Frieaf}. .. {dxs, dys, dzs} {dx;, dy:,dz¢}
{fa,Va1,Vaz,Vas, faear} {vi, V2, ..., Vm}
{leaf,, leaf,, ..., leafy}

{p} {f1,f2, fp} {f1’,f2” fq'}

Figure 3.2 CDPM Mesh Structure

57



in sequence. The format of CDPM is illustrated in Figure 3.2. Statistical information of the
mesh is stored in Header. Here #vertex records the number of vertices in the mesh of full
resolution, denoted by M, #face is the number of faces in the M, #vsplit is the number of
vertex split operations required to refine the mesh from the coarsest mesh My to the finest
mesh M,. Finally, coarse mesh stores the vertex array for c vertices and primitives index list
of d primitive (polygonal faces) of My. Each primitive contains a list of vertex indices and
the code of the primitive in the BVH which is explained later. It is followed by a sequence of
vertex splits records. In vertex split record i, VSP,, vs and v, are the indices of two new
vertices split from vy’ i is from 1 to n, where # is the total number of vertex split record. In
this case {dx;, dys, dzs} and {dx, dy,, dz;} represent the differences in coordinates of the two
new vertices from v,’,{v;, vz ... vm} are vertex indices of the generated new faces besides vy
and v, Finally {fi, 5, ... fo} and {/’, /2’, ... fy’} are the indices of adjacent faces to vertex vy’
which are split by the new generated faces to two groups. Faces in the first group are
adjacent to v, while faces in the second group are adjacent to v;. P is the number of faces in
the first group. The structure of the BVH built on M, is encoded in the vertex split records.
This means that leaf}, ..., leaf, are the indices of leaves in the BVH tree structure which

contain a BV of the newly generated faces.

3.1.2 Mesh Generation

It is proposed to use the CDPM for BVH collision detection of polygonal models in DVEs.

The process of mesh generation can be divided into three phases.

3.1.2.1 Mesh Simplification
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Figure 3.3 Vertex Split Operation. One vertex Vs’ is split to two new vertices Vs and Vt.
Left: before; right: after.

In phase 1, a QEM mesh simplification algorithm is applied to polygonal meshes in
traditional single LOD representation. In this paper, we refer to such a mesh as a full mesh
M,. The full mesh is simplified to a coarse mesh My by performing a sequence of edge
collapse operations which are the reverse of vertex split operations. This process continues
until certain application dependent condition, such as the ratio of the number of vertices from
the simplified mesh to the full mesh, is met. The simplified mesh M is defined by a vertex
array and a polygonal faces index list. Edge collapse operations are recorded in vertex split
records, in which the fields leafi, ..., leaf,, are populated in the following phase.

3.1.2.2 BVH Construction

In phase 2, a BVH tree T is constructed top-down in a binary tree structure by recursively
subdividing primitives of mesh M,. The operation first defines all primitives stored in M, as
a set. Then the smallest bounding volume (BV) of all primitives in the set is computed and
stored in the root node of the tree. The primitives in the set are then split into two subsets by
a well chosen partitioning plane. The smallest BVs for the two subsets are computed and
stored in the children of the root node. The two subsets of primitives are then further
partitioned. This recursive process terminates when the subsets contain one element each.
The nodes that bound one primitive are leaves. The partitioning plane is chosen orthogonal

to the longest axis of the BV and intersecting at a partitioning coordinate on the axis. Such a
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space partitioning process is illustrated in two-dimensions in Figure 3.4. The heuristic behind
choosing a partitioning coordinate is to subdivide the set of primitives into two sets of equal
size. In such a way, the constructed BVH tree becomes an AVL tree. An AVL tree is a
binary tree in which the difference between the height of the right and left subtrees (or the
root node) is never more than one. Another heuristic proposed for space partitioning is to
choose the median of a BV as the partitioning coordinate [Ber97]. However, when the
geometric primitives are not distributed uniformly within their BV, this approach may
construct an unbalanced tree. Even if the number of vertices is the same for different models
the constructed tree structures may be different. This means more information is needed for a
BVH tree structure to be constructed in comparison to the space partition method used in this
work. It is shown in the following section that an unbalanced BVH tree does not perform
very well in BVH collision query and updating process. BVHs constructed by the

abovementioned method have the following property.
Theorem 1
If an original mesh M, has a set of m primitives, then the constructed BVH binary tree 7" has

m leaves and the tree is always built into a unique structure, regardless the topology and the

geometry of the mesh.

Proof

Let T be a BVH tree constructed from M,, rooted at node x, and let m be the number of
primitives in M,. The primitives are bounded by the leaves of T. Let T, be a tree rooted at

node a. Let left[a] be the left child of a, right[a] be the right child of a, and d, be the depth of

Ta.
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When m = 1, the root x of T'is a leaf node which bounds the primitive.

d,=d+1,where m>2%and m <27 ,d = -1

When m = 2, T has two leaves.

d =d+1,where m>2%and m<2",d =0

Assume that when m = &,

d. =d+1,where k >2%andk <2 ,d > 1.

When m = 2k, the leaves in Tienfx) bound £ primitives. The depth of Ty 1S dienx)- The leaves

in T, right[x] bound & primitives. The depth of T, right[x] is dright[x]-

dleﬁ[X]

d

right [x]

g

=d+1,where k>2%andk <2*",d > -1.

=d+1,where k>2%and k <2°"',d > -1.

3l

"

Figure 3.4 A BVH Tree Structure of a Triangle Mesh
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d, = max(dright[x]’ dlefl[x]) +1
= (d +1) +1,where 2k > 2“*" and 2k <2V (d+1) 2 -1
=d'+1,where 2k > 2¥ and 2k < 2", d'=d +1, d'> -1

When m = 2k+1, the leaves in Tiegqy bound k+1 primitives. The depth of Tiesqx iS dle-

d.. . =b+l,wherek+1>2and k+1<2"",b>-1.

lefifx]
The leaves in Trighyx bound & primitives. The depth of Trignt [x] i$ drightix-

d =d+1,where k>2%and k <2/",d > -1.

right[x]

If k <2 then b =d.

d, = max(drighl[x]’ dleﬁ[x]) +1
= (d +1)+1,where 2k +1> 2" and 2k +1 < 2" (d + 1) 2 -1
=d'+1,where 2k +1> 2% and 2k +1< 29", d'=d +1, d'> -1

If k=29 thenb =d +1and 2k +1=2%" +1.

d, = max(d, g, Aioppsy) +1
=(b+1)+1,where 2k +1> 2% and 2k +1 < 24" (d +1) 2 -1
=d'+1,where 2k +1>2% and 2k +1 < 24", d'=b +1, d'> -1
It is proved that the depth of tree T is a function of m where m > 0. The tree structure is

uniquely determined by the number of geometry primitives in M,. o

For a CD algorithm, this property makes it easy to build a BVH tree given that the number of
primitives of the mesh M is known even though the primitives of the mesh M haven’t been

loaded yet. This explained why the field #vertex is in CDPM header H and the mesh header
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is always transmitted first. The fields #face and #vertex split record are used for memory
management of BVH and vertex hierarchy at the client. At runtime, the BVH tree is
constructed at the client when the mesh header is received from a remote host. The BVs in

the tree nodes are calculated after the coarse mesh is received.

3.1.3 BVH Structure Coding

One assumption of the proposed CD algorithm is that a CDPM is refined gradually instead of
being refined in a drastic way. This means only a few primitives of the mesh are affected in
each animation frame. Therefore only a small number of BVs in a BVH need to be
recalculated for collision detection per frame. To quickly locate these BVs, a bottom-up
approach is much faster than a top-down approach given that the links from affected
primitives to the leaves of the BVs are known from the received CDPM vertex split data.
This requirement is fulfilled by coding the BVH structure and saving the code in the mesh
refinement data. The primitives bounded by the leaf BVs are numbered in the order that the
BVH tree is traversed. For a primitive fin Moy, its code is recorded in the primitive index list
in the course mesh. For those primitives generated during the mesh refinement operation,

their codes are stored in the field leaf; of vertex split records. The simulation results shown in

coarse —C==mmmm=t>-  fine

Figure 3.5 CDPM Vertex Hierarchy
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Chapter 4 demonstrate that the cost to construct a BVH is negligible when the volume of the

transmitted CDPM header H plus coarse mesh M, is much smaller than that of the entire

mesh.

3.2 Multi-resolution Data Structure

3.2.1 Vertex Hierarchy

A mesh model in multi-resolution comprises a single data structure, vertex hierarchy. The
vertex hierarchy is a forest. Each node of the trees represents a vertex and contains a record
of a vertex split operation. The hierarchy is constructed at the client upon receiving the
header H and the base mesh M. The root nodes of the trees represent vertices in My. The
trees in the hierarchy grow upon loading vertex split records. Since one old vertex is split to
two new vertices, this parent-children relationship establishes the tree structure. The data
structure contains information about the geometry and topology of the model in a continuous
LOD. Only leaf nodes are extended dynamically upon receiving vertex split records. A leaf
may be extended to have two children to split the leaf’s represented vertex into two vertices
and generate new faces in the mesh. On the other hand, the extended nodes may be folded
into their parent to collapse the split two vertices to one and removed the generated triangles
from the mesh. The hierarchical data structure records the history of vertex split and edge
collapse operations on the multi-resolution mesh, which enables fast mesh split and merge. A
vertex list, as shown at the bottom of the hierarchy in Figure 3.5, is designed to record the
order in which vertices are collapsed and split in order to quickly track the nodes that are to
be folded or unfolded. The hierarchy includes the basic structure described below

(explanations of the individual fields follow):
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struct hierarchy_tree {

tree_node * rootPtr;
index_type treeldx;
2
« rootPtr: a pointer to a tree node that represents a vertex in mesh M,.
o treeldx: index of trees in the hierarchy.
struct hierarchy_tree treeListNUM_MO_VERTICES];

s treeList: a list of trees which compose a vertex hierarchy.

struct tree_node {

triangle * neighborFaces;
tree_node * left;

tree_node * right;
tree_node * parent;
vertex_item * vsplitPtr;

float deltaleft;

float deltaRight;

» neighborFaces: a pointer to a list of triangles that indent to the represented vertex.
» left: a pointer to left child tree node

» right: a pointer to right child tree node

+ parent: a pointer to parent tree node

o vsplitPtr: a pointer to a vertex_item in the vertex list

o deltalLeft: the difference in coordinate from the vertex of current node to the vertex of
left child

« deltaRight: the difference in coordinate from the vertex of current node to the vertex
of right child

struct vertex_item {
tree_node * treeNode;

index_type vsindex;

+ treeNode: a pointer to a tree node
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o vsindex: index of the vertex that is represented by the tree node pointed by
treeNode.

struct vertex_list {

vertex_item * headPtr;
vertex_item* activeltem;
size_type numVertices;

» headPtr: a pointer to the first vertex item in the vertex list
s activeltem: a pointer to the most recent split or collapsed tree node

e numVertices: the number of vertices in the vertex list which is equal to the number of
vertices in M.

3.2.2 Primitive List

A primitive list in a simple form is a sequence of active triangles in the order the triangles
are generated. The primitive list contains more triangles when the mesh is refined to higher
LOD. The list is maintained in the current implementation as an array of triangle structures

for fast data access. Each item has the following basic structure:
struct triangle {
index_type vertex[3];
%
o vertex[3]: indices of triangle vertices.

The vertex field represents the indices of triangle vertices. The values are changed only when

the represented vertices are split or collapsed.

3.2.3 Mesh Refinement Operation

The fundamental operations associated with nodes in the hierarchy are EdgeCollapse() and
VertexSplit(). These functions add or remove triangles from the mesh by updating the

primitive list, vertex list and hierarchy trees:
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Procedure VertexSplit

Y

. Obtain active vertex item (A)

2. Obtain the tree node to be split (B) from the active vertex item

3. IF received a vertex split record (C) which spilit v¢' to v and v THEN

4. Allocate memory for left child (B,) and right child (Br) of B

5 Allocate a new vertex item (D) in the vertex list after A

6. ELSE

7. Obtain left child (B,) and right child (Bg) of B, and the vertex item (D) after A
8. ENDIF

9. Store faces indent to vertex vs in B,

10. Store faces indent to vertex vy in Bg

11. Store the difference of vertex coordinates from v' to v in B_

12. Store the difference of vertex coordinates from vs' to v; in Br

13. Set the treeNode field of A to B. and the treeNode field of D to B,

14. Set active vertex item to D

15. Add split new faces in primitive list

16. Update vertex indices of deformed faces in primitive list

17. RETURN an index list of new faces and an index list of deformed faces
Procedure EdgeCollapse

1. Obtain active vertex item (A)

2. Obtain the indices (v) and (vs) of the vertices to be collapsed from A and the previous
vertex item (C) of A

3. Obtain the tree node (Bg) which represents v; from the treeNode field of A

4. Obtain the parent tree node (B) of Br which represents the vertex (vs') to be merged from
Vs and vy)

5. Obtain the tree node (Bg) which represents v from the treeNode field of C
6. Set the treeNode field of C to B

7. Set active vertex item to C

8. Update vertex indices of deformed faces in primitive list

9. RETURN an index list of merged faces and an index list of deformed faces
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As illustrated in Figure 3.6, a CDPM vertex hierarchy maintains two meshes, refined mesh
and loaded mesh. The refined mesh defines a sub vertex hierarchy in which the vertices
represented by leaf nodes are those in the mesh at current resolution. The loaded mesh
defines another sub vertex hierarchy which represents a mesh generated by performing a
sequence of vertex split operation. The vertex split records of the operations have been
subscribed by the client and loaded from the server to the local cache. The hierarchy of the
refined mesh is always a sub vertex hierarchy of the loaded mesh because the mesh may be
refined from high LOD to low LOD. Initially only the header and the coarse mesh are sent
from the server to the client. The number of trees in the hierarchy equals the number of
vertices in Mp. Each tree has one node which represents a vertex in M. At this stage, the two
sub hierarchies overlap (Figure 3.6a). After that, the client subscribes to refinement data
from the server. The amount of data requested is proportional to the accuracy of CD required
by the application. It is calculated by the LOD selection method introduced in section 4.1.
Upon receiving the data, the mesh is refined to a higher LOD. The two sub vertex hierarchies
are extended top-down as shown in Figure 3.6b. When the mesh is refined to lower LOD, the
corresponding nodes in the hierarchy for the refined mesh are folded. Therefore, the space

between the two sub hierarchies is increased (Figure 3.6¢).

refined mesh :_% A

refined mesh .3

loaded mesh fined mesh
padeeimes loaded mesh ~ 3,/
/ N ,’ loaded mesh --)
// \\ II , /
. \ S NN eeaaad
(a) Base mesh (b) Mesh refined to hlgher LOD (c) Mesh refined to lower LOD

Figure 3.6 Dynamic Construction of CDPM Vertex Hierarchy
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3.3 Algorithm for Fast BVH Collision Query

The algorithm to generate a CDPM mesh from a traditional triangle surface mesh was
introduced in section 3.1. In DVEs, CDPM are loaded either from the server upon request or
from a local secondary storage to the client. The coarse meshes M) are loaded into the multi-
resolution data structure introduced in section 3.2. The BVHs for collision query are
constructed upon receiving H and M, of the meshes. Collision queries on the meshes start
from this point. The BVH data structure which is introduced in the following section consists
of two parts, an AB-tree and a primitive index list. Whenever the meshes are refined, the
BVH are updated by refitting the BVs of the affected triangles in tree nodes. The accuracy of
collision queries is increased upon splitting more vertices and updating the BVHs
accordingly. The accuracy is decreased by reversely performing edge collapses on mesh and
updating the BVH. In section 3.3.2, algorithms for fast BVH updating and collision queries
are introduced. Although thé algorithms are demonstrated under CDPM, they can be

extended to accommodate other multi-resolution mesh representations.

