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Foreword

The 12th International Conference on Human-Computer Interaction, HCI Interna-
tional 2007, was held in Beijing, P.R. China, 22-27 July 2007, jointly with the
Symposium on Human Interface (Japan) 2007, the 7th International Conference on
Engineering Psychology and Cognitive Ergonomics, the 4th International Conference
on Universal Access in Human-Computer Interaction, the 2nd International Confer-
ence on Virtua Redlity, the 2nd International Conference on Usability and Interna-
tionalization, the 2nd International Conference on Online Communities and Social
Computing, the 3rd International Conference on Augmented Cognition, and the 1st
International Conference on Digital Human Modeling.

A total of 3403 individuals from academia, research ingtitutes, industry and
governmental agencies from 76 countries submitted contributions, and 1681 papers,
judged to be of high scientific quality, were included in the program. These papers
address the latest research and development efforts and highlight the human aspects
of design and use of computing systems. The papers accepted for presentation thor-
oughly cover the entire field of Human-Computer Interaction, addressing major ad-
vances in knowledge and effective use of computersin avariety of application areas.

This volume, edited by Randall Shumaker, contains papers in the thematic area of
Virtual Reality, addressing the following major topics:

3D Rendering and Visualization

Interacting and Navigating in Virtual and Augmented Environments
Industrial Applications of Virtual Reality

Health, Cultural, Educational and Entertainment Applications

The remaining volumes of the HCI International 2007 proceedings are:

e Volume 1, LNCS 4550, Interaction Design and Usability, edited by Julie A. Jacko

e Volume 2, LNCS 4551, Interaction Platforms and Techniques, edited by Julie A.
Jacko

e Volume 3, LNCS 4552, HCI Intelligent Multimodal Interaction Environments,
edited by Julie A. Jacko

e Volume 4, LNCS 4553, HCI Applications and Services, edited by Julie A. Jacko

e Volume 5, LNCS 4554, Coping with Diversity in Universal Access, edited by
Constantine Stephanidis

e Volume 6, LNCS 4555, Universal Access to Ambient Interaction, edited by Con-
stantine Stephanidis

e Volume 7, LNCS 4556, Universal Access to Applications and Services, edited by
Constantine Stephanidis

e Volume 8, LNCS 4557, Methods, Techniques and Tools in Information Design,
edited by Michael J. Smith and Gavriel Salvendy

e Volume 9, LNCS 4558, Interacting in Information Environments, edited by Mi-
chagl J. Smith and Gavriel Salvendy



VI Foreword

Volume 10, LNCS 4559, HCI and Culture, edited by Nuray Aykin

Volume 11, LNCS 4560, Global and Local User Interfaces, edited by Nuray Aykin

Volume 12, LNCS 4561, Digital Human Modeling, edited by Vincent G. Duffy

Volume 13, LNAI 4562, Engineering Psychology and Cognitive Ergonomics,

edited by Don Harris

e Volume 15, LNCS 4564, Online Communities and Social Computing, edited by
Douglas Schuler

¢ Volume 16, LNAI 4565, Foundations of Augmented Cognition 3rd Edition, edited
by Dylan D. Schmorrow and Leah M. Reeves

e Volume 17, LNCS 4566, Ergonomics and Health Aspects of Work with Com-

puters, edited by Marvin J. Dainoff

| would like to thank the Program Chairs and the members of the Program Boards
of all Thematic Areas, listed below, for their contribution to the highest scientific
quality and the overall success of the HCI International 2007 Conference.

Ergonomics and Health Aspects of Work with Computers

Program Chair: Marvin J. Dainoff

Arne Aaras, Norway Holger Luczak, Germany
Pascale Carayon, USA AuraC. Matias, Philippines
Barbara G.F. Cohen, USA Kyung (Ken) Park, Korea
Wolfgang Friesdorf, Germany Michelle Robertson, USA
Martin Helander, Singapore Steven L. Sauter, USA
Ben-Tzion Karsh, USA Dominique L. Scapin, France
Waldemar Karwowski, USA Michael J. Smith, USA

Peter Kern, Germany Naomi Swanson, USA
Danuta Koradecka, Poland Peter Vink, The Netherlands
Kari Lindstrom, Finland John Wilson, UK

Human Interface and the Management of Information

Program Chair: Michael J. Smith

Laos Balint, Hungary Robert Proctor, USA
GunillaBradley, Sweden Y oungho Rhee, Korea
Hans-Jorg Bullinger, Germany Anxo Cereijo Roibés, UK
Alan H.S. Chan, Hong Kong Francois Sainfort, USA
Klaus-Peter Féhnrich, Germany Katsunori Shimohara, Japan
Michitaka Hirose, Japan Tsutomu Tabe, Japan

Y oshinori Horie, Japan Alvaro Taveira, USA
Richard Koubek, USA Kim-Phuong L. Vu, USA

Y asufumi Kume, Japan Tomio Watanabe, Japan
Mark Lehto, USA Sakae Y amamoto, Japan

Jiye Mao, P.R. China Hidekazu Y oshikawa, Japan
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FionaNah, USA Li Zheng, P.R. China
Shogo Nishida, Japan Bernhard Zimolong, Germany
Leszek Pacholski, Poland

Human-Computer Interaction

Program Chair: Julie A. Jacko

Sebastiano Bagnara, Italy V. Kathlene Leonard, USA
Jianming Dong, USA Chang S. Nam, USA

John Eklund, Australia Anthony F. Norcio, USA
Xiaowen Fang, USA Celestine A. Ntuen, USA
Sheue-Ling Hwang, Taiwan P.L. Patrick Rau, P.R. China
Yong Gu Ji, Korea Andrew Sears, USA

Steven J. Landry, USA Holly Vitense, USA
Jonathan Lazar, USA Wenli Zhu, P.R. China

Engineering Psychology and Cognitive Ergonomics

Program Chair: Don Harris

Kenneth R. Boff, USA Nicolas Marmaras, Greece
Guy Boy, France David Morrison, Australia
Pietro Carlo Cacciabue, Italy Sundaram Narayanan, USA
Judy Edworthy, UK Eduardo Salas, USA

Erik Hollnagel, Sweden Dirk Schaefer, France

Kenji Itoh, Japan Axel Schulte, Germany

Peter G.A.M. Jorna, The Netherlands Neville A. Stanton, UK
Kenneth R. Laughery, USA Andrew Thatcher, South Africa

Universal Accessin Human-Computer Interaction

Program Chair: Constantine Stephanidis

Julio Abascal, Spain ZhengjieLiu, P.R. China
Ray Adams, UK Klaus Miesenberger, Austria
Elizabeth Andre, Germany John Mylopoulos, Canada
Margherita Antona, Greece Michael Pieper, Germany
Chieko Asakawa, Japan Angel Puerta, USA
Christian Buhler, Germany Anthony Savidis, Greece
Noelle Carbonell, France Andrew Sears, USA

Jerzy Charytonowicz, Poland Ben Shneiderman, USA

Pier Luigi Emiliani, Italy Chrigtian Stary, Austria
Michael Fairhurst, UK Hirotada Ueda, Japan

Gerhard Fischer, USA Jean Vanderdonckt, Belgium

VIl
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Jon Gunderson, USA

Andreas Holzinger, Austria
Arthur Karshmer, USA

Simeon Keates, USA

George Kouroupetroglou, Greece
Jonathan Lazar, USA

Seongil Lee, Korea
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following volunteer external reviewers. Kelly Hale, David Kobus, Amy Kruse, Cali
Fidopiastis and Karl Van Orden from the USA, Mark Neerincx and Marc Grootjen
from the Netherlands, Wilhelm Kincses from Germany, Ganesh Bhutkar and Mathura
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HCI International 2009

The 13th International Conference on Human-Computer Interaction, HCI Interna-
tional 2009, will be held jointly with the affiliated Conferences in San Diego, Califor-
nia, USA, in the Town and Country Resort & Convention Center, 19-24 July 2009. It
will cover a broad spectrum of themes related to Human Computer Interaction, in-
cluding theoretical issues, methods, tools, processes and case studies in HCI design,
as well as novel interaction techniques, interfaces and applications. The proceedings
will be published by Springer. For more information, please visit the Conference
website: http://www.hcii2009.org/

General Chair

Professor Constantine Stephanidis
ICS-FORTH and University of Crete
Heraklion, Crete, Greece

Email: program@hcii2009.org
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Abstract. Traditional simplification algorithms operate either in the main
memory or in the disk space. In this paper, we propose a novel storage
independent polygona mesh simplification system (SIPMSS). The new system
offers an advanced memory utilization scheme and efficient storage-
independent primitives that achieve constant main memory footprint and
excellent runtime efficiency. It not only provides a very flexible platform for
both in-core and out-of-core simplification algorithms but also permits very
efficient integration of various types of simplification algorithms. The results
presented in the section of experiments further approve its effectiveness and
usefulness for both in-core and out-of-core of simplification.

1 Introduction

The polygonal mesh has been the de facto standard representation of 3D objects
owing to its mathematical simplicity and the direct support of rendering hardware [1].
For this reason, the majority of graphics algorithms for manipulating surfaces are
designed for polygonal meshes, and most contemporary methods for model
acquisition start with the construction of polygonal meshes. However, the above
representation has an inherent limitation to the realism of a rendered scene imposed
by the maximum number of polygons that can be processed by the rendering
hardware at an interactive rate.

To overcome such a limitation, one can either minimize the number of
geometric/topological primitives of each object within an allowable range of
approximation errors or maximize the use of limited rendering resources by
adaptively adjusting the resolution of each object according to their contribution to
the rendered image. The former can be achieved by applying polygonal mesh
simplification to automatically generate an optimized approximation of an object. The
latter is essentially the basic concept of the level of detail (LOD) scheme originaly
suggested by Clark [2], which usually requires the generation of LOD representations
through the use of polygonal mesh simplification.

R. Shumaker (Ed.): Virtual Reality, HCIl 2007, LNCS 4563, pp. 3—@ 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Most traditional polygonal mesh simplification algorithms operate either in the
main memory space or the disk space. Those who place their data inside the main
memory space are called in-core algorithms; on the contrary, those who place their
data in the external memory space such as disks are called out-of-core algorithms. In
general, in-core agorithms featuring with high performance memory access
efficiency mostly perform memory access intensive complex operations with a higher
degree of optimization [3-6]. Hence, most of these algorithms are capable of
producing very good quality outputs. However, owing to the limited main memory
space, this type of algorithms is not able to deal with high-resolution scanned objects
with a huge amount of polygons.

On the other hand, out-of-core algorithms mostly apply a spatial partitioning
scheme to lower the memory access frequency [7,8]. Among these algorithms, the
grid-based vertex re-sampling scheme has the best run-time efficiency. Nevertheless,
it comes at the cost of inferior output quality when the input mesh is sampled with a
low resolution grid. For high-resolution outputs using high-resolution grids, the
runtime efficiency of such a method decreases radically. For instance, if an nxnxn
grid is used for re-sampling the mesh, both the time and space complexities are O(n®).

A compromise approach proposed by Garland et al. suggested a two-phase
simplification that begins with a uniform-grid out-of-core vertex-clustering phase
similar to the OoCS method proposed by Lindstrom et al. followed by an in-core
iterative edge collapse phase [9]. In principle, the memory cost of their method is
related to the grid resolution of the first phase that affects the quality of
approximations in the first phase. Lower resolution may greatly reduce the quality
of resulting approximations. However, higher resolution may require much more
memory space. The increase of grid resolution may raise the memory cost by O(n®).

In this paper, we propose a novel storage independent polygonal mesh
simplification system (SIPMSS). The new system offers an advanced memory
utilization scheme and efficient storage-independent primitives that achieve constant
main memory footprint and excellent runtime efficiency. It not only provides a very
flexible platform for both in-core and out-of-core simplification algorithms, but also
permits very efficient integration of various types of simplification algorithms.

2 System Overview

To provide a storage independent environment for various types of polygonal mesh
simplification algorithms, we extend the idea from our cache-based approach [10] by

AL

I DIPs
RAM RAM read/writei DML j disk read/writes R Disks

> P

Fig. 1. The storage independent polygona mesh simplification system
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dividing the simplification system into two layers: the algorithm layer (AL) and data
management layer (DML). A block diagram of this system isshownin Fig. 1.

The simplification algorithms are implemented in the AL where a set of device
independent primitives (DIPs) is supported by the DML regardless of the physical
location of the data. To enable device independent simplification, the DML has to
manage the allocation of the storage space, accesses to different types of storage
devices, and configures the operation mode according to the memory requirement of
the simplification layer and the available system memory space. A detailed discussion
of thetwo layersis given in the following two subsections.

2.1 Thelnitialization Flows

Prior to the start of the simplification, the AL begins with the requests sent to the
DML through the DIPs describing the basic data structures, usable disk
directories, and the amount of available system memory. On the basis of such a
profile, the DML decides the operation mode by comparing the estimated main
memory cost with the amount of allocated main memory space. If the allocated
main memory space is larger than the estimated memory cost, the simplification is
performed in core; conversely, it will be operated under the cache-based out-of-
core mode.

2.2 TheOperation Modes

The new system is able to operate under two operation modes: the in-core and out-of-
core operation modes. The system operates under the in-core operation mode only
when the memory requirement of the AL is lower than the available main memory
space; otherwise, it runs under the out-of-core operation mode. During in-core
operations, the DML puts al the data of the AL in the main memory buffer. Accesses
to the data are re-directed to the main memory blocks.

By contrast, under the out-of-core mode, the DML allocates al the data to the
available disks and uses the available system memory as cache blocks. During the
simplification, the AL carries out the simplification using the read/write DIPs
supported by the DML. To serve the requests, the DML first searches the required
data from the cache blocks in the main memory space. If the search completes
successfully, the required data is sent from the cache blocks in the main memory
space; otherwise, the request is re-directed to the disks and the required data is read
from the disk files. The two basic operation states areillustrated in Fig. 2.

Since the memory cost of the AL decreases as the mesh simplifies, it is possible to
dlow in-core simplification after a series of simplifications. Hence, the
simplification can be performed in the combination of in-core and out-of-core modes
where the simplification starts with the out-of-core mode then switches to the in-core
operation mode when the memory cost of the AL is less than the size of available in-
core buffers. Such combination is enabled by periodically issuing a request to
reconfigure the operation mode by the AL, which may further improve the runtime
efficiency.
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In-core operation mode
RAM AL
| input/output mesh | / DIP read/write

: v
| Intermediate data | AL R E DML

Out-of-core operation mode

RAM DIP read/write input/output mesh
cache blocks | | RAM read/write DML disk read/write

< Y > [
l » l »

Disks

Fig. 2. The two operation modes: the in-core operation and out-of-core operation modes

3 The Data Management L ayer

The data management layer (DML) provides a set of device-independent primitives to
the algorithm layer (AL), which abstracts the allocation, de-allocation, and read/write
accesses to all the data sets.

3.1 TheDevice Independent Primitives

We intend to provide three classes of primitives:

The operation mode configuration primitives: they are employed to determine or
reset the operation modes.

int Config(ProfileT <profile>) : it calculates the maximum memory cost according
to the table of data structures in the initial system profile and determines the
operation mode according to the following rules: let the bound to the main memory
cost be B and the memory cost is C. The DML operates under the in-core
simplification modeif C < B ; otherwise, it operates under the out-of-core mode.
The storage allocation/de-allocation primitives: they are employed to set up the
buffers and files for the data structures used by the simplification layer.

int OpenBlock(int <element size>, int <no of elements>): it allocates a file or a
memory block of <element size>x<no of elements> bytes and returns the block ID.
void CloseBlock(int <block ID>): it releases the memory and file of the block
specified by the block ID.

The data read/write primitives: they are used for accessing the content of these
data structures either from the buffers or from the disks.

void read(int <block ID>, int <element size>, int <element index>, char
*<destination>): it reads an element from a file or a main memory block specified
by the block ID.

void write(int <blockid>, int <element size>, int <element index>, char
*<source>): it writes an element to a file or a main memory block specified by the
block ID.
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4 TheAlgorithm Layer

The AL is essentialy an implementation of the simplification algorithm using the
DIPs supported by the data management layer. To show how the new system works,
we have implemented two types of polygonal mesh simplification algorithms on this
new system, namely Algorithm | and Algorithm II. The former, Algorithm |, is an
implementation of a linear-time in-core iterative edge collapse algorithm proposed in
our precious work [11]. The latter, Algorithm Il, is a variation of the famous OoCS
algorithm performing out-of-core uniform-grid vertex re-sampling [7].

The memory footprint of Algorithm | is large; hence, in its origina
implementation, the simplification of large meshes requires an enormous amount of
system memory. Algorithm Il is designed for efficient out-of-core simplification;
however, it is output sensitive and assumed to accept the STL format rather than the
common index-faced format. Both of them adopt the quadric error metrics proposed
by [4].

With our new system, both Algorithms | and Il are possible to perform
simplification on large meshes with constant main memory footprint. Furthermore,
with the automatic detection and adjustment of the operation modes, we do not need a
precise estimate of the output size to alow the simplification in the second phase
when the multiphase simplification approach is applied.

4.1 AlgorithmI—A Linear-Time Iterative Edge Collapse Algorithm

Algorithm | is an in-core iterative full edge collapse polygonal mesh simplification
agorithm. In the main, the agorithm is composed of three stages: the preprocessing
stage, the simplification stage, and the output stage. In the preprocessing stage, the
vertex rings are constructed through a single pass over the faces of the input mesh.
Upon processing each face, the face index is inserted to the incident face lists of the
three vertices. Following the preprocessing stage, the simplification stage and the
output stage are repeatedly performed until the termination condition is satisfied.
Every pass of the loop outputs a new level of approximation. Thus, if k iterations are
executed, the algorithm may produce k LODs.

4.2 Algorithm I1—A Uniform-Grid Vertex Clustering Algorithm

The second type of algorithms is designed for radical out-of-core simplification [7],
which comprises three phases: vertex re-sampling, face re-sampling and grid quadric
calculation, and the calculation of representative vertices. The first phase re-samples
al the vertices with a uniform grid. This gives the mapping between a vertex and a
grid ID.

After the re-sampling of vertices, the algorithm re-samples the faces by
outputting only those faces whose three vertices are sampled to distinct grids. In the
meantime, it also calculates grid quadrics by summing all the face quadrics sampled
to each grid. In the finale phase, an optimal placement of the representative vertex
of each grid is calculated by solving the linear system presented by the grid
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quadrics. In the original work, a set of rules is suggested to prevent from numerical
errors. We do not employ those rules in this implementation. Rather, we simply use
one of the sampled vertices of a grid if the solved position is out of the range of
such agrid.

5 Experimental Results

The storage independent polygona mesh simplification system (SIPMSS) has been
implemented with C++ codes on a PC equipped with an Intel Pentium 4 2.2 GHz
CPU, 1 GB RAM, and a RAID disk system of two IDE 7,200 rpm hard drives. The
operating system and the compiler are the Microsoft Windows 2000 and Visual C++
6.0, respectively. The test models are downloaded from the Stanford Scanning
Repository. A summary of the test modelsislisted in Table 1.

Table 1. A summary of the test models

Model Dragon David (2mm) Lucy
Number of vertices 437,645 3,614,098 14,027,872
Number of faces 871,414 7,227,031 28,055,742

To determine whether the system is successful, we may evaluate the new system
from three perspectives. First, we have to verify if our new system indeed improves
the performance of the out-of-core algorithm (OoCS) by comparing the running times
of the OoCSx with those of Algorithm Il. Second, we also have to prove that the
implementation of the in-core algorithm, Algorithm I, is able to simplify large meshes
with a constant amount of main memory footprint. Third, how does the multiphase
approach work in the new system? To provide a basis of comparison, the running
times of the HQMS [11] and OoCSx [8] for the simplification of the three meshes are
shownin Table 2.

Table 2. The running times of the HQM S and OoCSx by seconds

Model
Algorithm Dragon David (2mm) Lucy
HQMS 7 66
OoCSsx! 22 284 1,414
Our implementation of the O0CSx.

The performance of the new system under the in-core operation mode running the
Algorithms |, 1l, and the two-stage approach are respectively presented in Table 3
where the results are compared with their original version and the QSLIM V2.0.
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Table 3. The running times of Algorithms 1, |1, and their two-stage combination in the in-core
mode by seconds
Model
Algorithm
Dragon David (2mm) Lucy
Algorithm I (0. 5.=10K As)*?® 10 81 2,284*
Algorithm Il (m. g. d. =50)° 5 38 148
Stage 1: (m. g. d. =300)° 6 33 125
Two-stage
Stage 2: (0. 5.=10K As)"?* 3 2 3
Y0. s. = output size.; 21K=1,000.; *As = triangles; “The system memory is not enough for in-core
mode simplification; m. g. d. = maximum grid dimension.

The test of the out-of-core mode is conducted by restricting the main memory size
to be below 8 MB, which is much less than the main memory size of a desktop PC
that usually has more than 256 MB main memory space. Under such a strict
condition, the simplification of al the three models is executed using the out-of-core
operation mode. The test results are given in Table 4.

Table 4. The running times of Algorithms 1, 11, and their two-stage combination in the out-of-
core modes by seconds

Model
Algorithm Dragon David (2mm) Lucy
Algorithm I (0. 5.=10K As)*?® 23 362 2,931
Algorithm Il (m. g. d. =50) 6 58 217
Stage 1: (m. g. d. =300)* 20 49 219
Two-stage
Stage 2: (0. 5.=10K As)*?* 8 5 10
Y0. s. = output size; 21K=1,000.; *As = triangles; “m. g. d. = maximum grid dimension.

To show the integration of different types of algorithmsis possible, an experiment
is carried out to test the performance of applying a two-stage integration called
Algorithm Two-Stage. The Algorithm Two-Stage adopts the idea from the multiphase
approach proposed in [7] and is a two-stage method integrating Algorithm | and |1 by
applying Algorithm |1 at the first stage followed by Algorithm I.

In addition to the running times, the rendered images of the simplified Lucy
meshes are demonstrated in Fig. 3.

According to Tables 2-4, Algorithm |l takes only 217 seconds to simplify the
Lucy mesh with 8 MB RAM while its original memory insensitive version, OoCS¥,
takes 1,414 seconds. Hence, the running time of the out-of-core algorithm improves
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¢
[y )

Algorithm 1, Algorithm 11, Two-Stage,

10,000 triangles 11,506 triangles 10,000 triangles
Fig. 3. The smplified Lucy meshes generated by Algorithm [, 11, and Two-Stage

significantly with our new system. Also from Tables 2-4, we may notice that
Algorithm 1, the implementation of the HQMS algorithm, is able to simplify the
Lucy mesh with only 8 MB main memory, which approves our statements as
expected.

Furthermore, simplification results shown in Tables 3 and 4 prove that the two-
stage integration is not only possible but also successful. With 512 MB system
memory, Algorithm Two-Stage is capable of simplifying the Lucy mesh in the in-core
mode using 128 seconds. With 8 MB RAM, it successfully simplifies the Lucy mesh
using only 229 seconds without manual intervention.

6 Discussions and Conclusions

In this paper, we have addressed the issue of high-performance large mesh
simplification by presenting a storage independent platform for the implementation
and integration of various types of in-core and out-of-core polygonal mesh
simplification algorithms. The proposed approach successfully ensures a constant
main memory cost, unbounded input mesh size, high externa memory access
efficiency, and permits tight integration of various types of polygona mesh
simplification agorithms. The results presented in the experiments section further
approve both its effectiveness and usefulness for the two types of simplification.

In summary, the experimental results verify our statements with the following
facts:

e The Algorithm |, or the implementation of an in-core iterative edge collapse
method (HQMS) on the SIPMSS, is capable of simplifying large meshes with a
constant main memory cost.
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The Algorithm I1, or the implementation of an out-of-core grid-based re-sampling
method (OoCS) on the SIPMSS, has significantly better runtime efficiency than its
origina version.

The integration of Algorithms | and Il, or the two-stage approach, having the
advantages of high runtime efficiency and good output quality proves that the
SIPMSS is a very good system for integrating various types of simplification
agorithms.

Degspite the aforementioned achievements, a number of issues are to be studied in
the future.

For some data structures of variable lengths, they could not be supported by our
system. Hence, it is not feasible to port these algorithms directly to our system.
The policy for optimum allocation of buffers to each data structure has not been
studied in this paper. The amount of allocation is decided by the weight of the
data structure, which is simply given by the ratio of its file size to the average file
size.
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Abstract. In order to get better rendering effect, we proposed a wavelet
transform based image enhancement algorithm for real time multi-resolution
texture mapping in this paper. In this algorithm, we proposed a concept of
weighted pyramid. Texture images to be synthesized are weighted enhanced by
wavelet transform. Comparing with original ones, the edges in this image is
much clearer and the contrast of this image is more evident. And when dealing
with the maps with their particular characteristics, we aso proposed some
method for agorithm improvement. By using this method, current multi-
resolution texture mapping method will be much more improved. It can give us
a more realistic and efficient rendering effect by using lower resolution image
to replace higher resolution one.

Keywords: wavelet, image enhancement, texture mapping, multi-resolution.

1 Introduction

Virtua reality techniques have been widely used in many areas such as entertainment,
aeronautics and etc. They have changed the life of people in many aspects. Reality
and real time are the two key attributes of Virtual reality techniques. Without them we
have no felling of being asin areal world when we browse in a virtual environment.
Texture mapping is one of the most widely used techniques for realistic rendering in
virtual reality systems. In order to reduce the computation in texture mapping process,
multi-resolution texture mapping techniques [1], [2], such as mip-map, has been
proposed, which gave us away for fast rendering. As Virtual reality techniques being
used further more and the resolution of devices for data acquiring being much larger,
the number of datato be rendered in virtual environment has enlarged more and more,
not only including the polygons of virtual environment but also the size of texture
images. For example, the size of one satellite texture image used in aterrain rendering
system[3] is 30G bytes or some even much larger. It exceeds the loading ability of the
RAM in PC and graphics cards. We have to piece the large image into smaller patches
and load one patch each time. The rendering efficiency is much influenced by the

" Corresponding author.
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process of data 10. In order to debase the frequency of data 1O process, many people
have to use lower resolution texture image to replace higher resolution one for texture
mapping. Conseguently this method reduces the rendering quality. It not only blurs
the final rendering image but also introduces some match artifacts between different
layers of the multi-resolution texture image for the reason of detail lost. Our
suggestion to resolve this problem is to use the technique of image enhancement [4],
[5]. Facing the problem of how to debase the resolution of the texture image with the
least loss of detail about the edges, we choose the wavelet transform [6] method at
last after experimenting in many methods.

The organization of this paper is as follows: In the next section, we will give the
process of constructing our multi-resolution texture pyramid by edge detection and
aso introduce a new concept named weighted pyramid. In Section 3, we will present
a new method of constructing weighted pyramid by using wavelet transform. In last
section, we will present the results of our experiments and give the conclusions.

2 TheReal-Time Rendering and Weighted Pyramid

2.1 TheReal-Time Rendering

When reviewing the history of computer graphics, we find it is the reality and high
quality of the image that traditional algorithms focus on. However the virtua reality
system nowadays requires limited rendering time. Because of the huger and huger
amounts of data need to be rendered in complicated and veracious scenes, the way we
mostly used for speeding is often to lose some quality. Here the “lose” mainly means
the debasing of the image reality and the growing of the alias. For example, we adopt
simply local lighting model [1] or multi-resolution texture mapping [1], [2]
technigues to improve our rendering speed.

Based on the visual character of people, the object seems smaller when it is far
away from our eyes. And just few pixels are covered when projected on the screen.
So, we needn’t to render al the details for such object. The same thing occurs in
texture mapping. Because the number of pixels projected on screen is often much
smaller than number of pixels in texture images being mapped on object. We needn’t
to use high resolution texture in such cases. Or it will be awaste of resource. For this,
the multi-resolution texture mapping is feasible. It makes us create different levels of
image with different resolution based on one texture image (if we pick up every four
neighbor pixels on the first level to create a new one on the next level, then the scale
is debased by 2 exponential ) . Then we get a pyramid constructed by the different sub
levels of image. When mapping the texture, we can choose the corresponding one
according to its distance from our eyes. And the farther the object goes, the smaller
resolution we choose.

2.2 Weighted Pyramid

By comparing the two images in figure 1 and figure 2, we find that it becomes blurry
while the resolution falling down. In fact, when this falling process goes on the loss of
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edge information will reach some degree and breaking will occur in lower resolution
image. This will introduce some match artifacts between different layers of the multi-
resolution texture mapped rendering image [3].

Fig. 1. The standard image called “house”

For keeping enough more detail information, we hope the new born pixel can
contain more edge information when we construct the multi-level pyramid. Then we
propose a concept of weighted pyramid by adding a weight to each pixel in the
process of constructing pyramid. This can make some information outstanding and is
useful for our rendering.

First we do the edge detection [7], [8] to the image. All pixels are marked with
edge point and non-edge point based on the result of the detection. When building the
pyramid, we add a weight to each four neighbor pixel--bigger weight to edge point,
and smaller weight to non-edge point, which depend on the result of the edge
detection. So the new born pixel on the next level by averaging the four weighted
pixels will comparatively keep more edge information.

There are many existent edge detecting operators. Figure 3 gives the result of
low resolution enhanced image by using Sobel operator. In this algorithm, all our
behaviors take place in the space area and we deal with the pixels in image. For
parting the two kinds of pixels, we need to set up athreshold of gray value. But the
threshold value is often not accurate. And because of its inherent mathematics
disadvantage, this method may bring more blur. Although those shortcomings, by
comparing the histograms of the two images in figure 2 and figure 3, we can see
that the result image in figure 3 not only keep higher pixel values but also
distributes grey values more uniformly. This means that it contains more detail
information and has better rendering effect. However, this result is still need to be
improved for us.

After studying and analyzing many other existent techniques, we lead the wavelet
technique into our weighted pyramid at last.
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Fig. 2. The half-resolution image and its histo- Fig. 3. The half-resolution image enhanced by
gram Sobel detector and its histogram

3 Wavelet Decomposition Used for the I mage Enhancement

3.1 Characteristicsof the Wavelet Transform

Wavelet transform [6] is an analysis technique for non-stationary signal processing.
By using this method we can use a set of functions to approximate one function
wanted. The set of functions used are called wavelet functions. In real application we
often chose dyadic wavelet transform. Give a function f (t) in space L%(R), its dyadic
wavelet transformiis

Con = (W (D) &)

m +oo
where Vn () =2 2 w(2 ™ 1) | and I_ w(t)dt =0. When we extend the

transform to two-dimensional space, it can be used to process or analyze images. The
image can be decomposed into four sub-bands which are horizontal, vertical, diagonal
and low-frequency half resolution portions through different filters respectively. And
the low-frequency part can till be decomposed.
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Wavelet has the abilities of multi-resolution analysis about the images and
reflecting the local characteristics of the signals. We can get the wavelet
coefficient images by using discrete wavelet transform, and the level to be
decomposed is depend on the actual effect you want. The coefficient images is
composed of several sub-band coefficient images which describe the horizontal
and vertical space frequency characteristics of the image. Sub-bands on different
level can describe the characteristics in different space resolution of the image.
Then through multi-level decomposing, the coefficient images we get can not only
show the high-frequency information of the local areas in the image (ex. the edge)
but also the low-frequency information (ex. the background). So that we can still
keep more detail information about the image even though in the low-bit rate
situation. The image described by coefficient of the second level is just half
resolution of the first level. So, we can get image (clear or blurry) with any
resolution we want.

3.2 Wavelet Enhancement

Through the wavelet transform decomposing, we have got four sub-band coefficient
images. Each of them is one quarter of primary image in size. They are one low-
frequency approximate image and three high-frequency approximate images of
horizontal part, vertical part and the diagonal part. So information of the image is
classified very well. Detail information on edge or in texture is mainly collected in
the high-frequency sub-band images with higher values. From some existent research
results we know that people are sensitive to the change on horizontal and vertical
edges, which represent the main edge characteristics of image. On account of those
advantages of wavelet transform, we can introduce it into weighted pyramid
structure we mentioned in section 2. By adding weights to the horizontal and vertical
high-frequency coefficient images on each level we make some adeguate
enhancements to multi-scale images decomposed by wavelet transform. And a new
weighted texture pyramid with more detail information was achieved by
reconstructing an enhanced image on each level with modified coefficients. Much
different from method working in space area we used in section 2, this method works
in the frequency area. In fact, the wavelet decomposition of image separates the
whole signal into different sub-bands with different frequency scale. Then we can
take different means with those sub-bands to achieve our different goals. Taking
image enhancement for example, we will see that it is very flexible and convenient
to strengthen the weight of details with different frequency scale and make it obvious
visually. Then we can improve its holistic quality and get a better visual effect, as
shown in figure 4.

We have three steps to make the enhancement of image f(X, y) by using wavelet
transform. First, we decompose the image with wavelet. Then we make some
adequate enhancement to the horizontal and vertical high-frequency images on each
level. At last, we make the inverse-transform with those results and get a better
enhanced image.
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PR

Fig. 4. The half-resolution image enhanced by wavel et algorithm and its histogram

3.3 Improved Wavelet Enhancement

The former wavelet enhancement method still needs to be improved for different
images with their own characteristics. For example, if the image has excessive noise,
we should set up a soft-threshold filter before wavelet transform. Cause the noises are
mainly distributed on small scale wavelet coefficients in scope of wavelet transform,
just as the most detail information of image (which is the key point considered in the
enhancement) do. If we directly make the enhancement with equation (1), we will
strengthen noises in image uniformly. Sometimes, this will lead to terrible rendering
effect. To solve this problem, we set up a soft-threshold filter to eliminate most noise
before our wavelet enhancement process begins. See equation (2) as below, we set up
threshold T;; on each scale level, where i means different sub-band image and |
represents the scale.

WT,(x.9)-T, WI(x. =T,
WT,(x,5)1=10 T <WT,(x,y)<T, @

WT, (x94T, WT,(x.y)s-T,
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Asfor the images which are gloomy or blurry, an optimized effect can be achieved
through adjusting its lightness for the reason that according to people's visua
characteristics people is much more sensitive to lightness than hue. So we can do the
image enhancement under the HLS model. Firstly we transform the image from RGB
model into HLS model. Then process the wavelet enhancement to L (lightness)
component in the same way we do before. | have to say that this maybe acquire
amazing effect.

4 Experiment Results and Conclusion

For assuring the universality of the result, we choose another different kind of texture
image with Chinese ethical characteristics for the experiment, as shown in figure 5. In
the figure 6, we cut it into two partsjust in the middle.

Fig. 5. High resolution texture image Fig. 6. Two parts separated in the middle

We draw two connected rectangles F1 and F2 in 3-D space, where F1 is near to
us and F2 is far away. We mapped this texture to them. Left part is mapped to F1
and right part is mapped to F2. Because F2 covers much |ess pixels on screen than
F1, we can use a lower resolution texture instead for speeding. This is very
common for two connected faces in real application. Here, we map texture with
highest resolution to F1 and map texture on the next level with half resolution
to F2.