3.3.1 Active Bounding Tree Definition
An AB-tree, denoted as 7, is a binary tree augmenting an AABB tree with additional data

structure. An AABB tree is a BVH algorithm introduced in [Ber97] which provides a fast
way to perform exact collision detection between complex models. However, the algorithm
does not apply to multi-resolution meshes. An AABB tree node, x, has four fields: an AABB
which bounds all AABBs of the leaves in the subtree rooted at x, range[x]; a link to the left
child of x, lefi[x]; a link to the right child of x, right[x]; and a label indicating the type of the

node x (leaf or internal), label[x]. The AABB of a leaf bounds a geometric primitive. The
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following property allows the cost of refitting an AABB in an AABB tree to be independent

of the number of nodes in the tree.

Property 1: Let S be a set of primitives. S+ and S- are subsets of S. S+<§, S-S, StUS-
=S, If B+ and B- are the smallest AABBs of S+ and S- respectively, and B is the smallest

AABB enclosing B+ and B-, then B is the smallest AABB of S. (Proved in [Ber97]).

Assume that range[x] is defined as [5, 1], with low(x) = #; (the low endpoint coordinates)

and high(x) = t, (the high endpoint coordinates). Then following property 1, we have

rangd x]=[min(ow(lefi{x]),low(right[x])),max(high(lefi{ x]), high(right[x]))]

An AB-tree augments an AABB tree by a primitive index list, which contains an index of a
triangle face in the full mesh M, and a link to a leaf node which bounds the face. In the
current implementation this list is stored as an array. An element f has a link to a leaf in the
tree, leaf[f] and the index of f is an index of a triangle face. The four fields defined for
AABB tree nodes, internal nodes contain two additional fields, a link to the parent of x,

parent[x]; a status of the node x, status[x] where
status[x] € {active, inactive, deformed} .

Leaves also contain another field, a link to an element in the primitive index list, index[x].

Each leaf is pointed to from exactly one element in the primitive index list (Figure 3.7).

A multi-resolution mesh is refined at runtime. The mesh primitives may be inserted,
removed, or deformed. Their geometry and topology are changed dynamically. Therefore, an
accelerated algorithm is required to recalculate the BVs which bound the changed primitives.

A method is proposed to quickly locate a set of leaves and all of their ancestors in the BVH,
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given that the primitives bounded by the leaves are known. These primitives are obtained
from the output of the procedures VertexSplit and EdgeCollapse, which are introduced in
section 3.2. In an AABB tree, this operation may require searching several paths top-down
due to the possible overlaps between the BVs of the sibling nodes. However, in an AB-tree,
the primitive indices are used as key to the primitive index list so that a leaf which bounds a
primitive can be located in a constant time. The parent field is then used to find all the

ancestors of the leaf in a bottom-up tracing. Compared with an AABB tree, it is clear that an

AB-tree has better performance.

Hybrid tree is proposed in [LMO1] for performing collision detection on deforming bodies.
The hybrid tree can be pre-built and updated during simulation by a combination of top-
down and bottom-up update strategy. Meshes connectivity information is stored in both
internal and leaf nodes cost more memory than our AB-tree. The AABB bounding volume of
node is updated by traversing the shared vertices of the faces in the node. The updating
algorithm bottom-up updates the tree in half the depth of the entire tree. Thus, time cost is
O(n) where n is the number of vertices on the mesh. The analytical result in section 3.3.3

shows that AB-tree has better performance than hybrid tree when the mesh does not refine

drastically.

Figure 3.7 AB-tree Structure
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For CD on multi-resolution meshes, the time to recalculate an affected AABB BV is
guaranteed to be independent of the number of nodes in the tree by property 1. In addition,
the primitives of a refined mesh and their BVs need to be maintained efficiently such that the
complexity of collision queries performed on the BVH is proportional to the mesh
complexity. In other words, when the mesh is refined to be coarser, the collision queries run
faster. The status field works for the second requirement. This is explained in the next

section.

3.3.2 Operations

As discussed in section 3.1.3, only a small number of BVs in the BVH are affected in mesh
refinement per animation frame. To quickly identify these BVs, a bottom—up approach has
been explored. The primitive index list and the parent pointer in tree nodes are designed for
this purpose. Once the nodes are located, the status field is used to identify those affected
BVs. A status of deformed indicates that the BV needs to be recalculated because its
bounded primitive is deformed or is generated during vertex split; inactive indicates that the
BV is temporarily not used for collision query because its bounded primitive has not be
generated or has been removed from the mesh; active indicates that there is no change to the
bounded primitive. Initially only the leaf nodes in the AB-tree whose BVs bound the
primitives in My and their ancestors are set to active. All the other nodes are set to inactive.
The first step to update a BVH is to mark all the affected leaves and their ancestors as
deformed. As a result, the deformed nodes form a subtree of the AB-tree. Then a top-down
traverse is performed on the subtree, the recalculation of BVs is applied to deformed nodes.

Compared to the AABB tree which requires a traversal of the whole tree, our BVH algorithm
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is much faster. Before we describe the detailed operations, we need to introduce some

notations.

Let M, denotes a full mesh, P a CDPM generated from M,, H the header of P, a the number
of primitives in M,, T and T” two AB-trees, x a node in T and T; a subtree of 7. Here F is the
primitive index list of 7 which contains a pointers to leaf nodes while I R, and D are three
sets of indices of the primitives in M. RN D=@. In D=@. INn R=@. Assume a refinement is
to be performed on P. In this case / contains the indices of the primitives to be inserted into
the mesh, R contains the indices of the primitives to be removed from the mesh, and D

contains the indices of primitives to be deformed in the mesh.
The diagram in Figure 3.8 illustrates the state transition of an AB-tree node.
An AB-tree supports the following three operations. Part of the pseudo-code is given.

1. Pre-construct the AB-tree
Procedure: ACTIVE-PRECONSTRUCT

Upon receiving H, T is pre-constructed in a method similar to the one introduced in section
3.1.2.2. T is constructed top-down in binary tree structure by recursively subdividing the
number of primitives a into two sets of equal size and creating a node for each set of the
primitives. The process terminates when the size is equal to 1. For a node representing a
primitive set in size f3, its left subtree contains [4,,7 leaves and its right subtree contains | g/2 |
leaves. It is easy to prove that 7 is an AVL tree. It can be proved further by Theorem 1 that

the tree structure is the same for all meshes that have a primitives. When the tree is
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constructed, the range field is not populated and the status field is initialized to inactive for

all nodes because no mesh primitive data has been received at this point.
2. Update the BVH upon mesh refinement

Procedure: ACTIVE-UPDATE

It calls procedure ACTIVE-MARK to mark the AB-tree T. Then it calls operation ACTIVE-

WALK to recalculate BVs in the marked subtree 7.

Input: T is an AB-Tree. In a mesh refinement, / is a set of indices of the primitives to be
inserted into the mesh, R is a set of indices of the primitives to be removed from the mesh,

and D is a set of indices of primitives to be deformed in the mesh.

ACTIVE-UPDATE (/, R, D, T)
1 T; < ACTIVE-MARK(/, R, D, T)
2 x < rooffTy]

A bounded face in R is
removed in edge collapse
active \’ o inactive
The.bounding volume ] k
A bounded face in D is Is recalculated ( A bounded face in / is

deformed in vertex split

generated in vertex split

A bounded face in D is > .
deformed in edge collapse A bounded face in I is
deformed loaded from My
(.

Figure 3.8 State Transition of an AB-tree node
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3 ACTIVE-WALK(x)

Procedure: ACTIVE-MARK

Upon mesh refinement, this procedure is called to mark the tree 7 bottom-up and generates a
subtree T as shown in Figure 3.9. The logic behind this procedure is that when no one
primitive bounded by a node or by its descendants is in the mesh at the current resolution,
the BVs of the nodes need not be tested in collision queries. Therefore, the nodes are set to
inactive. When a primitive bounded by a node or by its descendants is to be inserted into or
deformed in the mesh at the current resolution, the BVs of the nodes needs to be re-

calculated before a collision query is performed. Therefore, the nodes are set to deformed.

Input: T is an AB-Tree. In a mesh refinement, / is a set of indices of the primitives to be
inserted into the mesh, R is a set of indices of the primitives to be removed from the mesh,

and D is a set of indices of primitives to be deformed in the mesh.

Output: T is a subtree of T which is composed of all nodes in T that are set to inactive or

deformed state.

ACTIVE-MARK(/,R, D, T)

77 W\
A % N
Vv fA
{1) Mesh is refined to high LOD. {2) Mesh is refined to low LOD.

Figure 3.9 BVH Updating. Upon refining the mesh, mark the tree bottom-up and refit
the subtree of deformed nodes in post-order. Active nodes are in white, inactive
nodes are in green, deformed nodes are in red
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1FOReachxinR
2  WHILE x #nil[T]

3 status[x] < inactive

4 IF x = right{parent[x]] THEN

5 IF leffjparentix]] = nil[T] OR status[leftiparent{x]]] = inactive THEN
6 X < parent{x]

7 ELSE

8 x < nil[T]

9 ENDIF

10 ELSE IF rightjparent{x]] = nil[ T] or status[rightijparent{x]]] = inactive THEN
11 X <« parent{x]

12 ELSE

13 X <« nilfT]

14 ENDIF

15 ENDWHILE

16 ENDFOR

17 FOR each xin D and /

18 WHILE x = nil[T]

19 status[x] <« deformed
20 X <— parent{x]

21 ENDWHILE

22 ENDFOR

23 output T

Procedure: ACTIVE-WALK

This procedure post-order traverses the marked subtree Ts. For a node x in 7y, if status[x] is
deformed, ACTIVE-REFIT is called to calculate the BV of x. If status[x] is inactive, the
subtree of T, rooted at x will not to be traversed. This procedure returns an updated BVH in
which the status of a node is either active or inactive. The tree formed by active nodes is a
subtree of T. The BVH collision detection only applies to the active nodes. When the
resolution of the mesh becomes coarser, the number of nodes whose status fields are active is
decreased and the depth of the tree applied to collision query is decreased. Thus the running

time of the collision detection is reduced.
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ACTIVE-WALK(x)
11F x # nil[T] and status[x] = deformed THEN
2 ACTIVE-WALK (leftix])

3 ACTIVE-WALK (right{x])

4 ACTIVE-REFIT(x)

5 ENDIF

Procedure: ACTIVE-REFIT

This procedure calculates the smallest BV of a node x, range[x], which encloses

range|lefi[x]] and range[right[x]], and sets status[x] to active.

3. BVH collision query

This operation is similar to the collision queries method introduced in [Ber97] except that for
each visited pair of nodes, the two BVs are tested for overlap only if the status of the two
nodes are both active. The nodes for which the BVs overlap are then further traversed. When
both nodes are leaves and their primitives intersect, a collision is detected. A procedure

ACTIVE-INTERSECT is performed to query collision between two BVHs T'and 7".

3.3.3 Complexity Analysis

The time cost of procedure ACTIVE-PRECONSTRUCT is O(n), where » in the number of
nodes in an AB-tree. The number of leaves in an AB-tree is a, where a is the number of
primitives in mesh M,. Since an AB-tree is an AVL tree, the time cost becomes O(a). The

space cost is determined by the number of node in the tree. It equals O(a).

The performance of the BVH updating algorithm is governed by the complexity of operation
ACTIVE-UPDATE. The complexity of operation ACTIVE_REFIT(x) is not affected by the

total number of nodes in T but the type of BV. Hence, we consider this procedure costs a
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constant time. The following paragraphs give a proof that ACTIVE-UPDATE takes O(log n)

time in worst-case to update a AB-tree.

Lemma 1

For a binary tree, T,, which has n leaves and the height is O(logn), marking k randomly
chosen leaves and all of their ancestors requires marking O(klogn — klogk +2k) nodes in

worst-case.

Proof

Let the height of T, be H.. If T.’s longest path from root to leaves has 4 nodes, then h<H,+1.
Let b = logok, b is a non-negative integer. T, (k) is the number of marked nodes in T¢. Let S

be a set containing k leaves. S = {/;, I, ..., k}.

In the worst case, marking the 1¥ leaf /; and its ancestors top-down from the root node to /;,
requires marking at most 4 nodes. Marking the 2" leaf I, and its ancestors top-down from the
root node to I, requires marking at most 4-1 nodes. For the 39 and 4™ leaves, this marking
process requires marking at most 4-2 nodes respectively. For the 5% to 8™ leaves, this

marking process requires marking at most /-3 nodes respectively.

By induction, marking k leaves requires marking T.(k) nodes of 7. in the worst case, where
b N
T.(k)<2’h-) 2" xi
i=0

By differentiating a finite geometric series zb: 5 » We get

i=0
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Let x=2, since

Theorem 2

Let 7, be an AB-tree built upon a CDPM mesh P. F is the primitive index list of T,.. , R, and
D are three subsets of indices in ¥, R "D =0, RnI =@, and In D =@. The procedure
ACTIVE-UPDATE (I, R, D, T,) takes O(k (log n — log k + 2)) time where » is the number of
leaves in 7}, k is the number of primitives to be deformed in, removed from, or inserted into

P at an instant resolution. Furthermore, if & is set to be in a range [1, K], where K is a

(ix,) =(xbﬂ _11] |

log,

b k
Y@ xiy= Y 2" xi=k(log, k-1)+1
i=0 i=0

log, k

T.(k)<k(log, n+1)— D> 2" xi

i=0
T.(k)<k(log,n—log, k+2)-1

T (k)= O(klogn—klogk +2k)

constant and K << n, then the procedure takes O(logr) time.



Proof

We consider the maximum number of calls to ACTIVE-REFIT as the worst-case running
time of ACTIVE-UPDATE. The main idea of this proof is to find out the maximum number

of nodes whose field status is set to deformed.

Let k; be the size of R, k; be the size of I, and k3 be the size of D, then k = ky + kx + k3. Let
T(n, k) be the running time of ACTIVE-UPDATE(/, R, D, T,). The total number of loops in
ACTIVE-MARK(, R, D, T.) is k. In the second FOR loop of pseudo-code at lines 17-22,
when k;=0, the maximum number of loops is k. Since an AB-tree is an AVL tree and # is the

number of leaves in T, T, is a binary tree and the height of T, is O(logn).

It can be proved by lemma 1 that for an AB-tree 7, the maximum number of operations in

line 19, measured as the running time of ACTIVE_UPDATE (I, R, D, 1), is
T(n,k)=O0(klogn - klogk + 2k)

If k is set to be in a range [1, K], where K is a constant and K<<n, then the call to

ACTIVE_UPDATE(ZR,D,T) takes O(logn) time. O

The procedure ACTIVE_INTERSECT performs collision queries on AB-trees. Its

complexity is given in [GLM96] as:

T,=N, xC,,+N,xC,,

where Ty, is the total cost for a collision query, Npy is the number of BV pair operations, and
Cyy is the cost of a BV pair operation. Here N, is the number of primitive pairs tested for

proximity, and C, is the cost of testing a pair of primitives for collision. Typically, for tight-
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fitting bounding volumes, e.g., OBBs, Ny, and N, are relatively small, whereas Cpy is
relatively high. In contrast, Cs, is low while Nj, and N, may be larger for simple BV types
such as spheres and AABBs. Due to the opposing trends, no single BV yields optimum
performance for collision queries in all situations. In the AB-tree algorithm, 7 is controlled
by adjusting the LODs of CDPM meshes. When a mesh is refined to a lower LOD, both the
number of BV pair-wise overlap tests between actives nodes Njy, and the number of primitive

pair tests N, become smaller. Therefore the cost of collision queries is reduced.

The framework of multi-resolution collision detection for distributed virtual environment

applications is introduced in chapter 4.
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Chapter 4 Collision Detection in Distributed Virtual
Environments

The accuracy of computed collision response is directly dependent on the LOD of meshes to
which the collision detection algorithm is applied. LOD selection (or LOD management) for
real-time rendering of large-scale virtual environment and related perceptual issues have
received a lot of attention. It deals with assigning LODs to objects based on a series of
criteria. Funkhouser and Sequin proposed some criteria, such as semantics, focus, motion,
and hysteresis, to calculate the visual importance of objects [F$93]. Reddy uses distance and
projected screen space to manage LODs [Red01]. Brown et al. introduced an attention model
for LOD selection [BCP03]. Gaze direction is another criterion to LOD management
[LHNOO]. O’Sullivan and Dingliana investigated different factors that affect collision
perception, including eccentricity, separation, distracters, causality, and accuracy of collision
response [ODO01]. A higher LOD results in more perceivable consistency in physics
simulation. A lower LOD brings in more inconsistency. For example, one of the possible
consequences of reducing the accuracy of CD is that objects bounce off each other at a

distance, leaving a perceivable gap. Therefore, maintaining the level of collision detection

view volume

LODO

Figure 4.1 Mapping Distance to LOD
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detail as close to the LOD for rendering as possible can generate a visually more realistic
simulation. In a distributed environment, object models are stored in database servers

remotely. The CDPM allows a server to progressively transmit models at LODs required by

a client.

4.1 LOD Selection

4.1.1 Selection Criteria

The LOD of an object model required by a client at a particular moment is determined by

several factors that are observed to highly affect the realism of simulation.

The first factor, application context function, is determined per application context. The idea
is to classify all objects in the virtual scene by their context (a measure of importance) and
assign higher LODs to more important models. For example, in a virtual museum, items on
display have the highest LOD, while static background scenes, such as walls and ceiling,

have the lowest LOD.

The second factor is viewing distance function which is based on the perceptual capacity of
the human visional system. It seeks to give a model a low LOD as it moves away from the

viewpoint and give a high LOD as it moves toward the viewpoint (Figure 4.1).

The third factor, movement velocity, is based on the following observations. Objects that are
moving quickly across the screen appear blurred and can be seen for only a short amount of
time. A viewer may not be able to see them clearly. Therefore, lower LODs are allocated to

fast moving objects and higher LODs are allocated to static and slow moving objects.
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The cost of transmitting models in a distributed environment and the usage of network
bandwidth are directly affected by the LOD selection algorithm at the client. Overestimating
the required LODs increases the overhead of data transmission and decreases the frame rate
at the client, underestimating the required LODs brings inconsistency in the simulation. In
our LOD selection method, the lowest LODs are used in initialization. In each frame, the
LODs of the objects are dynamically adjusted upon the changes of the factors. First, the
application context is used to determine the LOD requirement at the client. Second, if the
time allocated to the collision detection in the current frame is not exhausted, the LODs of all
objects are increased. Otherwise, the LODs of all objects are decreased. The increasing and
decreasing steps are calculated by the viewing distance and movement velocity. Finally, if
the LOD of an object is increased, the client subscribes to more mesh refinement data from
the server. Upon receiving the data, the client refines the models to a higher resolution. If the
LOD of an object is decreased, the model is refined to lower resolution. In this way, the

accuracy of the collision detection is maximized in an interactive application.

4.1.2 LOD Selection Model

It is expensive to determine the LOD of every object in the environment based on these
continuously changing factors. In order to simplify the selection of LODs, we propose an
LOD selection model to map these factors to a series of discrete LODs. The model is
proposed based on the abovementioned observation in the form of a heuristic. The aim is to
find the appropriate LODs for all objects in a scene that produces the most realistic collision

simulation within a target animation frame. The model is formulated as follows.
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In a virtual environment, the estimated available time T for collision detection per frame can

be expressed as

T=T,+T, +TQ +T,0p

where Ty is the time for mesh refinement, T is the time for BVH updating, T} is the time for
collision queries, and Tyop is the time for LOD selection. T is proportional to the number of
vertex split (or edge collapse) operations needed to refine a mesh from one LOD to another.
When LODs do not change drastically between neighboring frames, Tx is roughly a small
constant and T3 is in the order of the logarithm of the size of the full meshes which is proved
by theorem 2. T is determined by not only mesh resolution but also collision configurations.
T may be set to either fixed or variable depending on the stability of the costs of other tasks
in an animation frame. The LOD for each object has to be selected during T70p. The LOD

selection model calculates LODs in linear time to the number of objects in the scene.

An object is defined as O (@, 3 3, LODI, LOD2), where « is its current viewing distance,
is its application context, y is the length of 2D projection of its motion path in previous
frames, LODI is the LOD of previous frame, and LOD?2 is the LOD of current frame. In
preprocessing, each object is classified by its application context into three categories: most
important (Q1), where =1, less important (Q2), where /=2, and not important (Q3), where
f=3. In each frame, the measured time for CD 7" in previous frame is compared with 7. The

result falls into one of the following three cases.
1. IT-T<-t

2. T-T>0
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3. T’-T<0and T- T> -t, where ¢ is a threshold parameter

In case 1, the LODs for the current frame are to be increased exponentially. In case 2, the

LODs are to be reduced exponentially. In case 3, the LODs remain unchanged. We deal with

the first two cases differently. Let (0, D) be the visible range, ¥ be the diagonal length of

screen space, and ALOD be the number of vertex split for case 1 and edge collapse

operations for case 2. In our implementation, ALOD equals the total number of the

operations of a model divided by 50 and ¢ equals 10% of T. A smaller ALOD means that

visually the accuracy of the CD process changes more smoothly. In case 1,

LOD2=LOD1+ALODx f(a,y)x g, j,B).

In case 2, the time cost for CD needs to be reduced quickly in order to guarantee an

interactive rate. Therefore, we simplify the calculation of LODs and accelerate the reduction

of LODs in comparison with case 1.

LOD2 = LOD1+ALODx g(i, j, ).

D-co W—y)
D’ W
g(i,j,ﬂ)=771><g1(i,j,,3)+772ng(i,j)

Jf (e, y) = min(

where 71+7,=1. In case 1, =1 and 77,=0. In case 2, 71=0 and 7,=1.

o 2i_jnﬁ,i—' ] Z ,i = 1,293’-.-, n, and = 172)3""’}1
gl(la.l3ﬂ)= 0 . - j ﬂ ] j

2 =] < ﬂ,l = 132,33"'9’13 and.] = 1’2’3""’"
227, 2 2i+ Li=123,..,n,and j=123,..n

i, j)=
&) {20,2j<i+l,i=1,2,3,...,n,andj=1,2,3,...,n
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where i is the index of current frame, # is the total number of frames, and j is the index of the
closest previous frame of i with a condition that in j+1 frame, the case is changed from 1 or 3

to 2, or from 2 or 3 to 1. Function g(i, j, A which is a factor of ALOD is illustrated in Figure

4.2 in which j is 5.

In order to maintain the time cost of collision queries in a frame to be below a threshold, the
resolution for each model has to be changed dynamically. In system initialization phase, each
model is refined to the coarsest resolution. Then, if the computational resources are
available, each model is refined to higher resolution by following the LOD selection method
introduced in this section. In such a way the gap between the LOD for rendering and the

LOD for collision detection is reduced.

4.2 Multi-resolution Collision Detection Framework

The proposed multi-resolution CD approach mainly addresses the issues of interactive
collision detection in distributed and complex virtual environments. To meet the requirement

of streaming object models over low bandwidth networks at runtime the new approach must

—e— Objects in Q1, 2=1 -~ Objects in Q2, f2=2
. Objects in Q3, f2=3

Figure 4.2 lllustration of Function g(i .5
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be able to create a new multi-resolution CDPM mesh representation for transmission, and a
vertex hierarchy for mesh refinement at runtime, and a new BVH algorithm, along with a
new BVH algorithm based on the AB-tree. In a DVE, multi-resolution models are stored in
database servers. The servers are allowed to transmit the models at resolutions on-demand
for exact collision detection at the clients. This could save network bandwidth from
transmitting extra details for those objects that are out of the end users’ view volume, or that
rarely collide with other objects since in these cases highly accurate collision detection is not
necessary. In addition, clients may run on computers that have different computing
capabilities and memory spaces. More powerful clients can obtain more detailed models
from servers and gain more accuracy in physics simulations, instead of achieving uniformly
low accuracy for CD on all clients for the purpose of maintaining an interactive rate at the
least powerful client. Due to transmission delay, the geometric data are received at the
clients in a progressive manner. Utilizing the proposed algorithms and data structures, the
accuracy of collision detection performed at a client increases smoothly when more and

more data are received.

A multi-resolution collision detection system is composed of two parts: a server subsystem

Client Subsystem

Cache Agent

- Collision
Response Agent |
.| LOD Selection

Figure 4.3 Architecture of Multi-resolution Collision Detection
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and client subsystem as shown in Figure 4.3. The client subsystem is responsible for LOD
selection of models, subscription of mesh data from the server, management of data
transmission between client and server, mesh refinement, and collision detection. The server
subsystem is responsible for handling the subscriptions from the clients, loading mesh data
and progressively transmitting the data. A protocol for CDPM subscription between client
and server is illustrated in Figure 4.4. The multi-resolution collision detection approach has

two phases, the preprocessing phase and the runtime phase.

Preprocessing Phase

1. Client subscribes models in CDPM representation from server
2. Client loads received mesh models to vertex hierarchy
3. Client constructs AB-tree BVHs of the models
Runtime Phase

For each animation frame

1. Select LOD for each model

2. Subscribe mesh refinement data from the server

3. Mesh refinement and BVH updating

4. Broad phase collision detection

5. Narrow phase pair-wise collision query

6. Rigid body animation

In the preprocessing phase, the volume of transmitted mesh data is relatively small compared
to that of the entire meshes. The BVH structures are encoded in the CDPMs. Therefore, the
cost of the first phase is negligible. In the runtime phase, the time left per frame on collision
detection is estimated as determined by the application’s performance goals and the set of
operations performed during the frame. Initially BVHs are built on the coarsest meshes.
Then some meshes are selectively refined globally to lower or higher resolution, based on

the available time and memory, and the configuration of the objects relative to others in a
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scene. Then, the BVHs of the models are updated. Finally, broad phase and narrow phase

pair-wise collision detection are performed on the models. The experimental results

introduced in the following section demonstrate significant performance improvement over

existing algorithms for static LOD meshes in distributed environments.

4.3

Implementation and Experimental Results

In this section, we describe our implementation in a distributed environment setting and

demonstrate rigid body dynamic simulation results.

Table 4.1 Parameter Settings for Models

Models | #faces in #vertices in | #faces in | #vertices in | #vertex AB-tree
M, M, (Original | Mp(Base | My(Base split height
(Original Mesh) Mesh) Mesh) records
Mesh)
Sphere | 496 2050 50 27 2023 12
Cow 5804 2904 704 355 2549 12
Bunny | 37576 20000 500 1406 18594 16
Dragon | 50760 25418 500 258 25160 16
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4.3.1 System Implementation

A variety of models have been processed with this CD approach. Some of them are listed in
Table 4.1. We have demonstrated the approach in a local area network which provides
100MB bandwidth connection. A prototype application runs on a Pentium4 2.8GHz
processor PCs with 510MB of RAM and Windows XP OS. The real-time graphic rendering
is achieved with NVIDIA® GeForce™ FX5200 Graphics Cards. The physics simulation was
implemented in C++ and the OpenGL library was used for graphics rendering. In our
performance study, we focused on analyzing the complexity of updating BVHs, measuring
the cost of mesh refinement in terms of network delay and CPU time, and measuring the
CPU time of collision queries on the BVHs in various mesh resolutions. The following

section provides the analysis of the experimental results from different perspectives.

4.3.2 Runtime Performance

We have successfully applied our approach to interference detection on the benchmark
models given in section 4.3.1. Screen shots of the demonstrations are shown in Figure 4.5

and Figure 4.6 and experimental results are given in Figure 4.7 and Figure 4.8.