Figure 7-9 give different results by using different lower resolution images. They
are separately normal lower resolution image without enhancement in figure 7,
lower resolution image enhanced by Sobel edge detector in figure 8 and lower
resolution image enhanced by wavelet transform in figure 9. We can see that our
algorithm proposed in this paper gives the best visual effect. Result image in figure
9 is more perfect both at the detail display or lightness balance. And the two
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Fig. 9. Texture mapping result using lower resolution image enhanced by wavelet transform

connected texture image with different resolutions are matched well and joined
smoothly.

Based on the life experiences, it is completely feasible to use the low resolution
texture image to replace the higher one so that we can improve the mapping
efficiency. We finally choose the wavelet enhancement technique processed in the
frequency area to improve the low resolution image after many experiments and
comparisons. Additionally we propose some methods to improve the wavelet
technique for better effect when we are facing images with their own characteristics.
For assuring the universality of the result, we do experiments for real time multi-
resolution texture mapping separately by using original multi-resolution texture
mapping method currently used, Sobel edge enhancement method and wavelet
transform based image enhancement method proposed in this paper. Under the
condition of same efficiency, all results show that our method give a more realistic
rendering image, not only visually but also by image analysis results using histogram.
Comparing with other two methods, our method is more perfect both at the detail
display and lightness contrast. And image synthesized from adjacent layers are
matched more smoothly.
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Abstract. In this paper, stereoscopic image visualization for tel eoperated robots
is studied. The use of stereo vision systems shows some difficulties: image
disparity is the main problem. It affects the correct image fusion process by the
brain. Disparity curve calculations are shown and a method to calibrate
stereoscopic images for telerobotics is explained. Experiments have been
carried out to obtain the limits for a proper image fusion. The use of
stereoscopic image has been assessed to execute teleoperated robot guidance
tasks. The performance of stereoscopic and monoscopic image is compared.
Stereoscopic images have shown a guaranteed depth perception.

Keywords: 3D-vision, stereoscopic interfaces, binocular, disparity, teleoperation.

1 Introduction

There are two ways to improve a tel eoperated system performance: the first consists
of increasing the automation level, and the second is the increase of operator
presence level. The first way implies a greater system complexity since more
sensors are required to obtain information regarding the remote environment and
more computers processing such information. The second option goals the human-
machine interaction improvement in order to show a more accurate teleoperation
environment. In this way the operator can carry out teleoperated tasks more
skillfully. For this purpose, on the one side, spatial perception of the remote
environment can be improved and, on the other side, the applied strength can be
reflected during the manipulation.

The described work in this article focuses on the stereoscopic vision for
teleoperation. The way to calculate the space required for a proper perception of
blended stereoscopic images is described. This result has been proved to be very
interesting for teleoperation since operator’ s tirednessis avoided.

According to the authors' opinion, achievements in teleoperation interfaces are of
great interest. In this way, teleoperated task productivity can be considerably
improved and, at the time, number of telerobotics applications. Nowadays, there are
few new applications apart from the classical teleoperation areas.

R. Shumaker (Ed.): Virtual Reality, HCII 2007, LNCS 4563, pp. 22431] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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2 Binocular Disparity

Depth perception through binocular images requires that the received images by each
eye have a natural aspect so that a proper blending of the images takes place in the
brain. The main factor for a suitable image fusion is the disparity among the images.
This depends on the camera convergence angle and on the distance between the
objects and the camera. In this section the human binocular field and its disparity
development is analysed. This will alow to later study the scene visual fields in
remote environments for teleoperation.

2.1 Binocular Field of Vision

The binocular field is the area that both eyes reach to see objects (114°). A horizontal
section of the human visual field is shown in Fig. 1. Within the stereoscopic visual
field, points with positive, or crossed, disparity and points with negative, or
uncrossed, disparity can be distinguished. Points indicating crossed disparity are those
located beyond the place where the optical axes of our eyes intersect. Uncrossed
disparity is shown by those located before such place.

Each point in the binocular field is represented only by a corresponding point
on each retina. Images that fall on these points have zero binocular disparity.
However, images that fall on noncorresponding points are disparity images. The
locus of spatial points that project images to the corresponding points on both
retinas is known as horopter. This depends, evidently, on the position of both
eyes. More details are given in [1]. The study of the binocular visual field
provides the required criteria for the display of stereoscopic video images. To
begin with the stereoscopic visualization, the images should be placed in the
binocular field. For this reason, wide-angle lenses are not recommended for
stereoscopic images. Secondly, stereoscopic images must respect crossed and
uncrossed disparity limits. A further requirement is the front placement of the
display inside the binocular field, but usually this is the normal position of a
screen.

Binocular field

Crossed i
disparity” % !

% / Uncrossed
‘.\,.' disparity

Monocular field
left eye

Monocular field
right eye

Fig. 1. Binocular visua field: crossed and uncrossed disparity regions
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2.2 Binocular Digparity Evolution

Fig. 2 shows two points visualisation (A and B). In the case the eyes converge on
point A at a distance d forming the angle o, and that point B is at a distance x
under an angle B. Then point B does not have non-corresponding projections on
each eye. In theright eye there will be a 61 disparity, with a 62 disparity in the left
eye, with opposite values. The total angle disparity will result to be p and
corresponds to the addition of both disparities. If the distance between the eyesis
o, then:

p=0-F=10-0,=20 (1)
o o
tg(a/2)=—,tg(f/2)=— 2
9(er/2)= 1 19(p12)=— @
0 o
=2 atan| — [—atan| — 3
u (aan(Zdj aan(zxjj ©)
p= M = |di3parity| = ab{MJ (4)
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d| 6,
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Fig. 2. Angular disparity from A and B
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The graph appearing in Fig. 3 is obtained representing the disparity value
according to the equation (4). The graph shows that uncrossed disparity increases
faster than crossed disparity. It means that there is a greater variation for those objects
which are nearer to the observer than for those which are further away. In the same
way, it can be seen that the greater the value d is the slower the disparity variation
results. This demonstrates the reduction in the disparity mechanism as distances
increase.

Disparity
[
[3,]

0 20 40 60 86 100 120 140 160 180 200
Object to camera distance

Fig. 3. Disparity evolution as to the object-to-camera distance, obtained from different
convergence angles

2.3 Teleoperation Working Field

Fig. 3 shows disparity development of three different curves, being their focus axes at
40, 60 ad 80 cm. The horizontal line represents the maximum value of the accepted
disparity. By looking at the curve intersections, the boundaries of the scene to be
visualised can be calculated. For the central curve, that crosses the axes at 60 cm and
its limits are set at 3 (as the marked lines show), it would be possible to view al
objects at a distance ranging between 40 and 120 cm.

The teleoperation working field will be placed within the limits that allow a proper
stereoscopic image blending. The calculation of the area where images blend requires
knowing the maximum angular disparity limits. No consensus has been reached about
where this limit might be in the different works. Most restrictive studies set the limit
for crossed disparity around 27 min-arc and 24 min-arc for uncrossed disparity [2].
Lipton from SterooGraphics Corp.,, one of the man stereoscopic device
manufacturers, suggests a maximum disparity of around 1.5° [3]. In other experiments
carried out by lan Howard [1] limits between 4° - 7° for crossed disparity and between
9 - 12° for uncrossed disparity are given. According to Howard, the variability of
these findings result from the numerous factors affecting the correct image blending,
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like scene lighting conditions, contrast between objects and the time that images are
exposed. In the fifth section, these results will be used to obtain an approximate value
of the teleoperation working field.

3 M3D for Visualization of Stereoscopic | mages

M3D isasystem for stereoscopic image visualisation on a computer screen developed
by the authors [4] and [5]. The objective of this system is to insert stereoscopic
images into a window on a computer screen which displays all graphical interfaces.
Stereoscopic systems are usualy independent from the other computers in the
teleoperated system interface. This task involves the use of numerous computer
screens showing video, graphics, etc., which increases considerably the complexity of
the operator’'s interface. A specific stereoscopic device with a smart and integrated
teleoperation device was considered to be useful and consequently designed.

Fig. 4 shows the four main elements of this system: a 3D-video camera, a
stereoscopic image processing device known as M3D, a computer to display the
images, and shutter glasses. M3D receives stereoscopic video signals from the 3D-
video camera and the VGA input signal from the CPU. Both signals are multiplexed
so that the VGA output signal can be sent to the computer monitor showing
sequentially the stereoscopic video images on a window. The screen space left is used
for the visualisation of other processes taking place during teleoperation. To see the
stereoscopic images properly the observer should use liquid crystal shutter glasses
which are synchronised with the display refreshment of the screen.

L.C. Glasses

" Reconstructed
» 5 Stereoscopicy” "\
~ - Image on
Images from 2= g
3D-Camera Display.} PC
4 Processed \_
i N\ VGAto e
Display ==
: S
>
BI3D VGA from [~ C P U
CPU
d —

Fig. 4. Stereoscopic system for teleoperation interface

The 3D-Camera has two synchronised CCDs which are 6 cm horizontally
separated, and have a variable convergence. In this way human sight mechanism is
simulated. The device is designed as a computer peripheral, used to insert
stereoscopic images on a computer screen window. It has two kinds of video inputs:
on the one side, the VGA video signal coming from the computer; and on the other
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side, stereoscopic video signals coming from the 3D-Camera. The signal coming out
of the DISTREC has the same VGA format as the one received by the computer. The
stereoscopic video signal is reconstructed over the computer signal. The functioning
is similar to a video image card but with this device stereoscopic images are
processed.

The use of external equipment, apart from the computer, makes handling easier and
also reduces the use of computer resources, such as the CPU or memory. Some
integration costs are also eliminated because no driver is necessary to run the
equipment. It is an external periphera that blends images from the 3D-Camera and
the VGA input, showing the stereoscopic image on a rectangular computer window,
asshowninFig. 5.

Fig. 5. M3D, shutter glasses and PC screen to visualize the stereoscopic images

The stereoscopic video signals are reconstructed and multiplexed in a synchronised
manner according to the computer VGA frequencies. The VGA vertical frequency
determines the reading memory. The left memory contains the images coming from
the left CCD. It is read when the right eye is hidden by the shutter glasses and so on.
The VGA horizontal frequency indicates the number of image lines. Using a pixel
generator the column number is calculated. Information coming from the computer is
shown on the remaining screen, which is very useful for the telerobotic system
interface. The stereoscopic video window takes up from 30% to 70% of the screen
depending on the monitor resolution. For the display of the corresponding image to
each eye, the shutter glasses cover each one alternately, synchronised with the image
reconstruction. When the monitor refreshment is lower than 70 Hz flicking problems
may appear. Therefore, it is recommended to use monitor vertical frequencies higher
than 75 Hz.

The M3D is made up by three modules connected to one another through
independent buses and controlled by a CPLD. The modules are the following:

o Digitaisation
e Storage
e Reconstruction
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A VHDL-programmed Xilinx CPLD is used for the control of the whole M3D
system. This IC is the “system brain” and is in charge of programming and
monitoring the remaining devices. The employed |C reaches working frequencies up
to 80 MHz

4 Experimentsfor Stereoscopic | mage Calibration

This section focuses on stereoscopic image visualization on a computer screen using
shutter glasses, using the above mentioned M3D system. This kind of system is the
most frequently used in teleoperation [6], and [7] and when a proper transmission
speed is reached it will probably be also the most common system for future
applications based on networks.

Asit has been previously explained, disparity is the key factor for depth perception
and for image blending in the brain. There are some additional factors to be taken into
account for the correct visualisation of stereoscopic images. First of all, image
similarity is necessary; they must have the same orientation and both images must
have the same colour and brightness. Careful attention should be given to these
factors so that the images can be easily fused in the brain. Possible colour
discrepancies can hinder the matching process. This effect is further explained in [8]
and [2].

4.1 Experiment Description

Depth perception when visualizing stereoscopic images depends highly on each
person. It is thus necessary to give a test to users so that they can say how “natural”
the stereoscopic images appear to them. The test has been given to 30 people and the
results obtained are significant enough to be considered applicable to the general
population.

The following test was developed to evauate the limits of disparity. An object is
placed at 14 different distances from the 3D-C and 10 seconds of images are recorded
in each position. This process is repeated for different convergence angles of the
3D-C. The seguence of images has been repeated for angles of 12.5°, 7.5° and 5°,
which correspond to intersections of the optical axes at a distance of 30, 50 and 70 cm
respectively. Fig 6 shows a sequence of the captured and recorded stereoscopic
images. The advantage of recording these images lies on the fact that all the
participants used the same stereoscopic images under the same conditions, thus
eliminating possible uncertainty regarding the experimental conditions.

30 participants can see then the recorded images. The test consists of showing the
14 images for each convergence angles. The user can state if the image visualized is
perceived in a coherent way or if double images are perceived, i.e. the latter images
correspond to those that cannot be fused in the brain. Participant’s behavior is quite
similar; some stop perceiving stereoscopic images before others do, but there is a
region in which all participants perceive stereoscopic images and another region in
which all of them perceive double images. When it comes to define disparity limits
differences among participants arise. One interesting data is that in the transition area
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some individuals say that they either do or do not perceive in stereo depending on
where they focus. This suggests that disparity limits depend on the progressive
accommodation of the eyes without an abrupt break. In order to assess the perception
of stereoscopic images, a scale with three different values was devel oped, as follows:

e 10 points, if stereoscopy is perceived clearly

e 5points, if it is necessary to re-focus the images, or if stereoscopy is perceived ith
doubts

¢ 0 poaints, if double images are perceived.

The “stereoscopic assessment of each image” is the average number of points
given to each image by the 30 participants. The point values given by al the
individuals to each stereo image have been added up. The average is a measure of
how easy or difficult it is to perceive the depth in the scene. The angular disparity of
each image has also been calculated; i.e. the angle formed by corresponding points of
each image seen from the viewer position, who is at a distance of 70 cm from the
computer screen. Fig. 5.2 illustrates the angular disparity and the stereoscopic
assessment of each image, with respect to the distance of the object visualized from
the C3D. It shows that ordinate axis have the same scale, both for the angular
disparity and for the stereoscopic image assessment.

Fig. 6. Captured image sequence to detect visua disparity limits. Video camera axes intersect
at 60 cm (picture €), pictures ato d reveal uncrossed disparity and crossed disparity in pictures
ftoi.

4.2 Analysis

It was taken 8 points as the minimum stereoscopic image assessment means that most
individuals can see clearly the stereoscopic images. An analysis of the results shown
in Fig. 7 reveasthat if 8 are taken as the minimum stereoscopic image value, the limit
for binocular disparity is 2° for the three graphs, while a minority may still have some
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doubts. Furthermore the limits of the scene can be significantly increased, which is
realistic since work in the scene limits is not performed continuously, but only in
particular moments. Taking 10 as an assessment value as a suitable work region
would restrict the limits excessively, since when limits of perception are exceeded
within the working field, the brain will admit images with a slightly higher disparity,
at the cost of producing fatigue if the images persist for along time.
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Fig. 7. Angular disparity and stereoscopic assessment vs. objet-to-camera distance for three
convergence angles (5°, 7.5° and 12.5°)

The limits obtained in a 12.5°-angle are at a distance ranging from 25 and 50 cm
with respect to the C3D. In the case of a 7.5°-angle, the area of stereoscopic vision is
between 45 and 100 cm. For a 5° convergence angle only a lower limit exists at 55
cm. There is no upper limit because such a small angle means that disparity is not
above 2° in the stereoscopic images. This result comes to be very valuable since it
indicates that if a greater range of visualisation is desirable, it is necessary to work
with small convergence angles. The disadvantage is that they have a lower limit
which is relatively high. This means that the C3D must be placed relatively far from
the scene. Consequently, the larger the convergence angle, the smaller the possible
work space is. In the light of these test findings it can be concluded that the suitable
working field will be one in which the disparity of the objects is less than 2° and that
the greater the area is required the further away the camera must be from that field.
The exact calculations must take into account the disparity graphs.
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5 Conclusions

The need for suitable interface design for stereoscopic image visualisation has been
analyzed. For this purpose, the key factors which are disparity and image quality have
been studied. Disparity limits have been calculated in the stereoscopic image
displayed on a computer screen. A method that calibrates stereoscopic image in
remote environment teleoperations have been described. When monoscopic images
are used, the degree of image quality provides spatial information about the location
of the objects. Data such as shadows and reflections inform about 3D position. Such
information could be sufficient in some cases but stereoscopic images aways
guarantee the proper depth perception.

The experiments have shown the proper performance of the developed 3D-Camera
and M3D. The 3D-Camera determines convergence calibration. It has to be in
accordance with the remote working environment in order to achieve an acceptable
image disparity. Disparity limits for the proper calibration have been obtained around
2°. The M3D system alows stereoscopic image visualisation on a PC screen frame
while the rest of the screen can be used for different processes involved in the
teleoperated system. The integration of stereoscopic images on a computer screen has
notably simplified the teleoperation interface. This fact improves performance of the
teleoperated system and a seamless visual interface has been obtained, due to the use
of acommon screen for the visual interface.
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Abstract. This paper describes various techniques of accessing objects
hidden behind obstacles in virtual environments. We show some of well
known interaction techniques that are suitable for usage in this case.
Next, we introduce new Head Manipulator method and several aids that
allow a user to change the visibility of objects. We propose several com-
binations of interaction techniques and discuss their suitability for the
given task. Finally, we describe our experiments when testing these meth-
ods and then we conclude with the results from the experiments and from
users’ observations.

1 Introduction

When users explore a virtual environment for the first time, they have no knowl-
edge of the location and size of objects within a scene. They are able to interact
directly only with objects which are visible. After some time, users gradually
learn which objects are located in a given direction. Having this knowledge users
may want to interact with the objects they know are occluded, but without
the necessity to change the user’s current position. Sometimes it may be even
undesirable to walk around an obstacle because it is time consuming or it may
not help anyway. For this type of interaction, a partial knowledge of the scene
is required. This knowledge may be acquired with an appropriate exploration
method.

In this study, we propose several combinations of well known interaction tech-
niques and discuss their suitability for manipulating objects behind obstacles.
We conclude with the results from the experiments and from users’ observations.

2 Related Work

Applications for virtual reality are primarily designed for experts users. For new
users, it might not always be clear how to manipulate with objects or travel in
space, even in some small environments [I].

Manipulating the objects hidden behind obstacle requires users to change
their position or expose a hidden part of the scene. Methods for travel and way-
finding were firstly categorized by Bowman et al. in [23]. A thorough study
in [] provides the taxonomy of travelling techniques based on translation and

R. Shumaker (Ed.): Virtual Reality, HCII 2007, LNCS 4563, pp. 32{41] 2007.
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rotation components. Changing location in large and densely populated scenes
necessitates a usage of more sophisticated navigation techniques. Stoakley et
al. in [5] designed a World In Miniature (WIM) technique. A concept of closed
world interactions (CWI) is described [6]. Using a wireframe and/or additional
constraints, a user defines the closed world, which is then presented by a frame.
All subsequent iterations are then restricted to the selected part of world.

Razzaque et al. [7] conducted a study of walking and exploring a large virtual
room. To avoid the view at the missing back wall of the CAVE”™ | a technique
called Redirected Walking in Place was used. The VE was slowly and imper-
ceptibly rotated while the participant was walking in place. A participant could
virtually walk in a full circle without turning towards the missing back wall.

In [§], Fukatsu et al. proposed the ”bird’s eye” view technique to improve
navigation in an enormous virtual environment. Interlocking pairs of birds’eye
and user’s coordinate systems allows these systems to be manipulated intuitively.
Navigation in densely populated VEs, such as a virtual city, was studied in [9].
This technique allows the modification of selected object properties which are
tagged to indicate their constraints. Tagging helps to distinguish objects which
cannot be modified, while other objects may change, for example, their position
and size. The WIM technique is used to display copies of the objects to the user
for a closer examination.

Annotated WIM-based aid [10] provides users an overview of their environs
and allows to select and inquire about the objects contained. The WIM’s posi-
tion, scale and orientation is controlled by head-motion with non-linear mapping
to emplacement.

LaViola and colleagues [I1] investigated set of techniques for hands-free nav-
igation through virtual environment. They experimented with a Step WIM, a
miniature version of the world projected on the ground. The actual position of
the user in the VE coincides with the approximate location of the user’s feet in
the miniature. The navigation is controlled by walking, toe and heel clicking,
and leaning. Tools and actions are invoked using context-based gestures. The
paper also addressed problems of WIM scaling.

3 Basic Interaction Techniques

In the following section, we shortly describe selected interaction techniques and
tools that are related to a manipulation with objects behind obstacles.

For a local movement and an exploration of a scene we have selected techniques
which use object manipulation metaphors. The virtual world or the user are
represented by virtual objects which can be translated and rotated intuitively
using e.g. hand or head. These techniques allow to observe different parts of a
scene from different viewpoints and choose a new position of the user’s viewpoint.
The speed and range of the movement can be controlled using linear or non-linear
mapping [12].

The Scene In Hand (SIH) tool described in [I3], was originally designed for
changing the user’s view in a scene with the 3Space(bat). The technique maps
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translations and rotations of a tracked hand to translations and rotations of the
scene. The user "takes” a virtual scene in his hand and explores it by turning,
bringing it closer to his eyes etc. The usage is simple and intuitive.

With the Eye In Hand (EIH) tool [14] users control their view like using
a camera attached to their hand. Moving and orienting the viewpoint is con-
trolled by non-dominant hand, while the dominant hand is used for manipu-
lating objects. The EIH technique is applicable both for immersive and non-
immersive virtual reality. However, it is more natural to use it in non-immersive
applications.

A World In Miniature (WIM) [5] technique uses a miniature of a scene as a
tool. Users may interact not only with objects in the original scene but also with
their proxies (small copies) in the WIM. The user can look at the scene from
any viewpoint and solve local exploration and global navigation tasks easily. A
small head model of an avatar displayed in the WIM is used to represent the
user’s viewpoint [I5]. Later on, the WIM technique and its variations were used
in many works in a different context (eg.[I6], [17]).

Originally, the WIM was not suitable when users interact with virtual world at
various levels of scale. To overcome this drawback, SSWIM [I8] tool was created.
It allows user to change the scale of the miniature according to the scale of the
interaction context and scroll the miniaturized world like a map.

Mirroring techniques provide additional views which help to improve the in-
sight and the comprehension of the scene. The Magic Mirror (MM) tool de-
scribed in [19] is based on the metaphor of a mirror, which is used to explore
the real world. The user manipulates the mirror tool the same way as any other
object in the virtual environment. Using this method, users are able to explore
the vicinity very fast. They can also swap viewpoints from their current position
to the mirror’s position and vice versa. It is possible to transfer the user to the
mirror’s location, let him/her interact with the virtual world from this viewpoint
and return to the original place.

4 Additional Tools and Improvements

We tried to improve above mentioned approaches with additional tools. We have
designed the Head Manipulator facilitating the control of a position only a slight
movement of the user’s head. We have also designed several aids that are based
on changing the visibility of virtual objects and allow us to see occluded objects
without a change of the user’s viewpoint.

4.1 Head Manipulator

To look over and move around the obstacle, the Head Manipulator (HM) can
be used. It maps the head motion in z, z axes and pitch of the head to a
virtual viewpoint motion in the following way. The deflections in z axis from the
original location are transferred to the motion on the surface of a sphere along
its girth (Figure[I]). The movement in the up direction on the surface is realized
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by mapping the head pitch. The deflection in the z axis is used to draw the
user closer to the place of interest or to distance him from this place. Basically,
the radius of the sphere encompassing the local area changes with the deflection
in the z axis. The motion on the border is controlled either by a linear or a
non-linear mapping.

virtual viewpoint i
head-pitch

%o

radius=f(z)

Fig.1. HM tool maps slight movements of the user’s head to the movements of the
viewpoint on the sphere

To use this technique efficiently the user must determine an approximate
center of the area explored. It can be done automatically or manually, depending
on the application domain. Interactive choice of the center can be accomplished
with some selection tool controlled e.g. by a user’s hand. Additional aids such as
the Magic Mirror tool may facilitate the exploration of a local space and finding
an appropriate central point.

Scenario:

1. activation of HM tool positioned in an approximate center of the area explored

2. exploration of the neighbourhood of the obstacle with slight head and body movements
3. virtual move to the position convenient for interaction, (optional) deactivation of HM
4. interaction task

5. deactivation of HM

6. (optional) return to the original location

Controlling the viewpoint with this method is easy but it has several draw-
backs. When moving on the sphere with the changing radius the user may
get too close or even penetrate some objects occasionally. With such a con-
fused view, the user is not able to interact with objects. This drawback shows
up markedly in a densely populated virtual region. An automatically gener-
ated border can prevent the user from intervening with manually or automat-
ically selected objects. However, this option can be disadvantageous because
the user looses the control of the distance from the center of the working area.
To overcome this limitation we designed a tool for changing transparencies of
objects.
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4.2 Changing the Visibility of Obstacles

To expose the space behind the obstacles the occluding objects can be tem-
porarily removed or made transparent. Removing the obstacles may simplify
the complex situations and may be convenient for many tasks. However, the
position of the obstacle may be important for precise and/or restricted manipu-
lation. In these cases it is better to leave the obstacle in the scene and to apply
only such visibility changes which preserve the shape of the original object. We
have designed tools which allow to control the visibility of a single object or a
group of objects. The visibility changes may be applied to the whole occluder
or only to a part of it. The first option can be realised by a Change of Visibility
(COV) tool to selected objects (Figure la)), while for the partial visibility we
use a Cutting plane (CP) tool, see Figure 2l

Fig. 2. (a) The change of occluder’s visibility - individual or a multiple selection. (b)
The partial change of occluder’s visibility with the ”cutting plane” tool. (¢) Creating
transparent corridors with CP tools.

The changes of visual attributes may also signal a contact between a ma-
nipulated object and other objects in the scene and thus help to consider an
arrangement of nearby objects.

A Cutting plane (CP) tool (Figurd2(b)) is visualized as the frame object. Its
location is controlled by the user’s hand. When the tool collides with some object,
this object is split by an infinite cutting plane and according to the orientation
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of the tool the respective part of the object changes the visibility. Using CP tools
users are able to gain the insight of the situation behind obstacles rapidly. Since
visual feedback provides clear information of the CP tool’s orientation, it is not
necessary to indicate it by any mark.

For a work in a close environment the tool can posses a constant shape and
size. Another option is adjusting parameters interactively, for example changing
the length of the side nonlineary in a similar way as Go-Go technique.

Using these tools in a dense scene, it may be also difficult to change the
visibility selectively, especially when the group of occluders surrounds the objects
to be manipulated. Similar problems may arise when dealing with a non-convex
obstacle. With multiple instances of CP tool, semi- or fully-transparent corridors
to hidden parts of the scene can be created easily, as shown in Figure 2lc).

5 The Experiments

Interaction tools, virtual scenes and testing applications were implemented in the
VRECKO system [20]. Users viewed scenes on a large sterescopic wall with back
projection. The modes and actions were controlled using FakeSpace PinchGloves
to signal object grabbing or to change a state of an interaction technique. The
Ascension Nest of Birds™was used for 6DOF tracking of hands and a head. All
experiments were realized in a non-immersive virtual environment.

The eight subjects participated in this study. Each subject fulfilled 4 experi-
mental tasks, each with 4 different tools (EIH, STH, SSWIM, HM). In the tests
3 and 4 they could use also the COV tool. The fifth test was prepared to verify
the usability of the mirror tool when offered to the user as the additional option.

The tools described above were tested in two virtual scenes. The scenes con-
tained a floor and three cube-shaped objects hidden by obstacles, as can be seen
in Figure B In the first scene, the obstacle blocked the front view only (test 1, 3
and 5). In the second scene, the obstacles formed a closed "room” surrounding
completely the objects to be manipulated (test 2 and 4). The appointed task
was to move the certain objects to the predefined positions denoted by markers.
Typical training time for each method ranged from 2 to 10 minutes.

5.1 Results

The average time to complete all the tasks was approximately one hour. With
the growing time users tried to find the shorter scenarios of interactions. Finally
they commented their experiences using a simple questionnaire.

The results of the Head Manipulator technique and the Change of Visibility
tool in the performance measures were positive, as depicted in Figure [ All
measurements showed that in all cases the average time to complete the task
using the Head Manipulator was shorter in comparison to other methods.

The advantage of the Change of Visibility aid is markedly notable within
some closed environment. In the less complex arrangements with a simple front
obstacle, using this tool had rather negative effect and prolonged the time of
completion.
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Fig. 3. Testing scene 2: Room with objects, the change of visibility

5.2 Subjects’ Comments

Each subject commented about experiences with the usage of mentioned tech-
niques. For the Scene In Hand method most users gave their opinion that it is
useful when objects are not very close and a suitable viewpoint can be found.
But when the user entered into the enclosed area, objects were too close and
their hands could be located outside the room (not visible to user). In such
cases, the interaction with objects was painful. It was also difficult to orien-
tate inside and they had to go out several times to find a suitable position.
Some users did not search for a better position and tried to solve the re-
spective task with tiny movements of their hands. The motion with SIH was
preferred by users to the motion with EIH. Some users evaluated SIH as a
very natural tool, while the rest had serious problems to use it in a limited
space.

All users agreed, that using COV they were not forced to work in a close
and limited space. They could manipulate objects from a more distant position.
Moreover, the STH was used less times as it was not necessary to walk around
the obstacles.

Most users noted that using the EIH tool is far more difficult compared to
other techniques. Using this method two users did not succeed to finish the task
inside the room. But for the experienced users EIH provided finer adjustment of
the user’s location. Using EIH in combination with COV, every subject solved
the tasks without problems. Surprisingly, all subjects rated this combination with
the lowest grade. Especially for working in an open area, everybody preferred
SIH+COV and HM+COV to this combination.

All subjects assessed HM tool as very intuitive and easy to use when avoid-
ing obstacles. It is very natural to look over an obstacle with HM by bowing
the head slightly. Bowing helped even to get a glimpse inside the closed room.
Nevertheless, three users complained about tool’s sensitivity which caused prob-
lems when moving on the surface of a sphere. The combination with COV was
advantageous in situations when working area is partially occluded with more
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Fig. 4. Comparsion of the methods in experiments 1 — 4

obstacles. Most users preferred HM to SIH. Some users preferred single usage of
SIH technique even though they admitted improvement with HM.

Assessing WIM, three users emphasized the easier control of scene’s pre-
view compared to SIH. Five users reported problems when manipulating with
miniatures with scale < 1/2. All users reported serious problems using WIM
for the manipulation in a closed room. They enlarged the WIM and preferred
scale > 1. All users evaluated this method worse than SIH and HM. Using
COV together with WIM users do not necessarily have to move very close to
objects.

6 Conclusions and Future Work

In this paper we discussed the problem of manipulating objects behind obstacles.
We have tested the usability of several well-known methods with respect to a
movement and a manipulation in dense environments. Then we described our
approach based on the Head Manipulator and the COV tools. We found out that
HM and COV are intuitive and users can quickly reach the intended location to
fulfil the interaction task.

This work has been supported by the Ministry of Education, Youth and
Sports of the Czech Republic under the research program LC-06008 (Center for
Computer Graphics).
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Abstract. This paper illustrates a novel registration method based on robust
estimation of trifocal tensors using point and line correspondences
synthetically. The proposed method distinguishes itself in following ways:
Firstly, besides feature points, line segments are also used to caculate the
needed trifocal tensors. The registration process can still be achieved even
under poorly textured scenes. Secondly, to estimate trifocal tensors precisely,
we use PROSAC instead of RANSAC agorithm to remove outliers. While
improving the accuracy of our system, PROSAC also reduces the computation
complexity to alarge degree.

Keywords: Augmented Reality, Registration, Trifoca Tensors, Fundamental
Matrix, PROSAC.

1 Introduction

Registration is one of the most pivotal problems currently limiting AR
applications. It means that the virtual scenes generated by computers must be
aligned with the real world seamlessly. Recently, many promising natural feature
based registration approaches have been reported. However, most of them use
local, viewpoint invariant regions [1],[2],[3]. These regions are extracted
independently from reference images, characterized by a viewpoint invariant
descriptor, and finally matched with online frames. Those methods are robust to
large viewpoint and scale changes. However, the number of produced matches
depends on the amount of visible distinctive texture contained in scenes. | mages of
poorly textured scenes provide only a few matches, and sometimes none at all.
Despite lacking texture, these scenes often contain line segments which can be
used as additional features. Line segments convey an important amount of
geometrical information about the constitution of the scene, whereas regions
capture the details of its local appearance. Using both types of features allows to
exploiting their complementary information, making registration more reliable and
generally applicable.
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In this paper, we propose a novel registration method based on online estimation of
trifocal tensors using point and line correspondences, which distinguishes itself in
following ways:

Firstly, we relax the restriction that the four specified points used to establish world
coordinate system must form an approximate sguare. The only limitation of our
approach isthat these four coplanar points should not be collinear.

Secondly, besides feature points, line segments are also used to calculate the
needed trifocal tensors. Using both types of features, the registration process can still
be achieved even under poorly textured scenes.

Thirdly, benefiting from the tensor of previous frame and the normalized cross-
correlation (NNC) operation, we propose a method to match features between current
and reference images directly. By this method, not only do we fulfill the task of
establishing points and lines correspondences respectively, but also constitute a NNC
based criterion to evaluate the quality of points and lines matches in a uniform
framework. In deed, this is an important precondition of the PROSAC agorithm we
used to estimate the needed tensor.

Finally, to estimate trifocal tensors precisely, we use PROSAC to remove outliers.
The matches with higher quality (normalized cross-correlation score) are tested prior
to the others, by which the algorithm can arrive at termination criterion and stop
sampling earlier. While improving the accuracy, the proposed method can also reduce
sampletimesto alarge degree.

2 Overview of Proposed Approach

Our method can be divided into two stages, namely, offline initialization and online
registration. In initialization stage, a high quality set of point and line
correspondences are obtained for two spatialy separated reference images of the
scenes in which we want to augment. The world coordinate system is established
based on proj ective reconstruction technique and the four coplanar points specified by
user in the two reference images respectively. In online stage, feature matches of the
reference images are tracked in current frame benefiting from the tensor of previous
frame. With the feature triplets, the trifocal tensor is calculated using PROSAC based
algebraic minimization algorithm. Using this tensor, the four specified coplanar points
are transferred into the living image, and the homographies between the world plane
and the moving frame is recovered via the correspondence of these four points. Then
the registration matrix is recovered using above homographies and the virtual objects
isrendered on the real scenes using the graphics pipeline techniques, e.g., OpenGL.

3 Establishing World Coordinate System

Before establishing the world coordinate system, we should first recover the epipolar
geometry between the two reference images. For a point X; in the first reference
image, its correspondence in the second image, X must lie on the epipolar linein the
second image, which is known as the ep|polar constramt Algebraically, in order
for X, and X; to be matched, the following equation must be satisfied [4]:
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X, Fx,=0 i=1...,n D

Where F, known as the fundamental matrix, is a 3x3 matrix of rank 2, defined up to a
scale factor, which is also called the essential matrix in the case of two calibrated
images. Let F be the fundamental matrix between two reference images. It can be
factored as a product of an antisymmetric matrix [e] and amatrix T, i.e,F=[e] T .