The performance of collision detection is determined by the complexity of the geometric
models and the granularity of the continuously refined LODs. We have performed a
measurement in CPU time of the collision detection task on both the static LOD meshes and
the CDPMs at the same resolution. We do not observe a performance loss on the CDPMs,
which require a complex data structure in comparison with a simple data structure used by
the static LOD. On the other hand, when the resolution of a CDPM decreases, the

performance of the CDPM interference detection is improved significantly. When a CDPM
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gets coarser, the number of pair wise BV interference detections and the number of pair wise
primitive interference detections are decreased. Therefore, the running time is decreased. We
have also performed a complexity analysis on the dynamic BVH refitting algorithm
described in section 3.2 and compared the theoretical result with experimental results. Figure
4.7 shows a comparison between the time cost given in theorem 2 and the CPU time of the
BVH updating algorithm upon refining the meshes at different granularity. The measured
CPU time increases in proportional to the analytical results when £, the number of leaves to
be marked in the BVH increases. The only exceptions are the cases when £ is very close to n.
Typically k is set to be a constant that is much smaller than n. Therefore we believe that
there is strong agreement between the theoretical and experimental results. Furthermore, we
observe that when £ is smaller than 10% of the total number of faces in the original mesh, the
updating operation requires less than 15% of the query time. In some computer simulation
and animation applications, the context of the models does not change very often and the
movement configuration of the models does not change swiftly. The granularity of the
continuously refined LODs is not too large relative to the number of faces in a mesh, which
means k is relatively small. Therefore, the proposed collision detection approach performs
quickly and robustly in these applications. In comparison to existing time-critical approaches
for static LODs, the new approach has the following advantages. (1) Physically more
accurate simulations are generated because collision response calculation is on instantaneous
impulse mesh models rather than BVs of the mesh primitives; (2) The computational cost is
substantially reduced because partially refitting the BVH when the LODs of objects do not
change drastically has a logarithmic worst-case complexity; (3) Since the BVHs are

dynamically refitted according to the adaptively changed LOD, perceptual inconsistency is
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successfully removed. In addition, the approach can handle non-manifold triangle meshes in

an arbitrary topology.

In a distributed environment, the time for collision detection can be expressed as
T=T,+T;+1,

where T represents the network round trip delay which is assumed to be a constant, T
represents the time to receive mesh refinement data, refine the mesh and update its BVH, and
Ty represents the time for collision queries. Assume that the collision query frame rate is
fixed and the available network bandwidth is measured by the number of vertex split records
received per frame. T increases in proportion to the volume of transmitted data per frame.
Figure 4.8 (a) and (b) show the time for 5. We can see that T}, the time it takes for mesh
refinement and BVH updating increases in a linear relation to the mesh data received at the
client. The time it takes to transmit a mesh model in the lowest LOD through networks of
various bandwidths is almost the same due to the small data volume. When the required
LOD increases, the value of Tz becomes relatively low in high bandwidth networks. The
time taken to refine the mesh to the highest LOD and update the BVH in a low bandwidth
network is 1.5 times that of the high bandwidth network, as shown in Figure 4.8 (a). This
ratio becomes 3 in Figure 4.8 (b). Hence, the time cost for Tp does not increase in a ratio
greater than a relatively small constant. In terms of Tp, we find that the time for collision
queries in a low bandwidth network is 10% more than the time cost in a high bandwidth
network, and the difference approximates zero when the highest LOD is reached as shown in
Figure 4.8 (c) and (b). This relatively small difference in Ty is caused by the loosely fitted

BVHs generated during mesh refinement. However, since the BVH structures encoded in
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CDPM meshes are based on a tightly fitted BVH of the finest mesh, the difference in Tp will

converges to zero when the highest LOD is reached.

In conclusion, the performance of the proposed multi-resolution collision detection is
slightly affected by the network bandwidth. However, the initial waiting time at a client is
significantly reduced. We propose to segment one heavy computing task into many subtasks.
The subtasks in the client are performed in parallel with the data transmission tasks over the
network. As more and more mesh data are received, the accuracy of the collision detection is
increased accordingly. From an end users’ point of view, they can start running a virtual
environment without waiting for a complex environment to be received. A realistic physics

simulation is smoothly achieved in a few seconds.
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Figure 4.5 LOD Selection and Mesh Refinement for Cow Model. From (a) to (¢}, the cow model is
refined from low LOD (704 faces, 355 vertices) to high LOD (5804 faces, 2904 vertices).
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Chapter 5 Locally Refined Collision Detection

Locally refined collision detection is a new approach that is applied to large scale models,
such as terrain models, where the collision typically occurs in a small area of the entire mesh
surface. The main idea of the new approach is to perform collision queries only in those
areas of the meshes where collisions are most likely to happen. In a flight simulation, for
instance, as an aircraft flies over a terrain mesh the regions near the aircraft which are at high
risk of collision would be selected for a collision query. The major benefit of this approach is
that the mesh geometry of the other regions may not be required by the CD algorithm.
Therefore for models with millions of polygons only a small portion of the data needs to be
loaded from server to client. This can significantly reduce network traffic, offload the work
load of the server, and accelerate simulation at the client. In addition, the accuracy of CD can
be increased if the mesh in the selected regions is refined to a higher resolution. When
relative position and orientation among objects changes, the selected regions are changed
dynamically. The un-selected regions only need to be refined to the coarsest resolution.
Thus, when refinement data can not be received by the client in time, CD is still supported,
although at low accuracy. The AB-tree algorithm introduced in chapter 3 is used for collision
query. A new space partitioned mesh representation (SPM) is presented in this chapter to
fulfill the requirement of local mesh refinement. The complexity of a collision query on
triangle meshes in the highest accuracy is affected mainly by two factors as introduced in
section 2.4.3.2: Np, and Cjy. Npy is the number of BV overlap tests and Cy, is the cost of a
BV overlap test. For AABB BVs, the cost of Cs, is constant. For simple BV types such as

AABB and sphere, one primitive can be bounded by more than one BV and one BV can be
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bounded by other BVs besides the BV in its parent node. Thus redundant BV overlap tests
occur among these overlapped BVs. In my experience, Npy is determined by not only the
height of the BVH tree, but also the number of nodes in the tree. The simpler the BVH tree
is, the fewer the redundant BV overlap tests that occur. For an AB-tree, Ny is determined by
not only the height of the active subtree but also the number of nodes inside the tree. If a
collision occurs on the predicted contact area, the depth of the tree a collision query searches
down equals the height of the active subtree. Since the mesh is locally refined, the number of
active primitives on the mesh is very small relative to the total number of primitives of the
entire model. Thus, the number of active leaves in the tree is small and the number of
redundant BV overlap tests is small. In other words, the data volume of the predicted contact
regions on the meshes affects the complexity of a collision query instead of the data volume

of the entire meshes.

H-Collide is a framework for fast and accurate collision detection for haptic interaction. It’s
modeling method for complex models is similar to the Space Partitioned Mesh introduced in
this chapter. A polygonal mesh is decomposed to uniform grids to efficiently deal with large
storage requirements. An OBB tree is pre-computed for the polygons of each grid. The OBB
BVH algorithm is used for collision query. The overlap test between the path swept out by
the probe tip and an OBB is relatively simple. The performance of an implemented H-
Collide system shows that the collision detection algorithm is 2 to 20 times faster than earlier
algorithm. However, this approach does not take the limitations of cache memory space into
consideration. Thus it does not apply to system in which the entire mesh data is not available

in local storage but at a remote site.
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One problem with the proposed multi-resolution collision detection is that in the approach
described in Chapter 3 the collision queries only apply to globally refined meshes. The
resolutions of the meshes cannot be adjusted locally in specified regions on the surface
model. The complexity of a BVH collision query algorithm is mainly determined by the
number of BV overlap tests while the accuracy of a collision detection algorithm is
determined by the resolution of the meshes at contact location. The proposed CDPMs are
globally simplified from traditional triangle meshes using the QEM algorithm. They are
refined from coarse to fine in a uniform fashion. For such meshes the complexity of collision
detection in the highest accuracy is proportional to the size of the entire meshes.

The proposed local refinement collision detection is an extension of the multi-resolution CD
approach which supports CD on locally refined meshes. At the server, vertex split records
for local refinement on the client subscribed areas on the mesh are collected and sent to the
client. At the client, only those parts of the mesh that are most likely to collide with other
objects are refined to full resolution at runtime. This means that the input size of the collision
detection process does not changed significantly when the meshes are locally refined. When
a comparable accuracy is achieved on the same large model, the locally refined collision

detection approach runs faster than the global approach.

Locally refined collision detection approach is composed of five tasks:

1. Define the conditions to legally perform local refinement and prove their correctness;
2. Extend the CDPM representation to support local refinement;

3. Create a method to determine the collision detection regions;

4, Create a BVH collision query algorithm for multi-resolution models;
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5. Define a “local refinement on demand” protocol between client and server.

Before discussing the design and implementation issues of these five tasks and how they are

fitted into the DVE framework, some notations are given in the first section of this chapter.

5.1 Notation

M, is an arbitrary mesh. M, is the base mesh of M,. H is the header of a SPM.

{VSP,, ..., VSP,} is a sequence of vertex split operations, denoted as go, which i <n and >1.
VSP; represents the ith vertex split operation in the sequence. VSP™ represents a set of vertex
split operations.

g is a subsequence of vertex split operations go. g starts with VSP,.

G is a set of all such sequences. g € G.

Mj is a set of all meshes refined from M, by applying a subsequence g in G.

(H, My, {VSP,, ..., VSP,}) is a SPM representation of M,.

VSP(i, Vs, Vi, Vi fi fr. 0, fu1, o2, Ju3 ) Tepresents a parameterized VSP;

S is a set of all subsequences of legal vertex splits that starts from VSP;.

M, is a refined mesh obtained by applying to the base mesh My a subsequence in S.

s is an element in S. G is a subset of S. s € Sand G < S.

M is a set of all meshes refined from M, by applying a subsequence s of VSP operations.
Mg is a subset of Ms. Mg is called the set of globally refined meshes because the VSP
operations are performed in the reverse order of edge collapse operations in the mesh
simplification process. The meshes are simplified in such a process uniformly so that the

primary features of the models are reserved even after significant simplification.
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Figure 5.1 Vertex Split Configurations
Let M, be a subset of Ms. M, < M. Each mesh in M; is produced from M, by applying a
sequence of legal VSP operations. These sequences form a subset L of S. L € S. Meshes in

M are called locally refined meshes. A VSP is legal if the current mesh satisfies some

conditions which will be introduced shortly.

|Vo| represents the number of vertices in Mj. |V,| represents the number of vertices in M,. V'is
the set of indices of all vertices appear in the vertex split sequence go. The size of ¥, denoted

as |V}, is approximately twice that of | V;|. |V] = V| + 2n.
F is the set of indices of faces in a refined mesh. It is always a subset of the set of faces, F,,

in M,

5.2 Legal Vertex Split Operations

The idea of local mesh refinement was initially used to accelerate graphics rendering of large
scale complex models by selectively refining meshes depending on viewing parameters. The
proposed methods are called view-dependent refinement in general. Some earlier methods
are used for height fields and parametric surfaces. The methods supporting efficient view-

dependent LOD are based on hierarchical representations such as grid quadtrees [LKR+96,
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TB94], quaternary triangular subdivisions [LDW97], and more general triangulation
hierarchies [CPS95, DMP96, Sca90]. Because the view-dependent meshes created by these
schemes have constrained connectivity, and therefore require more polygons for a given
accuracy than so-called triangulated irregular networks (TIN’s). View-dependent
tessellation of parametric surfaces such as NURBS requires fairly involved algorithms to
deal with parameter step sizes, trimming curves, and stitching of adjacent patches [AS94,
KML95, RHD89]. The view-dependent progressive mesh proposed by Hoppe [Hop97] is an
advanced method for local mesh refinement on arbitrary triangle manifold surface models.
The absence of a rigid subdivision structure on the models allows more accurate
approximations of object shapes than with existing schemes. He not only proposed a
refinement algorithm for the progressive mesh, but also defined legal vertex split and legal
edge collapse operations. Unfortunately, he didn’t provide analytical proof of the correctness
of the refinement algorithm. In this work, the conditions for legal vertex split and legal edge
collapse proposed in [Hop97] are used in the proposed SPM refinement algorithm and the

correctness of the algorithm is proved.

In the CDPM representation, an arbitrary triangle mesh A, is simplified through a sequence
of n edge collapse operations (ECOLS) to yield a much simpler base mesh M (see Figure
1.5).

M,-> ... M;>..->M > M

Because each ECOL has an inverse, called a vertex split operation (VSP), the process can be
reversed as:

My>M =>..->M;>... > M,
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Figure 5.2 lllustration of a Base Mesh Mg, a Full Mesh M,, and a
Globally Refined Mesh M,,_, for CDPM

Each VSP, parameterized as VSP(, v,, v, fi, f2) modifies the mesh by introducing one new
vertex v, and two new faces f7 and f; (Figure 3.3). The resulting sequence of meshes M, ...,
M, is effective for global LOD control. To create localized LOD approximations, the CDPM
representation has to be redefined because the information provided in each VSP record is
not enough to refine the meshes to manifold mesh surfaces. The corresponding global mesh
refinement algorithm for CDPM which is introduced in section 3.2.3 dose not work for local

mesh refinement.

5.2.1 Define Vertex Split and Edge Collapse
The new definitions of VSP and ECOL are illustrated in Figure 5.1. Note that their effects on
refined meshes are the same as CDPM VSP and ECOL operations but parameterized

differently.

VSP(, Vs, Vi, Vi [ [ foo, ful, foz, fn3) is a parameterized VSP; A VSP transformation replaces
the parent vertex v; by two children vertices v, and v,. Two new faces f; and f; are created
between the two pairs of neighboring faces (fuo, fn1) and (fa2, fn3) adjacent to v;. To support

manifold meshes with boundaries, there is at least one face and at most four faces in the set.
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For manifold meshes without boundary, there are exactly four faces in the set. A vertex or a

face is active if it exists in the locally refined mesh M;. Since a ECOL,; is the reverse of VSP,,

it can be parameterized similarly as ECOL(Z, vy, Vi, Vi fi, fr, fuo, Jus, Sz, J3)-

5.2.2 Vertex Hierarchy

The parent-child relation on vertices established during refining the mesh from M, to M, in
the vertex split sequence gy forms a vertex forest as illustrated in Figure 5.3. The vertices of
a locally refined mesh and all their ancestors correspond to a set of subtrees of the trees in
the hierarchy. The leaf nodes of the subtrees form a “refined front”. This hierarchy is
different from the vertex hierarchy introduced in section 3.2.3 in two aspects. See Figure 5.2
and Figure 5.3. First, an old vertex v is split to two new vertices v; and v, for SPM instead of
splitting v; to two vertices, one is a new vertex v, the other is the old vertex itself v, for
CDPM. This difference contributes to the independence of each VSP in the SPM VSPs
sequence. Second, the hierarchies for CDPM and for SPM are both constructed when M, is
loaded. The root node of each tree inside the hierarchies represents a vertex in Mp. As more
and more VSPs are loaded and performed, the trees in the hierarchies are grown. Whenever a
VSP is performed, the hierarchy for CDPM generates two new nodes. Since the order VSPs
are to be performed is uniquely defined by go, the hierarchy has only n different structures,
where n equals the size of set G. A CDPM mesh can be refined to n LODs. However, for a
SPM the sequences VSPs are loaded are not unique. Each sequence s is an element of set L,
where I is defined as a set of all subsequences of legal vertex splits andG < L. The
hierarchy has |L| number of different structures which is no less than ». and the SPM can be
refined to |L| different LODs. |L| is determined by the legal VSP conditions and the actual

topology of the meshes.
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Figure 5.3 lllustration of a Base Mesh My, a Full Mesh M, and a Locally Refined Mesh M;
for SPM. M; is generated by a sequence of VSPs in a selected order.

Let a locally refined mesh M; be defined as a mesh obtained by applying to Mo a
subsequence s of VSPs where s S . If s is an arbitrary subsequence of VSPs which has
some illegal VSPs, then M; may not correspond to a well-defined mesh. If VSPs in s are all
legal, then the refined mesh must be well-defined. Some legal conditions are defined in the
following section. These conditions are analogous to the vertex or face dependencies found
in the hierarchical representations in [DMP96, LKR+96, XV96]. To support selected local
refinement, it is necessary to consider not only vertex split, but also edge collapse. It is
necessary to perform these operations in an order possibly different from that in the sequence
go. A major concern is that a locally refined mesh obtained by performing a sequence of
VSPs and ECOLs should be unique, regardless of the order the refinement operations that

lead to it. Particularly, it should be a mesh in M;.

5.2.3 Legal Vertex Split and Edge Collapse Conditions
The legal conditions have to be defined to fulfill two requirements. First, a legal VSP or a
legal ECOL does not refine a mesh from manifold to non-manifold topology. This

requirement is proved in theorem 3. Second, a mesh M; is refined to a unique mesh M; in
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terms of geometry and topology no matter in which orders a set of legal VSPs and ECOLs
are performed. This requirement is proved in theorem 4. It guarantees that a mesh Mo is
always refined to a mesh M; no matter which areas of the mesh are refined first.

A vertex split operation, VSP; or VSP(, Vs, Vi, Vu, fi, /. Juo, fa1, Juz, fu3) is legal if

(1) vs is a vertex on the current mesh, and

(2) The faces in the set {fu, fus, fu2 fn3} are on the current mesh.

A edge collapse operation, ECOL; or ECOL(, vs, Vi Vu fi S5, fao, Jul, Jnz, fn3), Which is the
reverse of VSP;is legal if

(1) v and v, are vertices on the current mesh, and

(2) Faces f,o and f,; are adjacent to f;, and f;; and f,; are adjacent to £ in the configuration
illustrated in Figure 5.1.

These conditions were first introduced in [Hop97].

Since a legal ECOL; is the reverse of a legal VSP;, if ECOL,; that performed after a sequence
of VSPs s is legal and VSP; is in s, then the mesh generated after ECOL; is the same as the

mesh generated by the same sequence s without VSP;.

5.3 Space Partition Mesh (SPM) Modeling

This section introduces the SPM representation and an algorithm used to generate SPMs.

5.3.1 SPM Representation

The SPM representation is an extension of the CDPM representation that supports local

refinement. An SPM is composed of three parts (see Figure 5.4).
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SPM representation

Header : Base mesh : {VSP, ...VSPi ... VSP}

Header

# vertex

# face

# vsplits

Index list of space partitioned regions { cell; ... cell,}

Base mesh

vertex list {vq, ...vc}
face index list {f1,v11,V12,V13, friear }... {fa, Va1, Va2, Va3, fatear }

VSPi

i. Vs, Vu, Vi, {dxw dyuy dZU}! {d)m dyh dz(}y
voly,n_voly, voly, n_voly,

_VSD,
|f, I_leaf_idx, fo, Vo, Vso, [f1, Vi, Vs1],
[rf, r_Ieaf_idx], [fz, Vz,Vszl, [fs,Vs,Vssl

Figure 5.4 lllustration of SPM Representation

5.3.1.1 SPM Header

The SPM header, which is similar to the header of CDPM, contains mesh configuration
information. The information helps receivers (or clients) to efficiently allocate memory and
construct BVHs before the entire mesh is received. It also contains an index list of space
partitioned regions {cell; ... cell,}.

Space Partitioned Regions of the Mesh

In order to do local mesh refinement, an AABB BV is calculated for the original mesh. Then
the BV is evenly space partitioned to 3D grids as illustrated in Figure 5.5. Each grid is

indexed based on the coordinates of the partitioning planes along the axes of the BV. The set
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of mesh primitives bounded by a grid is called a region. Since some grids in the BV may not
be occupied by any primitive, no collision will occurs in those spaces. The collision
prediction method introduced in section 5.6.2 predicts collision regions on the mesh in the
current frame based on the grids in which collisions occur during previous frames. If a
region bounded by a grid is predicted to collide with other objects, then the region is
required to be refined to the highest resolution. An index list of space partitioned regions is
used to collect all VSPs that split one old vertex to two new vertices in the specified region
of full mesh M,. The new vertices are represented by leaf nodes in the vertex hierarchy. In
the index list {celll, ...cell, ..., cell,}, cell; represents the region on M, that is bounded by
the grid with index i. For a model that is partitioned to DxDxD grids, w equals D’. As
illustrated in Figure 5.6, each element of the index list cell; links to a VSP; in go which split
one vertex v; to two new vertices v; and v,. Here VSP; has two other fields vol; and vol,.
Each represents a region that the new vertices are located. Also n_vol; and n_vol, each links
to a VSP in g that has the same value in the field vol; or volz. As a result, cell; links to a list

of VSP records. n_vol; and n_vol, are used to link all VSP records in the sequence go which

‘ /{8x8x8}

DN e w—a. &

{1}

I %

Figure 5.5 lllustration of Space Partitioning a Polygonal Model into 8x8x8 3D Grids
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have the same vol; and vol, respectively.

The index list helps the server to collect VSP records that are used by the client to locally
refine selected regions on the current mesh. The pseudo code of an algorithm to generate the
index list is as follows. It runs on the vertex hierarchy data structure introduced in section
5.2.2. The hierarchy is constructed from the sequence of vertex split operations go, which is
generated by the QEM mesh simplification algorithm upon the manifold mesh.

Procedure MeshPartition

1. Construct a vertex hierarchy for mesh refinement from vertex split sequence {VSPy, ..., VSP,}

2. Refine mesh to full resolution

3. Partition the bounding box of the mesh model into D x D x D 3D grids of equal size

3. Initialize each element of the index list of partitioned regions cell[x] to 0, where x is from 1 to w.

4. WHILE mesh is not refined to base mesh

5 Perform an edge collapse operation ECOL{i, vs, V., v} on the vertex hierarchy in the reverse
order of the vertex split sequence

6. Locate the region of Mn where v, is contained and set the field vol, of VSP; to the index of the
region

7. Locate the region of Mn where v; is contained and set the field vol, of VSP; to the index of the
region

8. ENDWHILE

9. FOR each node in the hierarchy corresponding to a VSP; in the reverse order of sequence {VSP4,
.er, VSPR}

10. SET n_vol, to cellfvoly]

11.  SET celljvol, ] to j

12.  SET n_vol, to cell[vol,]

13. SETcelllvol;] toj

14. ENDFOR

5.3.1.2 SPM Base Mesh

Each SPM base mesh has the same format as the base mesh of CDPM.

5.3.1.3 SPM VSPs Sequence
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SPM has a sequence of VSPs. For each VSP, the fields i, {dx, dyu dz}, and {dx, dy, dz}
have the same meaning as the fields in CDPM. However, some new information is added
into the VSP.

A vertex split operation, represented as VSP;, splits one vertex v; to two new vertices vy and
v,. vol; is the index of the region containing v,. vol, is the index of the region containing v.
n_vol; links to the next VSP in the sequence {VSP,, ..., VSP,}, the field v, of which is
contained in the same region as v,. n_vol, links to the next VSP in the sequence {VSP; ...,
VSP,}, the field v; of which is contained in the same region as v, If v, is not a vertex on M,
than vol; and n_vol; are set to 0. If v; is not a vertex on M, than vol; and n_vol; are set to 0.
p_vsp is the index of a VSP which split one vertex to two new vertices, one of which is v;.
Here If represents a generated new face and 1_leaf_idx is the code of a AB-tree node. The
BV of the node bounds face If. The method to generate an AB-tree from a mesh is introduced
in section 3.3. Here f; and f; represent the two pair-wised faces. vo and v; represent the
vertices other than the two new split vertices on f; and f; respectively. They are in range [1,
3]. vo and vy are indices of VSPs which generate fo and fi. {[rf, r_leaf idx], [fo, V2, Vs2],
[fs,v3,vs3]} contains the information of the other two pair-wised faces. The fields inside

bracket “[ ]” are optional.

m

T VOIT
JVeViVu
{VSP; ... VSP,} /\: |
{cell; ... cell,} VSP; VSP;
1 vol, vol,

Figure 5.6 Index List of Space Partitioned Regions
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5.3.2 SPM Multi-resolution Data Structure and Algorithm

There are two major tasks for the local refined collision detection at runtime: Mesh
refinement and BVH CD. An AB-tree is used to complete the task of BVH CD. An
introduction to the AB-tree can be found in section 3.3. The functionality and the basic
operation of local SPM refinement have been discussed in section 5.2.2. This section gives a
detailed description of the SPM multi-resolution data structure and the corresponding

refinement algorithm.

5.3.2.1 Client

SPM collision detection is designed for distributed environments. The SPM multi-resolution
data structure at the client is similar to the data structure for CDPM. It is composed of four
parts: vertex hierarchy, vertex list, primitive list, and a sequence of performed VSPs. The
two major differences of vertex hierarchy are discussed in section 5.2.2. The primitive list
and the vertex list are the same for both CDPM and SPM, which are introduced in section
3.2. The sequence of performed VSPs records the order the nodes in the hierarchy are
extended from the root nodes. The two types of mesh refinement operations for SPM, vertex
split and edge collapse, have the same effect on the refined meshes comparing with the
operations for CDPM. They are only different in parameterization. Each node in the
hierarchy represents a vertex. Only the nodes belongs to the “refined front” are expanded or
folded dynamically upon vertex split or edge collapse. The “refined front” and the primitive
list define a mesh at the current resolution. The leaf nodes of the hierarchy form a “loaded
front”. It defined a mesh refined by all loaded VSPs. The basic structure of a vertex
hierarchy is described below (explanations of the individual fields follow):

Vertex Hierarchy
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struct hierarchy_tree{
tree_node * rootPtr;
index_type treeldx;

» rootPtr: a pointer to tree root node that represents a vertex in mesh M.
¢ treeldx: index of trees in the hierarchy.

struct hierarchy_tree treeListfNUM_MO_VERTICES];
s treelist: a list of trees which compose a vertex hierarchy.

struct tree_node {

triangle * neighborFaces;
tree_node * left;

tree_node * right;
tree_node * parent;
vertex_item * vsplitPtr;

A tree node represents a vertex split operation which split vs to v, and v..
« neighborFaces: a pointer to a list of triangles that indent to vs.
» left: a pointer to left child tree node
¢ right: a pointer to right child tree node
s parent: a pointer to parent tree node
o vsplitPtr: a pointer to a vertex_item in the vertex list
struct vertex_list {
tree_node * headPtr;
size_type numVertices;

A vertex_list is a list of links to tree node representing VSPs in the sequence {VSP, to
VSP,}

o headPtr: a pointer to the first tree node which represents VSP;.
o numVertices: the number of vertices in the vertex list which is equal to the number of
vertices in M,,.
Sequence of Performed VSPs
The sequence of performed VSPs is designed to record the order the vertices that are

bounded by the refined front are split, and to quickly locate nodes on the refined front to be

folded or unfolded.

116



Primitive List

The primitive list in a simple form is a sequence of active triangles. It has the same structure
as a CDPM.

Vertex List

The vertex list is a list of coordinates of active vertices. It has the same structure as CDPM.
Local Refinement Operations

In the distributed environments, tasks at the client include collision prediction, collision
region VSPs subscription, receiving VSPs data, SPM multi-resolution refinement, and AB-
tree collision queries. The fundamental mesh refinement operations associated with the SPM
multi-resolution data structure are LocalEdgeCollapse() and Local VertexSplit().

Functions LocalVertexSplit is called when the predicted collision regions are different from
current collision regions. It calls function CollectVSplits to collect all VSPs to be refined to
from the index list of partition regions in the received mesh header. Then for each collected
VSP, function VSplitLegal is called to test whether the legal VSP conditions introduced in
section 5.2.3 are satisfied. If the conditions are satisfied, then function VertexSplit is called
to perform the VSP on the multi-resolution data structure by calculating the coordinates of
newly generated vertices, updating the vertex list, adding new faces to the primitive list, and
expanding the node representing the old vertex to two new nodes. Otherwise, if an ECOL
needs to be performed to make the VSP legal, then ECollapseLegal is called to test the legal
conditions of ECOL. If another VSP needs to be performed to the VSP legal, then
VSplitLegal is called again. Function CollectVSplits is a recursive process. Figure 5.7
illustrates how this algorithm works. It terminates when all vertices in the predicted regions

on M, become active. Function LocalEdgeCollapse() is called when the current collision
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VSPi(V5,
V10,v11,f0,f1,f2,f3) is not
legal because fO and f2 are
not pair-wise adjacent.

v1
. v7
VSPI(V5,V10,v11,10 a» v2
,f1,£2,£3) is not legal
because f2 is not
active. v3
v6
/1

Perform Perform ECOLk(v6,v12,v13) to
VSPj(v2,v8,v9)

remove fa

to generate f2

VSPi(V5,V10,v11,f0,f1 f

VSPi(V5,
2,13) is legal

V10,v11,10,f1,12,£3)

is legal
v7
Perform VSPi Perform VSPi

v6'

Figure 5.7 lllustration of Collecting Legal VSPs and ECOLs for Local Refinement. In mesh
A, VSPj is required to be performed to make VSPi legal; In mesh B, ECOLk is required to be
performed to make VSPi legal.

regions are predicted not to collide in the next frame. It calls function CollectECollapse to
collect all ECOLs to be refined from the index list of partition regions in the received mesh
header. CollectECollapse is another recursive process which performs all necessary VSPs
and ECOLs to refine the predicted regions to the lowest LOD. Both LocalVertexSplit and
LocalEdgeCollapse update the BVH for collision queries if the mesh is refined. The pseudo

code of related functions for mesh refinement is give as follows.