In fact, € is the epipole in the second image. Then, two projective camera matrices
can be represented as follows:

P=[110],P=[T|€] @

Given a pair of matched points in two reference images: (X, X, ), let X, be the
corresponding 3D point of real world. The following two equations can be obtained:

X, = APX, )

X, =1 P X, (4)
Where A and A are two arbitrary scalars. Let P, and p be the vectors corresponding to

the i-th row of P and P respectively. The above two scalars can be computed as
follows:

2=1p; X, )

A =1/p; X, 6)

With equations (3) to (6), we can reconstruct X, from itsimage matches (X, ,X,)
using the linear least square technique.

The next step is to specify four coplanar pointsx, = ()g Y ,1)T, (i=1...,4)ineach
of the two reference images, respectively, to establish the world coordinate system.
Previous work [4][5] has the restriction that these four points should form an
approximate sguare, and the origin of the world coordinate system is set to the center
of the square defined by the four known points, the X-axes and Y-axes are the
direction of two different parallel sides respectively. However, this method still needs
some specia sguare planar structures to help to specify the planar points accurately in
the control images.

From the study of [3], we know that the registration matrix can be computed from
the homographies between current frame and the world plane, and to get this
homographies, we need only four coplanar but non-collinear points of the world plane
and their projections on the current image. Motivated by this property, we propose a
new method to define world coordinate system without the needs of special square
structures, and the only limitation of our approach is that the four specified coplanar
points should not be collinear. Let X, =(X,,Y,Z.1)",(i =1...4) be the projective 3D
coordinates of the four specified points, the origin of the world coordinate system will
bethe X , the X-axes will be the direction of the vector X X, , the Z-axes will be the
vertical direction of the plane defined by above four 3D points, and the Y -axes will be
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the cross product of Z-axes and X-axes. To improve accuracy, when one point has
been specified in a reference image, its epipolar line in another image is drawn to
limit the searching area of the correspondence in this image, because the
correspondence is limited on this epipolar line according to the property of epipolar
geometry.

4 FeatureTracking

We propose a normalized cross-correlation based method to match the features
between current and reference images directly. We assume that the tensor of previous
frame has been calculated accurately. With this tensor, the corresponding feature
points detected from two reference images are transferred onto the live image, the
correspondence is identified by searching in a small area surrounding the transferred
point for a point that correlate well with one of the two reference matched points.

To match a line segment, following steps must be carried out. Firstly, the midpoint
of the shorter one of the corresponding lines in reference images is extracted, and the
correspondence of this midpoint on the longer segment in another image is aso
detected, in fact, this correspondence is the intersection of the longer segment and the
epipolar line of the shorter segment’s midpoint in this image. Secondly, with the
previous tensor, the midpoint of the shorter segment and its correspondence is
transferred onto the current image, and an appropriate searching window around the
transferred point is fixed to limit the searching area of the correspondence. Finaly,
the operation similar to feature points is inflicted on the points belonging to the
detected lines and within this searching window. The correspondence is the line with
the point that has the maximal normalized cross-correlation score with one of the two
extracted points in reference images.

In above steps, not only do we fulfill the task of establishing points and lines
correspondences respectively, but also constitute a NNC based criterion to evaluate
the quality of points and lines matches in a uniform framework. In deed, thisisavery
important precondition of the PROSAC algorithm we used to estimate trifocal tensor
in section 5.

5 Estimating Trifocal Tensor Using PROSAC

We now turn to the problem of calculating trifocal tensor using point correspondences
obtained from previous section. The trifocal tensor plays a similar role in three views
to that played by the fundamental matrix in two. It encapsulates all the projective
geometric relations between three views that are independent of scene structure [6].

For atriplet of images, the image of a 3D point X isx, x and x_ in the first, second
and third images respectively, where x = (x,, x,, X, )" is homogeneous three vectors.
If the three camera matrices ae in  canonicd form, where
P=[I]0],P=[a],P'=[b], ad the & andbj denote the ij-th entry of the

matrix P and P'' respectively, index i being the row index and j being the column
index. Then the trifocal tensor can be computed by:



46 T. Guan, L. Li, and C. Wang

T* =abf -alh* ,j,k=1..3,i=1..3 Y

Where the trifocal tensor T = [T, , T,,T,] isa3x3x3 homogeneous tensor. Using
the tensor a point can be transferred to a third image from correspondences in the first
and second:

X

= x{i x, T} - in x, T 4, )=1..3,1=1..3 @®)

k=1

Similarly, aline can be transferred as

! =iZI;IL T ©)

j=1 k=1

The trifocal tensor has 27 elements, 26 equations are needed to calculate a tensor
up to scale. Each triplet of point matches can give four independent linear equations
for the entries of the tensor, and each triplet of line matches can provide two
independent linear equations, accordingly, 7 points or 13 lines or something in the
middle, if one uses both line and point matches are needed to compute the trifocal
tensor linearly. The above method called linear algorithm or normalized linear
algorithm when input datais pretreated. The drawback of these algorithms is that they
do not take into account the internal constraints of the trifocal tensor and cannot
necessarily yield a geometrically valid tensor. Algebraic minimization algorithm may
be a good choice to obtain a valid tensor. However, due to using al available
correspondences, this method is prone to being affected by the presence of
mismatches (outliers). To overcome the disturbance of the mismatches, the 6-point
RANSAC method has been brought forward. This method has the capability of
generating a precise tensor even in the presence of a significant number of outliers.
The shortcoming of RANSAC is that its computational complexity increases
dramatically with the number of correspondences and proportion of mismatches.
Moreover 6-point RANSAC approach does not take into consider the line matches,
which is aso an important clue to compute the need tensor. In our research, we
propose a novel method to calculate trifocal tensor using point and line matches
synthetically, which take full advantage of PROSAC and algebraic minimization
agorithm.

5.1 Samplingwith PROSAC

Unlike RANSAC, which treats all matches coequally and extracts random samples
uniformly from the full set, PROSAC [7] samples are semi-randomly drawn from a
subset of the data with the highest quality, and the size of the hypothesis generation
set is gradually increased. The size of the set of potential matches has very small
influence on its speed, since the solution is typically found early, when samples are
taken from a smaller set. The improvement in efficiency relies on the presupposition
that potential correspondences with high similarity are more likely to be inliers. In
fact, PROSAC is designed to draw the same samples as RANSAC, but only in a
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different order. The matches that more likely to be inliers are tested prior to the
others, thereby, the algorithm can arrive at termination criterion and stop sampling
earlier.

In our method, the set of K potential matches is denoted asU, . The data points
inU, can be either point or line correspondence and are sorted in descending order
with respect to the normalized cross-correlation score s.

u,u,el, :i<j=s(u)==su) (10)

A set of k data points with the highest score is represented asU, . Then, the initial
subset contains the least top-ranked matches that can give 26 need equations. If al of
the valid samples from the current subset U = (u,,U,,...,U ) have been tested,

then the next subset isU _, = (U, U,,...,U_,U ), and the following samples consist

of U, and the data points drawn fromU at random. In above process, al the

samples should contain the least matches (7 points or 13 lines or something in the
middle) that can generate 26 equations needed in normalized linear algorithm.

5.2 Algebraic Minimization Algorithm
The standard algebraic minimization algorithm takes following steps [6]:

1. From the set of point and line correspondences construct the set of equations of the
form. At = 0, where A come from the equation (8) or (9), t is the vector of entries
of tensor T * .

2. Solve these equations using normalized linear algorithm to find an initial estimate
of the trifocal tensor.

3. Find the two epipoles € (a,) ande (b,) from the initial tensor as the common
perpendicular to the left null-vectors of the threeT, .

4. According to Equation (7), construct the 27x18 matrix E such thatt = Ea, where
alisthe vector representing entriesof &’ andb’.

5. Compute the tensor by minimizing the algebraic error HAEa“ subject toHEaﬂ =1.

6. Find an optimal solution by iteration over the two epipoles using an iterative
method like Levenberg-Marquardt agorithm.

To get a fast non-iterative algorithm, we omit the last iteration step in our
algorithm. It has been proved that the negative influence of this predigestion is very
dlightly and can be ignored.

5.3 Estimating Method

The following steps give the outline of our PROSAC based algebraic minimization
agorithm.
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=

. Construct 26 equations from the sample given by PROSAC agorithm.

2. Solve these equations to get a candidate tensor using the method described in
section 5.2.

3. Reproject all of the potential matches on to the current frame using above tensor
and equation (8) or (9).

4. If the number of inliers is less than the predefined threshold T (varying with
different environment), then generate a new sample using PROSAC and repeat the
above steps.

5. If the number of inliers is greater than T, then re-estimate the tensor using these

inliers and terminate.

The criterion to judge outliers is described as follows:

For points, we take a correspondence as outlier, if the distance between the
reprojection and the detected point in current frame is greater than 3 pixels.

For line segments, if the orientation difference between the reprojection and the
detected segment is larger than5” or the distance between the detected segment and
the reprojection of the selected points of the lines on the references is greater than 3
pixels, we consider it as outlier.

6 Experimental Results

The proposed method has been implemented in C++ on a fast Graphics Workstation.
On average, our system can run at 10fps with 320x240 pixel images. Some
experiments have been carried out to demonstrate the validity of the proposed
approach.

6.1 Tracking Accuracy

The first experiment is carried out to test the accuracy of our method. The
reprojection errors between the original specified points and their reprojections are
compared. Fig.l shows the reprojection errors of our method. The average
reprojection error of the first 500 framesis 3.2 pixels, which validates the accuracy of
proposed method. Some images are also exhibited in Fig. 2.

6.2 Sample Times

Using the video sequence obtained from this experiment, we also compare the
sample times between our modified RANSAC and standard RANSAC algorithm.
The average and maximum sample times of the standard RANSAC is 36.7 and 194
respectively, which are 9.4 and 12.1 times of the values of our method. This
experiment proves that our modified RANSAC is more stabile and can reduce
sample times significantly, which makes our method suitable for online
implementation.
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Fig. 2. Examples in first experiment. (a)-(c) are the 45th ,86th and 257th frames of the input
video sequence with the inliers used to calculate the needed tensor, respectively. (d)-(f) are the
corresponding registration images.

6.3 Registration with Line Segments

We also take an experiment to validate the usability of our method under the poorly
textured scenes. In this experiment, 37 line correspondences (only lines of length 10
pixels or more are considered) are extracted from the two reference views. In online
stage, only these line segments are tracked to compute the needed tensor. We have
successfully augmented a 3D virtual word on the wall over 450 consecutive frames.
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Fig.3 shows some images of the augmented sequence. This experiment proves that
our method is effective even under the less textured scenes.

Fig. 3. Registration with Line Segments. (a)-(c) are the 23th, 56th and 233th frames of the input
sequence with the inliers, respectively. (d)-(f) are the corresponding registration images.

7 Conclusion

In this paper, we presented a registration method for augmented reality systems
based on robust estimation of trifocal tensor using point and line correspondences
simultaneously. With both types of features, the robustness of the system is
improved to a large degree. As shown in our experiments, the proposed method
can still work even under poorly textured scenes. To calculate trifocal tensor, we
put forward a PROSAC based algebraic minimization algorithm. While improves
the accuracy, this method also reduces the computation complexity to a large
degree.
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Abstract. This paper investigates methods of describing two-dimensiona and
three-dimensional scenes using eXtensible Mark-up Language (XML). It also
investigates the initial development of a non-commercial object-based scene
description language, for the effective capture of two- and three-dimensional
scenes. Design science research techniques were applied to determine the ideal
factors involved in effective scene capture. The solution facilitates the
description of 2D and 3D environments via interpretation of object
relationships; the implementation of the inheritance, functionality, interactions
and behaviour.

Keywords: XML, Scene description, hierarchy, functionality, behaviour.

1 Introduction

The process of creating virtual environments is diverse, but is traditionally achieved by
either describing object properties (coding / scripting), or by positioning predefined
objects into a blank virtual space (‘drag-and-drop’, a metaphor that allows the user to
pick up an object via the mouse pointer and move it to the desired location). There
have been a number of languages developed to create 2D and 3D scenes and virtual
environments. Sadly the languages possess problems of interoperability, reliability and
performance; the inability to incorporate effectively dynamic or interactive scenes
(Walczak, 2003); as well as limited or conflicting commercial support of rendering
within web browsers (Macdonald, et al., 2005). Modifications to previous standards
have been made, yet many of these problems still exist.

1.1 SceneDescription Languages

Scene Description Languages aim to capture the physical world in a readable and
convenient way. The advent of the XML based technologies has delivered a number
of scene description languages with a range of advantages and disadvantages.

In 1994, first International Conference of the World Wide Web (WWW) was held
in Geneva (Carson, €t, al., 1999). At this conference Mark Pesce, Tony Parisi, Tim
Berners-Lee, and David Ragget presented the concept of VRML. In the same year a
series of regquirements was developed by the WWW and an open request for the
proposal was issued. As aresult Silicon Graphics introduced the Open Inventor format,
which has been widely accepted. Silicon graphics engineer Gavin Bell developed the
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working document for a VRML 1.0 specification and the first draft was presented in
October 1994 at the Second International World Wide Web Conference. The early
VRML just was stetic world, allowing for no interaction between the objects. The
extended version VRML 2.0 enhanced this with the support of JAVA, JavaScript,
sound, animation. The main technique used by VRML filesfor describing 3D world is
that of the hierarchical scene graph. Scene graph techniques were made popular by the
Openlnventor programmer toolkit from silicon graphics (Nadeau, 1999). As its name
suggests, a scene graph is a hierarchy of groups and shapes arranged in a tree structure.
Each of the parents and children within a scene graph are called nodes. These nodes
are used to construct 3D shapes, position the user’s viewpoint, aim a light source,
define animation paths, group shapes together and so forth. Scene graph parents
manage groups of children that my have children of their own. To create a complex
scene hierarchy, the children can be members of other scene graphs. The child node
inherits the properties of the parent node, known as simple inheritance.

The Extensible 3D language (X3D), was proposed by the Web3D consortium in
2001. X3D defines a three-dimensional run time environment and a mechanism to
deliver 3D content on the web; thus extending VRML with some new graphics
features (Bullard, 2003). New features included: Non Uniform Rational B-splines
(NURBSs), Humanoid Animation, Multi-texturing, triangle primitives, 2D shapes
inside 3D shapes, advanced application programming interfaces, additional data
encoding formats, and a modular approach to implementation. Although adding
graphical realism, such improvements do not consider either the issues of dynamic
modelling and scene behaviour.

Walczak and Wojciech (2003) developed a high level language called X-VRML,
an XML based language that adds dynamic modelling capabilities to virtual scene
description standards such as VRML, X3D, MPEG-4. This language overcomes the
limitations of passive virtual reality systems by providing access to databases,
parameterisation, object-orientation and imperative programming techniques.
Parameterised virtual scene models are used to build database driven Virtual Reality
(VR) applications. The applications are able to generate virtual scene instances
according to the models, user queries, data retrieved from database, user preferences
and the current state of the application. X-VRML therefore allows a user to make
changes in the models structure at runtime, which facilitates scene behaviour and
interaction. The X-VRML language also permits designers to extend the language
with new features without affecting the previous designed application.

Hulquist et al. (2006) proposed an interesting and effective technique for
generating virtual environments (VES) and describing scenes. Similar in nature to
many computer game world simulators, this technique describes scenes by alowing
the user to control the scene environment, for example: wet, sparse, tropical, cloudy,
light, mountains and undulating. The main benefit of this technique, athough not
alowing description of object parameter, is that it allows large and complex virtual
environments matching certain user requirements to be created relatively quickly.

1.2 Adding Behaviour to the Scene

In our opinion, the success of 3D applications on the web depends upon the degree of
object behaviour and interactivity. Object behaviour could be the function, weight,
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gravity, kinematics, etc. For a number of decades, the use of visual representation in
the process of building software has been studied and a number of high-level
languages have been developed. Virtual environments are used for a number of
applications including educational, industrial process, behavioural modifications and
games. At present, many tools have been developed in order to generate static
environments but a lot more could be done with respect to dynamic worlds.

Commonly behaviour is applied through short programs generaly written in a
script language and then connected to the 3D objects in the visual file. For example,
Meyer and Conner (1995) have suggested language extensions that allow specifying
new types of VRML nodes as well as behaviour descriptions, which can be reused
and composite. They proposed a separator called prototyping nodes, which could
alow defining something without actually using it. Another behaviour system has
been described by Nadeau and Moreland (1995) that uses Perl scripts integrated with
VRML worlds. In this system behaviour is defined using another set of objects.
Example of this could be teapot, which includes a number of objects such as heating
its content like tea, etc.

An intelligent behaviour system was also developed by Del Bimbo, et al. (1994),
whereby an agent responds to events in a virtual environment using intelligent
decision-making. Similarly, Arjomandy and Smedley (2004) described a method of
adding behaviour to an object by using touch sensors and a scripting language.
Messages are passed between objects in order to create behaviour. An example of
this kind of behaviour was used in recent the film ‘Lord of the Rings' to generate
soldiers used in battle scenes.

In work closer to ours, Dachselt and Rukzio (2002) introduced an XML based
framework for modelling 3D objects and developed a language called Behaviour3D.
Furthermore, Burrows and England (2005) suggested a language caled BDL
(Behaviour Description Language). BDL proposed a view of behaviour and
developed software architecture, which provides the basis for implementing
behaviour at run time. The behaviour description language (BDL) described is based
on VRML and adds a number of features to support behavioural specification for
using it with their behaviour engine.

1.3 Interaction Added to the Objectsin a Scene

Interactions are used to describe the dynamic operations of the user, objects and the
environment. Interactions define how a user interacts with the environment, with the
objects and shows how objects interact with each other.

Hendricks, et al. (2003) produced a Meta authoring tool, which alows both
beginner and advanced users to create virtual reality applications. This alows the
migration from non-programmer to experienced programmer. According to
Hendricks, et al. (2003) there are two ways of implementing behaviour and
interaction in the virtual application:

e Behaviour Based Interaction: The behaviour-based interactions of objects occur
according to attributes of the objects themselves, providing them a level of
autonomous behaviour. For example, the behaviour of a water toy isto float on the
water. The interaction of thistoy with any other liquid will be the same asit iswith
the water due to its floating nature.
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e Event-Based Interaction: The event-based interaction takes place when the
occurrence of an event is caused by user intervention or any change in the
environment. For example, turning the light bulb on and off by pressing the switch.
A user interacts with the object switch and it interacts with other object light bulb.

In addition, Walczak and Wojciechowski (2005) have suggested a method for
creating interactive presentation dynamically for virtual environments. A non-
programmer can create objects and their actual presentation employing a user-friendly
content management application. The process of creating a presentation consists of (a)
creating a presentation space, (b) selecting objects, (c) selecting a presentation
template and (d) setting values of object and template parameters. The same
presentation space can be presented differently by the use of multiple presentation
template instances associated with different presentation domains.

The emphasis of our work isto consider both scene hierarchy, yet aso the concepts
of behaviour and interactivity. An office, for example, is defined by the effective
placement of objects, such as a keyboard, a CPU, a mouse, a table, a desk and a chair.
The table may be made up of other objects. drawers, legs, etc. This table is physically
linked in some way to other objects in the environment, such as the floor, the
keyboard, the monitor, etc. In addition, certain objects have definable functionality
alowing interaction (both with the user, but also with other objects). Each object has a
physical appearance, location and orientation, as well as possibly having considerable
functional potential (often similar in nature to other instances of its type).

2 Initial Development

2.1 Examplesand Assumptions

A design science approach was used in our work. Accordingly simple real world
scene examples were used to establish the important factors involved in the effective
capture of 2D and 3D scenes. Abduction processing was used to define the following
design objectives:

1. The final solution should be able to define both 2- and 3-Dimensional scenes using
aXML- based description.

2. A visual representation of hierarchy and interactivity is required to support non-
technical users.

. Each object should be able to inherit the properties of other objects.

. The design should be able to add functionality to an object.

. The design should be able to define behaviour on the basis of properties.

. The concept of interaction should be clearly defined.

(9202 RF ~ e}

Assumptions that were made when undertaking this research include:

1. The physical properties of an object (such as shape, appearance, translation, etc)
may be derived viathe current X3D language.

2. There is a predefined, yet variable, set of relationship tags that will be used to
describe the scene. For example, ‘on the top’, ‘on the right hand side’, ‘touches’,
etc. Such tags could be defined by the user as required.
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3. The concept of adding functionality will be described using UML flowcharts. Class
diagrams are functionally implemented in object-orientated programming code.

Incorporation and collaboration of current visual object-based external standards
facilitates acceptance, whilst limiting the need for technical programming skills.

2.2 Capturing Hierarchy Dependencies

In our solution, hierarchical dependencies is visualy represented by relational
dependencies of objects (see Figure 1). For example: the Table has two draws.

a>z|odz0n

Fig. 1. Office objects defined within the scene hierarchy

2.3 Capturing Functional Dependencies

In our solution, function dependencies is visually represented by adding associated
links between objects. For example: Drawer 1 On top of Drawer 2.

We made the assumption that there is a predefined, yet variable, set of relationship
tags that will be used to describe the scene. Every relationship has a meaning that aids
the description of interactivity. Although the list of link definitions is potentially
unlimited, in our worked example interactions were restricted to: On the top of
(ObjA, ObjB); Opposite to (ObjA, ObjB); In the RHS (ObjA, ObjB); In the LHS
(ObjA, ObjB); Next to the (ObjA, ObjB); Touches (ObjA, ObjB). Thisisthen visualy
represented using visual connections between object instances (see Figure 2).
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Attributes
Next to Next to
Functions
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u On the top of Objc
ObjA
: On the top of Touches Attributes
Attributes
5 Functions
Functions
ObjD
Attributes
Touches On the top of
Functions

Fig. 2. Visua demonstration of object functional dependencies

Parameter information can be incorporated by manipulating the interactions. In our
example, distance was added as the total length measured between two points
(currently unit independent). Distance, as a parameter, can be used to calculate
coordinates of the objects on the basis of the relationships that exist among objects. If

Picture Frame 1 Picture Frame 2 Picture Frame 3

Pyramid

Ball 2

Bl 1

Fig. 3. Two-Dimensional Scene of achild’sroom
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the objects used in the scene are cake (ObjA) and a party hat (ObjB). The
relationships between these objects are “ObjA may be to the RHS of ObjB”, “ObjA is
next to ObjB” The distance between these two objects is given as 5. Interesting, as
more interactions, both functional and parameter information, is defined between
objects, more specific information can be determined concerning both the physical
and functional dependenciesin the model.

To explicate a scene, a simple layout has been chosen for description (see
Figure 3). This scene is a room, which has got a number of things such as three
picture frames, two balls, one pyramid and a wooden box (see Figure 3). The system
requires coordinates for one of the object. User is supposed to describe the scene on
the basis of relationship exists among these various objects. The scene is depicted
using two dimensions of the objects

Picture_Framel Picture_Frame2 Picture_Frame3
Shape Shape Shape
Size Next to Size Next to Size
Material Material Material
Transformation Transformation Transformation
Orientation Orientation Orientation
Picture_Frame
Shape
Size
Material Balll
Transformation
Orientation Shape
Size
Move() On the top of Material
Transformation
Touches Orientation
Move()
Ball
Scene \V \V Shape
Size
Floor Material <H
Transformation
gihzaepe Orientation
; Ball2
Jouches Material Move()
Transformation Shape
Orientation Size
Additem () Ma‘e”'a' )
Removeltem () Tr;ns ormation
Orientation
Move()
n the top of In the LHS of
Pyramid In the RHS
Wooden Box gir;zpe
Shape Touches Material Next to
Size Transformation
Material On the top of Orientation
Transformation
Orientation Move() Touches
Move()
Touches
In the LHS

Fig. 4. Child’s Room: objects and their functional relationships
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In our example (Figure 3), there is a ball on the floor; it is also touching the floor.
There is another ball, which looks similar to the ball on the floor but thisball ison the
top of a wooden box. The bottom of ball touches the wooden box. A pyramid is on
the top of box. It is placed in the right hand side of the second ball. The ball
touches this pyramid. Both of the objects are on the top of wooden box and touch the
box. There are three picture frames hanging on the wall. One of them isin the right
corner of the room; second picture frameis next to it. The distance between these two
frames is about 10m distances. The last picture frame is next to second picture frame
and the distance is about 8m.

Visual description of functiona relationships between objects allows a user to describe
relationshipsin ascene in anatural form. Moreover, the user is not concerned with the co-
ordinates of the object to describe the scene. The scene that is described above in Figure
16 can be explained usng simple sentences i.e. in natural way. For ingtance the scene is
described here in smple language as:

The relationship used for describing the scene is differentiated using bold fonts.
The objects used in the scene are listed below: Floor, Balll, Ball2, Pyramid, Wooden
Box, Picture Framel, Picture Frame2, Picture Frame3. The relationship include:
Next to (Picturel, Picture?); Next to (Picture3, Picture2); On the top of (Balll,
Floor); Touches (Balll, Floor); On the top of (Pyramid, Wooden Box); On the top
of (Ball2, Wooden Box); Touches (Ball2, Wooden Box); Touches (Ball2, Pyramid)
Part= " Right side” ; Next to (Ball2, Pyramid); In the RHS (Pyramid, Ball2); In the
LHS (Ball2, Pyramid).

All the above relationships amongst objects was then represented in a visual way.
Figure 4 clearly presents al the objects and the relationships that exist among these
objects. All objects have a number of relationships with other objects. As shown in
the diagram, classes for al three frames; thus pictureframel, pictureframe2 and
pictureframe3 are subclasses of the super class picture frame. According to the nature
of child class, these three child classes inherit the properties and function of the parent
class named picture frame. Ball1 and Ball2 also inherit the features of the parent class
named Ball. This will help to reduce the complexity of the program as only one class
will be needed to define and child classes will use inheritance methods in order to
appear and perform the same functions. The next section will discuss the coding part
for this scene.

3 XML File Structure

Each relationship is given an identity so that it can be used by each of the objects (see
Figure 4). All information about relationships and locations of objects was described.
A file link was used to describe the image appearance.

Shape / appearance of objects are described using current modelling languages;
size / scale, orientation and object material / texture was dynamically manipulated in
object parameters. Documentation of functionality and inheritance was achieved by
launching a javabased programming environment and using java functional
inheritance properties.
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4 Conclusion

A XML- based description is described, that supports: a visual representation of
hierarchy and interactivity; inheritance of properties from other objects; addition of

object functionality and behaviour on the basis of properties. Previous scene
description standards have been developed, yet they do not cover the multi-
dimensiona requirements that appear key to the capture of a dynamic scene. By

incorporating multiple standards, external programming tools, we have taken positive

steps towards a more eclectic implementation solution, for use in scene description.
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Abstract. High-quality mesh provides good rendering effects of virtual reality
systems. In this paper a solid technique for generating triangle meshes opti-
mized for real-time rendering in virtual environments is proposed. Modified
weighted Voronoi barycenter relaxation is used to improve the mesh geometry.
A simulated annealing algorithm is presented for optimizing vertex connec tiv-
ity. The shape deviations are effectively prevented, and the boundaries and fea-
tures are well preserved. The advantage and robustness of this technique are
verified by many examples.

1 Introduction

In virtual environments, the rendering quality of 3D models and scenes directly af-
fects the user evaluation. Currently the majority of virtual reality applications use
triangle meshes as their fundamental modeling and rendering primitive. Such meshes
can be the result of modeling software, or may come as an output of a scanning de-
vice, associated with reconstruction or computer vision algorithms. Their qualities
are often not suited to high-quality real-time rendering. For instance, hardware ac-
celerated rendering techniques, such as triangle strips and triangle fans, require fairly
regular meshes. Additionally, subdivision has become a prevalent technique for
multiresolution rendering and modeling. Therefore meshes should also have good
vertex connectivity. That is, the valance of a boundary vertex should be four, and
the valance of any other vertex should equal to six. In this paper a solid technique
for triangular mesh model optimization is proposed. The face geometry will be
improved, and the vertex connectivity will be optimized.

To improve the mesh quality, lots of previous algorithms [1]-[5] are based on
global parameterization of the original mesh, and then a resampling of the parameter
domain. Following this, the new triangulation is projected back into 3D space, result-
ing in an improved version of the original model. The main drawback of the global
parameterization methods is the sensitivity of the result to the specific parameteriza-
tion used, and to the cut used to force models that are not isomorphic to a disk to be
so. The alternative to global parameterization is to work directly on the surface and
perform a series of local modifications on the mesh. The distortion caused by map-
ping a 3D mesh to a 2D parametric domain can be considerably reduced. Gotsman et
al. used area-equalization [6] and local Lloyd method [7] for remeshing. Similarly,
Vorsatz et al. [8] employed local weighted 2D umbrella operator to relocate vertices.
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Inspired by these sophisticated algorithms, we give a solid technique of triangle
model optimization, combining the advantages of previous works and improving their
drawbacks.

2 Triangle Face Quality | mprovements

2.1 Surface Energy

Denote the input mesh model as My, the output as M. To improve the triangle face
geometry of My, we relocate vertices on the model. Since face geometry is closed
related to surface energy, we first define the energy of model surface. For every ver-
tex V; of M, we use the squared distance function fvi (X) to define its energy:

E(M,\/i):'[S fvi(X)dX=L pOO|x—v, [ dx )

where § is a region around V; p(X) is the density function that will be defined in
section 2.2. The surface energy of M is then given by

EM)=>" E(M,Vi)=zin:lj-sp(x)|x—vi|2dx )

2.2 Vertex Density

The density p is defined by Gaussian and mean curvature. Let v be any interior ver-

tex, V,,V,,---,V, be the ordered neighboring vertices (1-ring) of v, as shown in Fig.1.

Fig. 1. Notations of vertex v and its 1-ring

We denote the edge connecting vV and one of its neighbor v, as & =V, -V,

o :ang(é,éH) as the angel between two successive edges € and €41 ,
- éxéﬂ

n,=m——— as the unit normal of triangle face (v,v,,v, ). The dihedral angle
Hel X €41
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B = Emg(ﬁm , F].) at an edge é is the angle between the normals of the adjacent

triangles. The Gaussian curvature K and the mean curvature H with respect to the
region Sattributed to vertex Vv are then given by:

K(v)—zz_ 0% 3
B area(S) ®
> e 1Al
H — i=1
V) 4-area(S) @

where Sis defined using barycentric region which is one third of the area of the trian-
gles adjacent to V.
The density of vertex V is then given by:

pV) = u|KW)|+A-)H?(v) ®)

where [l is a positive weight factors less than unity.

2.3 Vertex Relocation

Improving the triangle geometry is to (1) relocation each vertex V; to a new position
for a given region § so that E(M,V,) is minimized; and (2) find an appropriate defi-
nition of § for each vertex V; so that the global energy E(M) is minimized.

For a certain region S, let V' be the desired vertex position where E(M ,V,) is mini-

mized. Since the second order differential of E(M, V,) is always positive, we have

dE(M,v) _ N o )
Ti*_zjs PX)(X—V, )dx_zjS Xp(X)dx—2V. -[s pX)dx=0
Thus,
_[ Xp(X)dx
=2 ©)
J, PO0dx

That means E(M,V,) is minimized when V; is positioned to the centroid of § with
respect to the density function p(x). As for the definition of S, it has been proven by
[9] that E(M) is minimized when § is a Voronoi cell.

Thus what to do is relocating each vertex to its centroid of Voronoi region with re-
spect to density function. First, a series of Delaunay edge swaps are applied on M to
ensure the local Delaunay property of the mesh. For each vertex v, the sub-mesh only
containing V, its 1-ring neighboring vertices Vi, V, ,..., V,, and the faces incident on V is
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flatten onto a 2D parametric domain. Let p, p;, Ps,..., P, be the images of v, v, »,...,
V, on the parametric planar. p is mapped to origin. pj, P, ,..., P, satisfy the conditions:
the distance between p and its neighbors are the same as the corresponding distance in
M, namely, || p— p, lI=llv—V, II. The angles of all triangles at p are proportional to

the corresponding angles in M and sum to 2.

Then we construct the Voronoi cell of p with respect to the circumcenters of the
triangles built from p and p;, P, ,..., P, and compute the centroid P, of this cell with
respect to an approximation of the density function specified over the original mesh.
Here a problem must be handled. Since the Voronoi cell of a vertex may be concave
polygon, p,.y may be located outside of the polygon. In such situations, the illegal
crossed edges will be produced. To avoid this problem, we calculate the “kernel” of
this Voronoi cell, and compute the weighted mass barycenter of the kernel as Py
(Fig.2). Finally vertex V is updated by projecting P,y back to M. When such reloca-
tion is done for all vertices of M, a series of Delaunay edge swaps are applied. The
alternation between Delaunay edge swaps and vertex relocation is repeated until the
convergence, being declared when M does not change significantly, is achieved.

(b)

Fig. 2. Crossed edges caused by concave Voronoi region (a) can be prevented by using "kernel"
region (b)

3 Connectivity Optimization

Regulating connectivity means minimizing the global valance covariance function,
2
D(M) =" [d(v)— gy (V) %)
veM
where d(v) is the valance of vertex Vv, dopt (v) is six if Vis an interior vertex, and four
on a boundary one. We propose a simulated annealing method to solve this optimiza-
tion problem. The method introduced by [4] is first employed on M to regularize the

connectivity to be semi-regular. To every non-feature edge, an edge swap is per-
formed only if it reduces the local valence dispersion. For instance, as shown in Fig.3,
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edge AB is swapped to CD if the squared sum of local valence
2
ZVE{ AB’C’D}‘d (V) —dyy (V)‘ is reduced after the swap operation.

This newly processed mesh is used as the initial solution. With the objective func-
tion defined by (7) and a large enough control parameter (temperature) T, MonteCarlo
iterations are applied to minimize D(M). Let m be the number of edges who have at
least one irregular vertex as endpoint. We hold the value of T and randomly select k
edges among them (K < m). Swap operations are then performed on these

D D

Fig. 3. Edge swap for local valence reduction

edges. After this is done, the global change in energy AD =D(M ")—D(M) is

computed. If the change in energy is negative, M 'is arbitrarily accepted as new

solution. If the change in energy is positive, then M ' is accepted with the probabil-
ity given by the Boltzmann factor exp(—AD /KT), where K is the Boltzmann con-

stant. This process is then repeated enough times until the reductions of D(M) become
sufficiently discouraging with the current value of T. Then the control parameter T is
decreased and the entire iterations are repeated. This repeats until a frozen state is
achieved at T =0, and the mesh M at this state is the final solution. The global mini-
mum or at least a good local minimum of D(M) can be achieved by this method.

4 Shape Preservation

In the previous optimization, only M is processed, and M, is untouched as reference
surface to preserve geometry shape. That is, in vertex relocation, each newly updated
vertex will be projected back to M. In the applications requiring exact approximation
error (e.g. CAD), the method used in [6] can be employed to realize the projection.
However we notice that in most of virtual environments, slight shape deviations from
the original models can be acceptable as long as such deformations do not weaken the
visual effects. Thus every vertex can be directly projected back into the tangent plane
of original vertex.

We also use a set of enabling criterions to evaluate and prevent the shape devia-
tions caused by edge swaps. Let triangle ABC and ABD, denoted as fi, f,, respectively,
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be two faces sharing edge AB. The first intuitive criterion is the angle between the
normal of f; and f,:

6, = ang(n,,n,) ®)

which measures the flatness of polygon ABCD. The second criterion, proposed by
[10], evaluates the gap between the original and modified surface:

0, = 1gigzl,112j <3 ang(n., nj) ©)
where nj is the normal of the jth vertex on face f;. These two criterions are combined
to control edge swap, namely, edge AB is swapped only if 8, 8, are below two prede-
termined thresholds 6r;, f1, respectively.

The boundaries and features of models are specifically handled. We define three
primitives: (1) feature-edges are the edges on boundaries or creases, (2) feature-
vertices are the endpoints of feature-edges, and (3) corner-vertices are those who have
more than two adjacent feature-edges or explicitly selected by users. In optimization,
feature-edges never get swapped; feature-vertices only move along the feature-edge
directions; corner-vertices never get touched; and the Voronoi region of every vertex
is truncated by feature-edges.

5 Examples

Some examples are shown in Fig.4-7. To measure the geometry quality of a mesh
model, statistics are collected on the minimal and average angle of the triangles. For a
high-quality mesh, the minimum of these values should be no less than 10°, and the
average should be no less than 45°. As for the connectivity, the ratio of irregular verti-
ces is of importance. The statistics of the examples, given in Table 1, verify the validity
of our technique.

Table 1. Statistics of the optimized models

Model Vertices Irreg Min/ Avg/
fist(oringinal) 4802 39.2% 0.70° 35.4°
fist(optimized) 4923 5.45% 17.2° 51.8°
head(original) 5989 24.9% 1.4° 30.1°
head(optimized) 5892 3.57% 13.0° 46.3°
wolf(original) 7228 64.7% 0.20° 29.6°
wolf(optimized) 7123 15.2% 9.3° 49.6°
Aphrodite(original) 32495 63.2% 0.90° 32.3°

Aphrodite(optimized) 31248 14.4% 10.2° 50.1°
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Fig. 6. Wolf model optimization
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Fig. 7. Aphrodite model optimization

6 Conclusion

In this paper a solid technique for generating triangle meshes optimized for real-time
rendering in virtual environments is proposed. The triangle face geometry is improved
and the vertex connectivity is optimized, with the geometry shape and features well
preserved. We prove the validity of this method by many examples.
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Abstract. Terrain rendering is essential to represent virtua environment in inter-
active gpplications. We have explored voxe-based terrain rendering using ray
casting method. Real-time applications such as computer games and simulations
require interactive fly-through or walk-through on the terrain. However, since
previous approaches usualy require a tremendous amount of CPU computation
for view-frustum culling and level-of-detail selection, they are not suitable for
those applications. We propose an accelerated terrain rendering method using
GPU, which exploits a novel data structure, named Cube Mesh, for the accelera-
tion of the voxel-based terrain rendering. In addition, we expanded the conven-
tiona PARC (Polygon Assisted Ray Casing) agorithm by applying our method
to accel erate rendering performance of GPU- based terrain rendering method.

1 Introduction

Terrain rendering is used in avariety of fields such as Geographic Information System
(GI9), flight simulations and interactive computer games. Although triangular meshes
or other polygonal models are used for terrain visualization, the height field data is
mainly used to present a terrain. Ray casting method can directly render a scene with-
out geometric modeling such as TIN (Triangle Irregular Network). Although ray cast-
ing can produce realistic images, it has a drawback of excessive processing time since
the algorithm is inherently complex. Previous approaches for voxel-based terrain
rendering usually have common demerits of requiring a tremendous amount of CPU
computation, for instance, to perform view-frustum culling and detail level selection.

We present a GPU-based acceleration method that can be applied to interactive ap-
plications. Also we propose a novel data structure, named Cube Mesh, for the accel-
eration of the voxel-based terrain rendering in GPU ray casting. Applying the Cube
Mesh to empty space leaping algorithms, we can reduce rendering time and computa-
tion errors as well as eliminate visual artifacts. In the pre-processing stage, it gener-
ates a set of cubes (Cube Mesh) fully enclosing the height field. It renders a terrain
using GPU-based ray casting method with the Cube Mesh in rendering time. Since the
Cube Mesh is a sort of bounding polyhedron containing terrain surface, we can
achieve speedup as in empty-space leaping. Early ray termination is also applied for
further acceleration.

In Sect.3, we explain our method in detail and we present acceleration technique
using early ray termination. In Sect.4, we show experimenta results. Lastly, we
conclude our work.

R. Shumaker (Ed.): Virtual Reality, HCII 2007, LNCS 4563, pp. 71-79] 2007.
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2 Related Work

In original Polygon Assisted Ray Casting algorithm, known as PARC [1],[2], apair of
bounding polygons is used to determine the distance between the nearest and the
farthest voxels that possibly contribute to final image along each ray. The distance
values can be obtained by projecting the bounding polygonal model. Once a distance
has been computed for a ray, only the voxels between the nearest and the farthest
samples are considered to determine the pixel color (Fig.1). Original PARC agorithm
is a progressive-refinement approach using temporal coherence. In the initia frames,
the rendering speed is relatively slow since it has to eval uate entire voxelsin a volume
data. Since the bounding polygon becomes tighter than that in the previous frame, we
can progressively reduce rendering time by considering only the voxels that poten-
tially contribute to final image.

Farthest sample
A

Nearest sample
\‘N
B
[ 111
7/
Viewing Ray B : Contributing voxel

Il : Candidate Contributing voxel

Fig. 1. An example of determining the meaningful voxels in PARC algorithm. A bounding
polygon is used to determine the distance between the nearest and the farthest possibly contrib-
uting voxels along each ray.

Although origina PARC is designed to accelerate volume ray casting method, it
can be applied to height field rendering in Envelope method [3]. Envelope method
uses graphics hardware and is expended voxel-based terrain method [4],[5]. It gener-
ates a bounding polygon mesh that encloses the terrain surface in rendering stage.
However, since it produces a bounding polygon by considering only the maximum
height valuesin each block, it has a problem of convexity.

As show in Fig. 2(a), Envelope method partitions height field data into nxn blocks
(each block has nxn size). To make a polygon boundary, it selects vertices that have
the maximum height value in each block. Then it connects the vertices to make a
triangle mesh (Fig. 2(a)). However, this method has a critical drawback due to con-
vexity of resulting mesh. Unless the block size is considerably small, a vertex might
penetrate the generated polygon boundary (Fig. 2 (b)). This results in some visual
artifacts on final image. Although small block solves the problem, it requires much
preprocessing and rendering time to generate and manipulate denser triangle mesh.
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Pass through envelop mesh

N
M-

terrain

(a) Envelope mesh generation (nxn block) (b) Convex problem (Envelope method)

Fig. 2. (a) Previous method is applied nxn block to polygon boundary generation. (b) Result of
convex problem when previous method applies the Envelop mesh to real-terrain data.

3 Efficient Height-Field Rendering

For the real-time rendering of height-field data, we exploited the voxel-based terrain
rendering method, which is composed of preprocessing and rendering stage. In the
preprocessing step, we generate a Cube Mesh that fully encloses the terrain surface.
The size of the Cube Mesh is determined by pre-defined threshold values. In the ren-
dering step, we display aterrain using three textures containing start position, direc-
tion and distance to exit point for each ray. While rasterizing the Cube Mesh, those
textures are derived from depth values in graphic hardware. Additionally, we apply
early ray termination as accel eration technique.

3.1 CubeMesh

Our method divides an input height field into a quadtree (Fig.3) and generates a cube
by considering errors &, which enclose all terrain as shown in Eq. (1).

D

In EqQ. (2), the symbol A is difference value of maximum and minimum height and
it is calculated in each block. In addition, the symbol ¢ is average value of al points.
The error value &, is the standard deviation for all terrain data. The symbol A is ap-
proximately proportion to error value &,. And the constant ¢ control partition level of
block. So, we can define partitioning condition from these parameters.

where, ¢ = average of all points A =max - min

A &)
— 2 C (partitioning condition)
€h
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h =240 A=60 /A=80 1 1

h =180 A=120/"A=2

a grid

Max height
; A=250

(height)

Min height

@ Maximum value of partitioned each block 1,2,3 : The frequency of partitionning
. Minimum value of paritioned each block
A :Value of @ - Value of @ > Threshold value {£,) —> Partitioning

Fig. 3. An example of partitioning of height field data. When the difference of the maximum
and the minimum value of a block is larger than the threshold ¢, the block is recursively subdi-
vided until the difference becomes less than ¢,.

As in most quadtree-based methods [6],[7],[8].[9], it trades off the size of quad-
rants for speedup. That is, if the block size becomes smaller, the efficiency of empty
space skipping becomes higher since the distance between polygon boundary and the
actual terrain surface is also decreased. However, we have to render alot of polygons.
Therefore we determine optimal block size by considering the maximum and the
minimum values in preprocessing stage. In pre-rendering stage, firstly, we make once
a unit cube that has a size of 1x1x1. And we exchange a unit cube for transformed
cube through the calculated information (minimum value, maximum value and xy-
coordinate) for each block. In other world, each block is trandated and scaled as cube
mesh in world coordinate. After transformation is finish about al unit cubes, we can
show perfectly cube mesh that is applied adaptive quadtree. This result in a series of
cubesinclosing each block called Cube Mesh (Fig.4).

1 2
Max = 256 Max = 220 et Height 1
S o eig
Min =190 Min =188 256 290
= > Ll

Max=254|Max=244 74 57
3 Height Height
Min =220|Min =290 oot ) e .
Max = 250 Height
Min =199 Max=210|Max=130 250
Min =180|Min =120
b)

(a) (

(c)

Fig. 4. In the preprocessing stage, (a) we get the minimum and the maximum height value for
each block, (b) and make cube using the maximum value. The(c) show that aresult imageis put
together all generated Cube Mesh.
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Fig. 5. Because each cubes in Cube Mesh perfectly enclose terrain surface in each region, it can
solve convexity problem

As shown in Fig.5, Cube Mesh solves the convexity problem of Envelope method
since each cube perfectly encloses terrain surface in that area and no vertex can be
located outside of a cube. Because polygon mesh in Envelope method encloses terrain
surface more tightly than Cube Mesh, its rendering time might be dlightly faster than
our method. However, when the size of cube is sufficiently small, the difference of
rendering speed is negligible. Moreover, penetrated vertices causing severe artifacts
are much more critical than rendering time.

3.2 GPU Ray Casting

Rendering stage of our method is further divide into two sub-steps. The first step
renders the Cube Mesh to evaluate depth values of Cube Mesh. The second step actu-
ally renders a scene using GPU-based ray casting method [10],[11].

In the first step, the Cube Mesh is rendered once as triangle mesh to compute ray
directions for current viewing condition required in the second rendering pass. We
made pixel-shader program to perform volume ray casting [12],[13],[14],[15]. We
stored coordinates of the front and the back faces of the bounding cubes into textures,
then, we calculate the viewing directions for pixels by subtracting two textures [10].

A7 Upper Boundary
AW \ower Boundary
-=-p= GPU Raycasting
----# Empty Space Leaping

Fig. 6. The GPU ray casting using pre-calculated Cube Mesh in rendering stage



76 D.-S. Kang and B.-S. Shin

Since the calculated direction texture of the Cube Mesh is already reflected on the
space leaping by the pre-calculated start position texture, we can easily perform
empty space skipping (Fig.6). Using the elevation map (height field) and two textures
storing the ray directions and start positions as color textures, we render the terrain in
pixel shader. Rendering performance is improved in comparison to that of CPU be-
cause whole pixels can be processed in parallel in GPU. While traversing aray as the
amount of unit distance in a cube, we compute the x- and y- position of each sample,
and compare the height value (z-coordinate) of the elevation map with y-coordinate of
current sample position. If the ray still lies on the transparent region, it continues to
advance. When it reaches the terrain surface (non-zero height value in elevation map),
we compute real terrain surface point by linear interpolation. That is, if we assume the
first inside sample for the ray is P; and previous sample point of P, is P;_.;, we compute
exactly real terrain point through the interpolation of P, with P,_;. In this case, al-
though the preprocessing time is reduced compared with the Envelope method by
rendering the triangle meshes using GPU, the total rendering time increases because
ray casting method continuously requires sampling until ray traversal is terminated.

‘ d:': Depth value of front face

Ray direction

-

dy,—d,=d

| a‘b: Depth value of back face

ray

Fig. 7. The early ray termination, length of each ray is computed by subtracting depth of front
face and depth of back face

@ Envelope method

m Our method

Performance(fps)

=

View 1 View 2 View 3

Viewing condition

Fig. 8. A comparison of rendering speed of conventional method and outs for test dataset
(Puget)
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Fig. 9. A comparison of images produced by the conventional method and ours. (a) is an image
produced by the Envelope method using the 16x16 blocks. (b) is generated by the Envelope
method using the 8x8 blocks. () is resulting image of our method using adaptive quadtree.
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Further acceleration is possible with early ray termination (Fig. 7). If we know exit
position of ray traversal in advance, sampling and color computation do not require
from that position. This improves the rendering performance. In preprocessing step,
we store the minimum height values into each leaf node as well as the maximum
values. By exploiting two boundaries (upper and lower boundaries), we can identify
theinterval of each ray that contributes to final image.

4 Experimental Results

Our method is implemented on a PC equipped with Pentium 1V 3.0GHz CPU and
1GB main memory and NVIDIA Geforce 6600 graphic hardware. Puget height field
datais well-known bench-marking data of which the resolution is 512x512. The view
port size is 640x430.

Fig.8 shows the comparison of rendering time of the conventional method
(Envelop) and our method. Our method is about twice faster than Envelope method
since we use the Cube Mesh using adaptive quad tree. The Envelope method has not
only acritical drawback of image distortion, but also is nhot use the early ray termina-
tion. But our method can reduces pre-processing time through the Cube Mesh using
error metric. Also, since we can generate a tight boundary of top and bottom using
Cube Mesh, we improve total rendering performance by early ray termination.

5 Conclusion

Recently, terrain visualization is important factor in the field of real-time computer
games, flight smulations and GIS. The most important issue is to produce high qual-
ity images in real time. To render huge amount of height field data efficiently, we
propose the Cube Mesh structure and GPU recasting using acceleration technique.
Based on these methods, we can render the terrain scene fast with high image qual-
ity. Experimental results show that our method produces high quality images and
requires less rendering time compared with the original GPU ray casting based ter-
rain rendering method. Our agorithm has shown good speedups on a GPU/CPU by
employing load-balancing. It can be used to render the virtual environment in severa
applications.

Acknowledgments. This research was supported by the MIC (Ministry of Information
and Communication), Korea, under the ITRC(Information Technology Research
Center) support program supervised by the I TA(Institute of Information Technology
Assessment).
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Abstract. In this paper we present an illumination model for rendering realistic
stained glass which simulates the phenomenon of stained glass in real world.
The optics for stained glass involves three basic physical mechanisms: diffuse
light and specular highlight, Fresnel refraction, volume absorption; these domi-
nate the appearance of stained glass. In this paper, we combine them to render
realistic stained glass. Our approach avoids performing any expensive geomet-
ric tests, and involves no pre-computation; both of which are common features
in previous work. The rendered stained glass images achieve excellent realism.

Keywords: stained glass, Fresnel refraction, light absorption, real-time rendering.

1 Introduction

Like all major art forms, stained glass has offered insights into the aesthetic sensibili-
ties of cultures over time [4]. It usually sets into windows and the purpose of stained
glass is not to allow those within a building to see out or even primarily to admit light
but rather to control it. For this reason, stained glass windows have been described as
‘illuminated wall decorations’. Effects of stained glass change along with illumination
conditions. For example, appearances of stained glass are different in the morning or
in the afternoon and also changes by the eye position. The photograph of stained glass
in Fig. 1 illustrates different brightness of each piece of stained glass according to the
view position. In computer graphics, despite the importance of illumination elements,
stained glass rendering has not previously been treated realistically and a simple
approximation with no luminous light component has been used.

In this paper, we propose an illumination model for rendering realistic stained
glass. Generally speaking, the generation of stained glass involves three basic physi-
cal mechanisms: diffuse light and highlight, Fresnel refraction, and volume absorp-
tion. Diffuse light and highlight contribute to the brightness of stained glass which is
typically white and changes along with the light source and the view position. Fresnel
refraction dominates the amount of refracted (transmitted) light. Finally, volum ab-
sorption occurs in all stained glass and it is particularly important for the color of
stained glass. So the rendered stained glass images achieve excellent realism.

We support fully dynamic lighting and viewing direction since there is no
pre-computation involved. Our algorithm also runs entirely on the graphics hardware
with no computation performed on the CPU. This is an important criterion in certain

R. Shumaker (Ed.): Virtual Reality, HCII 2007, LNCS 4563, pp. 80-[87] 2007.
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applications, such as games, in which the CPU is already extensively scheduled for
various tasks other than graphics.

Fig. 1. Stained glass in Prazsky Hrad St. Vitus cathedral. The brightness of each piece of
stained glass is difference in the eye position.

2 Related Works

Although stained glass has been subjected to a fair amount of research, a practical real-
time stained glass rendering with an illumination model has not existed. In this section,
we look at some of the earlier work in stained glass rendering and describe a few cases
with particular relevance to our work.

A technique based on Voronoi regions [13] has been used in Photoshop [12]. The
simplicity of this method makes it attractive, but in filter, the original image begins to
reemerge as the tile size becomes small and in this case the filtered image resembles a
mosaic much more than it does in a stained glass window. Recent pioneering works on
image-based stained glass presented by Stephen Brooks [4] and a stained glass image
filter proposed by Mould [3] achieved high degree in term of stained glass color but do
not consider the illumination elements, so the results produced remain different from the
appearance of real stained glass and do not support real-time rendering.



82 J. -A Kim, S. Ming, and D. Kim

The work on rendering diamonds written by Sun et al. [1] resembles our work
closely. In this work, they unify Fresnel reflection, volume absorption and light dis-
persion to render the diamonds. We adopted volume absorption technique [2] and
conceived main idea in this work.

Although separate models have been developed for rendering a refraction model
[11], volume absorption [2], there has not been a model which unify them for render-
ing stained glass. In this paper, we combine these phenomena with diffuse light and
specular highlight to render the realistic stained glass.

3 Algorithm

The purpose of stained glass is primarily to see the fascinating colors and such effect
is generated by the light which comes from outside. In this part we propose three step
algorithm for rendering ‘illuminated wall decoration’ - stained glass. First, diffuse
light and highlight contribute to the brightness of stained glass which are typically
white and change along with the light source and the view position. Next, Fresnel
refraction dominates the amount of transmitted light. Finally, volume absorption oc-
curs in all stained glass which is particularly important for the color of stained glass.

We support fully dynamic lighting and viewing direction since there is no pre-
computation involved

3.1 DiffuseLight and Specular Highlight

If illuminating light comes from behind stained glass, there are not only diffuse light,
but also highlight on stained glass. As you see in Fig. 2, light comes with different
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Fig. 2. Transmitted light is changing along with the angle between the light source and the eye
position
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angle according to the position of the light source. The amount of light entering into
the stained glass surface is determined by incident angle 6, between direction vectors
of the normal and the light source. It corresponds to the diffuse component of light
shading in conventional computer graphics. According to Eq.(1) we can calculate
diffuse color C.

Ci=Cy(LeN) (1)

Here, C, indicates the color of the stained glass. L and N are the direction vector to
the light source and the normal vector of the stained glass surface.

Highlight is another important factor for the amount of light. As you see in Fig. 2,
when 6, is equal to 0°, highlight is the brightest and gradually become less as 6, in-
creases. We can calculate highlight color Cy, using Eq.(2)

C,=Cy(Vel)" 2)

where Cy is the color of the stained glass, V and L are the vector to the eye and the
vector of transmitted light which is equal to the incident light vector L . n adjusts the
intensity of highlight in the equation. As a result we can calculate the total light C, by
adding Cy and G,

3.2 Fresnel Refraction

When light wave reaches the boundary of stained glass, some will be reflected and the
other will refract (transmitted) at the boundary. The refraction ratio (the ratio of the
refractive energy to the incident energy) depends on not only on the angle of inci-
dence and the properties of the material, but also on the polarization of the incident
light wave. According to Fresnel formulas [6] [7],

e P
(untsl tan“(6+6)

R = {nlcosﬁl—nzcosﬂ _sin®(4-&)
n, cosd, +n2cos G sinz(é} +6)

3)

where R, and R, (called Fresnel coefficients) correspond to polarizations that are
parallel with and perpendicular to the incident plane. n; and n, are the refractive indices
of the media on the incident and transmission sides, and 0; and 6, are angle of incidence
and transmission. We approximate the Fresnel coefficient by the average of Rj;and R |
which determine the amount of reflection. This approximation is widely applicable
because polarization is not important in most practical scenes [10]. We adopt this ap-
proximation in this paper. Since the transmitted light is obtained by subtracting the
reflected light from total light, we can compute the resulting color as follows.

1
C, = [1—2(R||+RL)} *C, “)
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3.3 Volume Absorption

Each piece of glass on stained glass has different light absorption capacity. In particu-
lar, black edges of stained glass can not transmit light because they are made of wax
denture. In addition, volume absorption [2] influences the appearance of stained glass.

1400
1200 |
1000 |
800 |

red glass

600 |}
400 |
200 | lightblue glass

0 e
400 500 600 700
Wavelength (nm)

Spectral absorptivity (1/m)

Fig. 3. Examples of spectral absorptivities

Figure 3 shows two typical spectral absorptivity curves: the curve for “light blue
glass” is fairly smooth, while the one for “red glass” has an abrupt change. This can
cause significant difference in the appearance of stained glass pieces made of “light
blue glass” and “red glass.”

(a) (b)
Fig. 4. (a) The result without applying light absorption. (b) The result after applying light ab-
sorption.

According to the Bouguer-Lambertian law [5] [9] [14], the internal transmittance
for light traveling from one point to another inside a transparent material is given by
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where a();) is the material’s absorptivity, A; is light wavelength, and | is the length of
the light path.

According to this law, increasing | decreases the intensity and deepens color satu-
ration of light. Thus, the resulting attenuated color can be obtained as follows.

China = C, *Tinternal (©)

By combing Eq.(1), (2), (4), (6), the whole procedure can be represented by the fol-
lowing equation.

1
Cfinal = (Cd +Ch)*[1_E(RI + RO Terma )
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Fig. 5. Result image. Top row: the rendering results with various directions to the eye. Bottom
row: the rendering results with various directions to the light source.
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4 Results

The stained glass rendering algorithm was developed and implemented on a PC with a
Pentium IV 3GHz CPU, 1GB memory and a nVIDIA GeForce 8800 graphics card.
The algorithm was implemented using Microsoft DirectX 9.0 SDK and shader model
3.0. We calculate each pixel’s direction of light and angle of gaze by using pixel
shader. Thus, illumination can be calculated per pixel, including the amount of ab-
sorption depending on the wavelength.

The results of the proposed algorithm are shown in Fig.5. For this example, our al-
gorithm can render at about 1400 frames per second with the resolution of 640x480.

Fig. 6. A selection of real stained glass and caustic phenomena

5 Conclusion and Future Work

We have combined the physical mechanisms for rendering realistic stained glass,
including diffuse light, highlight, Fresnel refraction, and volume absorption. This
work not only improves the capability of achieving excellent realism in rendering
stained glass, but also provides fully dynamic lighting and viewing direction.

In real life, because of the participating media such as dusts and vapors in atmos-
phere, we can see the light rays directly which are transmitted from stained glass. We
would like to add this phenomenon to our stained glass rendering algorithm, which
might considerably improve the overall appearance of stained glass.

As another future work, we want to apply this algorithm to the field of nonphotore-
alistic rendering(NPR) of stained glass. Through this way we can produce more real-
istic images than before in the field of stained glass NPR. Next, in manufacturing
stage of stained glass, bubbles and impurities might be contained in stained glass.
They may generate spots and light dispersion on stained glass. This phenomenon
could enhance the realism of stained glass rendering.

Finally, we plan to include caustic effect generated by light cast through stained
glass such as Fig.6.
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Abstract. Visua hull isintersection of cones made by back-projections of ref-
erence images. We introduce a real-time rendering method of jaggy-free visual
hull on programmable graphics hardware. Visua hull can be rendered quickly
by using texture mapping approach. However, jagged artifacts are present near
the edges of visual hull faces. In this paper, we solve the problem by using sil-
houette information. Our implementation demonstrates high-quality rendering
results in real-time. Time complexity of our algorithm is O(N), where N is the
number of reference images. Thus, the examplesin this paper are rendered over
one hundred of frames per second without jaggies.

Keywords: Visual Hull, Image-based Rendering, Silhouette Map, GPU.

1 Introduction

Image-based modeling and rendering techniques take images of a scene as input, in-
stead of 3D model containing geometry and material. The provided images are used to
render new images from different camera locations. That has great benefits such as
photorealistic results and short rendering time. Some image-based rendering ago-
rithms, such as tour into the picture [2], concentric mosaics [13], and inverse displace-
ment mapping [11], have congtraints in the position or direction of view point. Visua
hull algorithm, however, reconstructs 3D geometry of real objects from input images,
so that we can freely look around [7]. That makes it possible to build immersive 3D
environments, such as virtual tourism, video games and 3D interactive television.

Visual hull is an approximate shape representation of an object, which is actualy
the envelope of the true geometry. That is produced by intersecting silhouette cones
of an object from all reference views. Each silhouette cone is formed by back-
projecting the silhouette edges with camera calibration data. The intersection of these
cones is the visual hull of an object. The region of the hull is an intersection set of
maximal silhouettes[3].

Recently, by exploiting the capabilities of programmable graphics hardware, visual
hull can be reconstructed and rendered inreal time [4, 7, 9, 10]. Li, et al. [4] proposed
a method for hardware-accelerated reconstruction and rendering of visua hull
(HAVH). That uses projective texture mapping and apha map trimming for recon-
struction in image space without any numerical problems which exist for geometric
intersection methods. It can be easily implemented on programmable graphics hard-
ware and achieves high frame rates. However, the use of projective texture mapping

R. Shumaker (Ed.): Virtual Reality, HCII 2007, LNCS 4563, pp. 88-196] 2007.
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for reconstruction causes artifacts near the boundaries of visual hull faces due to dis-
crete representation of silhouette boundaries.

The visual hull can be constructed by 3D constructive solid geometry (CSG) inter-
sections [5]. By combining HAVH with CSG, it can be rendered without jagged arti-
facts, since no sampling of discrete silhouette information is involved. Even this
method can be accelerated by the GPU, the performance is still very low due to high
fill-rate consumption. The time complexity of this agorithm is O(N?) in contrast to
O(N) for texture mapping based method, where N is the number of silhouette cones.

Sen, et al. [12] introduced silhouette map algorithm to remove the jagged artifacts
near shadow silhouette boundaries of standard shadow map. The silhouette map stores
x and y coordinates of silhouettes. Silhouette boundaries are revised by using this
silhouette information. This method is accelerated by graphics hardware and per-
formed in real-time.

We combine the advantages of HAVH and silhouette map algorithm for visual hull
rendering without serious jagged artifacts near the edges of visua hull faces. Our
agorithm keeps high frame rates of HAVH without jaggies.

The remainder of this paper is structured as followed. In section 2, our jaggy-free
visual hull agorithm with silhouette map is described. In section 3, implementation
and rendering results of our method are presented. The conclusions and future works
are summarized in section 4.

2 Algorithm

HAVH agorithm performs in high speed by using projective texture and alpha map
trimming, but suffers from jagged artifacts that are present near the edges of visual
hull faces. The artifacts are removed by solving the silhouette aiasing problem of
projective textures. To remove these artifacts, we apply silhouette maps to HAVH
without much modification of both methods.

Our algorithm consists of two main parts as shown in Fig. 1. When reference im-
ages captured from cameras are arrived, al the silhouette data related with reference
images, such as silhouette mask, silhouette cone, and silhouette maps, are recom-
puted. With these silhouette data, the visua hull can be rendered from any novel
viewpoint without jagged artifacts.

2.1 Silhouette Extraction

Silhouette extraction is only needed when reference images are newly changed. In this
step, we first generate silhouette masks from reference images. The silhouette masks
will be used to generate silhouette cones. To generate silhouette masks, foreground
objects should be segmented from background images. Using image differencing
technigue [1], we can easily determine which pixels in each reference images corre-
spond to foreground pixels and background pixels. Alpha values of background pixels
are set to 0 and those of foreground are set to 1 (Fig. 2.a).



90 C. Lee, J. Cho, and K. Oh

Reference Images Changed?

Sihouette Extraction
(Silhouette mask, Silhouette cone,
and Silhouette map Generation)

l

Visual Hull Rendering
from the Novel View

Fig. 1. Work flow of our algorithm

background
a=0

foreground
o=1

(b)

Fig. 2. Silhouette extraction can be divided into four major steps. (a) silhouette mask, (b) sil-
houette edges, (c) silhouette cone, and (d) silhouette map generation.

Secondly, silhouette edges are computed from silhouette masks. The silhouette
edges on a silhouette mask is the collection of all edges separating the foreground
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Fig. 3. Generation of silhouette maps. (8) rasterization of silhouette edges, (b) intersection test
between silhouette edges and silhouette map texel, (c) the silhouette points stored in silhouette

map.

object from the background (Fig. 2.b). We can obtain the silhouette edges using
marching square algorithm [8].

After the silhouette edges from viewpoints are available, we can form silhouette
cones and silhouette maps. To form a silhouette cone, the silhouette edges taken from
each reference view are projected back into 3D scene space (Fig. 2.c). And using
silhouette edges, silhouette maps are generated (Fig. 2.d). The Silhouette map stores
silhouette points that provide information about the position of the silhouette edges.
Every texe of the silhouette map stores (0.5, 0.5) as a default value, except when the
silhouette edge pass through the texel. In this case, a point on the silhouette edge is
stored in local coordinates. The fragment program picks a position of intersection
between the silhouette edge and diagonals of current texel (Fig. 3).

2.2 Visual Hull Rendering

The visual hull is intersection of the silhouette cones from multiple viewpoints. The
basic idea of HAVH to render visual hull isto trim silhouette cone surfaces with alpha
maps. The apha values of the reference image textures are set to 1 for foreground
object and to O for background. Given a novel viewpoint, each silhouette cone is pro-
jectively textured by the reference images from al other views. In the apha channel,
apha values from multiple textures are modulated. The result is that on a silhouette
cone, only the region projected by al the other views gets the alpha value 1. This
region is actually the reconstructed visua hull surface, which observes jagged arti-
facts along the intersection boundaries due to projective texture.

We are going to present advanced rendering algorithm to solve this aliasing issue.
The visual hull is reconstructed by rendering silhouette cones. When silhouette cones
are rendered, each silhouette cone is textured using reference images deformed by
silhouette maps, except the view that produces the silhouette cone currently being
rendered. That is, each pixel is projected onto all other reference views, and the refer-
ence image is sampled according to the projected position and following sampling
rules with silhouette maps (Fig. 4).
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Fig. 4. Silhouette cone rendering with silhouette map. (a) when silhouette cone is rendered, (b)
the point is projected to reference camera space. p’ is the projected point and circles drown in
black indicate the silhouette points. Dotted lines are the silhouette map grid, and non-dotted
lines are the reference image grid deformed by silhouette map.

(d)

Fig. 5. Reference image sampling rules. (a) get 4 closest samples, (b) if these samples al agree,
sample accordingly (c) if disagree, (d) get the silhouette point of its texel and 4 neighbors, (€)
texel isdivided into 4 skewed quadrants, (f) sample the corner of its skewed quadrant.

We decideif the projected point isin the region of silhouette boundary. We can get
four closest reference image samples of the point, and compare the alpha values of the
samples (Fig. 5.9). If they are same, this region is not intersected with the silhouette
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Fig. 6. Quality comparison of flat-shaded visual hull. (8) HAVH (b) jaggy-free visual hull with

silhouette maps.
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Fig. 7. Quality comparison of textured visual hull. (8) HAVH (b) jaggy-free visual hull with
silhouette maps.
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boundary (Fig. 5.b). The reference image is then sampled accordingly. If they dis-
agree, however, a silhouette edge is passing through thisregion (Fig. 5.c). In this case,
the silhouette map is used to approximate the correct silhouette edge. By connecting
the silhouette point of the projected point’s texel with the four neighbors (Fig. 5.d),
the texel is divided into four skewed quadrants (Fig. 5.€). We determine the quadrant
that contains the projected point, and use the reference image sample in the same
quadrant (Fig. 5.f).

We iterate this reference image sampling over all reference images, and modulate
the alpha values of reference image samples. We then obtain the intersection of sil-
houette cones, which is the jaggy-free visual hull.

This jaggy-free visual hull reconstruction and rendering algorithm is done in a sin-
gle rendering pass. This means that the time complexity of our method is O(N), where
N isthe number of the reference images.

3 Implementation and Results

We tested our algorithm on a Nvidia Geforce 7900 GTX graphics card with Direct3D
and HLSL with shader model 3.0. We used synthetic 3D models and set 8 virtual
cameras around the model (Fig. 6, 7). The resolution of acquired images was set to
640x480 pixels and rendered scene was al so set to 640x480 pixels.

@ (b)

Fig. 8. Quality comparison of visua hull from our rea-time visuaization system. (a) HAVH
(b) jaggy-free visua hull with silhouette maps.
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Under this setting, we have measured the rendering speed between HAVH and
jaggy-free visua hull. The frame rates are 198 fps and 156 fps, respectively (Fig. 7).
The average number of polygons of each silhouette cone was about 3500.

Our agorithm was aso implemented in a real-time visualization system with cam-
eras. We used 8 camerasto capture areal object (Fig. 8).

We could render up to 8 silhouette cones. The limitation of texture based visual
hull reconstruction technique, like HAVH and our algorithm, is that the number of
silhouette cones is restricted by the maximum number of available texture units. This
problem can be solved with multi-pass rendering [6].

4 Conclusionsand FutureWorks

In this paper we presented an algorithm which renders jaggy-free visua hull using
silhouette maps. Our method solved aiasing problem of HAVH while keeping fast
rendering speed.

All of the parts of our algorithm could be run on the GPU in rea-time, except sil-
houette cone generation, which was computed on the CPU. If we can render to a ver-
tex buffer from, the performance will be improved. That is because we can generate
vertex buffers of the silhouette cone from silhouette edges internally on graphics
hardware
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Abstract. Terrain texture plays a great role on visualization in many 3D appli-
cations. Sometimes terrain texture is difficult to obtain in a desired area, thus a
new approach to terrain texture generation based on satellite images is proposed
to resolve this problem. We prepare a silhouette map and a satellite image for
the desired terrain texture and colorize the two pictures with the same pattern
according to the terrain features. Then a method of texture synthesis is adopted
to generate the final terrain texture.