Procedure LocalVertexSplit

1. CALL CollectVSplits with regions to be refined to higher resolution

2. Update BVH for collision queries with collected refined primitives

Procedure CollectVSplits

1. FOR each region to be refined

2. Walk through partition regions list inside mesh header and collect all vertex split
records, in which the vertex to be split is in the region.

3. ENDFOR
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4. FOR each collected VSPi
5. CALL VSplitLegal with VSPi
6. ENDFOR

Procedure VSplitLegal (vsp)

1. IF vsp is not a legal vertex split operation THEN

2. Traverse the vertex hierarchy and collect all tree nodes need to be folded or unfolded
before vsp becomes legal.

3. FOR each of the collected node

4 IF need to unfold it THEN

5 CALL VSplitLegal with the vertex split record represented by the node

6. ELSE

7 CALL ECollapseLegal with the vertex split record represented by the node
8 ENDIF

9. ENDFOR

10. ELSE

11. CALL VertexSplit with vsp

12. ENDIF

Procedure VertexSplit (vsp)

1. Calculate the coordinates of split vertices v, and v,

2. Divide the faces indent to v, into two sets. One set of faces indent to v,. Another set of
faces indent to v,.
Update primitive list with new faces
Extend vertex hierarchy node representing vsp to two children and update vertex list.

Procedure LocalEdgeCollapse
1. CALL CollectECollapses with regions to be refined to lower resolution
2. Update BVH for collision queries with collected refined primitives

Procedure CollectECollapses

1. FOR each region to be refined

2. Walk through partition regions list inside mesh header and collect all vertex split
records, in which the vertex to be split is in the region.

3. ENDFOR

4. FOR each collected VSPi

5. CALL ECollapselegal with VSPi
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6. ENDFOR

Procedure ECollapseLegal (vsp)
1. IF the reverse of vsp is not a legal edge collapse operation THEN
2. Traverse the vertex hierarchy and collect all tree nodes need to be folded or unfolded

before the reverse of vsp becomes legal.

3 FOR each of the collected node

4 IF need to unfold it THEN

5 CALL VSplitLegal with the vertex split record represented by the node

6. ELSE

7 CALL ECollapsel.egal with the vertex split record represented by the node
8 ENDIF

9. ENDFOR

10.ELSE

11. CALL EdgeCollapse with vsp

8. ENDIF

Procedure EdgeCollapse (vsp)
1. Calculate the coordinates of vertex v; to be merged from v, and v
2. Merge the faces indent to vs and faces indent to v, in one set, and remove merged faces

from the set
Update primitive list with refined faces
Fold vertex hierarchy node represented by vsp from the node’s two children and update

vertex list.

5.3.2.2 Server

The SPM multi-resolution data structure at the server is designed for fast legal VSPs
collection. It is composed of four parts: an index list of space partitioned regions defined in
mesh header, a vertex hierarchy which is the same as the vertex hierarchy at the client, an
index list of sent out VSPs, and a sequence of VSPs defined in the model.

A set of the regions on mesh M, that are most likely to collide with other objects are
predicated at the client. The regions are subscribed by the client by sending a list of indices

to the server. The server collects all VSPs that are necessary to refine those regions on the
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mesh defined by the “loaded front” of the vertex hierarchy to the highest LOD. Then the
server sends the collect data to the client. The server also maintains a list of indices of VSPs
that are already sent to the client and a vertex hierarchy similar to the one at the client. With
the localized approach, a VSP operation is delayed at the client until it is feasible and
necessary for collision query. The effect of performing the VSPs is to expand the current
mesh in the subscribed local regions of interest.

Index list of space partitioned regions

index_type regionList[D x D x DJ;
 regionlList: each element of a list represents a partitioned regions in the bounding
box of the model. The value of each element is an index of the first vsp in the vertex
split sequence which split a vertex contained in the region.
Index list of sent out VSPs
index_type sentVSPList[n];

e n: the number of VSP records in SPM.
The List of VSPs

struct vsplit_record vsplitList[#vsp];

struct vsplit_record {

index_type vsp,
index_type vu;
index_type vt;

float deltaLeft;
float deltaRight;
index_type vol1;
index_type nextVol1;
index_type vol2;
index_type nextVol2;
index_type parentVsp;

vector<split_face*> adjFace;,

index_type Ir_size;

s vsp: vertex split record index
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o vu, vt: index of split vertices v, and w. In this VSP, v is split to v, and ;.
o deltaVu: the difference in coordinate from v to v,.
o deltaVt: the difference in coordinate from vs to v;.
« vol1, vol2: region indices of v, and vi.
« next_vol1, next_vol2: region indices of split vertices of the next VSP in the sequence
{VSP,, ..., VSP,}.
¢ parentVsp: a link to the VSP which generate vs.
« adjFace: alink to a list of pair-wise adjacent face structures.
e Ir_size: number of new faces generated.
struct split_face {
index_type If;
vector<index_type> f0;
vector<index_type> vs0,

s If: index of a generated new face

e leaf_idx: the code of the face If in the BVH

e f0; alist of indices of pair-wised adjacent faces to If.

« vs0: an index list of VSPs which generate the faces in f0.

Legal VSPs collection operations

In the distributed environments, tasks at the server include loading mesh header and base
mesh of subscribed models from secondary storage to main memory, receiving collision
regions index list from the client, collecting VSPs required for mesh refinement, and sending
the collected data to the client. The fundamental operation associated with the SPM multi-
resolution data structure is collecting VSPs required for mesh refinement. The algorithm of
the task is designed in function SrCollectVSplits(). SrCollectVSplits() is called when an
index list of subscribed mesh regions are received by the server. First, it traverses the index
list of the space partitioned regions of the model and collects all VSPs that split to new
vertices on the regions of mesh M,. Then for each collected VSP;, function SrVSplitLegal is
called to collect all VSPs that have not been sent out and that need to be performed to make

VSP; legal. Function SrVSplitLegal defines a recursive process. It creates a stack and pushes
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the input VSP; onto the stack. Then it gets the top VSP; from the stack. If VSPy is legal,
SrSplit() is called to refine the vertex hierarchy. Then VSPy is popped from the stack.
Otherwise, the VSPs that generates the missing pair-wise adjacent faces for VSP; are pushed
onto the stack. Then the algorithm gets the top VSP from the stack again. This recursive
process continues until the stack is empty, which means all the VSPs that makes the input
VSP legal are found. SrVSplitLegal is a simple case of VSplitLegal for the client, which
does not consider edge collapse operations because the mesh maintained by the vertex
hierarchy at the server is never refined to lower LOD. Mesh A in Figure 5.7 illustrates the
recursive process.

The pseudo code of the algorithm is as follows.

Procedure SrCollectVSplits (regionSet)

1. FOR each region in regionSet

2. Walk through partition regions list inside mesh header and collect all vertex split
records, in which the vertex to be split is in the region.

3. ENDFOR

4. FOR each collected vsp;

5. CALL SrvSplitLegal with i

6. ENDFOR

Procedure SrVSplitLegal (i)

1. Stack.push (i)
2. WHILE Stack is not empty
3 SET i to Stack.top
4 SET vspi to vsplListi]
5. IF vspi.isSent is TRUE THEN
6. Stack.pop()
7 ELSE IF vspi.parentVsp AND vspList{vspi.parentVsp].isSent is FALSE THEN
8 Stack.push (vspi.parentVsp)

9 ELSE

1 CALL SrCheckLegal with i and &illegalVspList returning legal status of vspi
1 IF vspi is legal THEN

- (] -
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12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Stack.pop()
CALL SrSplit(i) to split vertex in vertex hierarchy
SET vsplList[i].isSent to TRUE
sendVsplist.insert( i)

ELSE
FOR each element j in illegalVspList

Stack.push(j)

ENDFOR

ENDIF

ENDIF
ENDWHILE

Procedure SrCheckLegal(i, * illegalVspList)

1.

INIT isLegal to TRUE

2. FOR each new face | generated by vspList]i]

3.

4
5
6.
7
8

FOR each of the pair-wise adjacent faces f; of |
IF VSPk who generates f, has not been sent THEN
SET isLegal to FALSE
illegalVspList.insert( k)
ENDIF
ENDFOR

9. ENDFOR
10. Return isLegal

Procedure SrSplit (i)

1.
2.
3.

SET VSPi to vspList[i] which splits v, to v, and v

Calculate the coordinates of split vertices v, and v,

Divide the faces indent to v, into two sets. One set of faces indent to v,. Another set of
faces indent to v;.

Update primitive list with new faces

Extend vertex hierarchy node representing VSPi to two children and update vertex list.

The correctness of the local refinement algorithm introduced in this section can be proved by

the following properties.

Theorem 3
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If the faces f, o1, foz, and f3 of a vertex split record, VSP(i, Vs, vy, Vu, fi, fr, fuo, ful, Jo2, Jn3 ), are
on the mesh M;, then the faces are pair-wise adjacent to v;.

This theorem proves that if a vertex is split and its vertex split operation is legal, then the
mesh must be refined to a manifold mesh.

Theorem 4

A locally refined mesh produced by performing a set of legal VSP operations is unique,
regardless of the order of the VSP operations performed which lead to the mesh. In a
particular case, when all VSP records in {VSP, ..., VSP,} are performed legally, the refined
meshes equal M, regardless of the order of the VSPs performed.

To support local refinement, it is necessary to consider performing legal VSP operation in an
order possibly different from that in the M. Theorem 4 states that no matter in what order
the VSPs in the sequence {VSPy, ..., VSP,} are performed, the mesh is always refined from

Mj to a unique mesh M, The proof for this theorem is given in the next section.

5.4 Properties and Proofs

Four properties need to be proved before proving theorem 3 and theorem 4. The properties
are defined in lemmas 2, 3, 4, and 5.

Lemma 2 and lemma 4 are proved by contradiction. Lemma 3 is proved based on lemma 2
by contradiction. Lemma 5 is approved based on lemma 3 by contradiction. Theorem 3 is
approved based on lemma 3 and lemma 4 by mathematical induction. Theorem 4 is proved
based on lemma 5. The uniqueness of the meshes is proved from two aspects: topology
(uniqueness proof) and geometry (direct proof).

Definitions:

Face f] is a neighbor of face f; if f; and f; share one edge.
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A path from v; to v, on a mesh is a sequence of edges that connect vertex v; to vertex v,. The
length of the path is the number of edges on the path, which is the smallest among all
possible sequences.

Lemma 2

Applying a sequence of legal VSPs to M generates M,. After applying VSP; to M, if faces f;
is not a neighbor of %, then f; can never be a neighbor of £, after any of the following VSPs.
Proof

If /; and f; are not neighbors, at most one of the paths that connect the vertices of f; to the
vertices of f; has length equal to 0. Any VSP; splits one vertex to two new vertices and
generates a new edge connecting the two new vertices which refines one mesh A4 to another
mesh M;, ;. The length of any path connecting a pair of vertices on M; does not decrease in
M;.1. If a path connecting a vertex of f; to a vertex of f; in M; is no less than 1, it can never
be less than 1 after any legal VSP. Therefore, f; can never be a neighbor of f; after any of the
following VSPs (proof by contradiction). See Figure 5.8. D

Lemma 3

Applying a sequence of legal VSPs to My generates M,. After applying VSP; to M, if v is

not a vertex of face f;, then v; or vertices split from v, directly or indirectly can never

M

Figure. 5.8 lllustrate the Proof of Lemma 2
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vertices of f; after any of the following VSPs.

Proof

If v, is not a vertex of f;, there must be a path connecting v; to one of f’s vertices, vy, the
length of which is no less than 1. As proved in lemma 2, the length of any path connecting a
pair of vertices on M; does not decrease in M;.. Therefore the path connecting v; to vy can
never be decreased after any of the following VSPs. If VSP; splits v; to two new vertices v;’
and v; *, the length of the paths connecting v;” and vi ” to v are equal to or one edge larger
than the path connecting v; to vz If VSP; splits vrto two new vertices v’ and vy”, the length of
the paths connecting v; to v/’ and v are equal to or one edge larger than the path connecting
v to v Thus, v; or vertices split from v; can never be a vertex of /; after any of the following
VSPs (proof by contradiction). o

Lemma 4

Applying a sequence of legal VSPs to My generates M,. No two VSPs in VSPs have the same
set of pair-wise adjacent faces. Let VSP(i, vs, Vi, Vi, fi fr. fao, fu1, fuz, Ju3 ) Tepresents VSP; and

VSP(, vs', vi', Vs Ji' i Joo” ot o2’ fo3”) represents VSP), where i, j 2 1and i, j < n. {fu,

Tt Joz, Jas} # {no’ S Sz Jn3 '}

Figure 5.9 lllustration of the Proof of Lemma 4. Top: meshes generated during refinement
sequence Sy; Bottom: meshes generated during refinement sequence S..
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Proof

Let VSP; be performed before VSP;. VSP; generates two new faces f; and £, as shown in
Figure 5.9. f; breaks the adjacency of {fu, fu}. f; breaks the adjacency of {f., fus}. VSP;
generates two new faces fi” and f,’. f breaks the adjacency of {fw’, fus’}. £’ breaks the
adjacency of {fu2’, fus'}. I {foo fot, S, Jusy={ oo fur’, Ju2', Jas’}, then {fuo’, fur '} and {fu2’,
f.3’} are not pair-wise adjacent after VSP; Therefore, VSP; can not be a legal vertex split
(proof by contradiction). o

Lemma 5

Let S; and S; be two legal vertex split sequences. S, € Sand S, € S. | Sj| =n and | Sz}=n. Let
the three vertices of a face f be denoted as vqg, 4=1, 2, 3. flg] represents an index of the
vertices. It might change during mesh refinement. Let M;; be the mesh generated at time # of
the refinement procedure of S; and M;, be the mesh generated at time t; of the refinement
procedure of S,. If there is a face, f;, on both M, and M, then vyq) in My, and vyq) in My
have ancestor / descendant relationship, which means one vertex is split from another vertex
directly or indirectly.