1 Introduction

For along time research in terrain visualization has been concerned with developing
techniques to cope with complex terrain geometries. While LOD terrain models as
well as image based modeling and rendering techniques form the basis of any kind of
large-scale, real-time terrain visualization, texturing techniques for terrain visualiza-
tion have not been studied as much.

Terrain-texturing refers to the method used to fill the polygons that comprise the
terrain database. The three primary texturing concepts tested were constant-color
(CO), elevation-based generic (EBG), and photo-redlistic (PR). The CC texturing
concept represented an industry concept that has completed the process of Federal
Aviation Administration (FAA) certification in the Capstone-program. The EBG
texturing concept consisted of twelve equal-height coloring bands that correspond to
different absolute terrain elevation levels, similar to the colors employed for Visual
Flight Rules (VFR) sectional charts. The PR texturing concept was created by over-
laying color ortho-rectified satellite imagery data onto a DEM database. And our
terrain texturing method belongs to the third category.

Recently texture synthesis from samples has become a novel technology of texture
generation. Compared with traditional texture mapping, texture synthesis from sam-
ples can avoid gaps and distortion. So we adopt texture synthesis from satellite
imagery to generate the terrain texture.

2 Related Work

Texture synthesis has been an active area of research for many years. Numerous
approaches have been proposed for texture analysis and synthesis. Here we briefly
review some recent and representative works.
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2.1 Physical Simulation

One way to synthesize texturesis to directly simulate their physical generation proc-
esses. Biological patterns such as fur, scales, and skin can be modeled using reaction
diffusion [1] and cellular texturing [2]. These techniques can produce textures directly
on 3D meshes so distortion problem in texture mapping is avoided. However, differ-
ent textures are usually generated by different physical processes so these approaches
are applicable to only alimited class of textures.

2.2 Markov Random Field

Many algorithms model textures by Markov Random Fields and generate textures by
probability sampling [3]. Since Markov Random Fields have been proven to be a
good approximation for a broad rang of textures, these algorithms are general and
some of them produce good results. A drawback of Markov Random Field sampling,
though, is that it is computationally expensive: even small texture patches can take
hours or daysto generate

2.3 FeatureMatching

Some algorithms model textures as a set of features, and generate new images by match-
ing the features in an exampl e textures. Heeger and Bergen [4] introduced this problem to
the computer graphics community in 1995. More recently, De Bonet and Efros and
Leung [5] showed that a nearest-neighbor search can perform high-quality texture syn-
thesis in a single pass, using multiscale and single-scale neighborhoods, respectively.
Wei and Levoy [6] unify these approaches, using neighborhoods consisting of pixels
both at the same scale and at coarser scales.

In this paper, we aim to introduce a texture synthesis based on feature matching ap-
proach to 3D terrain visualization. Our method can generate discretional terrain texture
through simple interaction. Thisis a continued work of our terrain generation [7].

3 Terrain Texture Generation

The integrated terrain model requires both the geometrical data and upper information.
The redistic upper information is the terrain color (texture) usualy viewed from a
vertical angle as those in aerial or satellite images. Such imagery, rare just ten years
ago, is now widely available from commercial remote sensing agencies, such as Spot
and Landsat. The aerid or satellite images are good sources to generate terrain texture.
But the whole satellite image is not a Markov random field and we can not generate a
terrain texture synthesis by sampling. However, various sub-regions of satellite images
(such as forest, river, and plain) are Markov random fields, so we propose a region-
based realitic terrain texture generation. Figure 1 is an example of satellite images.

3.1 Satellite Image Segment

This phase is to divide the satellite image into different regions and colorize the corre-
sponding terrain type in the image. The colors selected to fill the image should be
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Fig. 1. A satelliteimage. Theregion A, B, C, D, E, F are the texture feature areas.

Fig. 2. The image colorized process
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Fig. 3. The pixel feature vector stV , (8) the L-neighbor pixels in the satellite image, (b) the
8-neighbor pixelsin the colored image, (c) the pixel feature vector

recognized by computer easily, so we select the ultimate colors of RGB-space such as
red (255, 0, 0), blue (0, 0, 255) and yellow (255, 255, 0). Because the content of the
satellite image is very complex, none of image processing software can segment the
image automatically. And we use Adobe-PhotoShop to colorize the image on hand
(Figure 2).

input image

o=
6}

-

completed portion (grey)

——

Fig. 4. Ashikhmin's approach
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3.2 Texture Synthesis

For generating the desired terrain texture, we must prepare a terrain silhouette map.
The terrain silhouette map is divided into several child-regions according to different
terrain features. And we colorize the terrain silhouette map to get a colored terrain
map. Now we have a satellite image A, the colored image A and the colored terrain
map B. Finally we synthesize the generated texture B' from the satellite image A,
through which we choose the appropriate parts of the transform A—A ' in synthesizing
B—B. The texture synthesis isimplemented as follows:

1. Build the pixel feature vector set Y of the satellite image A, the elements of
which are the RGB values of the L-neighbor pixelsin the satellite image and the
8-neighbor pixelsin the colored image (Figure 3).

A: the colored image

B: the colored terrain map B': the generated texture

Fig. 5. The texture generation



102 Q.Lieta.

2. Synthesize the generated texture B in scan-line order. For each pending pixel p:

a) Compute the feature vector A of the pixel p according to colored terrain
map B and the texture B’ which has the established pixelsin scan-line.

b) Findthe most ANN-suited pixel feature vector V, .., from the set Y oy
an approximate-nearest-neighbor search (ANN) [8] and get the most suited
p|Xe| pbeﬂ—ann :

c) Find the most coherence-suited pixel P,y conerence @COrding to a coher-
ence search, based on Ashikhmin’s approach [9].

3. Comparethe P oy aNdthe Py conerence » find out the best pixel P, , and

set the color of the best pixel [, to the pending pixel p.

Through the aforementioned texture synthesis process, we can get an artificial terrain
texture (Figure 5) which well matches the terrain region.

4 Conclusion and Future Work

We have presented a new approach for terrain texture generation based on regions. A
method of texture synthesis from samplesis used to create the terrain texture, and our
approach adapts to the complex terrain texture generation. Since the satellite image is
the resource of our texture synthesis, the generated texture is authentic and realistic.

There is still much room for improvement. First, the colored satellite image is
created interactively, thus designing an automatic method is our next work. Secondly,
the texture synthesis is a time-consuming process, especially when generating a huge
terrain texture. Improving the efficiency is also our next step.
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National Natural Science Foundation No. 60473100.
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Abstract. A navigation system for virtua environments using low-quality
HMD(head mounted display) must quantize images when the system presents
true-color image with restricted number of colors. Such navigation system
quantizes an image by using fixed palette. If the system represents an image by
using a variable palette which is made considering a region around the view-
point then user can perceive a virtua environments more vividly because hu-
man visual system is sensitive to the colors variation in the region around the
viewpoint. In this paper we propose a color quantization algorithm that quantize
aregion around the viewpoint more finely than other regions at each variation
of viewpoint for virtual environments navigation system and compose virtual
environments navigation system using proposed algorithm. The system quan-
tizes an image at each variation of viewpoint and shows a quantized image to
user through HMD. We tested user preferences for our proposed system and the
results show that users preferred our system.

Keywords: Color quantization, navigation system, human color perception.

1 Introduction

A navigation system for virtual environments using low-quality HMD(head mounted
display) must quantize images when the system presents true-color image with re-
stricted number of colors. Color quantization is a process that reduces the number of
colors used in an image, usually with the intention that the new image should be as
visually similar as possible to the original image[1]. Several clustering algorithms are
used in color quantization for improving correctness of quantization. Such algorithms
are Octreg[2][3], Median-cut[4], K-meang5] and Local K-meang[6]. Moreover some
algorithms tried to use CIE Lab, CIE Luv color space for improving correctness of
quantization[7][8]. Recently quantization algorithm considering human color percep-
tion properties are proposed. One of these properties is that human visual system
is sensitive to the color distortion in the homogeneous regions. Color quantization
algorithm considering such property is proposed[9].

" Thiswork was supported by Seoul R& BD Program(10581cooperateOrg93112).
" Corresponding author.
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Another property of human color perception is that human visua system is sensi-
tive to a colors variation in the region around the viewpoint. Therefore if a region
around the viewpoint is quantized more finely than other regions then the viewer can
see the image more vividly. In virtual environments navigation system if user can
vividly see aregion around the viewpoint then user can perceive virtual environments
more redlistically.

In this paper we propose a color quantization algorithm that quantize a region
around the viewpoint more finely than other regions at each variation of viewpoint
and compose virtual environments navigation system using proposed algorithm. In the
virtual environments navigation system user see a quantized image through HMD.
The rest of the paper is organized as follows. In section 2, we describe color quantiza-
tion method. In section 3, we describe experiments of proposed algorithm and system.
In section 4, we discuss conclusions.

2 Color Quantization with Weight

In this paper we propose a color quantization algorithm in consideration of human
visual senditivity for color pattern variations of region around the viewpoint. The
proposed algorithm make a palette at each variation of viewpoint. We use LKM clus-
tering algorithm with weight value to quantize a region around the viewpoint more
finely. If the region around viewpoint is quantized with a large number of colors then
user can see the region around viewpoint more finely. Figure 1 shows the overall
process of proposed algorithm. First, we translate RGB color space to CIE Luv color
space for improving correctness of quantization[7][8]. Second, we assign weights to
colors used in the image. Third, we execute LKM clustering algorithm. And then we
reconstruct image using result. We will describe weight assignment and LKM cluster-
ing step because these steps play an important role in the process.

Calor space Weiaht LKM tized
‘ lage * transformation + 4551 anment clustering nu?ﬁaége

Fig. 1. Overall process diagram of proposed module

2.1 Weight Assignment

The proposed algorithm assigns different values to each color used in an image in
order to quantize aregion around the viewpoint with many colors. In LKM clustering
algorithm a colors having high weight are quantized with a large number of colors.
Therefore we assign high weight to the colorsin aregion around the viewpoint.

For weight assignment we use Gaussian kernel because weight of Gaussian kernel
decrease according to distance from center[9]. In equation 1 (i, j) represent coordinate
of viewpoint and G(X, y) represent weight of color of pixel coordinate (X, y) in
the image and ¢? is variance of weight. The weighting value is normalized to lie
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within [0,1]. Figure 2 shows example of weight assignment using Gaussian kernel.
The colorsin aregion around the viewpoint are assigned high weight value.

1 (><*i)2+(ZY*J)Z
G(X’ y) :We 20 (1)

(a) viewpoint is center (b) viewpoint is right bottom

Fig. 2. Example of weight assignment using Gaussian kernel

2.2 LKM Clustering

We use LKM clustering algorithm because LKM clustering algorithm is proven to be
afast algorithm[5]. The algorithm is described asin the following steps:

Step 1. Choose input data sets.
Choose input date sets among used color in image.
Step 2. Setinitial cluster centers
Set initial cluster centers according to descending order of weight value
Step 3. Change location of cluster centers using equation 2
6= rawlic - @
where ¢; isacolor in input data sets and ¢; is closest cluster center of
¢ and t is execution counter. The adaptation parameter a, decrease
exponentially. W, is weight value of the color c..
Step 4. Iterate Step3 for N times until some convergence criterion is met.

In step 1 input data sets are constructed by sampling the image in decreasing step
sizes {1009, 757, 499. ...} because a result of algorithm using all used color in an
image and a result of algorithm using sampled input data sets are similar and algo-
rithm using sampled input data sets is fast[5]. In step 2 we set initia cluster centers
according to descending order of weight value because LKM clustering algorithm
quantize the colors of initial cluster centers with large number of colors. In step 3 W,
isweight value of color ¢; which is calculated in weight assignment step.
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3 Experiment

In experiment we guantize some images by using proposed algorithm and fixed pal-
ette to identify that a region around the viewpoint quantized by proposed algorithm is
quantized with a larger number of colors than using fixed palette. The result of ex-
periment shows that the region around the viewpoint quantized by proposed algorithm
is quantized with alarge number of colors than using fixed palette. Also we composed
a navigation system using proposed algorithm and a fixed palette for experiment of
user preferences.

3.1 Number of Quantized Colorsin Region Around the Viewpoint

We quantize some images by using proposed algorithm and fixed palette to identify
that a region around the viewpoint quantized by proposed algorithm is quantized with
alarger number of colors than using fixed palette. Table 1 shows number of quantized
color in aregion around the viewpoint.

Table 1. Number of quantized colors in viewpoint

Image Proposed Fixed palette
(number of colors)  (number of colors)
A 75 51
B 82 61
C 44 37
D 97 68
E 53 28

In experiment we quantized true-color images to 256-color images and knew that
number of quantized colors in a region around the viewpoint quantized by proposed
algorithm islarger than number of quantized colors quantized by using fixed palette.

Hardware

HHO
[
Gyro sensor

Color space Weight LM tized
‘ Image * transformat ion + assignment clustering Dumaége

Sof tware

Fig. 3. Overall organization diagram of navigation system
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Table 2. User preferences of each system

32 color 128 color 256 color
Image  Proposed Fixed Proposed Fixed Proposed Fixed
(%) colors(%) (%) colors(%) (%) colors(%)
A 92 8 81 19 72 28
B 91 9 84 16 75 25
C 90 10 89 11 70 30
D 88 12 82 18 72 28
E 93 7 80 20 72 28

(b) image quantized with 32 color

o Quantized | Quantizad | Quantized | Quantized
Original
’ by proposedby proposedby proposedby proposed
image
syslem syslem system system

(Quantized by system|  user user uscr user

using fixed palette | viewpoint | viewpoint | viewpoint | viewpoint

Fig. 4. result of quantization
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3.2 Virtual Environment Navigation System

We composed virtual environments navigation system using proposed color quantiza-
tion algorithm that quantize a region around the viewpoint more finely than other
regions. In virtual environment navigation system user see a quantized image which is
real-timely quantized through HMD. Composed virtual environments navigation
system real-timely obtains information of user viewpoint and shows quantized image.
Navigation system is composed of hardware and software. Hardware is composed
HMD and Gyro sensor. Quantized image is seen through HMD and Gyro sensor
trandate information of user viewpoint by perceiving head movement. In software
proposed algorithm is executed by using information of user viewpoint. Figure 3
shows the overall organization diagram of system.

3.3 User Preferences Test

We experiment with user preferences between proposed navigation system and the sys-
tem using fixed palette. Table 2 shows the results of experiment with user preferences of
systems. In each system user see an image which is quantized to 32, 128, 256 colors.
Table 2 shows that user preferences of proposed system are higher than the system using
fixed paette in most images and numbers of quantization colors. Also table 2 shows that
user preferences are decrease according to the increase of numbers of quantization colors.
Such results are caused by execution time of quantization. The execution time of quanti-
zation is increased according to the increase of numbers of quantization colors. Figure 4
shows quantized images which are quantized by each system.

4 Conclusions

In this paper we propose a color quantization algorithm that quantize a region around
the viewpoint more finely than other regions at each variation of viewpoint and com-
pose virtual environments navigation system using proposed algorithm. We experi-
mented with user preferences between the system using proposed algorithm and the
system using fixed palette. The results of research show that user preferences of pro-
posed system are higher than the system using fixed palette in most images and num-
bers of quantization colors.

Also the experiment results show that user preferences decrease according to the
increase of numbers of quantization colors. So we need to study for improving execu-
tion time of quantization and expand proposed system to 3D virtual environments.
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Abstract. Emerging applications in the area of Emergency Response and Dis-
aster Management are increasingly demanding interactive capabilities to allow
for the quick understanding of a critical situation, in particular in urban envi-
ronments. A key component of these interactive simulations is how to recresate
the behavior of a crowd in rea- time while supporting individual behaviors.
Crowds can often be unpredictable and present mixed behaviors such as panic
or aggression, that can very rapidly change based on unexpected new elements
introduced into the environment. We present preliminary research specifically
oriented towards the simulation of large crowds for emergency response and
rescue planning situations. Our approach uses a highly scalable architecture in-
tegrated with an efficient rendering architecture and an immersive visualization
environment for interaction. In this environment, users can specify complex
scenarios, “plug-in” crowd behavior algorithms, and interactively steer the
simulation to analyze and evaluate multiple “what if” situations.

1 Introduction

In less than a decade, the world has experienced a significant series of both man-made
and natural disasters of unprecedented proportions, causing tremendous losses in
terms of humans lives, as well as causing tremendous financial losses. The processes
of responding, maintaining, and recovering from these disasters have made evident
the strong needs to have better ways to train emergency responders, as well as to de-
velop, analyze, and evaluate new effective approaches to incident management. Most
of these incidents require well-coordinated and well-planned actions among all the
different forces of emergency response within severe time constraints.

Furthermore, most of these incidents involve the population of the area in distress,
requiring that the responders and government officials understand the impact of their
actions on that population. Therefore, the ability of simulate the behavior of a crowd
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under different situations. stress, panic, danger, evacuation, as well as the ability to
visualize it in the context it is being evaluated in is critical to develop a strong set of
tools for emergency response. We propose a highly scalable distributed architecture
integrated with an efficient rendering and immersive interactive space that can support
large crowds with behaviors ranging from a single “mob mentality” to individualized
behaviors for each member of the crowd. The key element of our architecture is the
ability of handling the crowd control model and the realistic simulation all integrated in
area-time environment.

2 Background

Training emergency responders to effectively manage the kinds of large-scale disas-
ters we face today needs to be approached through advanced computer simulations,
visualizations and interactive environments. Traditional real-life training through
mock-ups and actors [20] cannot provide a close reproduction of the complex interre-
lations among response forces, local, state, and federa officials, volunteers, and the
affected population. The scale and extent of the situation lendsitself to the application
of virtual environments and simulation. A critical component of these environmentsis
the ability of simulate large numbers of people within urban and transportation sys-
tems, with both crowd behavior as well as individual behaviors. However, there are
several conflicting objectives involved in the real-time simulations of Emergency
Reponses, especially when they are designed to study the behavior of citizens evacu-
ating cities. On the one hand, this type of simulations must focus on rendering not
only animated characters of humanoid appearance, but also the entire urban scenarios
where they are located. On the other hand, these simulation systems should offer a
wide rich variety of group and autonomous behaviors and actions associated with
pedestrians in urban environments such as wandering, fleeing, panic, etc.

Crowd simulations have been used extensively in the entertainment industry to
create realistic scenes containing large numbers of individuals. These techniques have
been used to create crowd scenesin different movies, although the crowd models used
in the entertainment industry are primarily concerned with creating visual realism,
without regard to enabling robust behavior at the level of individuals. While these
systems can create strikingly beautiful images, the level of behavioral realism is too
low to be used for our purposes, and the simulations are far from interactive.

One traditional method of crowd simulation involves the use of a modified particle
system, wherein each agent is represented by a single particle whose action is deter-
mined by a system of interaction rules [26]. This system is well suited to animating
large crowds; however, the interaction rules are generally quite simple, limiting the
complexity of behavior at the level of individuals.

There istypicaly atrade-off between maximum crowd size and behavioral richness,
as increasing either rapidly increases the computational complexity of the simulation.
Many crowd models, which are designed to accommodate large crowds, do away with
individual behavior and instead focus on collective behavior of a crowd. Crowds have
been divided at different levels in order to attempt to decrease the computational
complexity of simulations. For example, the ViCrowd system [19] divides the simula-
tion at the level of crowds, groups, and individuals. Modern variants of these crowd-
oriented simulations use continuum dynamics to reach interactive simulation speeds
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for thousands of characters [32]. Although these approaches can display very popu-
lated and interactive scenes, their usability for emergency response plans is question-
able as the higher-level behaviors are not based on individual behavior.

There have been efforts on developing smaller- scale systems that provide support
for sufficiently advanced behavior. Consideration of crowd behavior can be incorpo-
rated into the design of buildings and public places [24], as well as be used to train
emergency personnel in a variety of realistic environments, even the specific envi-
ronment they will be working in. However, these models, although they provide a
good crowd simulation for smaller areas, do not scale well when hundreds of thou-
sands or even millions of characters are needed. For example, the United States mili-
tary aready uses a wide variety of simulation systems for training [8,24], however,
these simulations lack a satisfactory crowd models [22] that reflect both mob behavior
and individual behaviors.

In the area of virtual environments, we have not yet fully explored effective ways
to produce crowd simulations. Several efforts are driven by extending the particle
system approach with different level of details [3,30] in order to reduce the rendering
and computational cost. Although these methods can handle crowd dynamics and
display populated interactive scenes (10000 virtual humans), they are not able to pro-
duce complex autonomous behaviors for the individua virtua humans. Other ap-
proaches focus on providing efficient and autonomous behaviors to crowd simulations
[4,9,21,23,27]. However, they are based on a centralized system architecture, and they
can only control a few hundreds of autonomous agents with different skills (pedestri-
ans with navigation and/or socia behaviors for urban/evacuation contexts).

Although some scalable, complex multi-agent systems have been proposed [31],
most efforts focus on the software architecture, forgetting the underlying computer ar-
chitecture and graphics system. As a result, important features like inter-process com-
munications, workload balancing, network latencies, or graphics optimizations are not
taken into account. When we are considering Emergency Response smulations, we are
looking at how to balance the cost of providing rich behaviors, rendering quality, and
scalability in afairly complex integrated system. This balance is strongly dependent on
what we cal system throughput, defined as the maximum number of characters that the
integrated system can handlein real time without reaching the saturation point.

In order to provide a high system throughput, we propose a distributed framework
based on a hybrid architecture model. This framework consists of a networked-server
distributed environment to manage the inter-awareness among the crowd members,
and among the crowd and the environment. In addition, in order to support consis-
tency and autonomous behaviors for each character, we propose a centralized soft-
ware architecture. The results presented in later sections of the paper that were
obtained in the performance evaluation show that this architecture can efficiently
manage thousands of autonomous agents.

3 Architecturesfor Distributed Environments and Crowds

From the area of distributed systems, we know three basic architectures are: central-
ized-server architectures [25,33], networked-server architectures [12,13] and peer-to-
peer architectures [15]. Figure 1(top-left), shows an example of a centralized- server
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architecture. In the context of crowd simulation, we can consider the virtual world as
a plane and the avatars as dots in the plane. In this architecture there is only a single
server and al the client computers are connected to this server. The server has a com-
plete image of the world and all the avatars, and the clients simply report the local
changes to the server. In this way, everything is easily synchronized and controlled.
However, the centralized server limits the scalability of the system.

Network-Server

Fig. 1. Architectures for supporting distributed systems

Figure 1(right) shows an example of a networked-server architecture. In this
scheme, there are several servers and each client is exclusively connected to one of
these servers. Again, in the context of crowd simulation, this can be thought of as the
large virtual space being partitioned across several servers and the clients are distrib-
uted according to the avatars that are populating each one of the areas. This schemeis
more distributed than the client-server scheme, and since there are several servers, it
considerably improves the scalability compared to the client-server scheme. Figure 1
(bottom-left) shows an example of a peer-to-peer architecture. In this scheme, each
client computer is also a server. This scheme provides the highest level of load distri-
bution. Although the earlier distributed architectures were based on centralized archi-
tectures, during the last few years architectures based on networked servers have been
the main standard for distributed systems. However, in problems related to crowd
simulation, each new avatar introduced in a distributed system represents an increase
not only in the computational requirements of the application but also in the amount
of network traffic [16,17]. Due to this increase, networked-server architectures strug-
gle to scale with the number of clients, particularly for the case of MMOGs[1], dueto
the high degree of interactivity shown by these applications. As a result, Peer-to-Peer
(P2P) architectures have been proposed for massively multi-player online games
[7,15]. One of the challenges of P2P architectures for crowd simulation is making
avatars aware of other avatars in their surroundings [28]. Providing awareness to all
the avatars is a necessary condition to provide time-space consistency. Awareness is
crucial for our framework to maintain a coherent and consistent crowd model in the
virtual space.
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In a networked-server architectures, the awareness problem is easily solved by the
existing servers, since they periodically synchronize their state and therefore they
know the location of all avatars at all times. Each avatar reports its changes (by send-
ing a message) to the server that it is assigned to, and the server can easily decide
which avatars should be the destinations of that message (by using a criterion of dis-
tance). There is no need for a method to determine the neighborhood of avatars, since
servers know that neighborhood every instant.

4 Architecturefor Crowd Simulation

From the discussion above it seems that the more physical servers the distributed en-
vironment (DE) relies on, the more scalable it is. On the contrary, features like the
awareness and/or consistency are more difficult to be provided as the underlying ar-
chitecture is more distributed (peer-to-peer architecture). Therefore, we propose a
networked-server scheme as the computer system architecture for crowd simulation.
On top of this networked-server architecture, a software architecture must be designed
to manage a crowd of autonomous agents. In order to easily maintain the coherence of
the virtual world, a centralized semantic information system is needed. In this sense, it
seems very difficult to maintain the coherence of the semantic information systemif it
follows a peer-to-peer scheme, where hundreds or even thousands of computers sup-
port each one a small humber of actors and a copy of the semantic database. There-
fore, on top of the networked-server computer system architecture, we propose the
software architecture as shown in Figure 2. This architecture has been designed to
distribute the agents of the crowd in different server computers (the networked-
servers). This centralized software architecture is composed of two elements: the Ac-
tion Server (AS) and the Client Processes (CP).

The Action Server. The Action Server corresponds to the Action Engine [10,11], and
it can be viewed as the world manager, since it controls and properly modifies all the
information the crowd can perceive. The Action Server is fully dedicated to verify
and execute the actions required by the agents, since they are the main source of
changes in the virtual environment. Additionally, another important parameter for
interactive crowd simulations is the server main frequency. This parameter represents
how fast the world can change. Idedlly, in a fully reactive system all the agents send
their action requests to the server, which processes them in a single cycle. In order to
provide redlistic effects, the server cycle must not be greater than the threshold used
to provide quality of service to usersin DEs[6,18]. Therefore, we have set the maxi-
mum server cycleto 250 ms. Basically, the AS consists of two modules: the Semantic
Data Base and the Action Execution Module. The SDB represents the global knowl-
edge about the interactive world that the agents should be able to manage, and it con-
tains the necessary functionalities to handle interactions between agents and objects.
The semantic information managed can be symbolic (eg: object; free true, object; on
objecty, ...) and numeric (eg: object; position, object; bounding volume, ..), since it has
been designed to be useful for different types of agents.

In order to manage the high number of changes produced, the AEM puts all the ac-
tion effects in a vector (vUpdates) which reflects the local changes produced by each
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actuation (e.g.: an agent changes its position). Finally, when the server cycle has fin-
ished, this vector is sent to both, the clients and the SDB, which will update their cor-
respondent environmental states (Figure 2).

Action Server Client
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i CD__ > agent
Interfaceh 5
Tothe server
ﬁ* ﬂ ﬂ j {interfacen) <::WI]
L L
Crowd Action

Execution Control

!

Semantic Data Base | = > agent
(SDB) act

Tothe server - =
A oy, —

Graphic Engine

Fig. 2. The proposed software architecture
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The Clients. Each process in a client computer manages an independent group of
autonomous agents (a subset of the crowd), and it is executed in a single computer as
asingle process. This process has an interface for receiving and updating the informa-
tion from the server, and a finite number of threads (each thread for an agent). Using
this interface, a client initially connects to the Action Server and downloads a com-
plete copy of the SDB. From that instant, agents can think locally and in parallel with
the server, so they can asynchronously send their actions to the server, which will
process them as efficiently as possible (since each agent is a process thread, it can
separately access to the socket connected to the server). When a server cycle finishes
(every 250 ms.), the accepted changes are submitted to all the clients interfaces, that
will update their SDB copies. The proposed multi-threading approach is independent
of the agent architecture (the Al formalism driving the agent behavior), that is out of
the scope of this paper. However, the proposed action scheme guarantees the aware-
ness for all agents [28], since all the environmental changes are checked in a central
server and then broadcasted to the agents. Although time-space inconsistencies can
appear due to agent asynchronies and network latencies, al these inconsistencies are
kept below the limit of the server period.

A classical complex behavior required by many crowd systems is pathfinding (eg:
evacuations). In our system, a Cellular Automata (CA) [2] isincluded as a part of the
SDB, and each cell has precomputed the k-best paths of length | to achieve the exit
cells. To caculate all the paths (k paths per cell; cell = 1m side square), we are using
a variation of the A* algorithm. Our algorithm starts from each goal cell, and by in-
undation, we can select the k best paths that arrive to each cell. This let usto manage
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large environments and to reduce the correspondent memory problems. Furthermore,
the calculation of complete paths is not interesting generaly, as agents can only
evaluate the k-first steps before deciding its next cell.

During the simulation time, each agent can access to its cell and decide the next
one according to this information, and the set of heuristics defined (eg: waiting time,
path congestion). As an example, Figure 3 shows 7 snapshots captured from 2 differ-
ent simulations of the system running an evacuation with 8000 agents in a
(200mx200m) area. Both simulations start from the same intial state (left), which cor-
responds to a normal random distribution of the crowd. In the first case (Figure 3a),
we have placed 4 exits in each side of the simulated area, so the crowd try to escape
through them. In the other case (figure 3b) there are 20 exit cells located on the top of
the maze, and we can easily recognize them by following the different crowd flows.
The figure 3 also shows both crowd situations at cycle 50,150 and 300, where severa
congestions has already produced due to the design of the environment (a maze with
narrow doors).

T =50 (cycles) T=150 T=300

T = 0 (initial situation)

a)

b) £ 77 5 i

Fig. 3. Evacuation test with 8000 agents

On other hand, it is important to ensure that the system can render good images of
the virtual world in real time. Our architecture allows for the rendering processes to
become one of the clients. In this way, &l the information about the position and
changes in each individual avatar is available to the rendering system in the same
timeframe as it is available to the computational clients. This alows us for the syn-
chronized rendering of the crowd as well as to apply rendering optimization ap-
proaches based on the viewpoint.

5 Performance Test

In order to evaluated actual performance, we have performed measurements on a real
system with this architecture. Performance evaluation is based on wandering agents,
since this type of agentsis the one that generate the highest workload to the AS (they
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simply move). As cited previoudy, the AS cycle has been set to 250ms. First, we have
focused on system throughput (the maximum number of agents that the system can
efficiently support), which in our architecture is limited by the AS throughput. Con-
cretely, we have measured the AS throughput when it is fully dedicated to collision
detection tasks. The rationale of thistest is to evaluate the number of actions that the
server is able to carry out in a single cycle, since this could be a plausible bottleneck.
When an action is requested by an agent, the server basically must access its cell and
then it must compute a set of simple distance checking against the agents which are
sharing the same cell, as figure 4-right shows. If no collisions are produced, then this
process continues until the 8 neighbor cells pass the same test.

Server performance on collision detection
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Fig. 4. Server Performance on Collision Test

Figure 4-left shows the results obtained in a collision detection test performed in a
single server where 10.000 agents demand a random position as soon as they can, in
order to saturate the server. The purpose of this experiment is to know how fast the
server can run, in terms of the average of actions that it is able to process in a single
cycle. As this value highly depends on the density of the crowd, we have represented
this parameter as the percentage of finally executed actions (ACKS), since it is more
informative for our purposes. Thus, an ACK percentage of 0% occurs when no mo-
tion is allowed because the crowd is completely full and no one can move. On the
other hand, when all the agents pass a full collision test, al the actions are alowed
(100% of ACKSs) and al the agents finally move. In these experiments, this case (94%
of ACKs) represents the worst case because the server needs to accessto 8 + 1 cells
and compute a variable number of distance checks for each action.

Figure 4-left shows that in the worst case (94% of ACKSs) the server is able to
process around 6000 actions in asingle cycle (250 ms). However, when the density of
the crowd increases the percentage of ACKs decreases because the probability of col-
lision increases in very dense worlds. This will allow the server to finish the cell
checking without visiting all the neighbors cells. As a consequence, the server can
process a higher number of actions requests per cycle (12000 actions for a percentage
of 0% ACKYS). It is also worth mention that for a medium case (48% ACKSs), the sys-
tem can manage around 8000 agents.
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6 Conclusionsand Future Work

In this paper, we review the computer architectures used in the literature to support
distributed environments and analyze how they can support the simulation of large
crowds. Based on this analysis, we present a scalable hybrid distributed framework
for large-scale crowd simulations. At the lowest level, the framework consists of a
computer system based on a networked-server architecture, in order to achieve scal-
ability while providing awareness and time-space consistency. At a higher level, our
framework integrates a software architecture based on a centralized semantic informa-
tion system that can easily maintain the coherence of the virtual world through a
single copy of the semantic database. Performance evaluation results show that this
architecture can efficiently manage thousands of individual, autonomous agents at
interactive rates.

This preliminary work has assisted us to define the next steps. We plan to distrib-
ute the action server in multiple machines by using distributed databases techniquesin
order to improve the scalability. In addition, we plan to characterize the requirements
of different kinds of autonomous agents. The idea is to use each client for supporting
one (or more) kind of agents, according to the computational power of the client and
the requirements of the agents. Thus, by properly balancing the existing load among
the clients we expect to improve the system throughput. Furthermore, in the rendering
side, we are looking into the extension of our scene-graph to make use of largely
distributed graphics systems to avoid the rendering bottleneck. By using distributed
rendering methods like sort-last composition we can keep the data transfer overhead
minimal and use local graphics hardware in the servers to scale to interactively
displayed scenes with hundreds of thousands or millions of avatars.
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Abstract. To preserve appearance attributes in a 3D model, a hovel mesh sim-
plification is proposed in this work based on the Quadric Error Metric (QEM).
We make use of half-edge collapse method for mesh simplification and modify
the QEM to solve the break between different texture coordinates. After analyz-
ing severa cases of the collapsing operation, a new formula on the cost of edge
contraction is obtained to eliminate aberrances. Experimental results demon-
strate that compared with other state-of-the-art techniques our algorithm can
achieve satisfactory efficiency with desirable geometry and feature-preserving.

Keywords: mesh simplification, half-edge collapse, Progressive Meshes, the
Quadric Error Metric, feature preserving.

1 Introduction

With booming of the Internet, 3D graphic visualization data composed by triangular
meshes become one of the key media of network-based applications [1]. Due to the
flexibility of geometric modeling operation and high rendering speed, triangular
meshes are widely used for surface representation. Consequently, how to store,
transmit and render large volumes of graphics data efficiently has become one of the
most critical issues. Level-of-detail (LoD) techniques were introduced to solve this
problem by decreasing object complexity and create a series of multi-resolution mod-
els for rendering [2]. Up to the present, lots of mesh simplification algorithms for
LoD approximation have been developed. [3] shows an extensive review and com-
parison of these techniques.

Recently, edge collapse, the basis of many mesh compression algorithms [4-6], has
become one of the most popular operations for simplifying models by iteratively
contracting edges. However, as a simplified version of edge collapse, half-edge col-
lapse operation can achieve similar results as other vertex placement schemes with no
new points generated [7], contributing to saving storage, reducing bandwidth from
RAM to GPU, and accelerating compression. So we choose it as the topological op-
erator in thiswork and write a pair contraction asvs =2 V; (Vs is the starting point and v;
isthe terminal point).

However, a common issue for edge collapse and half-edge collapse is how to choose
the collapsing edge. When Hoppe first introduced the concept of Progressive Mesh
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© Springer-Verlag Berlin Heidelberg 2007
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(PM) [4] to represent triangular meshes based on edge collapsing and vertex splitting
transformations, he minimized an energy function [8] for the selection. Progressive
Meshes always generate accurate results, but as the expensive optimization procedure
and the globd error metric used in PM require much long time for contraction, it is
unsuitable for practical applications.

-

Fig. 1. Half-edge collapsing operation Fig. 2. Six faces constituting the emerald model

The Quadric Error Metric (QEM) [5] proposed by Garland and Heckbert is a sur-
face ssimplification algorithm which can produce high quality approximations of po-
lygonal models at a high speed. The method makes use of matrix and achieves a
trade-off between fidelity and efficiency. Kobbelt et al. [7] advanced a greedy algo-
rithm based on QEM, which is one of the fastest mesh simplification methods for all
algorithms developed so far. Even though QEM is a local error control method, the
simplified meshes are usualy as accurate as those produced by other global error
control algorithms [1].

In practice, besides geometric features, meshes also hold material properties such
as color values, normals and texture coordinates. In [9] Garland improved QEM to
accommodate mesh decimation to preserve appearance attributes. Subsequently,
Hoppe proposed a method based on QEM to deal with material properties which
saves more storage [10]. However, both are based on the precondition that the values
of material properties vary continuously over the surface. Yet it is not always the
case. In this work, we develop a new mesh simplification algorithm based on QEM
framework aiming at preserving textural discontinuities. A priority queue of the can-
didate edges keyed on the collapse cost is created to determine the quality of the ap-
proximations, and the essential issue is how to compute the costs. Beforehand we
define a sharp edge [11] between discontinuity texture coordinates as a textural seam
with the points on it as seam-points whilst the others as internal points. We formulate
the cost of contraction and define the values of penalties for feature-preserving. Ex-
perimental results showed that for models with textural seams, our method can
achieve a comparable efficiency with QEM and even a better result than PM.

2 Feature-Preserving Process

As the quality of the resulting model mainly depends on the collapse cost, different
methods have been developed to find a good formula to compute it. But hardly can
they achieve an ideal result in the case of meshes with textural seams as the Emerald
model with six faces in Fig. 2. We have found a method based on iterative edge
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contraction and the Quadric Error Metric to decimate the Emerald model at different
levels of detail and preserve its discrete properties.

2.1 Overview of QEM

A triangle can define aplane: n' v+ d =0, wheren = [a b ¢]" is the unit normal vector
of the plane with a + b? + ¢ = 1. A given plane’s error quadric defined in the QEM
scheme8isQ= (A, b, c) = (nn", dn, d?.

Then the square distance from any point v to the plane can be represented by the
error quadric Q(v) = D3(v) =V'Av + 2b'v + c.

After pair contraction, the quadric of the new point is the sum of two old vertices
quadrics 8. As half-edge collapse doesn’t generate new point, it can be inferred that if
Q(vs ) > Q(v), the result point is v, otherwise it is vs. The cost of contraction is
Cost(vs, Vi) = (Qs + QWi.

2.2 Analysisof Discrete Properties

As a vertex may have different attributes in different triangles, [12] proposed an in-
termediate abstraction called wedge to represent a set of vertex-adjacent corners
whose attributes are the same. A vertex of the mesh is partitioned into a set of one or
more wedges, and per wedge contains one or more face corners.

For meshes with textural seams, texture coordinates of internal points are continuous,
and each of them corresponds to only one wedge. But a seam-point is probably parti-
tioned into two or more wedges. After decimation, the potential changes in texture coor-
dinate of avertex will incur the appearance distortion. As aresult, Garland 10 and Hoppe
4 took the appearance attributes into account when computing the contracting cost.

Most applications revealed that if two points of a collapsing pair (vs, V) are internal
points, appearance distortion caused by contraction is less distinct than geometric
errors. It is advised to follow the traditional QEM algorithm for this occasion, i.e. the
appearance attributes won't be taken into account.
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Fig. 3. Textura distribution of original Emerald model and modified Emerald model
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Other than that occasion, we conclude three cases according to the type of vs and v.

Case 1: vq is a seam-point and v is an internal point (see Fig. 3(a)) with two seams
(v, vo) and (v, ;). After a half-edge collapse operation, vs is collapsed to v; and two
incident triangles (v, Vs, V) and (vs, V;, V) vanish. However, the modified model in
Fig. 3(b) leadsto explicit textural distortion.

If we release the restriction of half-edge collapse and introduce new wedges (in this
instance, the texture coordinate of v; is replaced by that of vg), the texture is preserved
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yet with seams disappearing (see Fig. 3(c)). It shall cause errors if the seams are sur-
face boundaries.

Hereby, thiskind of vertex pair should be collapsed as late as possible. So the basic
QEM formulais rewritten:

Cost(v,,v,) = Dist(v,,v,)+ a-IsSeam (v, )+(1- IsSeam (v, ))

1 if visthe seam - point ) (¢0)]
0 otherwise

(IsSeam (v) = {
where Dist(vs, Vi) = (Qs+Q,) V:. The penalty o Dist(vs, V) to postpone this kind of col-
lapse operations.

Case 2: vsis an interna point and v; is a seam-point. After collapsing, the seam-
point is fixed. In this case, we must find a proper wedge for replacement to eliminate
distortion. According to the geometric structure, the wedges of vs, v; and vs are con-
tinuous as they share one triangle (see Fig. 4(a)). So wy is continuous to wsand can be

chosen to replace ws.
v
left
S {9 v,vn
-l
‘ right Ve

(b)

Fig. 4. (a) Haf-edge collapsing from an internal point to a seam point; (b) Half-edge collapsing
from a seam point to a seam point; (c) vs and v; on two different seams (d) Half-edge collapsing
from a crossing point to a seam point

Case 3: Both v5 and v; are seam-points. This occasion is much more complex so we
classify it into four sub-cases.

In the first sub-case, the two vertices are exactly on the same seam as shown in
Fig.4(b), and the primary issue, the same as Case 2, is how to choose a proper wedge
for replacement. From Fig. 4(b), we know that w,and w, are continuous, while w; and
ws are continuous. Then w, will replace wyand w; will replace w;.

In the second sub-case, vs and v;are on two different seams yet edge (v, ) isn't a
seam (see Fig.4(c)). As no proper wedge could be found to replace w, in triangle
(Vs, Va, Vo), textura feature of seam v, - vs - Vi, may be distorted. So we evaluate a
higher cost for this kind of collapsing edges and amend Formula (1) as:
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Cost (v,,V, ) = Dist(v,,Vv, ) + a+IsSeam (v, )+(1— IsSeam (v, ))

+ f+IsSeam (v, )+IsSeam (v, )+(1- IsSeam (v,,v,)) @
{1 if (v,,v,) isaseam
(I1sSeam(v,,v,) = _
0 otherwise
and B Dist(vs, V)-

Asfor the third sub-case, we firstly define a vertex on two or more different seams
asacrossing point. In Fig. 4(d), vsis a crossing point on two seam: v, - Vs - V; and v, -
Vs - ;. Vg are partitioned into four different wedges as wy, Wy, W, and ws, while v; holds
two wedges as w, and ws. Among these wedges, there are two continuous pair (W,
w,) and (ws, ws). After collapsing operation, w, is replaced by w;,. Since wsis unaf-
fected, it won't be processed. However, suitable wedges cannot be found to replace wy
and wy in the removed triangles (Va, Vi, Vs) and (Wi, Vi, Vs) possibly leading to textural
aberrance. So we alter the Formula (2) to back off these illegal operations:

Cost(V,, ;) = Dist(V,, v, )+ crelsSeam (v, )+(1-IsSeam(V, ))
+ BelsSeam(V, )+sSeam (v, )+(1— IsSeam(V,, v, ) )+ y+IsCross(V, )-IsSeam (v, )

©)

1 if visacrossing point
0 otherwise

(IsCross(v) ={

Just asa and B, y Dist(Vs, V).

The forth sub-case is similar to the third one with the terminal point being a cross-
ing point. Still referring to Fig. 4(d), w, and ws in the affected triangles can be prop-
erly replaced by w, and w; respectively. Then the corresponding cost is the same as
that of collapsing an internal-point pair.

2.3 Values of Penalties

From the conclusion in last section, we know that o,  and y must be large enough so
that the costs of collapse edges yielding materia distortion are larger than those of
others. Consequently we will specify value for each penalty.

Firstly we discuss the value of o in Formula (1). It can be easily concluded that

Cost(vs,vt)>max{Dist(vi,vJ)|\4 -V e I—H:(M”)}

= max{(Qi +Q, )V, Iv, >V, e HEQM ”)}
where HEC(M") is a set of all the legal edgesin M". Dist(v;, V) is the basic geometric
error whose expression is
Dist(v,v;)= Y. Area(t)-Dist(v,.t)+ > Area(t):Dist(v,,t)
teTri(v) teTri(v;)

Tri(v) isaset of al theincident triangles of v, Area(t) is the area of trianglet acting
asaweigh for Dist(v, t) - the distance from vertex v to triangle t. Experiences indicate
that by and large, Dist(v;, v;) is smaller than double value of Dist(vs, vi). Therefore we
simplify the rule as Cost(vs V) = 2* Dist(Vs ,Vy).

As IsSeam(vs, V;) = 1 brings on Cost(vs, v; ) = Dist(vs, V) + a., we can be obtained
a=Dist(vs V).
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Suppose |, w and h are length, width and height respectively of the bounding box
of agrid, it isclearly that the distance of any two points on a grid won't be larger than

the root of 12+ w? + h® DefiningMax = /12 +w? + h? , we modify the formula as:

Dist(v,,v,)= Y. Area(t)Dist(v,,t)+ > Area(t)Dist(v,,t)

teTri(vs) teTri(v,)

< > Area(t)-MaxDist+ Y Area(t)-MaxDist

teTri(vg) teTri(y)
4)
=MaxDist-[ > Area(t)+ Y. Area(t)]

teTri(vg) teTri(v,)

= MaxDist+(TriArea(v,) + TriArea(V, ))

whereTriArea= Y Area(t).
teTri(Vs)

Since o (= MaxDist-(TriArea(vS)+TriArea(vt))) is much larger than Dist(vs, V), then

Cost(vs, Vi) =2* Dist(vs, vi) = Dist(v;, v;) ((vi, v;) represents a majority of vertex pairs).

This restriction can only assure that the value of Cost(vs, V) can be larger than most
elements in HEC(M") but not the whole set, as (v, v;) isn't any two points on triangu-
lar meshes but merely represents a majority of edges. There may exist some collapse
operations that won't cause appearance distortion though their decimation costs are
larger than Cost(vs, V;). However we must evaluate a high cost for them since those
operations can give rise to geometric errors to worsen visua quality. The experimen-
tal results proved it as well.

B is added to back off the collapse operations between two seam-points. The result-
ing geometric errors are similar to those caused by the operations from a seam-point to
an internal point, so we can simply define p=a. The value of y should be higher as 2a
because appearance attributes of a crossing point are more distinct than those of others.

Thefina formulaof the cost is:

Cost(V,,V,) = Dist(v,,V;, ) + aIsSeam (v, )+(1- IsSeam(v, ))
+arelsSeam (v, )+1sSeam(V, )+(1— IsSeam(v,, v, )) (5)
+20r-15Cross( v, )+IsSeam (v, )

whereo = MaxDist-(TriArea(v, )+TriArea(V,)) . The value of MaxDist is pre-calculated

as it depends on the bounding box of a gird. For the arbitrary model, TriArea(v) isthe
total area of all the incident triangles of v. After a collapse operation, al the triangles
meeting a Vs are integrated into the entire set of triangles of v

TriArea(vt )_nSN:TriArea(vS)+TriArea(vt )_old .

3 Implementation

The inputs of the algorithm are VertexData and IndexData: the former is a sequence
of wedges denoting the attributes of per vertex in a grid model; the latter consists of
wedges' indices for each triangle.
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We introduce three temporary data structure: PMVertex, PMWedge and PMTrian-
gle to simplify the implementation of the algorithm.

PMVertex contains attributes of a vertex (see in Fig. 5). cost and to are the key
properties of the preferred collapsing edge with the lowest cost among all candidates.

coord }( Euclidean Coordinate |
A 'set of PMVertexs |
neighbors g1 sharingasame wedge |
{___with current vertex !
— geo
[TASet of PMTriangles” |
Jaces -1 meeting at current |
| vertex ]
» i Asetof PMWedges of |
“'Edg es }< ! current vertex |
PMVertex — dri A quadric for
quadric computing error metric
the sum of the areas of
— area all triangles in faces
it the cost of the preferred
cos collapse edge
the terminal point of

— to the preferred collapse
edge

Fig. 5. Structure of PMVertex

PMWedge indicates a wedge represented as (reallndex, vertex), where reallndex is
the index of current wedge and vertex is a PMVertex to memorize the corresponding
vertex.

PMTriangle is a triangle with a triplet of wedges: (Wo, Wy, W,). Its elements are
three wedges of atriangle anti-clockwise.

Before the main algorithm is executed, VertexData and IndexData will be con-
verted to temporary structures at first which means that the actual inputs are three
sequences of PMVertex, PMWedge and PMTriangle as vertices, wedges and triangles.

In each iterative process, we first select the vertex u with lowest cost from the ver-
tices, and collapse from u to u.to. The iterative procedure will be continued until the
required resolution is reached. To simplify the selecting operation, we adopt the func-
tionin 11 to place all the vertex pairsin a heap keyed on cost with the minimum cost
pair at the top. Time complexity will decrease from O(n) from O(Ign).

The collapsing operation {u = v} is abstracted to seven steps:1. save neighbors of
u as affected PMVertex for recomputing; 2. classify the relevant triangles of u into
two sets. removal-the triangles to be removed; replacement—the triangles to be re-
placed; 3. find a proper substitute for the replacement’ s wedge; 4. remove the removal
set and delete the vertices of those triangles from their neighborhood; 5. substitute the
PMWedges in replacement; 6. update quadrics and areas of incident triangles of u by
adding them into those of v respectively; 7. recompute collapse cost for the affected
PMVertex and update the heap. The modified Triangles can be regarded as the outpuit.
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4 Experimental Results

To verify the efficiency of the proposed simplification algorithm, we apply it to sev-
eral ore models, and make a comparison with the PM operation and the original QEM
algorithm. We performed the algorithm on an Intel Pentium IV with 2.94 GHz proc-
essor and 1 GB of memory.

The performances that we have obtained when building our multi-resolution struc-
ture from the full resolution mesh are presented in Table 1. Obviously our method is
much more rapid than the PM operation. In [3] it reached a conclusion that QEM
keeps ahead in speed compared with other algorithms, and as our method's speed is
not far sower than it, it can be verified that the speed of the proposed algorithm is
moderately outstanding.

Table 1. Multi-resolution construction time

Mesh Vertex Triangles Running Time (millisecond)

Our method PM QEM
Emerad 2502 5000 66 754 31
Agate 25002 50000 793 7484 496
Cyrtospirifer 30861 61718 952 9210 629
rudkiensis

Compared the results obtained by our simplification algorithm with those gener-
ated by the other two techniques, we can assess the quality of the modified meshes.
The comparison has been done using the publicly available Metro tool [13], which
measures surface deviation and is thus biased towards simplification algorithms
which use that criterion to guide compression. Fig. 6 summarizes the results derived
from the Emerald model. Our method obtains results comparable to those of PM and

Emera Id Mesh - Max Error Emerald Mesh - Mean Error

1o b
1000

z

geometric errors
eometric errors

i | I L L L L L I
§ 1216 © 50 100 S00 1000 2000 3000 4000 5000 g T h 10 50 100

2000 3000 4000 5000
number of faces number of faces

Fig. 6. Maximum and mean geometric error of Emerald
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even better than PM for the mean error. As we processed the textural seams of the
model, distinct errors are likely to be generated on these sharp edges. On the contrary,
the PM algorithm left these edges unsettled. Then in the max errors of our method
larger than those of PM. [3] has verified that the precision of QEM is impressive in
the case with meshes without open boundaries. As the ore models are just without
open boundaries, QEM surely achieves more accurate results.

Fig. 7 compares textural errors obtained on the Emerald model by our algorithm
and the PM operation. Only from several certain angles with the resolution from 2000
to 500, our method produced more textural errors than that of PM. It is also because
that only our method processed the textural seams. Thus from some angles the ex-
posed seams lead to larger errors. For other cases especialy ranging from 500 trian-
glesto 12 triangles, our method achieved an apparently higher fidelity.

The visual quality of the approximations is illustrated in Fig. 8. The original mod-
els on the left have full resolution with 5000, 50000 and 61718 triangles respectively.
The modified modelsto the right have 1000 and 150 triangles respectively.

our method

1300 Progressive
0 T Mesh

9000

5000

4000

3000

textural errors

2000

1500

1000

500 1216 2 50 100 500 1000 2000 3000 4000 5000

number of faces

Fig. 7. Mean textural error Fig. 8. Sequence of approximations of the
Emerald, Agate and Cyrtospirifer rud-
kiensis

5 Conclusion and Future Work

The general agorithm outlined so far can produce high fidelity approximations in
relatively short amounts of time. We take QEM as the measurement to maintain the
efficiency. Proper penalties are imposed on the computation on the cost of edge con-
traction to postpone distortion on material properties. Visua errors thereby can be
avoided. Moreover, rendering system can deal with the input data structure directly
for speeding-up as the proposed algorithm is based on half-edge collapsing operation
without new vertex created.

However, according to the experimental results it will take more than one second
to simplify a meshes model with initially 60,000 faces, which cannot meet the re-
quirement of many applications. As mesh simplification is a one-off process, we can
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record the relevant information throughout the algorithm, and make use of it to re-
build all the multi-resolution models during real-time rendering. In our future work,
we will introduce a data structure to store multi-resolution models and develop an
algorithm to rebuild those polygonal models from the data structure inversely.
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Abstract. In direct-projected augmented redlity, the visual patterns for compen-
sation may distract users despite users would not be interested in the compensa-
tion process. The distraction becomes more serious for dynamic projection sur-
face in which compensation and display should be done simultaneously. Re-
cently, a complementary pattern-based method of efficiently hiding the com-
pensation process from users view has been proposed. However, the method
faced the tradeoff between the pattern imperceptibility and compensation accu-
racy. In this paper, we embed locally different strength of pattern images into
different channels of the projector input images (AR images) after analyzing
their spatial variation and color distribution. It is demonstrated that our content
adaptive approach can significantly improve the imperceptibility of the patterns
and produce better compensation results by comparing it with the previous ap-
proach through a variety of experiments and subjective evaluation.

Keywords: Nonintrusive direct-projected augmented reality, complementary
pattern embedding, content adaptive.

1 Introduction

Direct-projected augmented reality (DirectAR) indicates a technique that displays
(=projects) AR images on surfaces with arbitrary shape or color under arbitrary light-
ing environment without image distortion using a projector-camera pair. It needs the
process of measuring the scene geometry and radiometry, and transforming the aug-
mented reality images in advance, called usually compensation [1]. It is achieved by
projecting code patterns using a projector, capturing the pattern images using a cam-
era, and analyzing the cameraimages. In this process, the patterns are usually strongly
perceptible and thus may visually intrusive to users. Moreover, in dynamic environ-
ments (e.g. camera, projector is moving, or geometry, photometry of surface is chang-
ing), the process of estimating the geometry and photometry of surface using visual
patterns is not applicable any more [2]. To resolve these problems, there have been
researches corresponding to projecting patterns invisibly or at high speed. We call
them nonintrusive DirectAR.

Yasumuro et al. used an additional infrared projector to project near-infrared
patterns which are invisible to human eyes [3]. Their system can augment medical

R. Shumaker (Ed.): Virtual Redlity, HCII 2007, LNCS 4563, pp. 132-1141] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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images on dynamic human body without distortion and distraction. However, the
framerateis cut down by half because the system uses at least two projectors.

Raskar et a. have used special engineered digital light projector that is able to turn
light on and off at a very high rate (over 1000Hz) [4]. This projector projects image
bit-plane by bit-plane. Two of the 24 bit-planes are reserved to insert alight pattern and
its complement. Because the switching is so fast, human eye is unable to distinguish
between the bit-plane showing light pattern and the next one showing its complement.

Cotting et a. measured the mirror flip (on/off) sequences of a Digital Light Proc-
essing (DLP) projector for RGB values using a photo transistor and a digital oscillo-
scope, and imperceptibly embedded arbitrary binary patterns into projector input
images (indicates augmented reality images in this paper) by adjusting the mirror flips
to be aligned to the binary pattern for a very short period of time in such a way that
the original projector input image values are approximated to the nearest values [5].
The adjustment can causes contrast reduction as explained in [6]. Moreover, sophisti-
cated control of camera shuttering for detecting the short-term patternsis required.

There have been other types of nonintrusive DirectAR, which are not fully vision-
based ones because they use physical sensors to measure the projected code patterns
but use visual patterns and try to reduce pattern perceptibility. Summet and Sukthankar
proposed a hand-held projected display whose location is tracked using optical sensors
in conjunction with temporally-coded patterns of projected light and tried to minimize
the extent of distracting temporal codes to small regions [7]. They projected a small
pattern over located sensors instead of projecting a full-screen localization pattern, but
left the rest of the projection area free for user display purpose. Lee et a. used the
concept of frequency shift keyed (FSK) modulation to reduce pattern perceptibility [8].
That is, they selected either abright red or a medium gray that, when rendered by their
modified projector (removing the color wheel) appears to be a similar intensity of gray
to a human observer, but are manifested as a 180Hz signal and a 360Hz signal respec-
tively. The optical sensor can discriminate the signals. By using these two colors, they
could hide code patternsin what appeared to be mostly gray squares.

Recently, Park et a. proposed a method that embeds complementary patterns into
AR images based on a simple pixel operation without using sensors or specia-purpose
projectors [2]. In their method, code pattern images and their complementary (inverse)
images are embedded into consecutive AR images by increasing and decreasing the
pixel values of the AR image, or vice versa. If the frame rate of the sequence reaches
the critical fusion frequency (75Hz according to Watson [9]), the odd and even frames
are visualy integrated over time, so that the embedded pattern image would be imper-
ceptible to the users. The embedded pattern images are detectable using the camera
synchronized with the projector. However, their method needs to deal with the tradeoff
between the strength (visibility) of the embedded patterns and the accuracy of estimat-
ing the geometry and photometry of surface [2]. Bimber et al. attempted to fade pat-
terns in and out within a short sequence of subsequent projector input images [6].
However, the frame rate is severely cut down. As a more effective method, we propose
a content-adaptive pattern embedding method of minimizing the visibility of patterns
while maintaining the compensation accuracy. We localy adjust the pattern strength
and the embedding channel after analyzing the AR images based on the characteristics
of human vision system. The advantage of using the characteristics of human vision
system was also experimentally verified by other researchers[10].
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With our approach, the patterns with the same strength can be more imperceptible
by changing the embedding channel. And the strong pattern images minimize the
compensation error in the region with high spatial variation and the compensation
error due to weak pattern images in the region with low spatial variation is unnotice-
able. It is demonstrated that our content adaptive method can significantly improve
the imperceptibility of the embedded patterns and produce better compensation results
by comparing it with the previous methods through a variety of experiments and sub-
jective evaluation.

2 Embedding and Detecting Complementary Patterns

In this section, we briefly explain the method of embedding and detecting comple-
mentary patterns which indicate a pair of a pattern and its inverse. They are generated
by adding and subtracting a color (or brightness) of successive AR images as shown
inFig. 1-(a) and Fig. 2-(a).

+30 -30 152 45
+
122 75 30 30 28 234
58 | 204 30 EEEN 92 | 105
1 +
4-pixel image
+30 -30 88 174
Complementary Pattern-embedded
patterns images

(a) pattern embedding

152 45 92 105 30

28 234 88 174 -30 +30

(b) pattern detection

Fig. 1. Example of embedding and detecting complementary patterns into a 4-pixel gray AR
image

If complementary patterns are aternately projected at high speed, only the AR im-
ages will be perceived to the human eye because the human vision system integrates
the amount of light seen over time in order to acquire an image as shown in Fig. 2-(c).

The detection of embedded pattern images is easily done by subtracting the odd and
even frames of the camera image sequences and binarizing the result (see Fig. 1-(b)
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and Fig. 2-(d)) once the camera is synchronized with the projector [2]. When the re-
sulting images are noisy, the median filtering may be effectively applied to the images.
In ill-conditioned environment, simple median filtering suffices. More sophisticated
agorithms may be required under ill-conditioned experimental environments.

(c) image seen to the users (d) extracted pattern from the images of (b)

Fig. 2. Example of embedding and detecting of code pattern for geometric compensation

3 Content-Adaptive Pattern Embedding and Detecting

In this section, we explain the content-adaptive method of embedding and detecting
imperceptible pattern images. We locally embed patterns based on the analysis on the
color distribution, spatial variation of AR images (= projector input images) as shown
in Fig. 3. We divide the AR images into small n x n (n < w, h) blocks. w and h indi-
cate the width and height of the AR images. For each block, we embed patterns with
the strength proportional to the spatial variation into different channel depending on
the color contribution.
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Fig. 3. Content-adaptive pattern embedding for a 4-block AR image. a and f indicate user-
defined constants. According to the color distribution (cd in Eg. (2)), the pattern images are
embedded into different channels. According to the spatial variation (svin Eq. (1)), the pattern
images are embedded with different strengths.

The spatia variation is computed using a 2-D derivative filter as follows:

sv={F, < 1}2+{F,* 1}? (1)

where * denotes spatial convolution, F, and F, denote horizontal and vertical deriva-
tive filters, respectively, and | denotes projector input image. We use the filter kernel

[-1 8 —8 1] for derivative calculation.

The color distribution is analyzed in the YIQ color space. The transformation of
RGB color spaceto Y1Q color space is defined as
y=0.299r + 0.587g + 0.114b,
i =0.596r + 0.274g + 0.322b,
g=0.211r + 0.523g + 0.312bh.
Here, i valueis dominated by r value while g value is dominated by g value. Therefore,
we embed pattern images into the Q-channel in the region with a large value of r while
into the I-channel otherwise. Specifically, the color distribution value is computed as

> rIN

cd =sgn W—l where N: the number of pixels, )
N
n(x) = 1 x>0
IMY=10 <o

The detection of embedded pattern images is not different from that of Section 2.
Figure 5 shows the examples of detecting content-adaptively embedded patterns.
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Although the patterns were embedded into locally different channels with locally
different strengths, the pattern images were clearly extracted. It implies that the
content-adaptive method does not influence the compensation accuracy.

(b) non-adaptive (c) adaptive

Fig. 4. Content-adaptive pattern embedding for areal AR image. The derivative map has con-
tinuous values ranging from O to 1 while the color distribution map has two values, i.e. 0 and 1.

Fig. 5. Projection of adaptively pattern-embedded AR images, their difference images, and
detected patterns. Even for the image having low spatia frequency and contrast al over, the
weakly embedded pattern is also clearly detected.
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Fig. 6. Experimental setup

(d) adatptive to spatial variation (d) adaptive to both

Fig. 7. Comparison of compensation results using the non-adaptive embedding and adaptive
embedding (for real image). Left images. modified projector input image, right images: com-
pensated projection.
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4 Experimental Resultsand Discussion

We created a projector-camera system which consists of a projector (3M DX60) and a
camera (Prosilica EC 655C) as shown in Fig. 6. The camera was synchronized with
the projector and it can capture the images projected by the projector without frame
loss. A vertical synchronization (shortly, v-sync) signal of a VGA input signal con-
nected to a projector was provided to an externa trigger port of a camera as an exter-
nal input signal. Input images with a resolution of 1024 by 768 pixels were used and
the projection surface was non-planar and color-textured (see Fig. 6). The P matrices
and nonlinear response functions of the projector and camera were computed in ad-
vance. Therefore, the system could work in rea-time at a frame rate of 60Hz (= the
refresh rate of the projector).

(d) enlargement of aregion with high texturein (b) and (c)

Fig. 8. Comparison of compensation results using the non-adaptive embedding and adaptive
embedding (for synthetic image). The pattern strength was intentionally reduced to see the
superiority of the adaptive embedding to the non-adaptive one.

Figure 7 and 8 show the compensation results for areal and synthetic image using
content-adaptive embedding method and non-adaptive embedding method on the
same experimental environment. The compensation results showed little difference.
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Rather, the content-adaptive one outperformed the non-adaptive one in the region
with high spatial variation as we see in Fig. 8". Actually, the pattern strength was
intentionally reduced for compensating the synthetic image. Thus, the overall com-
pensation results were worse than those of the real image. However, the adaptive
embedding method could reduce the compensation error in the region with high spa-
tial variation by increasing the pattern strength.

To confirm the usability of the content-adaptive pattern embedding, we asked four-
teen university students to complete a questionnaire based on their satisfaction of
compensation results and the perceptibility of the embedded patterns. We divided the
degree of user satisfaction and imperceptibility into ten levels. Figure 9 shows the
results. It seems that users thought that the accuracies of both are similar but they
suffered from the intrusiveness of patterns when using non-adaptive one. On the
whole, they preferred adaptive one to non-adaptive one.

10

accuracy (robustness) nonintrusiveness overall
(imperceptibility)

@ Non-adaptive B Adaptive(spatial variation)
O Adaptive(color) O Adaptive(spatial variation. color)

Fig. 9. Subjective evaluation on compensation results and pattern imperceptibility using the
non-adaptive embedding and adaptive embedding. The overal rating was computed by averag-
ing the two ratings for accuracy and nonintrusiveness.

5 Conclusion

In this paper, we proposed a content-adaptive method of embedding imperceptible
pattern images and demonstrated that the method can significantly improve the im-
perceptibility of the embedded patterns on the one hand, produce better compensation
results on the other hand, through a variety of experiments and subjective evaluation.

The block size for analyzing the color distribution and spatial variation would in-
fluence the imperceptibility of embedded pattern images. Therefore, it would also be
valuable to divide AR images into different size of blocks depending on their spatial
frequency and contrast, e.g. making a quad-tree.

Acknowledgments. This study was supported by a grant(02-PJ3-PG6-EV 04-0003) of
Ministry of Health and Welfare, Republic of Korea

! Since the compensation error in the region with high spatial variation is usualy well-
perceptible, it is crucia to reduce the error.
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Abstract. The development of lower cost modular spatialy immersive visuali-
zation systems based on commodity components and faceted display surfacesis
described. Commodity computers are networked to form graphics computing
clusters. Commodity digital projectors are used to form surrounding rear pro-
jected faceted display surfaces based on polyhedral shapes. The use of these
systems in the design and evaluation of human environments is discussed.

Keywords: spatially immersive visualization, modular visualization systems,
lower cost visualization, graphics computing clusters.

1 Introduction

Access to computer simulation and computer based visualization has dramatically im-
pacted our ability to understand data and design complex systems and environments.
Immersive visuaization, with its ability to present high quality interactive three-
dimensional representations of complex systems, is the next step in this evolution.
While standard visualization techniques provide ‘windows' into virtual environments,
immersive visuaization provides the sense of being ‘within' and experiencing the en-
vironments. However, immersive visualization has, until recently, been associated with
complex, expensive, specialized systems used in applications such as scientific visuali-
zation, flight training and petroleum exploration where the benefits clearly justified the
expense.

This paper explores the development, characteristics and potential of lower cost
modular immersive visualization systems. We see the development and use of these
systems as one way to extend and augment our ability to understand complex systems
and complex data and to design and evaluate complex environments.

1.1 Impediments

While immersive visualization facilities are till relatively rare, they are becoming
key facilitators for many research and industrial projects. Impediments to the broad
use of immersive visualization have been:

1. high system cost — these systems, both hardware and software, have been expensive,

2. high cost of operation — specialist support staff and ongoing maintenance have
been required,

3. accessibility —only afew systems arein place for arelative small number of users,

R. Shumaker (Ed.): Virtual Reality, HCIl 2007, LNCS 4563, pp. 142 2007.
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4. software complexity — there are only a few *off-the-shelf’ applications; custom ap-
plication software development is required for most new applications,

5. ease of use issues — special effort is needed to use these systems; they are not well
integrated into workflows except for afew specialized problem domains, and

6. human factors issues — user fatigue, ‘simulator sickness,” and the need to wear spe-
cial viewing apparatus are afew of these issues.

Our goal, aimed at mitigating high system costs and limited accessibility, has been
to develop very capable lower cost immersive visualization systems that are useful,
cost effective and widely accessible. Such lower cost systems promise to enable
much broader use in many disciplines.

2 Prototype Development

Technology now available enables spatially immersive visualization systems created
using off the shelf components including high performance, relatively inexpensive,
commodity computers and inexpensive commodity digital projectors. Flexible modu-
lar configurations utilizing polyhedral display surfaces with many identical modular
components and networked visual computer clusters is one approach to such systems.
Thisis the approach we have been pursuing.

Work is underway at the Texas A&M College of Architecture focused on develop-
ing and evaluating several prototypes of this class of systems to determine their prac-
ticality and effectiveness. Underlying concepts and issues related to the design and
development of these systems are presented.

2.1 Spatially Immersive Systems

A spatially immersive visualization system consists of three major elements. compu-
tational infrastructure, surrounding display surfaces, and viewer tracking and interac-
tion elements. We are exploring approaches to both the computational infrastructure
and the display surface geometries used.

Current and near future technologies and computational economics alow the de-
velopment of better and more cost effective spatially immersive visualization systems.
In recent years, low cost commodity projectors have been replacing expensive pro-
jectors and commodity PC based graphics systems have been replacing expensive
graphics systems.

A very compelling concept is collections or clusters of commodity computers
networked to form powerful, inexpensive distributed parallel computing engines.
This concept has been extended into visual computing with the development tiled
display systems formed by dividing a two-dimensional display area into an array of
adjacent regions or tiles [1]. Each of these regions is projected by one of an array of
image projectors. This approach can support large, very high aggregate resolution

displays.
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2.2 Faceted Immersive Displays

Taking this approach one step further, spatially immersive systems are created by ar-
ranging the display tiles or facets into a surrounding three-dimensional display surface
and creating a commodity based computational architecture optimized to support such
immersive systems [2]. The computational infrastructure used is, as in the tiled dis-
play concept, a visual computing extension of the commodity computer cluster con-
cept [3]. In such configurations, each facet need only display a relatively small por-
tion of the total virtual environment. We have focused on faceted systems that are
based on portions of the 24 face trapezoidal icositetrahedron shown in Figure 1. To
date we have developed three, four, and five facet operational prototypes. A seven
facet prototype is currently being developed. Figure 2 shows an early three facet pro-
totype system and a current test-bed system using five display screens.