Proof

Let v, be vy, when f, was initially generated. Then v, is split to other vertices in the order
illustrated in Figure 5.10. Since the set of VSPs is the same in both S; and S, the order the
vertices are split is the same too. If VSP; splits vo to vy, then let v, be vqq in fa‘of My;’, one
of the meshes generated by S;. By following the path illustrated in Figure 5.10, a legal vertex
split operation VSP(i, Vs, Vi, Vu, fi f3, Juo, fut, Juz, Ju3) splits vs to v and v, and generates M;; ",
another mesh generated by S;. Since VSPi is legal, v, must be a vertex shared by the pair-

wise adjacent faces {fuo, fus, fu2 fu3}. Assume VSP(j, vo, vi, v, fi, [ fao’ a1’ fu2’ fu3”) splits
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i vV

[ 2
‘/ Aw

Figure 5.10 The Sequence a Vertex is Split. The right path shows the sequence v, is split to
v which is unique for any legal VSPs sequence.

vo to v1 and v,, and v; equals vqq) in f; of M;,’, one of the meshes generated by Sz. VSP; splits
the faces sharing vo to two groups, grp: and grp,. grp shares v| and grp; shares v,. Faces in
grpa can never be neighbors to any faces in grp; in the following VSPs in S; (proved by
lemma 3). When VSPi happens in the sequence S, VSPi is legal. Therefore {fuo, fur, fuz, fus}
must shares vs. Since v is a descendent of v,, faces sharing vs must not share faces in grp;. If
VSPi in S; is legal, then at least two pair-wise adjacent faces are missing in the faces sharing
vs. Therefore, VSPi in the sequence S, becomes illegal. The order vertex indices vyq) of face
/. appears in S; is the same as the order the indices appears in S2. Thus, if there is a face, f,
on both M,; and My, then vqg in My and vyq) in M2 have ancestor / descendant relationship
(proof by contradiction). O

Theorem 3

If the faces fuo, fu1, foz, and fp3 of a legal vertex split record, VSP(i, vs, vi, Vu, fi fr, fuo, fu1, foz,
fn3), are on the mesh M;, then the faces are pair-wise adjacent to v.

Proof

Let M, be a mesh refined from M in a sequence of £ legal VSPs.

1. When k =1, let the 1st VSP be VSP;. {fu0, fu1, Ja2 fa3 } must be pair-wise adjacent to v;.
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Since k = 1, vs, fuo, fo1, fr2, and f,3 must be on Mp. Since VSP; is legal in sequence go, fuo, fai
fu2, and f,; must be pair-wise adjacent on Mp. Otherwise, they can never be pair-wise
adjacent in any vertex split operation in any VSP sequence (proved by lemma 3).

2. When k>1, let kth legal VSP be VSPi. VSPi refines the mesh M., to My Assume {fu, fi,
foz frs } must be pair-wise adjacent to vs on M;.;. Let the k+1th legal VSP be VSP(, vs', v/,
V' [ I Jao's Jot s Sz s Sz ) Assume { fuo’, fur's fu2's fo3 '} are not pair-wise adjacent to vy,
Since the first £ VSPs are all legal and no one has the same set of pair-wise faces as VSP;
(proved by lemma 4), no VSP refine the faces { fuo', fa’, fu2, fus’} to not adjacent. Thus they
must not be adjacent on M. Therefore, VSPj is not a VSP in the sequence go. It is proved by
contradiction that { fu’, fur’» fu2’» fu3’} must be pair-wise adjacent to v;" (proof by
mathematical induction). o

Theorem 4

A locally refined mesh produced by performing a set of legal VSP operations is unique,
regardless of the order the VSP operations are performed on the mesh. In a particular case,
when all VSP records in {VSP, ..., VSP,} are performed legally, the refined meshes equal
M, regardless of the order the VSPs are performed.

Proof

1. Topology

If M, and M, are refined from M, by the same set of VSP, s, then sets of faces on M, and M,
are equal because each VSP generates two new faces. It is proved by lemma 5, if a face is on
two meshes, the vertices of the face on the two meshes have ancestor / descendent
relationship. Let f[¢] be the index of a vertex of f on M,, and f[¢] be the index of a vertex of f

on My. g=1, 2, 3. If flg] on M, is an ancestor of f[g] on Mj, then there must be some VSPs in
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s that split f[g] in M, to f[g] on Mb directly or indirectly. Thus f[g] on M, is not an ancestor
of flg] on M;. 1t is easy to prove that it can neither be a descendent to f[g] on M,. Therefore
the vertex indexed f[g] on M, is the same vertex indexed f{g] on Mp. M, and M has the same
set of vertices. The topology is the same on M, and M, (uniqueness proof).

2. Geometry

It is proved in lemma 5, that the same vertex on any legally refined mesh is split from the
same sequence of vertices. For any VSP which split v to v, and v,, the coordinates of v, and
v; are uniquely determined by the coordinates of v,. Thus, by following the same sequence,
the coordinates of a split vertex is always the same on any refined mesh. The geometry of M,
and M, which is determined by the coordinates of the vertices on the meshes are the same

(direct proof). o

5.5 BVH Collision Query Algorithm

Although the mesh refinement algorithm for SPM is different from the algorithm for CDPM,
they output the same set of data. In one animation frame, the SPM refinement algorithm
outputs the faces refined during this frame, which include a set of new faces, a set of merged
faces, and a set of deformed faces. The BVH collision query algorithm for locally refined
meshes is the same as the AB-tree algorithm for globally refined meshes introduced in
section 3.3. The AB-tree algorithm has the characteristic that it receives all the refined faces

in the current frame no matter if the meshes are refined globally or locally.
5.6 Framework for Locally Refined Collision Detection in DVEs

In this section, we describe a framework for locally refined collision detection for distributed

virtual environments. Then we introduce an efficient refinement criterion based on relative

configurations of the objects in space.
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5.6.1 Collision Detection Framework for DVEs

Our framework allows fast and exact interference detection that adapts to local surface mesh
refinement and progressive transmission in distributed virtual environments. The framework
consists of two parts: server and client. The server is responsible for transmitting base
meshes, collecting and transmitting legal vertex split records for local refinement upon
requests from the clients. The client is responsible for determining when and where to do
local refinement based on a region selection function, sending refinement parameters
(indices of certain regions in space that are occupied by the meshes) to the server, receiving
vertex split records from the server, performing refinement, building and refitting BVHs of
meshes, and performing collision queries. The CD algorithm at a client has two phases, a
preprocessing phase and a runtime phase. In the preprocessing phase, the volume of
transmitted mesh data is relatively small compared to that of the entire mesh. The structures
of AB-Trees are encoded in the SPMs which saves the time for BVH construction.
Therefore, the cost of running the first phase is negligible. In the runtime phase, the
algorithm estimates the time it spends per frame on collision detection, which is determined
by the application’s performance goals and the set of activities it performs at each frame.
Initially AB-Trees are built on the coarsest meshes. Then some mesh primitives are locally
refined to higher resolution, based on the configuration of the objects in space. Then, the
AB-Tree BVHs of the models are refitted. Finally, pair wise collision queries are performed

on the models.

Procedure PreprocessingPhase
1 Subscribe to the coarsest meshes from the host
2 Load the received mesh models into the vertex hierarchy

3 Build the AB-Tree BVHs on the vertex hierarchy
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Figure 5.11 The Interaction between a Probe and a Cylinder and the
Local Refinement of the Cylinder Polygonal Mesh. Top: 2D; Bottom: 3D.

Procedure RuntimePhase

1 FOR each animation frame

2 Apply collision region prediction to the current meshes
3 Load the mesh data from local cache

4  Subscribe and receive the mesh data from the host

5  Update the vertex hierarchy and refine the meshes

6  Perform AB-Tree updating and collision query

7  Perform pair-wise interference detection

8 ENDFOR
5.6.2 Collision Region Prediction

Objects in a scene are fitted by bounding boxes. The 3D space of each bounding box is
partitioned evenly into smaller indexed boxes. A refinement criterion is required to adapt
mesh refinement when relative configurations among objects are changed. As a result, more
and more regions indices are reported at runtime, and more parts of the meshes are refined.
Figure 5.11 shows a refinement process of an object.

Temporal and spatial coherence: Frames in an interactive viewing session typically exhibit

only incremental shifts in contact local neighbor, so the number of potential contact regions
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Figure 5.12 Contact Region Prediction. Left: local
neighbors of contact region Middle: linear extrapolation
Right: polynomial extrapolation.

remains roughly small and constant. Linear and quadratic extrapolation is considered to be at
the heart of the best techniques for spatial motion prediction which requires the recording of
the contact regions in previous frames. A simpler solution is to take the local neighbors on
contact regions in the current frame as the contact regions for the next frame (Figure 5.12).
The red areas are the contact region in the current frame. The black areas are contact regions

in previous frames. The grey areas are predicted for next frame.

5.6.3 SPM Subscription Protocol

The proposed collision detection approach is performed on adaptively refined meshes. The

| Server A l l Client B |

Send request for model x to A
Receive request from B 4///
Load and send H and
Mo of x to B \

Receive H and Mo of x from A

/ Send request for a list of detected or

Receive request from B predicted collision regions of x to A
Send a sequence of \;
legal VSP records of x Receive VSP records from A

fromto B

Figure 5.13 SPM Subscription Protocol
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Figure 5.14 A Screenshot SPM Local Refinement Model

meshes are refined at run time only at those parts that are most likely to collide with other
objects. There is a communication process between a client and a server. The client tells the
server which part of the meshes are to be refined. The server sends a sequence of VSP
records to the client. The client then refines the appropriate parts of the meshes by
performing a sequence of VSP transformations based on the received data. This process is
illustrated in the following diagram. In implementation, the protocol is run over TCP/IP due

to its favorable reliability in data transmission.

5.7 Framework for Locally Refined Collision Detection in Haptic Interaction

In this section, we introduce the multi-machine model for haptic interaction. Then we
propose a framework for locally refined collision detection for haptic interaction in the
multi-machine environments. Then we discuss the resource management issues of the model
and present an efficient refinement criterion based on relative configurations of the objects

and probes in space.
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5.7.1 Collision Detection Framework for Multi-machine Model

The goal of this research work is to design a CD framework based on such a multi-machine
solution. The proposed framework is composed of two parts: the VE station and the HRTC.
The HRTC is responsible for mesh refinement, collision prediction, and mesh subscription
from the VE station, along with cache management, and collision detection, as shown in
Figure 5.15. The host is responsible for handling the subscriptions from the HRTC, loading
meshes into host memory, and progressive transmission of the data. The proposed
framework mainly addresses the issues of how to perform real-time collision detection on

complex models using limited memory space.

As mentioned in section 1.2.1, the runtime performance of a CD algorithm is directly
affected by the complexity of the input models. We use the local refinement algorithm on
SPMs to reduce the combinatorial complexity of the input models. The selection of
refinement regions on the mesh is dependent on the local neighborhood of potential
collision. The CD algorithm in the HRTC has two phases, the preprocessing phase and the

runtime phase which are similar to the phases introduced in section 5.5.1.

WE Station HRTC
Graphics Connection | 4 n| Connection Physics
Engine Agent | Agent Enséine Cache
N Y
$ $ i F Y ¢
Database |, .| Mesh Mesh lg Cache
Agent  [* 7 coilection Subscriber | »| Agert

Figure 5.15 CD Framework for Multi-machine Model for Haptic Interaction
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Figure 5.16 Dynamic Construction of Vertex Hierarchy

In the preprocessing phase, the volume of transmitted mesh data is relatively small to that of
the whole mesh. The structures of AB-Trees are encoded in the SPMs which saves the time
for BVH construction. Therefore, the cost of running the first phase is negligible. In the
runtime phase, the algorithm estimates the time it can spend per frame on collision detection,
which is determined by the application’s performance goals and the set of activities it
performs at each frame. Initially AB-Trees are built on the coarsest meshes. Then some mesh
primitives are locally refined to lower or higher resolution, based on the configuration of the
objects in space. Then, the AB-Tree BVHs of the models are refitted. Finally, pair wise
collision queries are performed on the models. The experimental results introduced in section
5.7 demonstrate significant performance improvement over existing algorithms for static

LOD meshes.

5.7.2 Mesh Refinement and Resource Management
At runtime, the vertex hierarchy for local mesh refinement is created for each loaded model

during the preprocessing stage. Every node of the hierarchy stores the vertex split
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information. The hierarchical data structure records the history of vertex splits and edge
collapses of a mesh at an instant resolution, which enables fast mesh split and merge
operations. As shown in Figure 5.16, the vertex hierarchy maintains two boundaries, refined
front and loaded front. The refined front defines a sub vertex hierarchy in which the vertex
split operations stored in each node are performed. The loaded front defines another sub
vertex hierarchy which comprises a set of vertex split nodes that has been subscribed and
loaded in local cache. In preprocessing phase, the two boundaries are overlapped (Figure
5.16a). In the runtime phase, the two boundaries continue to overlap when free cache space
is not available (Figure 5.16b). The space between the two boundaries increases when more
cache space is available or collisions regions on the meshes are shifted (Figure 5.16c).
Ideally, the cache space is comparable with host memory. In such cases, the mesh data are
not necessarily subscribed for more than once (Figure 5.16d). When the cache is small, the
pre-fetching of the data from host memory to the cache is more frequent which obviously
wastes host memory and increases waiting time at the HRTC. By utilizing temporal and
spatial coherence, introduced in section 5.5.2, and simple motion prediction techniques, the
pre-fetching of mesh data can be significantly reduced even when the cache space is
relatively small.

Distance query: Calculating the distance between probe points and the labeled regions of
models is required to accelerate collision detection. Mesh data contained in the regions
which are closer than a predefined threshold to probe points are pre-fetched. This prediction

can be applied when no contact region is detected in the current frame.
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Two-phase local refinement: A frame-to-frame local refinement method for SPMs is
illustrated in Figure 5.17. Let A and B be two sets of regions. In the regions of A, mesh
primitives are refined to full resolution in frame 1. In the regions of B, mesh primitives are
refined to full resolution in frame 2. A two-phase (mesh split and mesh merge) operation is
required to refine the mesh according to changing contact configuration. In phase one, the
legal edge collapse operations clustered in the regions A/B are collected from the vertex
hierarchy. Then operations are performed in order on the mesh. In phase two, the legal
vertex split operations clustered in the region B/A are collected from the hierarchy. Then the

operations are performed in order on the mesh.

5.8 Implementation and Performance Study

Several models have been tested on the implemented local refinement algorithm. The
configuration of the models is given in Table 4.1. Some screenshots are given in Figure 5.14.
The output refined meshes in full resolution show that the meshes can be reconstructed
without changing the topology and the geometry of the original models, which is consistent
with the analytic resolution discussed in section 5.3. In the experiment, several sequences of
VSP transformations are performed based on different contact points. The pair wise adjacent

faces of each vertex split operation are recorded. The comparison of the pair wise adjacent

frame 1

Mesh merge &‘

Figure 5.17 Two-phase Local Refinement
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faces among difference sequences shows that theorem 3 and theorem 4 introduced in section
5.3 have held for the experiment.

Collision Detection for DVE

The performance study of collision detection in distributed environments focuses on data
transmission, frame rate, accuracy, and local refinement cost at the server.

The work load at the server mainly includes:

o Traversing the list of VSP has a cost which is linearly proportional to the size of VSP
sequence of the model;

o Selectively collecting some records whose cost is proportional to the number of
regions to be refined and the volume of primitives inside the regions;

o Reformatting and sending those records for transmission, the cost of which is
proportional to the number of VSP records collected.