Fig. 1. On the left, a conceptua view of a 24 facet immersive system based on the trapezoidal
icositetrahedron is shown. Also shown are the rear projector placements. On theright isa cross-
section of asimulated 5 meter diameter 24 facet system.

2.3 Image Compensation

Since the display surfaces of immersive systems have often been curved and often re-
quired blending multiple projected images, expensive high light output CRT based
projectors coupled with specialized optical image blending techniques have been the
norm. These projectors allowed electronic warping of the projected images to com-
pensate for various optical distortions.

The advent of commodity projectors based on solid-state light modulators such as
DLP technology invite the development of immersive systems based on these lower
cost devices. However, since the use of optical or electronic image correction with
these projectors is very limited, the use of curved projection surfaces, especially rear
projected surfaces, is difficult. Thisisone motivation for using faceted planar projec-
tion surfaces. The less than ideal optics used in commodity projectors coupled with
the difficulty of precisely positioning the projectors has required the development
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of software based, primarily GPU based, approaches to compensating for geometric,
intensity and color distortions in the projected images. This software image compen-
sation has been informed by the work of Raskar [4] and Mgumder [5].

2.4 StereoImage Display

The use of commodity projectors also limits the available approaches to displaying
stereo images. The active stereo imaging techniques usually employed in high-end
systems require very high frame rates that only expensive projection systems can sup-
port. In addition, commodity graphics processors do not typically support tight frame
synchronization across multiple systems. This tight synchronization is required for
active frame sequential stereo techniquesin multi-screen systems.

The frame rate limitations of commodity projectors and the lack of tight image
synchronization in commodity graphics processors limit us to passive stereo display
techniques. Anaglyphic stereo depends on separating the stereo images based on
color. Polarization based stereo depends on separating the stereo images using polar-
izing filters. Anaglyphic stereo can be done with a single projector for each display
facet. Polarization based stereo requires two projectors for each display facet. Both
approaches require that the user wear glasses with color or polarizing filters to present
each eye with the appropriate images.

Fig. 2. Ontheleft isaview of an early three facet prototype system in operation. On theright is
arear view of an operationa five screen immersive system showing the backside of the display
screens, projectors, computers and optical path folding mirrors.

3 Integration into Work Flows

As listed above, two of the impediments to using immersive systems are software
complexity and lack of integration into workflows. While a number of software de-
velopment libraries are available, only a few ‘off-the-shelf’ applications exist. The
potential user is most often confronted with the daunting task of developing special-
ized software to support her tasks.

Our location in a college of architecture tends to focus our attention on the integra-
tion of these immersive systems into the design and evaluation of human environ-
ments. An approach we have been pursing is to develop ‘bridging’ software that allows
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users to make use of familiar design tools. The bridging software then facilitates easy
trandation of data and designs to the immersive systems.

Uses of our prototype systems have included the visualization of a nautical arche-
ology site, the visualization of a currently inaccessible a historic cliff dwelling site
and the interactive exploration of an underground leafcutter ant colony.

4 FutureModular Systems

Immersive systems based on rear projection technology have inherent difficulties in-
cluding the need for large, usually high ceiling spaces, to accommodate the projection
throw distances and the need for periodic calibration to maintain image alignment.
Advances in large-scale flat panel image display technology promise effective alter-
natives to rear projection. Faceted display configurations could enable truly modular
systems where the immersive environment is created by literally bolting together
mass replicated modules. Each module would contain the required structural, compu-
tational, and display elements. The display surfaces of these modules might eventu-
aly utilize flat panel display technology such as organic LEDs. Our vision is that such
truly modular systems would allow the widespread use of spatially immersive systems
assembled where needed in modest sized spaces at relatively low costs.

Acknowledgments. This work is supported by NSF MRI grant CNS-0521110.
Additional support has been provided by a Texas A&M University TITF grant and a
seed grant from the Texas A&M College of Architecture. The images in Figure 1
were created by Christina Garcia at the Texas A&M Visualization Laboratory.
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Abstract. In some collaborative manipulation activities — for example, medical
experts making a diagnosis based on a 3D reconstruction of a human organ —
remote participants may tailor their views on the shared object to their particu-
lar needs and task. This implies that each user has her viewpoint on the object.
Awareness of viewpoint is then necessary both to coordinate each other and to
understand remote users activities. This work investigates how to provide the
remote viewpoint awareness in a 3D collaborative desktop in which multiple
shared objects can be independently positioned and manipulated to accomplish
a common single activity. Preliminary results of ergonomic evaluations of the
proposed metaphors are also provided.

Keywords: viewpoint, 3D virtual desktop, manipulation of 3D objects.

1 Introduction

In real life collaborative activities, some tasks are performed focusing on a specific
aspect, and others require an overview of all participants' activity. Therefore, over a
give period of time user attention is engaged in both individual and shared efforts
[12], [13]. Consequently, Collaborative Virtual Environments (CV Es) have to manage
subjective views on the shared data, independently navigation in common virtual
space, shared and private mode of working, in order to actually support people's abil-
ity to collaborate [15]. In these workspaces, maintaining awareness of others — where
partners are located, what they can see, what they are currently focused on, and what
they are doing [1] — is an important factor for smooth and natural collaborations [2].
Particularly, in CVEs where distant users collaborate being concentrated on different
parts of the shared data, the viewpoint awareness is necessary to coordinate each other
and to understand remote users’ activities.

Our research topic focuses on collaborative applications concerning the manipula-
tion of multiple 3D shared objects. There are alot of examples of possible collabora-
tive activities that require distant users to manipulate shared objects. Let us consider
for instance the following scenario. A group of mechanical engineers, geographically
distant, is collaborating to design a new car. They could be discussing the engine
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structure and so they are concentrated on the same part (the engine), or be involved in
individual tasks that may require to work on different parts of the car (for example, an
engineer works on the front wheels and the other on the windscreen). So, the me-
chanical engineers might have different viewpoints on the same shared object (that is
the car). Another example is given by three distant physicians (a radiologist, a sur-
geon and an oncologist) who make a diagnosis of a tumor by simultaneously analyz-
ing a 3D reconstruction of areal patient’s liver and the X-ray image. We can suppose
that the radiologist examines the x-ray image, while the surgeon and the oncologist
use the 3D model. The surgeon studies how to cut the liver (to extract the tumor) and
the oncologist measures the tumor size. The three physicians cooperate to carry out
the common activity (the diagnosis) but being concentrated on different objects and
from distinct viewpoints, depending on their skills.

These and similar manipulation activities share three common features. The ma-
nipulated objects are the focus of the collaboration and so they are the only things that
have to be shared among distant participants. There is no spatial relation among the
manipulable objects. Finally, each user may have a different viewpoint on the shared
objects, depending on the task she has to accomplish. Multiple perspectives can pro-
vide more insight into the task and might enable a group to accomplish it more effi-
ciently. On the other hand, it is difficult to discuss and to coordinate each other since
different viewpoints are employed [7], [16]. In a real context, a person working in a
group can easily and naturally infer other partners’ viewpoints because she can see
them and their spatial position according to the common object.

This work deals with this specific problem: how to provide viewpoint awareness
during a collaborative manipulation in a 3D virtual workspace in which distant users
can not see one another and the manipulable objects can be independently positioned
and oriented?

In this paper, we exploit two viewpoint metaphors: the “remote user’s viewpoint”
metaphor, which aims to provide any user with a global sense of where the other
person’s viewpoint is relative to a shared object, and the “local viewpoint” metaphor,
which allows to share remote user’s view on the common object. Our overall research
hypothesis is that “local” viewpoint is more effective and useful than “global” view-
point during a collaborative manipulation activity.

This paper first reviews the related research concerning the viewpoint awareness. It
describes the experiment we conducted. Finally, it presents some of the observations,
lessons learned and ideas for future explorations.

2 Related Work

The viewpoint is considered one of the main factors to maintain awareness in CVEs
and it is widely exploited to reveal “what the remote users are looking at” both in
navigation and visualization activities. A lot of techniques have been implemented to
represent the viewpoint in CVEs.

In navigation activities, where users can independently move in the 3D shared
workspace, the remote viewpoint is necessary to determine what a co-participant is
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referring to when she is out of view, distant or facing away. Dyck et al. [2] propose a
number of embodiment enhancements, like the explicit representation of field of view,
to support awareness of collaborators in their 3D collaborative workspace called
Groupspace. In particular, the view cone approximates the viewable area of other users
making it easier to see what is in their fields of view. A similar implementation is
found in Hindmarsh et a. [6]. In their study of object-focused CVES, aso extend the
embodiment’ s view by representing it as a semitransparent frustum, in order to provide
action awareness. Park et a. [17] employ avatars with long pointing rays emanating
from their hands to point at 3D model’s features in a collaborative CAV E-based visu-
alization tool for exploring multivariate oceanographic data sets. Schafer et a. [7]
investigate egocentric/exocentric view combinationsin a 3D collaborative virtua envi-
ronment which represents the spatial problem the collaborators are working to resolve.
The egocentric actor, who restricts the user to a first-person view of the space, isrepre-
sented by a floating head avatar which shows her position and orientation. The exocen-
tric view is regtricted to an externa view of the space.

On the other hand, the main issue for the collaborative visualisation of datais to
provide collaborators with the remote user’s focus of attention since each user can
visualize data from different viewpoints. In CSpray [3], a collaborative 3D visuali-
zation application, the viewpoint concept is implemented by two techniques: eye
cones and shared views. An eye cone is a simple embodiment in the form of awhite
eyeball placed at the camera position of a distant user and oriented towards the view
direction of that camera. It represents the remote user’s focus of attention. Shared
views enable to share the viewpoint of any participant, by clicking over an eyeball,
providing an “over the shoulder” viewpoint. Valin et al. [5] also exploit shared
views to request another user’s view or to send their view to the other users. More-
over, they use a 3D telepointer, positioned at the location of the user it represents,
to point to remote user’s focus of attention. Sonnenwald et al. [4] use multiple
pointers — each showing the focus of attention and interaction state for one collabo-
rator — to support mutual awareness when working in shared mode with their
nanoManipulator Collaboratory System. The system also allows users to work in-
dependently in private mode. Finally, alternative views like radar views are com-
mon in 3D games, but do not show perspectives. 3D versions of the radar view have
been developed, an example is the Grand Tour [2], to overcome problems in the 2D
radar representation arising when users can move vertically and horizontally in the
virtual space.

Our research differs from previous work for two main reasons: the collaborative
activity we want to support is a synchronous and real-time manipulation of different
parts of the same shared object and/or of multiple objects; the workspace is a non-
immersive 3D virtual environment in which direct manipulation is applied in order to
interact with the 3D objects in the environment. A detailed description is given in the
following paragraph. In particular, the common objects can be independently posi-
tioned and oriented. Consequently, the viewpoint metaphors can not concern the 3D
workspace as whole, since it is typical to each user, but they have to refer to every
shared object.
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3 Setting the Scene

There are bounds on the collaborative activities that we are trying to support in this
research. Our boundaries involve the kinds of groups we are trying to support, the
workspace environment where collaboration takes place, and the kinds of tasks that
groups will undertake.

Small groups and mixed-focus collaboration. Small groups of between two and five
people that work together but from different places. These groups often engage in
mixed-focus collaboration, where people shift frequently between individual and
shared activities during a work session.

Workspace environment. Many real-time groupware systems provide a bounded space
where people can see and manipulate artifacts related to their activities. We concen-
trate on user-activity oriented desktop implemented as a closed space in which distant
users cooperate to carry out a common single activity, by working on multiple shared
objects. The shared objects are always kept visible and they can be privately placed
and manipulated. Furthermore, each participant can arrange her own workspace to her
liking, so that the workspace organization and the common objects arrangement are
specific to each user. In these spaces, the focus of the activity is on the manipulable
objects through which the task is carried out.

Tasks. Performance of physical manipulation on the existing shared objects.

4 TheRemote User’s Viewpoint Metaphor

This metaphor provides a global sense of where the other person’s viewpoint is rela-
tive to a particular shared object, in order to have aroughly idea of what the others are
looking at.

Specifically, we aim to reproduce the real situation in which a person working in a
group knows other collaborators perspective on the common object because she can
see them. Let us consider this explanatory example. During a painting course, a group
of students is asked to draw a statue placed in the centre of the room. Each student,
owing to her physical position in the room, looks at it differently from the others and
s0 she sees and draws different “aspects’ of it. In particular, let us suppose that stu-
dent A and student B are looking respectively at the front and back side of the statue.
Even if the student B can not see the front side of the statue, because she is in the
opposite position, she can have an idea of how student A perceives of it.

To thisaim, our proposal is awire sphere with a number of semicircles, one for each
distant collaborator. The idea is that the sphere can be thought as the local user’s virtual
space surrounding the common object, and the semicircle as the representation of the
remote user’s viewpoint according to the local and remote object orientations. So this
metaphor provides an egocentric representation of the remote perspectives since view-
points are represented according to the local user’ s orientation of the common object.

The following figure (Fig. 1) shows the implementation of the remote user’s view-
point metaphor. The red semicircle placed on the left side of the wire sphere reveals
the remote red user’s viewpoint dependently on the local object orientation. So, the
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Fig. 1. The remote user’s viewpoint metaphor

local green user can infer that the red user islooking at the left side of the camera (the
camera on the table is the shared object).

We chose the semicircle shape to represent the remote user’s viewpoint to correctly
visualize the gaze orientation (the semicircle is a smiling mouth). The semicircle on the
wire sphere does not reveal the physica distance between the object and the user,
unlike the traditional radar map. Moreover, we use a wire sphere to enable to see the
semicircle placed on its hidden surface. We implemented this metaphor like a 3D map,
that is separately from the manipul ated object, for two main reasons: to avoid surcharg-
ing the space around the object, and to keep the remote viewpoint always visible.

5 ThelLocal Viewpoint Metaphor

The local viewpoint metaphor provides an “over the shoulder” [8] view on the shared
object. The idea is to allow a user to instantaneously synchronize her viewpoint with
that of a remote partner, seeing exactly what the other partner is looking at. In the
painting course example, this metaphor corresponds to the teacher which takes one
student’s place in order to verify her painting. In fact, it is necessary for the teacher to
share the student’ s viewpoint on the statue to understand if the drawing is correct.

The following figures show the implementation of this metaphor in our 3D col-
laborative workspace. Two users (the green and the blue) are collaborating in order to
learn to use a camera (the object placed on the table), but every participant has a dif-
ferent viewpoint on the shared object (Fig. 2). At a certain point, the green user
switches to the blue user’ s viewpoint (Fig. 3). So, the two users are now looking at the
camera from the same viewpoint (the blue user’ s viewpoint).

Fig. 2. The blue and green users desktops, Fig. 3. The green user (on the right) switches
respectively on the |eft and the right to the blue user’ s viewpoint
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If the green user wants to continue working privately, she selects the camera in
miniature digplayed beside the eye icon. This action causes the camera to be positioned
according to her last orientation before sharing the other user’ s viewpoint (Fig. 4).

Fig. 4. Both users work privately, so the object orientation is local

6 Preliminary Usability Study

To test the understandability of our viewpoint metaphors we performed two experi-
mentations, one for each metaphor. Our research hypothesis is that the “local view-
point” is more intuitive and useful than the “globa viewpoint” for a collaborative
manipulation activity within our bounds.

Procedure

The experimental task, carried out in both the experiments, was a collaborative ma-
nipulation activity consisting in taking eight pictures, using a virtual Pentax camera,
of avirtua person who was skiing. Participants were asked to set the virtual camera
and to push on the shutter release button to take the photos. They manipulated the
speed deal, the zoom ring and the aperture ring in order to choose the optimal settings
to take good photos. The captured images could be viewed. Participants were asked
questions such as: “in your opinion, how do | look at the camera?’, “what is my cam-
era orientation? (Could you rotate your camera according to my camera orienta-
tion?)”, “my cameralensisin front of me, and the yours?’. Each pair completed eight
tasks corresponding to eight pictures taken according to different camera settings.
They were seated back to back, so as not to be able to see each other’s screen, and
participants were asked to talk freely about the task.

Each trial took about an hour and consisted of a brief presentation to provide back-
ground information on the experiment, about 5 minutes for participants to get used to
the system (individual practice), approximately half an hour to perform the given
tasks, and about ten minutes for the participant to reply to a questionnaire about her
experience of using the system. Finally, an informal debriefing discussion (approxi-
mately 15 minutes) was conducted before the participant left.

A VCR was used to record each participant’s on-screen activities and audio from
their perspective. Eight trials were performed for each metaphor validation.

Subjects

People participated in the experiments were divided into two homogeneous groups,
each of them composed of 8 persons, 4 females and 4 males. Only one person was a
computer scientist but the most had experienced a computer. Three persons knew 3D
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virtual spaces, and five subjects played video games. None of them had a background
in CVE technology. The average age of the participants was 32, with the youngest
person being 24 years old and the oldest being 40 years old.

Workspace settings
The 3D workspace used for the experiments consisted of :

e apointer, associated with the local user, to interact in the environment. So, the user
selected an object in the scene and, once selected, she could manipulate it exploit-
ing direct object manipulation [11];

e atelepointer (that isthe local representation of the pointer associated with a distant
user) to represent the remote user’s focus of attention;

e colour changes of the public object subparts to show the remote user’ s action point
([91. [10], [11]);

¢ aclone representing the distant user in order to reinforce the co-presence during the
collaborative activity;

o thevirtual camera, that isthe shared object, placed on the table;

The following figures (Fig. 5 and 6) show the 3D workspaces used to test out the
remote user’s viewpoint and the local viewpoint metaphors respectively.

Fig. 5. 3D workspace used to study the Fig. 6. 3D workspace used to study the
“remote user’s viewpoint” metaphor “local viewpoint” metaphor

The experiments were conducted in the Virtual Reality Room of the GRAPHIX
Laboratory, University of Lille 1, France. A Barco monitor displayed the 3D work-
space used for the experiments. Each participant was provided with polarized glasses,
amouse and a space-mouse for the interactions.

Discussion
Our observations of the videos and debriefing discussions led us to the following
interesting findings:

e during a manipulation activity, subjects are completely concentrated on the ma-
nipulated object so that they ignore the surrounding environment;

e the 3D virtual environment we proposed is perceived in two different ways. some
users think that all participants share the same view on the common object, others
think that the remote user looks at the object through the clone's eyes. Conse-
quently, guestions concerning the remote user’s camera orientation, such as “how
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do | look at the camera?’, got the participants lost so that they thought they were
wrongly accomplishing their task. Thisimplies that participants did not understand
that object orientation islocal to each user.

These findings explain away the preliminary results we obtained:

o thelocal user’'s viewpoint metaphor is well-understood and efficiently used;

e subjects understand that the remote user’s viewpoint metaphor represents the dis-
tant user’s view on the shared object even if they find pretty difficult to infer how
the distant partner is actually looking at it.

The eye metaphor has been correctly perceived by the most of the participants. The
subjects immediately realised that the eye could be used to look at the object like the
other user did. In fact, the answer to the question “what does it happen when clicking
on the eye?’ was often “I look at the camera from your viewpoint”. Moreover, the
subjects intuitively understood as well that, when sharing a distant user’s viewpoint,
their local orientation of the camera was piloted by the remote user. In other words,
sharing the viewpoint causes the camera orientation to become public. Similarly, the
miniature of the camera beside the eye was easily perceived as being “the local cam-
era orientation before sharing the remote user’ s viewpoint”.

Examining answers about the semicircle (for example, “what is the semicircle used
for?"), we observed that at the beginning of the experimentation the semicircle had
not been understood by the most of participants, even if somebody unconsciously
replied “would the semicircle be your (the other participant) representation?’. After
accomplishing the whole task (eight photos), the most of participants (five persons)
understood that the semicircle revealed the remote user’s viewpoint on the shared
camera. Specifically, two persons realised it after taking the first two photos, a par-
ticipant at the fourth photo, and two at the seventh photo. One possibility is that these
users were familiar with video games and so they applied their knowledge and experi-
ence to understand this metaphor. In fact, participants that did not understand the
semicircle metaphor after completing the whole activity were not used to play video
games and had never experienced 3D virtual spaces. Nevertheless, only one person
among the last three replied that the semicircle is very hard to understand.

On the contrary, the percentage of correct camera orientations (31.25%) describes a
different conclusion. Even if the semicircle revealed the remote viewpoint, it certainly
required some real cognitive processing to understand what the other user was actu-
aly looking at. This may be because this metaphor is “ statically” used by the subjects.
In fact, we observed that the participants exploited this metaphor only when they were
asked questions about the camera orientation. This is most likely due to the fact that
the manipulated object (the virtual camera) was familiar and the activity to accom-
plish were relatively straightforward so that participants did not really need to know
other viewpoint on the object to correctly attain their objective. These remarks are
supported by the comments “the remote user’s viewpoint awareness was not neces-
sary for this specific manipulation task” and “the task was relatively straightforward
to accomplish”. Another possible explanation is that the remote user’s viewpoint
metaphor is separated from the manipulated object from the graphical point of view
(in fact, the sphere is placed in the left bottom corner of the scene). Since the user is
concentrated on the object during the collaborative manipulation she does not exploit
thisinformation because “it is not part of her focus’.
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In our opinion, people involved in a collaborative object manipulation need to
know the collaborators viewpoint only in the case of misunderstandings that hinder
the activity. Also it could be most likely that the information required concerns “see
exactly what the collaborator is looking at”, rather than having a global idea. Sharing
views, in this case, is more effective and efficient and allows users to quickly get the
information needed to continue collaboration, without interrupting their main activity
(the manipulation).

7 Conclusionsand Future Work

This research investigated what kind of viewpoint awareness is more appropriate in a
3D collaborative desktop in which a group of persons, from different places, work
together while they manipulate multiple shared objects in order to accomplish a
common single activity. To this aim, each participant can position and orient the
common objects to her liking to facilitate her manipulation task. So, different view-
points on the shared objects can be employed.

We proposed two viewpoint metaphors: the remote user’s viewpoint metaphor and
the local viewpoint metaphor. The former aims to provide every user with the other
person’s viewpoint relative to the public object; the latter provides an “over the
shoulder” viewpoint. We think that during a collaborative activity focused on the
physical manipulation of existing objects, users need to share views rather than have a
rough idea of what the distant partners are looking at. In fact, an “over the shoulder”
viewpoint provides quickly the information necessary to solve a misunderstanding,
without interrupting one person’s private manipulation. Moreover, sharing views
allow users to be involved in shared manipulation tasks, achieving therefore the
mixed-focus collaboration [10], [12], [13], [7].

The preliminary results corroborate our hypothesis. The eye metaphor is more in-
tuitive and pertinent to convey the awareness of viewpoint for collaborative manipula-
tion activities within our bounds (paragraph “ Setting the scene”).

But having a global sense of where the other persons’ viewpoints are relative to a
shared object provides the implicit awareness of viewpoint that is typical of face-to-
face collaborations. Is it therefore important to provide this kind of viewpoint
awareness? To answer this question it should be necessary to experiment with a
more difficult activity involving the manipulation of more complex objects.

Anyway, our preliminary study provides us with an important insight concerning
how to design this kind of viewpoint awareness. So the global viewpoint awareness
has to be strictly “linked” to the manipulable objects. This means that global view-
point cues have to be graphically represented in the space which surrounds closely the
focused object to be efficiently exploited. In fact, during a manipulation activity,
persons are completely concentrated on the object to accomplish precisely their task.
So everything outside this space is not considered.

A possible proposal isto exploit the telepointer to convey awareness of viewpoint.
In fact, all subjects thought that the telepointer is very intuitive and helpful for help-
ing collaboration. To this aim, it is necessary to add orientation to the telepointer to
represent gaze direction. Moreover, a solution should be found to keep the “oriented”
telepointer always visible.

Finally, we are investigating “rich telepointers’ [14] to exploit telepointers in order
to provide awareness of presence to avoid using clones.
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Abstract. We propose a hybrid algorithm — (Parallel Search Algorithm) between
PSO and simplex methods to approximate optimal solution for the Geometric
Constraint problems. Locally, simplex is extended to reduce the number of in-
feasible solutions while solution quality is improved with an operation order
search. Globally, PSO is employed to gain parallelization while solution diver-
sity is maintained. Performance results on Geometric Constraint problems show
that Parallel Search Algorithm outperforms existing techniques.

Keywords: geometric constraint solving, particle swarm optimization, simplex
method, Parallel Search.

1 Introduction

Geometric Constraints Solving (GCS) are at the heart of computer aided engineering
applications, and also arise in many geometric modeling contexts such as virtual real-
ity, robotics, molecular modeling, teaching geometry, and so on. There are severa
approachesto solving the geometric constraint problem: the symbolic approach [1], the
propagation approach [2], the graph analysis approach [3] and the numerical approach
[4]. In solver based on the purely numerical approach, the geometric constraints be-
tween the geometric objects are expressed in the form of polynomial equations. The
constraint problem is tranglated directly into a set of nonlinear equation and is solving
using any of the available methods for solving nonlinear equation. The method most
widely used isthe well-know Newton-Raphson, [5] iteration. So the constraint problem
can be transformed to an optimization problem.

The optimization methods are usually subdivided into local and global techniques.
The former seek the local minimum of an objective function, without ensuring that the
solution individuated is also a global minimum. The local techniques need an initial
approximation; form which the algorithm, through an iterative procedure, finds the op-
tima solution evaluating a certain number of times the objective function. The global
techniques do not require initial approximations, since they explore all the space of
variables seeking the minimum of the objective function. But in these areas the algorithm
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may get into the local best solution because of its poor local searching capability. The
Ref. [6] shows that using local optimization aone will produce inferior solutions in the
target neighborhood. A common solution to this is the hybridization of a local search
technique with a global search which is capable of spanning the search across different
neighborhoods. As a try, a new hybrid optimization agorithm is introduced that inte-
grates the global techniques- particle swarm optimization and the local techniques- sim-
plex method in this paper.

Particle Swarm Optimization (PSO) is a population based optimization technique
inspired by models of swarm and flock behavior [7]. It differsfrom other approaches by
the inclusion of a solution velocity. Particles are connected both temporally and spa-
tialy to other particlesin the population by two accelerations. each particle is attracted
to its previous best position, and to the global best position attained by the swarm,
where ‘best’ is quantified by the value of a state function at that position [8]. All par-
ticles follow the same behavior, quickly converging to a good local optimum of the
problem. However, if the solution for the problem does not lie on a path between
original particle positions and such alocal optimum, then this convergence behavior
prevents effective search for the global optimum. It may be argued that many of the
particles are wasting computational effort in seeking to move in the same direction
(towards the local optimum aready discovered), whereas better results may be
obtained if various particles explore other possible search directions.

As such, we apply the Particle Swarm Optimization Algorithm (by) as it has been
shown [9] to produce good results due to its ability to explore the search space of
candidate solutions in parallel. However using PSO aone typically gives slow con-
vergenceto the best possible solution asit lackslocal information to determine the most
promising search direction. Hence, in this paper, we propose a PSO-guided global
search technique to speed up the rate of convergence while having the ability to escape
from the local optimum through an extended Simplex search [10]. The Simplex search
approximately finds alocally optimal solution to a problem with N variables when the
objective function varies smoothly, and generates a new position by extrapolating
behaviour of the objective function measured at each test point arranged as a simplex,
then chooses to replace one of these test points with the new test point and so the
algorithm progresses.

In the new algorithm, optimization is not solely done with PSOs due to their slow
convergence in the final stages of the minimization. The purpose of the PSO is to
perform an exploration for an approximative surface in the close vicinity of the rea
target. Thereafter alocal search by the greedy algorithm will be more efficient (than the
PSO) for the surface extraction. This new approach has been successfully applied to
GCS and our experiments show the efficiency and robustness of our algorithm.

2 TheUsesof Parallel Search in Solving Geometric Constraint

2.1 ThePSO Algorithm

The Particle Swarm Optimization algorithm is optimization algorithm base on popu-
lation, where the population is now called a swarm and each individual is called a
particle [11], explores a multidimensional real number search space, each particle’s
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position define a potential solution to problem. In PSO algorithms, a particle decides
where to move next, considering its own experience, which is the memory of its best
past position, and the experience of its most successful neighbour. So, thereisaneed to
maintain and update the particle’s previous best position (pgey) and the best positionin
the neighbourhood (ggey). Thereisalso avelocity (Viq) associated with each dimension,
which is an increment to be made, in each iteration, to the dimension associated
(equation 1), thus making the particle change its position in the search space.

Assuming that the search space is D-dimensional, N is the size of the population,
then with particle i represented X; = (X1, Xi2, ..., Xig)- Each particle X; also maintains a
memory of its previous best position, P, = (pi1, Pi2, ---» Pia)[12], the best previously
visited position of the i-th particle is denoted as pgeg, a €ach iteration, the P vector of
the particle with the best fitness in the local neighborhood, designated gges. The ve-
locity of thei-th particleisrepresented asV; = (Viy, Viz, ..., Vid), and its new position will
be assigned according to the following two equations:

Vig =@ XVig" +¢ xrand() x (pBest — ") +¢, xRand() x (gBest—x¢) (1)
X = X+ Vig @

Xilé is the location vector, rand(), Rand() are two random numbers within the range
[0, 1], w istheinertia weight; ¢, C, is as the cognitive and social learning rate [13],
trade- off the move direction of the global best particle had local best particle, while a
small one, the particle may be far away from the goal area, while abig one, may belead
to sharp move to the solution space, even move over, suitable c;, ¢, can avoid getting in
local best solution. Usually, gives: ¢; = ¢, = 2 [14], algorithm can be written as follow:

stepl. For each particle Initialise particle
step2. For each particle calculate the fitness value
If the fitness value is better than the best fithess
value (pees) in history
Set current value as the new peest
step3. Choose the particle with the best fitness value of all the particles as the gsest
For each particle
Calculate particle vel ocity according Eq. 1
Update particle position according Eq. 2
while maximum iterations or minimum error criteria are not attained.

2.2 Simplex Optimization Algorithm

The Simplex Method is a zero-order deterministic method. It is suitable for the opti-
mization of multi-dimensional object functions (OF). It is robust, but the convergence
is quite slow in comparison with other methods of the same kind. A simplex is the
simplest geometrical entity - with afinite volume - built by means of n+1 points, in the
n-dimensional space. According to the method, reflections, contractions, expansions
and reductions are performed, aiming to replace the vertex where the function has the
higher value (in minimisation problems) with a more favourable one [15].
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The simplest step is to replace the worst point with a point reflectedt through the
remaining N points considered as a plane. If this point is better than the best current
point, then we can try stretching exponentially out along thisline. On the other hand, if
this new point isn't much better than the previous value then we are stepping across a
valley, so we shrink the simplex towards the best point.

Through a sequence of elementary geometric transformations, the initial simplex
moves, expands, or contracts towards the minimum. At each step, the worst vertex with

highest cost X, = argmax f (X) is replaced by one with smaller function value.
XesS
At the beginning of each iteration, the worst vertex X is selected and the centroid

n . .
X= %(Zizo* — Xmax) is computed. Then depending on f(x;), we perform the
following operations to obtain the new vertex X,e, Which replaces X [16].

* reflections X, =(1+0) Xmax- 0%,
e eXpansions Xe=(1-7) Xmax +¥*n
« contractions X:=(1-/) Xmaxt %n

2.3 TheUsesof Parallel Search in Solving Geometric Constraint

Generally, a geometric constraint problem can be first trandated into a system of
equations:

06, %%, %,) =0
©)
fin %05 %%, %,) = 0

Then the problem is how to solve this system of equations F(X) = 0; where F= (f3;
fo...; fm)" 1 R" >R™ is the equation vector and X=(X; X;...; X)' is the vector of un-
known variables. This system of equations can be solved iteratively by the New-
ton—-Raphson method [17]. The iteration formula is Xe.1= X« J(X)F(XJ), where
J(Xisthe Jacobi matrix of F(X)at point Xk.

Unlike the other numerical methods, the optimization approach solves the system of
equations F(X) by converting it into finding X at which the sumis minimal.

FOX)=YIf | @

It is obvious that F(X) = 0 has areal solution X* if and only if min F(X) is0. The
problem of solving a system of equationsis thus converted into the problem of finding
the minimum of a real multi-variate function. The problem now can be solved by
various well-devel oped numerical optimization methods [18, 19, 20].

Since PSO methods are often trapped in local optima, we incorporated particle fil-
tering framework with the simplex search. We choose the pipelining hybrid approach
for our hybrid model [21], applies local and global search sequentially, where one
creates datafor the other, asthe optimal result produced by Simplex will depend highly
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on the data, PSO will serve as aglobal search for the data, while the Simplex optimizes
the given data efficiently. In this model, Simplex is applied to improve the local con-
vergence of individuals in the population, followed by pue recombination to remove
the local optima

The process of PS in the geometric constraint solving is described as follow:

stepl. Initialize the colony;

step2. Carry out iteration by the PSO, search the best individual pees. If after some
generations the best individual has not appeared, then turn to step 3.

step3. If after some steps search by simplex algorithm there is no better points than
Opest, then stop; otherwise assuming to find a point p whose OF's is better than
prest, then produce a colony including p, return step 2.

step3 asfollow:

Let go be astarting point in simplex algorithm parameter spaceand let A;; i =1,...,n
be a set of scales. Let g; i=1, . .., n be n orthogonal unit vectors in n-dimensional
parameter space, let py; . . . ; pn be (n+1) ordered points in n-dimensiona parameter
space such that their corresponding function values satisfy fo <f; <, . . .<f, let

-1
pbest = zinzo P, /N be the centroid of the n best (smallest) points, let [pip] be the

n-dimensional Euclidean distance from p; to p;, let o, B, yand o, be the reflection,
contraction, expansion, and shrinkage coefficient, respectively, and let T be the
threshold for the stopping criterion. We use the standard choice for the coefficients:
o=1, =05, =2, 0=0.5, T=10"°.

3.1 given gp and A;, form the initial simplex as g=qo+Aig, i=1,..., N,
3.2 relabel the n+1 vertices as py, ..., pn With f(pg) < f(py) <...< f(pn),
3.3 get areflection point p; of p, by pr=(1+) Ppes- 0Pn Where o=[PrPoest] /[ PrPbes]
3.4.1if f(p;) <f(py), replace p, by p; and f(p,) by f(p;), get an expansion point
Pe Of P DY Pe=(1-7)Poest™ 90 Where J=[PePoes]/[ PrPres] >1
If f(pe)<f(pn), replace pn by pe and f(py) by f(pe). Go to step 3.5
3.4.2 elseif f(pr) = f(pn-v), if f(pr) < f(pr) replace p, by pr and f(p,) by f(py),
get a contraction point pe of P, by Pe=(1-/) Poest™/B Pry B=[PcPoes]/[PriPbes] <1
If f(pe) > f(pr), shrink the simplex around the best vertex po by pi=(pi+po) o,
10, else replace p, by p. and f(p,) by f(pc), go to step 3.5
3.4.3 elsereplace p, by p; and f(p,) by f(p;)

351, (X, (D) = f(Pue)?/1) < T, sopelsegotostep 32

Simplex search optimization algorithms are local optimization agorithms. Thus, for
each (different) starting point, the optimization algorithm could converge to a different
optimal solution. We constrain the parameter values to lie within a reasonable range
and randomly choose six starting locations within this range.