The performance of data transmission is affected by the number of VSP records transmitted
per frame and network bandwidth. At this point, the performance‘ is affected by the same
factors that affect globally refined meshes discussed in section 4.3.2. The accuracy and the
frame rate of collision detection are comparable to that of the same models in static full
resolution when collision regions on the large scale models are not shifting swiftly. In the
worst case, when network transmission is down, the accuracy is not lower than the accuracy
of collision detection on the coarsest meshes.

Collision Detection for Haptic Interaction

We have successfully applied our approach to interference detection between cylinder probe
model which is represented by static LOD mesh and the manifold SPM benchmark models

given in Table 4.1. Screen shots of collision detection on three of the models are shown in
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Figure 5.18. The demonstrations have been run on dual Pentium4 2.8GHz processor PCs
with 510MB of RAM and Windows XP OS to simulate a multi-machine haptic environment.
The real-time graphic rendering is achieved with NVIDIA® GeForce™ FX5200 Graphics
Cards. Our implementation uses C++ and an OpenGL library for physics simulation and
graphics rendering.

In the HRTC, upon receiving mesh refinement data, time for collision detection can be
expressed as

T=T,+T;+T,+T,

where Ty represents the time for mesh refinement, T represents the time for BVH refitting,
and Ty represents the time for collision queries on the BVH. T} represents the time for mesh
loading. Assuming that collision query frame rate is fixed, 77 is proportional to the number
of vertex split records loaded per frame. 7} increases when the cache space is decreased. The
time for mesh refinement, T, is given in Figure 5.19. The time for collision query, Top,
between the probe and the full mesh, locally refined SPM, and coarse mesh of the
benchmark models are illustrated in Figure 5.20.. When contact location does not change
drastically, the time cost for mesh refinement is near a small constant. With this assumption,
T is observed to increase in the order of the logarithm of the size of the full meshes. This
observation is consistent with the proved theorem 2 introduced in section 3.3.3. In terms of
Ty, we find out that the time for collision queries in a coarse mesh is 0.09% to 37% less than
the time cost in a locally high resolution mesh. The variance of the ratio is caused by the
difference of complexity of the coarse meshes relative to the refined meshes. Whereas, the
cost for the finest resolution mesh is 1.2 to 2.5 times more than the cost for refined meshes.

The variance of the ratio is caused by the difference of complexity on locally refined mesh
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regions. In terms of memory usage, only the refined regional mesh data are kept in cache.
Mesh reloading takes place once in a few seconds. This memory saving strategy makes

complex models easy to handle in haptic applications.
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Figure 5.18a Far and Close Views of Locally Refined Meshes
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Figure 5.20 Time for Collision Query between a Probe and a SPM Model
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Chapter 6 Conclusions

This chapter summarizes the main contributions of this thesis and describes avenues for

future work in the area of real-time collision detection in virtual environments.

6.1 Summary

Since 1995, only a few VR systems have been commercially available and a few more in the
academic domain. This is because there are still some persistent problems in the areas of
electro-magnetic tracking, high-level specification of virtual environments, efficient
interaction metaphors and frameworks, and real-time physically-based simulations. This
thesis has made contributions to the last area.

Multi-resolution collision detection

This thesis presents a new multi-resolution collision detection approach which is based on a
novel BVH CD algorithm (“AB-tree”). It provides a real-time CD by measuring the available
CPU time, free cacheable memory, and memory access pattern at run time. The time and
space costs for the CD algorithm are adjusted dynamically accordingly. Thus, real-time
performance is guaranteed with some loss of accuracy on selected visual regions of the less
important objects in a large scale VE. The proposed solution targets time-critical
applications where real time interaction is more important than accuracy in physically-based
simulation.

Framework for collision detection in DVEs

Since the Internet boom at the end of 1990s’, VR application users require more and more

interactions with not just the computer generated intelligence but also real people at the other
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end of the network. This growing requirement accelerates the creation of many new
applications, such as multiplayer online games, collaborative design, and remote training etc.
Many research works have been done to improve real-time rendering, interactions, and
simulations for applications running on a local host. However, how to guarantee the real-
time performance in a networked environment with unreliable connection and non-uniform
bandwidth is still an open problem. The framework presented in this thesis targets the
network related issues.

In order to minimize the rate of suspension at the clients due to unpredictable network
connection failure, a multi-resolution mesh representation CDPM is introduced. It solves the
problem of traditional static LOD collision detection in distributed environments by
streaming geometric data over the network from the lowest LOD to the highest LOD, and
progressively increasing the accuracy of collision detection at runtime. Thus, the CD at the
clients can start once the models in the lowest LOD are received instead of waiting until the
entire scene is received. Afterwards, CD is performed at the clients on the data they received
and the process never suspends due to network disconnection. Some clients in the system
may have low bandwidth connection. In order to gain the same interactive rate as other
clients, they can do CD on low LOD models. The accuracy of CD can be increased when
more and more data are received. From the users’ point of view the application is started
instantly, however the realism of the simulation is enhanced progressively.

The multi-resolution collision detection, the CDPM multi-resolution mesh representation,
and the framework for collision detection in DVEs presented in this thesis have been
successfully integrated. A prototype application has been developed in a distributed setting

to demonstrate the feasibility of the framework. The performance is studied both analytically
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and experimentally. The proposed approach can significantly improve existing collision
detection methods in distributed virtual environments especially in those that are connected
by low bandwidth networks.

Locally refined collision detection for large scale models in DVEs

Furthermore, the multi-resolution CD approach is extended to also apply to applications
involving large scale models in DVEs, where exact and real-time interference detection is
required. Transmitting a large scale model with millions of polygons, such as the Grand
Canyon model, is time consuming in comparison with transmitting simple models. Even if
the model is transmitted in progressive manner, the earlier received model is in low LOD
because the model is refined globally. Increasing the accuracy of CD at the client still takes
time because increasing the LOD of the model is a slow process. A new approach, called
locally refined collision detection is presented in this thesis to deal with this problem. The
idea is to selectively refine the model stored in the server at certain areas that are predicted to
be most likely to collide with other objects in the near future and then transmit the geometric
data of the refined parts to the clients. In this way, the accuracy of CD is increased quickly at
the predicted contact areas. The new approach uses the AB-tree CD algorithm and a new
SPM representation which is derived from the globally refined CDPM.

Framework for collision detection in multi-machine haptic interaction

A framework for collision detection in multi-machine haptic interaction is proposed in this
thesis. The multi-machine model is a centralized system. The VE machine and the haptic
controller are connected by a reliable high-speed Ethernet. The major limitation of the
physical environment is low CPU power and small cache memory on the haptic controller.

Since CD task is typically resided in the haptic controller, the physical limitations keep the
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performance from reaching the required high interactive rate. The proposed framework
improves the performance by minimizing storage space of complex models used in CD and
reducing the complexity of the CD algorithm. This solution tackles the problem by a divide-
and-conquer approach based on locally refined collision detection. The idea is to partition
large models into separate regions and selectively performs collision queries on them. In this
way the required storage space is determined by the complexity of the predicted contact
areas. The heavy computing task of CD is divided into many subtasks. Mesh refinement,
data re-fetching, and collision prediction tasks reside in the VE machine. The BVH update
and collision query tasks reside in the haptic controller. From the end users’ point of view,
they can start running a haptic application without knowing the entire geometric
environment. A realistic interactive force display is achieved smoothly and instantly. The
performance of the proposed CD algorithm degrades slightly when the object moves rapidly.
We believe that using a locally refined CD is a fresh starting point for future work on multi-
machine haptic interaction. However, our current implementation is limited to complex
polygonal models without rapid motion. Using intelligent motion prediction to further reduce

the re-fetching rate and the volume of data for transmission is a promising topic to be further

studied.

6.2 Future Directions

Distributed virtual reality is one of the most promising areas in computing industry.
Although it has matured to the point that it can be used commercially, there are still a lot of
things that need improvement; such as graphics scene representation, data transmission
protocol, and synchronization mechanism of physically-based behavior among end systems.

Another important but not yet mature feature is force-feedback. In some special simulations
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such as virtual surgery, virtual painting, or virtual sculpture, acoustic and visual feedback
turned out to be not sufficient to meet the demands of the users. Force feedback would add
significantly the degree of immersion and usability, and it would give a natural and expected
cue how to resolve collisions. However, the requirements on collision detection in a force
feedback system are very demanding: under all circumstances, query times must be less than
2 milliseconds for checking at least one object against the entire environment [Zac00].
Another important feature that still requires considerable research is interaction with
articulated and deformable objects, and the physically-based modeling for these objects.

Since collision detection is an enabling technology not only for virtual reality application,
but also for CAD designs, robotics, and tele-operations etc., this area will be scientifically
active for many years to come. There are algorithms and object representations that allow
faster collision detection queries [JTTO01, LG98] than the algorithms presented in this thesis.
However, they have other drawbacks, such as limited accuracy, limited model
representations, and critical requirements for stable and predictable computing environments.
Therefore, there is still a need for more robust algorithms in practice. In particular, three
main directions need greater attention: collision detection of deformable objects, collision
detection for polygonal model in arbitrary topology, and application-specific algorithms,
such as collision detection for haptics. I believe that collision detection algorithms are
suitable for implementation in graphics hardware which include GPU and frame buffer.
Some recent works can be found in [GLMO05, GRL+03]. Guick-CULLIDE, for example, is a
fast algorithm for collision culling and detection among polygon-soup models using graphics
hardware [GLMO05]. The algorithm is efficient for detecting collision among large number of

simple object and deformable models. However, the computation of all contacts is limited to
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image-space precision. The GPUs used by graphics devices on the market are less powerful
than the CPUs of the regular PCs. In virtual reality applications, the work load for graphics
rendering is very burdensome in that the resources provided by the dedicated graphics
hardware are exhausted. Collision detection by itself is very costly. Using GPU time and
limited memory on graphics device will slowdown both graphics rendering and physics

simulation.
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Appendix A: CDPM Mesh Example

# 3D model; 5804 faces 2904 vertices 2896 VSPs
# Base Mesh: 10 faces 8 vertices

v 0.0250617 0.0799181 -0.159895

v 0.38019 0.230182 -0.0215354

v 0.108728 -0.155195 0.0126244

v -0.433037 0.231398 0.0454415

v -0.357951 -0.143089 -0.116849

v 0.257309 0.187015 0.0507284

v -0.347619 -0.129812 0.124568

v 0.151632 -0.043319 -0.08824

f326
f541
f753
f216
f231
f135
f614
f367
f764
f457
* 1 -0.123045 -0.00540496 -0.0360497 0.349609 -0.103558 -0.0485731 6-5&3 54 6 2 7
-0.00977649 -0.00219043 0.0608097 0.0216919 -0.0273744 -0.0655547 5-6&3 6 1 5
0.0545305 0.0568205 0.0304156 -0.138547 -0.0509124 -0.0253313 -54&1 10 3 8 9
-0.165846 -0.0300601 0.0278729 0.0466149 0.0238474 -0.0253722 9-7&5 6 12 13 3 15
0
-0.0801721 0.0802583 -0.00379633 0.0293389 -0.0584474 -0.0168839 66 &3 1 5 4

*

38

*

%
N=2OC1I~NWwW-=

*

v
v
v
v
2
v

;/* 2655 -8.70228e-006 3.06964e-006 2.43261e-006 0.00278232 -0.000983924 -0.000777565
2854 -2850 & 3 2550 5305 5306 4280 2549

The QSlim 2.0 mesh simplification package is used to create CDPM representations. Some
of the original models used in the experiments (bunny, cow, bones, etc.) are collected from
the following web sites.

http://graphics.stanford.edu/data/3Dscanrep/

http://graphics.cs.uiuc.edu/~garland/home.html
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Appendix B: SPM Mesh Example

# 3D model: 4096 faces 2050 vertices 2023 VSPs

# Base Mesh: 50 faces 27 vertices

b 5027

$ 4096 2050 2023

10000000000 13921304 1426 1273 0 0 0 1497 1301 1319 1410 1068 1090 0 0 1416 1414
1078 814 655 533 0 0 1263 1261 803 372 508 705 0 0 1083 632 494 378 378 0 0 0 0 834 505 424
417000000000000 1412 1076 811 98000 0 1418 1313 1181 980 654 667 0 1144 1074 1583
000841 1295808 1416 0 0 0 0 657 1272 529 1065 0 0 0 0 549 983 827630000 037500 1278
1051 539 539417 782 00 0 1787 821 368 0 0 0 0 1985 1275 552 369 510 777 0984 12650000
526990541 00000012533650000001408502000000 1072664 00000822 1151 994
1067 0 00 0 536 987 0 1563 1420 1080 816 642 837 0 0 839 635 644 434 415544 0645634000
0544 1208763000000134742700000013283790000001309548000000 1354
1196 1334 0 0 0 0 1059 1260 0 1334 1303 1312 1406 1049 665 0 0 1089 833 504 376 376 543 0
5318260000367 1145501000000107137900000011654140000001308366000
00013531154 1070000 0 1058 1259 0 1185 1321 1311 1407 1048 629 0 0 1982 1276 551 371
500778 09851266 0000525991542000000125436400000014095030000001073
66300000823 12109951066 0 00 0 535 986 0 1562 1421 1081 817 641 836 00 0 1413 1077
810981 00 0 1419 1314 1182 981 653 666 0 1143 1075 1582 0 0 0 840 1296 809 141700 0 0658
1271 530 1064 0 0 0 0 550 982 828 631 0 0 0 0 374 1150 0 1277 1050 540 540 416 781 00 0 1786
8203700000000000000 139113051427 1274 00 0 1496 1302 1320 1411 1069 1091 0 0
1417 1415 1079 815 656 534 0 0 1264 1262 802 373 507 706 0 0 1082 633 493 377 3770000835
5064254160000000000

v 1-0.553269 0.232019 0.837
v 2 -0.898841 -0.0697452 0.512596

v 27 -0.366018 -0.8808 0.436344

f111516 1894
f21221885

£ 50 26 20 27 2578

v* 1 22 28 29 22 28 0.113711 0.145084 -0.126079 -0.0768683 -0.370532 0.0709667 0 0 0 0 0 & 51

22524020-1430&-525061920-2420
v* 2 11 30 31 11 29 0.00846654 0.115882 0.249605 0.0548369 0.0103818 -0.267578 000 0 0 & -53

35441620-2910&5436713620-3730

;/* 2023 1188 4072 4073 213 2050 0.0178834 0.0103266 0.0291798 -0.0132126 -0.00762641 -
0.0185131 87 0 87 0 581 & 4095 806 1211 2 581 -1212 2 581 & -4096 810 281 1 116 -655 1 303
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