3 Application Instance

The Fig. 1(b) isan auto-produce graph after some sizes of the Fig. 1(a) are modified by
geometric constraints solver. From the above figures we can find out that once a user
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defines a series of relations, the system will satisfy the constraints by selecting proper
state after the parameters are modified.

@ (b)
Fig. 1. (a) Design Instance (b) Solving Result

3.1 CPU Time Comparison

For purpose of comparison a set of algorithm were tested including PS, PSO, Simplex
method solves this case. The population-based algorithms used a population of 64
members. To alow direct comparison, in a given test case the same set of start points
were used for each algorithm. Table 1 shows the same number of vars for each algo-
rithm on test case, and the time required obtaining that result. The time results shown
for PS, PSO and SM are the generation counts at which the minimum result was ob-
tained, not the count for termination, which was fixed. For test case, the fastest time
obtained by any algorithm, are highlighted.

Table 1. CPU time comparison of SP, PSO and SM

Algorithm 1 2 3
Num  Temporal/D Num Tempora/D Num Temporal/D
of of of
vars vars vars
PS 10 10 8 12 5 5
PSO 10 14 8 19 5 16
SM 10 37 8 39 5 26

It may be noted form Table 1 that time effectively found the global minimum in this
case; new a gorithm achieved this result faster than other algorithm. It achieved results
as good as, or better, than all over algorithms, and its rate of convergence was highly
competitive.
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3.2 Success Rate Comparison

This experiment compares the efficiency of the PS algorithm to locate the known
global optimum for GCS problem. We use PSO and SM as our basis for comparison,
population initialization is done for 80 individuals. Our results are obtained using PS,
PSO and SM. As seen in Table 2, PS has obtained the known global optima, a new
global optima undiscovered by SM. Two other points are worth noting. Firstly, the low
number of average generations required for PS can be explained by the fact that the
PSO isto perform an exploration for an approximative surface. In comparison with PS,
PSO produces inferior results. Hence, SM is more efficient (than the PSO) for the
surface extraction. Secondly, a higher success rate is observed for PS. When PSO fails
to produce an optimal solution, PS is able to complement this by location the opti-
mum'’ s basin through a global swarm search. Unlike PSO, it islesslikely to be trapped
inlocal optima, thus showing the efficiency of our simplex-based hybrid structure.

Table 2. Result of comparison efficiency in locating global optima

Algorithm M pest Maq R Gavg

S
PS 14 14 100 0.10
PSO 11 113 70 6.71
SM 12 13.8 0 0.00

Mpes : best makespan obtained Mg average makespan obtained
Rs: success of obtaining optimum(%) G, : average generation to reach optimum

The results show that the proposed algorithm is significantly higher than that ob-
tained using the PSO on the convergence speed and ability of searching for approxi-
mate global optimal solution for solving geometric constraint problem.

4 Conclusions

The aim of the reaserch activity was the application of local and global optimisation
techniques both of the deterministic and the stochasti c type to solve geometric constraint
problem. In this paper, we presented a simple new Evolutionary Programming algorithm
called Parald Search for globalized PSO-based evolution with localized Simplex
search. It combines by improvement of the latter with simplex search and removal of
local optima through the paralelism of PSO. While PSO is insufficient alone to locate
the global optima, a hybrid of the above methods demonstrates synergism.

In this paper we have described a simple new Evolutionary Programming algorithm
that utilizes concepts of PS. Tested on GCS problem, against PSO and SM, it has been
demonstrated to exhibit superior performance. Examination of the results from the
numerical experiments demonstrates popul ation-based method PS and PSO, are com-
petitive against simplex method. Within the population-based methods, PS outper-
formed the PSO in finding the global minimum on geometric constraint problems.

Acknowledgements. This research has been supported by National Nature Science
Foundation of China. (Authorizing number: 60573182).
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Abstract. Redlismis akey goal of most VR applications. As graphics comput-
ing power increases, new techniques are being developed to simulate important
aspects of the human visual system, increasing the sense of ‘immersion’ of a
participant in a virtual environment. One aspect of the human visual system,
depth cueing, requires accurate scene depth information in order to simulate.
Yet many of the techniques for producing these effects require a trade-off be-
tween accuracy and performance, often resulting in specialized implementations
that do not consider the need to integrate with other techniques or existing visu-
dization systems. Our objective is to develop a new technique for generating
depth based effects in real time as a post processing step performed on the
GPU, and to provide a generic solution for integrating multiple depth dependent
effects to enhance realism of the synthesized scenes. Using layered fog as an
example, our new technique performs per pixel scene depth reconstruction ac-
curately for the evaluation of fog integrals along line-of-sight. Requiring only
the depth buffer from the rendering processing as input, our technique makes it
easy to integrate into existing applications and uses the full power of the GPU
to achieve real time frame rates.

1 Introduction

For the past three decades, dramatic advances in computer graphics hardware and re-
search have made it possible for computers and rendering systems to closely approxi-
mate the physical behavior of the real world. During this time, the graphics subsystem
of the standard personal computer has risen in status from a simple periphera device
capable of nothing more than monochrome text displays, to a major computational
component with a dedicated communication pathway to the CPU, capable of rendering
hundreds of millions of lit, textured polygons per second. The current generation of
graphics hardware, consisting of multiple processing units and containing more transis-
tors than the motherboard CPU, is now capable of enormous computational power with
a high level of paralelism. The addition of programmable logic to the graphics pipe-
line has endowed these devices with almost cinematic quality capabilities.

At the same time, it has been recognized that improved accuracy in physical simu-
lations and light transport modeling has not yielded the same level of improvements
in human perception of computer generated images [5]. Recently, increasing aware-
ness of the human visual system has lead to an improved understanding of perception.
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Thisin turn started to influence the way to generate 3D graphics. We need to consider
the human visual system in generating visually realistic images in order to improve
immersion of the human participantsin virtual environments (VE).

The effectiveness of sensory-immersion in virtual environments largely relies on
the ability of synthesized scenes to match the user’s sensory channel. In virtual envi-
ronments, including augmented reality, simulators and games, perception enhance-
ment through graphics generation process is a major area. Therefore, generating spe-
cia effectsto improve realism is an active research area.

Although we live in a 3 dimensional world, the scenes captured by human eye are
2 dimensional; similarly, everyday visual perception is based on interacting with a 3
dimensiona world, but computer generated scenes are typically showed on a 2 di-
mensional display. Humans have learned to use additional information (depth cues)
about the 3 dimensional world to process the 2 dimensional retinal images to perceive
space and distance, through individual experiences. Accurate perception of distance
from computer graphics is particularly important in immersive interfaces that aim to
give a person the sensation of actually being in avirtual world that in fact only exists
as a computer model. Adding depth cues into computer generated scenes helps depth
perception in computer graphics match the capabilities of human visual system in
understanding their real environment.

Effects such as depth of field and fog rely on accurate per pixel scene depth for
quality results, yet existing scan-line techniques devote little effort towards generating
accurate scene depth information, resulting in artifacts in the generated scenes. Alter-
natives, such as using special render targets, impose limitations and make system in-
tegration difficult.

In developing new techniques for generate depth based effects using rasterization,
we developed a new post-processing based scene depth reconstruction technique that
can be implemented entirely on the GPU. This technique decouples scene rendering
from effects generation in the post-processing step, and allows easy integration of the
technigue into existing applications. In this paper, we present this new hardware ori-
ented method and use layered fog as an example to demonstrate how this technique
achieves high quality resultsin real time.

This paper is organized as follows: section 2 describes our new technique to recon-
struct scene depth and 3D fragment position; section 3 presents how our new tech-
nique is used for generating layered fog, as well as the implementation details and
integration of the technique to the existing rendering application; Section 4 shows the
results; Section 5 concludes with future work.

2 Techniques

2.1 Scene Depth Reconstruction

There are currently two main approaches to generating scene depth information for
depth based special effects, both of which lay down linear depth information to an
aternate render target. Thefirst isto use customized rendering shaders that can output
linear scene depth values at the same time as rasterizing the scene in the frame buffer.
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The second approach is a separate rendering pass to generate the depth information.
The problem with the first approach is that the custom shaders can be difficult to inte-
grate into existing rendering pipelines, while the second approach requires signifi-
cantly more vertex and fragment processing power. In our new method, we recon-
struct scene depth values directly from the depth buffer - a by-product of the normal
rendering process that is usually discarded. While this solves many of the problems of
other approaches, it presents some new ones. The contents of the depth buffer are
non-linear, having been transformed by the modelview and projection matrices. In
order to reconstruct the original scene depth information, we must transform these
values back to linear values. A naive approach to this is to use an inverted model-
view/projection matrix, along with normalized x and y values, to compute the full 3D
fragment position relative to the camera. The inverse camera modelview matrix is
then used to map thisinto areal world position. However, thisis too computationally
expensive, so we developed a more efficient method that allows us to reconstruct the
fragment scene depth.

Given a point p in world coordinates, the mapping to canonical viewing volume
coordinates py, is done by the projection matrix P.

Po=P-p D

Perspective projection is characterized by the camera properties as follows:

2n 0 r+I1 0
r—I r—I
0 2n  t+b 0
P= t—-b t-b @)
0 0 f+n —-2f-n
n-f f-n
| 0 0 -1 0 |

Wherel; r; t and b are the l€ft, right, top and bottom edges of the view volume, and n
and f are the near and far clipping planes respectively.
With Equation (1) and (2), we can deduce
-P
2= 3
W + Py

4

z
where W isthe depth value in the depth buffer, and

Py = 4
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P, =— 5
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In our new method, we use the normal rendering pipeline of the application to con-
struct the scene in the frame buffer. We then capture the depth buffer before rendering
a single, screen aligned polygon using vertex and fragment shaders, with the depth
buffer as atexture. Our optimized algorithms in the shaders are used to reconstruct the
scene depth values on a per-fragment basis from the nonlinear values in the depth
texture. By taking full advantage of the GPU capabilities, we have reduced the com-
putation to one addition and one division per pixel. As an additional benefit, by taking
advantage of the vector capabilities of the GPU, this technique allows the scene depth
values of up to four pixelsto be computed in parallel if needed. Some special effects,
such as depth-of-field can be implemented at this point since they require no further
information [10]. However, for layered fog, we need the full 3D spatial position of the
fragment.

D Fragment Position Reconstruction. With the scene depth of each fragment
available, we can recover the fragment position easily by setting up a normalized eye-
to-fragment vector. Given the four corner points of the screen aligned polygon and the
camera position as input, the GPU hardware can be used to automatically interpolate
the eye-to-fragment vector for use in the fragment shader. The fragment shader can
then compute the fragment position relative to the camera given the eye-to-fragment
vector and the depth value.

In the next section, we use layered fog as an example to demonstrate our new scene
depth and fragment reconstruction technique in generating high quality depth based
effectsin real time with easy integration.

3 Layered Fog

Fog is formed by a suspension of water droplets in the atmosphere. It causes scatter-
ing of light amongst the water droplets, and therefore reduces the contrast of the
scene. In computer graphics, the simplest fog model is homogeneous fog, which has a
uniform density in all three dimensions. Layered fog, or height dependent fog, intro-
duces avariation into the fog density dependent upon height.

3.1 Problems

In OpenGL, homogeneous fog functions are provided that alow the blending of the
fragment color and a fog color based on the distance between the view point and the
fragment. Unfortunately, these functions use the fragment depth as an approximation
of distance, rather than the true Euclidean distance. This causes a problem when the
viewpoint rotates, since the Z depth of an object can change while the Euclidean dis-
tance does not. The result of thisis that objects can appear out of the fog, or disappear
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into the fog, simply as a result of rotating the viewpoint. Fig. 1. shows how these arti-
facts occur in OpenGL models. The grey gradient box represents the fog distribution.
Although the Euclidean distance between viewpoint O and object point P does not
change after the viewing plane rotates (viewing direction changes), the depth to P,

however, is changed from Z toZ, . As aresult, the intensity of fogged fragment at
point P will change.

viewing plane P
V4

viewing plane P’ Fog
after rotation

Fig. 1. Undesirable Artifacts of the Standard Fog Model

OpenGL provides a fog extension that allows per vertex specification of depth val-
ues for fog computation, enabling generation of effects such as height dependent fog.
While it can be used to produce reasonable results, it also presentsits own set of prob-
lems. Firstly, it can affect performance, since the additional per-vertex data required
in this fog extension can potentially become a system bottleneck, in particular, de-
manding more CPU cycles and bus bandwidth. Secondly, since the depth value is
provided once per vertex, it must be interpolated across the polygon. Large polygons
can therefore make it very difficult to vary the fog density over small scales. The only
way to improve this situation is to reduce the size of the polygons, which can cause
further performance issues.

A great deal of effort has been devoted to generating atmospheric effects including
fog using globa illumination modelg[2]. While many can produce high quality re-
sults, they generally come with a price of high computational cost, and are not yet
real time frame rates, particularly when integrated with generic visualization systems.
An alternative is to generate visualy pleasing fog effect without global illumination
consideration. Perlin[6] documented a simple way of producing layered mist by inte-
grating a vertical ray and then enlarging it along line-of-sight. A few techniques have
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been implemented using this idea, including texture table lookup [4], or pixel texture
[3][1]. However, they are not fast enough.

In this paper, we accurately recover 3D fragment position based on scene depth re-
construction, and apply it when evaluating fog integral along line-of-sight to produce-
redistic layered fog. Our new method performs fog computation entirely on the GPU
a a post-processing step, achieving real time rendering and permitting easy integra-
tion into existing visualization applications.

3.2 Computation

We adopt the similar computation proposed by Perlin[6]. It is known[3] that the at-
tenuation of the fog medium is exponentially distributed, suppose

f=eF (6)

where F isthe integral along the camera-fragment vector for a given fog density func-
tion, then

F=[ " st (7)

where ¢ is the fog density function, t is the space point. For layered fog, O is only
dependent on y, then the above equation can be simplified as

I fragment
F= [T s(y)ay ®

Ycamera

y fragment Y camera

where | is the Euclidean distance between the camera and the fragment. The blending
result of the fog color and the fragment is computed by

C= f'Cfrag+(1_f)'Cfog 9

where f is defined in Equation (6), C, isthe fragment color, C,; isthefog color.

Once the fragment position is computed based on scene depth reconstruction (de-
tails in section 2.1), the fog is computed by evaluating the fog density function along
the line of sight, from the camera to the fragment (Equation (8)). This is done explic-
itly in the case of analytical functions (as in our example), or may use pre-computed
integrals stored as a texture and provided to the fragment shader. Once the fog density
has been evaluated for the fragment, the shader outputs the fog color and apha value
for blending with the scene fragment in the frame buffer.

fog

3.3 Implementation

Our implementation is based upon a custom hierarchical scene management and
OpenGL based rendering engine developed by the authors, although any OpenGL
based rendering engine should be suitable. Written in C++, our application provides
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'hooks' into various parts of the rendering pipeline, allowing us to easily insert our
post processing algorithms. The rendering engine itself required no modification.

The first step is to render the scene into the frame buffer, which is done by the ap-
plication as before. Once the scene rendering is complete, the scene post processing is
triggered just prior to the frame buffer swap. At this point, the depth buffer is captured
using the OpenGL copy-to-texture functionality. Next, the depth conversion parame-
ters are computed based on the camera properties. The post processing is then initi-
ated by drawing a screen-aligned polygon using the fog color, textured with the depth
texture, and using custom vertex and fragment shaders written in the OpenGL Shad-
ing Language. The vertex shader is used to set up the eye-to-fragment unit vector,
defined in real world coordinates. This is interpolated by the hardware pipeline, and
delivered to the fragment shader for use in computing the fragment position. The
depth conversion parameters needed for converting the depth buffer values are passed
to the fragment shader as uniform variables. The fog computation is performed in the
fragment shader based on Equation (8).

A 4

A 4

Update Scene Capture Depth Buffer
and Frame Buffer

\ 4 \ 4
Render Scene Initialize Shader

A 4
Render Polygon

Swap Buffers

Fig. 2. Application Integration of The Post-processing

To blend the fog color with the fragment color, we take advantage of the standard
OpenGL blending functionality and simply compute an apha value in the fragment
shader. The output from the fragment shader is a fragment color consisting of the
RGB fog color, and the computed alpha (fog) value. The rendering pipeline takes care
of the rest of the work by blending the fog color with the existing fragment in the
framebuffer.

Fig. 1 shows the steps in our post processing implementation, and how it integrates
into the rendering application.
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4 Results

The agorithms in this paper have been implemented on a 2.8GHz Pentium 1V plat-
form, with 1GB RAM and an nVIDIA 6800 graphics card, running Linux.

Fig. 3. Layered fog in acity scene

A number of test scenes were chosen using different fog functions at differing
screen resolutions, from 512 x 512 up to 1024 x 1024. Figures 3, 4, and 5 shows a
selection of images generated using the technique. Figure 3 uses a simple exponentia
fog function, decreasing with increasing height, to ssimulate a typical city fog. Figure
4 uses a sinusoidal fog function to create a band of fog just above the surface of
the water. Figure 5 uses a simple ramp function to simulate a dry-ice type fog in an
indoor scene.
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Fig. 4. Low level SeaMist

Fig. 5. The Cloisters
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Performance measurements showed that the technique takes from 0.4 up to a
maximum of 2.1 milliseconds, depending upon the screen resolution and the type of
fog implemented.

5 Conclusion and Future Work

The layered fog example demonstrates the effectiveness of our new GPU-based scene
depth reconstruction technique. This technique has proved efficient and accurate
when applied to generate other depth effects such as depth of field [10], and should
prove effective for other depth cueing effects such as shadowing and motion blur.

Our GPU based integration framework presents easy integration of single effects
into existing rendering applications, as well as combination of multiple effects
through component level shader algorithms in the post-processing step. We are cur-
rently working on generating multiple depth effects using this integration framework
in real time, with minimal impact of the existing rendering applications. The long
term goal for this work is to improve realism and human immersion in the virtua
environment, and in particular, to improve human subjects experience in perceiving
distance and space in virtual environments.
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Abstract. To evaluate the effects of visually-induced motion sickness that in-
duces symptoms related to the autonomic nervous activity, we proposed a hew
method for obtaining the physiological index pma, Which represents the maxi-
mum cross-correlation coefficient between blood pressure and heart rate, with
measurement of neither continuous blood pressure nor ECG but using finger
photoplethysmography only. In this study, a blood pressure-related parameter
was obtained using the independent component analysis of finger pho-
toplethysmography. Two experimenta trials in which subjects performed the
Valsalva maneuver and then they watched a swaying video image were carried
out to evaluate the adequacy of the proposed method. The experimental results
have shown that the proposed method worked successfully as well as the con-
ventiona method.

Keywords: baroreflex, photoplethysmography, independent component analy-
sis, visually-induced motion sickness.

1 Introduction

A human watching a moving image displayed on a wide-field display or screen often
suffers from visually-induced motion sickness (VIMS) that induces symptoms related
to the autonomic nervous activity such as nausea, vomiting, and dizziness. The previ-
ous study reported that the maximum cross-correlation coefficient (pnax) between
blood pressure variability (BP) and heart rate variability (HR) whose frequency com-
ponents were limited in the neighborhood of 0.1Hz was a useful index to evaluate the
effects of VIMS on humans[1].

The present study has proposed a new method for obtaining pma With measurement
of neither continuous blood pressure nor ECG but using finger photoplethysmography
(PPG) only. In this study, HR was obtained from the foot-to-foot-interval (FFI) of the
PPG signal, and BP-related information was obtained from parameters extracted by
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using the Independent Component Analysis (ICA). And an experiment with the Val-
salva maneuver and the presentation of visual stimulation which induces VIMS was
carried out to provide the validity of the proposed method.

2 Method with ICA

The proposed method using the ICA is as follows. 1) Let xy(t), Xx(t), ..., Xm(t) be m
variables extracted from the PPG signal at time t. Define a feature vector x(t) as
X(O)=[xa(t), Xo(t), ..., Xn(t)]" and define X as X=[x(1), x(2), ..., x(1)]. 2) Let sy(t),
S(1), ..., Sy(t) be n unknown physiological parameters which are independent of one
another at time t. Assume that the feature vector x(t) is given by a linear combina-
tion of si(t), Sy(t), ...,S(t). Define a parameter vector s(t) as s(t)=[si(t), sx(1), ...,
s()]". Define S as S=[s(1), (2), ..., s(t)]. 3) Thus, the matrix X is given by S as
follows:

X=AS

where, A represents an unknown constant mixing matrix consisting of coefficients
of the liner combination. This equation shows that we need to estimate the inde-
pendent component S and the mixing matrix A from the matrix of feature vectors X.
In this study, we used the ICA method in order to estimate S and A. To separate
linearly mixed independent source signals X, we used a first fixed point algorithm
(FastICA) presented by Hyvéarinen and Oja[2] [3]. In addition, the number of fea-
ture variables m was set to 7 and the number of independent variables n did 4. Thus,
X is 7xk matrix, Sis4xk matrix and A is 4x7 matrix, where k is the number of heart
beat.

Figure 1 shows the example of feature variables. One of the feature variables is the
normalized pulse wave area (NPWA) [4]. This parameter shows the mean value of the
pulsatile component of arterial blood volume.

FFI

Tima [8]

Fig. 1. Examples of feature variables and the definition of normalized pulse wave area (NPWA)
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3 Experiment

In this study, healthy 15 subjects (12 males and 3 females, 23.6+2.6 yrs) participated
in two consecutive trials. The first trial was the Valsalva maneuver to obtain the mix-
ing matrix for each subject. The second one was the trial in which the subject watched
the swaying video image.

3.1 Valsalva Maneuver

The Valsalva maneuver was performed by having the subject conduct a maximal,
forced expiration against a closed glottis and keeping this condition for 1 minute. In
general, baroreflex sensitivity of the subject on the Valsalva maneuver decreases and
thus pmax decreases.

ECG, continuous blood pressure and finger PPG of the subject was measured dur-
ing thetrial. Fig. 2 represents the protocol of thetrial.

3.2 Trial with Swaying Video Image

After the Valsalva maneuver, al the subjects watched the swaying video image. Physio-
logical parameters measured in this trial were the same as in the Vasalva maneuver.

Rest * Rest * Rest

l—slel—lel—]

5 min 1min 3min 1min 5 min
* Valsalva maneuver

Fig. 2. The protocol of the Val salva maneuver

Rest Watching Video Rest

< < :H

5 min 17 min 5 min

Fig. 3. The protocol of the trial with the swaying video image

Screen

«— 120cm

Amp.
device

PPG Continuous BP

Fig. 4. Experimental set up. In the Vasalva maneuver, the subject received instructions by
seeing text projected on a screen.
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Figure 3 represents the protocol of the tria. After the second rest, the simulator sickness
questionnaire (SSQ) [5] was charged on the subject. The total score (TS) of the SSQ is
expected to show the intensity of VIMS. Fig. 4 shows the experimental set up.

4 Analysis

In the trial with the Vasava maneuver, the beat-to-beat change was obtained from
ECG. For each best, the mean value of blood pressure and feature variables from PPG
were calculated. The observed matrix X consists of feature variables from PPG. The
mixing matrix A and independent component S were calculated with ICA for each
subject. Let pra(BP), pma(NPWA) and pme(IC) denote pe between HR and BP, pme
between HR and NPWA, and p between HR and an independent component (IC),
respectively. IC used in calculating p.ex Was one that was most related to BP inall ICs.
In the trial with the swaying video image, the mixing matrix A obtained in the trial
with the Valsalva maneuver was used to calculate |C for each subject. With the same
way of analysis described above, pyax(BP), pmax(NPWA) and p (1 C) were calculated.

5 Resaults and Discussion

5.1 Valsalva maneuver

All subjects’ data could successfully be obtained and analyzed in the Valsalva ma-
neuver. Fig. 5 shows the change of puax(BP), pmax(NPWA) and pra(IC). Each ppe 1S

1.0
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Fig. 5. Changes of pmas averaged in all subjectsin the Valsalva maneuver. pna(IC) represents
Pmax Calculated by using | C which was the most BP-related component.
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the value averaged in all subjects and the standard deviation (S.D.) was shown in the
lower part of the figure.

This result revealed that pna(IC) changed similarly to p,.(BP). However the
change of pma(NPWA) obtained from only the PPG signal was dissimilar to that of

Pmax(BP).
5.2 Trial with Swaying Video Image

Fourteen subjects’ data out of 15 could successfully be obtained in this trial. From the
result of the subjective evaluation based on the SSQ, the median TS of 14 subjects
was 17.7. All subjects were divided into two groups: “Sick” and “Well” groups. Sick
group consists of 7 subjects with TS higher than 17.7 and Well group consists of 7
subjects with TSlower than 17.7.

Figure 6 shows changes of pma(BP), pmax(NPWA) and pn(1C) averaged in 14 sub-
jects. In this figure, pma(1C) changed more similarly to ppex(BP) than ppa(NPWA).
pmax(IC) was calculated by using the mixing matrix obtained from the result of the
Valsalva maneuver. Therefore, this result suggests that the mixing matrix obtained in
an experiment can be used for data set obtained in the other experiment. However, the
change of pma(1C) did not completely correspond to that of p(BP). This result sug-
gested that the change of BP by autonomic nervous activity in the experiment with the
Valsalva maneuver did not necessarily correspond to that in the experiment with the
swaying video image.

Figure 7, 8 and 9 show changes of pyax(BP), pmax(NPWA) and pna(IC) averaged in
14 subjects, respectively. In these figures, each pn Was compared between Sick and
Well groups. The shadow shown in these figures represents the time interval in which
the significant difference (p<0.05) between two groups was found by the Welch’st-test.
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Fig. 6. Changes of p. averaged in 14 subjects in the trial with the swaying video image. ppa(IC)
represents pa caculated by using the mixing matrix obtained in the VVa salva maneuver.
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Fig. 7. Comparison in p,s Using BP between Sick and Well groups in the trial with the sway-

ing video image
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Fig. 8. Comparison in p,a using NPWA between Sick and Well groups in the trial with the
swaying video image

These results imply that pma(BP) and prna(IC) of Sick group was lower than those of
Well group in the presentation of the video image. However, there was no significant
difference in pma(NPWA) between two groups in the presentation. This fact suggests
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Fig. 9. Comparison in pye Using | C between Sick and Well groupsin the trial with the swaying
video image

that symptoms of VIMS were caused by watching the swaying video image and it
seems that the effects of it was strong especially at about 720 s and 960 s. However,
pmax(1C) did not necessarily correspond to traditional p using BP.

6 Conclusion

This study has proposed a method for extracting the blood pressure-related parameter
from photoplethysmography using the independent component analysis. From the
experimental result, it was ascertained that the proposed method could extract the
independent component related to BP. In addition, the effects of visually-induced
motion sickness could be estimated with independent component which was obtained
by using the mixing matrix calculated in the Vasalva maneuver. However, the
physiological index pma Using the independent component did not necessarily corre-
spond to prex USing blood pressure. Thus, we need to reveal the physiological reason
of this result.
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Abstract. The paper introduces a novel methodology for the computer simula-
tion of gaze behavior in net-based interactions. 38 female participants interacted
using a specia avatar platform, alowing for the real-time transmission of non-
verbal behavior (head and body movement, gestures, gaze) as captured by mo-
tion trackers, eye tracking devices and data gloves. During interaction eye
movement and gaze direction of one partner was substituted by computer simu-
lated data. Simulated duration of directed gaze (looking into the face of the vis-
aVvis) was varied lasting 2 seconds in one condition and 4 seconds in the other.
Mutual person perception (impression ratings) and individual experience of so-
cia presence (short questionnaire) were measured as dependent variables. The
results underline the validity of the computer animation approach. Consistent
with the literature the longer gaze duration was found to cause significantly
better evauations of the interaction partners and higher levels of co-presence.

Keywords: Computer mediated communication, nonverbal behavior, social
gaze, methodology, person perception, social presence.

1 Introduction

The lack of nonverbal signals has often been conceptualized as a deficit of computer
mediated communication (CMC) with particular socio-emotional consequences, on
one hand reducing social presence and leading to emotional impoverishment, on the
other hand fostering the balance of power and influence and equalize participation
through the absence of status signals [1]. Given this discrepancy it is meaningful to
ask, under which circumstances the inclusion of nonverbal channels into CMC will
enhance the experience of social presence [2, 3] and which particular cues lead to
beneficial socio-emotional effects and which do not. Among the nonverbal communi-
cation phenomena so-called visua behavior [4, 5, 6], i.e. gaze and eye contact has
received particular interest in communication research and social psychology. Social
gaze serves as an indicator of covert cognitive processes and also congtitutes a most
powerful overt communicational social cue. Socia Psychology has documented the
prominent role of gaze behavior for the establishment of socia relations, the fine
tuning of interactions and the mutual attribution of mental states in social encounters
[7, 8,9, 10, 11] This holds not only for face-to-face interactions but also for virtual
encounters with avatars and agents. While a series of studies explored the natural ness
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of simulated gaze in virtual environments [12] or the effects of pronounced social
gaze, so-called supergaze [13], little is known yet about the effects of subtle variations
in gaze duration, as they occur in real-life interactions [14]. In particular it is unclear
in how far avatars can be used to effectively mimic gaze behavior, and whether the
temporal thresholds for minimal and maximal exposure to directed gaze are compara-
ble to those in real-life interactions. Against this background the current pilot study
investigated the socio-emotional effects of different time patterns of simulated social
gaze as embedded in ongoing avatar-mediated net-communications.

1.1 Gazeand Person Perception

There is ample evidence that gaze behavior has a strong impact on person perception
and impression formation. It could be demonstrated that visual attention in particular
increases liking [15]. Such effects however are nonlinear. Longer durations of di-
rected gaze can be perceived as staring and evaluated as negative as gaze avoidance
[16]. Also situational and personal variables seem to mediate the effects of socia gaze
[17, 18]. In addition to gaze duration also the gaze dynamics have a strong influence
on likeability. Mason, Tatkow and Macrae [19] could show that averted gaze
followed by directed gaze led to more favorable judgments of faces with respect to
liking and attractiveness than did directed gaze followed by gaze aversion.

Besides liking and attractiveness gaze also influences other aspects of person per-
ception and impression formation. For example people who maintain eye contact,
especially when talking, are perceived as more dominant and powerful than those who
tend to avert gaze [20, 21]. Moreover gaze aversion correlates with the perception of
lower self-esteem [22] and increased state, trait and test anxiety, especially in women
[23]. Common sense also associates gaze aversion with deception and untrustworthi-
ness. Thus, it is not surprising that people who avert gaze are perceived as less credi-
ble and were more unlikely to be hired in an experimental job interview [24].
Although the reported effects of gaze behavior depend at least partly on the specific
situations, averted gaze seems to be associated with less favorable traits and negative
social evaluations [11].

1.2 Methodological Issuesin Gaze Research

A closer look into the relevant literature reveals some basic methodological problems
inherent in the experimental control of gaze and the establishment of causal relations
between gaze and particular person perception effects. Existing knowledge on the
effects of eye movement on person perception is mostly relying on either of two
research strategies:

One strategy is based on the use of pre-produced or pre-recorded stimuli, i.e. photos
[19, 25, 26] or video [11, 20, 21, 23, 27]. Such approaches have in common that they
analyze impression effects from a passive observer’s vantage point, i.e. they miss out
on the interactive nature of gaze. Observers have no possibility to intervene or change
the course of the conversation. Contingency aspects of behavior as e.g. mutual gaze or
eye-contact thus are not covered by the experimental variations. Patterson [28, 29]
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criticizes the artificial separation of production and reception in most observer studies
and doubts their generalisability.

The second strategy is based on the employment of confederates [8, 24, 30, 31]
who are trained to exhibit a certain nonverbal behavior, e.g. gaze, while interacting
with the subjects. Confederates can see the observer and contingently respond to him
or her. To control the eye gaze and suppress spontaneous reactions however the con-
federates have to be trained very thoroughly and even after such training they might
have problems to segregate the various nonverbal subsystems and to control particular
aspects in a quantitatively predefined way (see [32]). More problems have been re-
ported when using confederates in gaze studies. In a manipulation check of an ex-
periment on the communication of facilitative conditions Kelly and True [33] found
the interrater reliability on their confederates’ gaze direction to be only .03. Burgoon,
Manusov, Mineo and Hale [24] even speculate that their confederates’ behaviour may
have overridden their experimental manipulation.

Both research strategies suffer from the fact that the various nonverbal subsystems
are interdependent not only within communicative acts of the interlocutors but also
across interaction partners. To investigate the effects of isolated aspects of nonverbal
behavior while preserving the natural contextualization of such cues it is therefore
necessary to produce distinct variations of this particular aspect (gaze behavior) while
leaving all other aspects of communicative behavior (head movement, gestures, body
movement) unaffected. Also it is important that the participants are naive about this
manipulation, i.e. they are not consciously attentive to the cue under investigation. To
solve these problems computer animation methodologies have been suggested recently
[34, 35]. While early computer animation approaches only allowed for passive obser-
vation studies [14, 35, 36, 37] newer developments permit the experimental control of
nonverbal cues during the course of an ongoing conversation. Such a methodology will
be introduced in the following. Based on this we will report on a pilot study using the
novel technology to determine the person perception effects of different levels of social
gaze behavior.

2 Method

The pilot study is based on a recent development of an avatar platform, which is ca-
pable of transmitting head and body movements as well as hand gestures and gaze
behaviors in real-time. Behavior is captured by standard capture devices (Polhemus®,
Virtual Technologies Cybergloves®) and a special eye tracker (Mediascore®).
Nonverbal communication data is transmitted via TCP-IP and can be buffered for
algorithmic transformation or replacement by simulated data. Avatar animation is
performed by means of a special AVI Codec transforming translation and rotation
data into movements of a virtual character. Figure 1 shows the experimental setup
during calibration, displaying arealistic avatar for feedback and adjustment.

To prevent influences of physical appearance the avatar used in our study was a
very simplified cartoon-like androgynous character, with enlarged eyes, meant to
facilitate the perception of gaze and eye movements (see figure 2).
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aF

Fig. 1. Experimental setup of the avatar platform

2.1 Participants

Seventy-six female undergraduates (between 19 and 55 years of age; m= 25.76;
sd = 6.91) from University of Cologne participated in the experiment in return for
course-credit or an incentive of 10 Euros.

2.2 Procedure

Two participants were invited for each time slot of the experiment. To avoid the par-
ticipants meeting each other before the experiment they were invited to different
floors at the laboratory building. Each participant was greeted by a female experi-
menter and led into the laboratory. While helping the participants into the sensor
equipment the experimenter explained that the study involved avatar-mediated com-
munication. After completing the calibration process the experimenter explained that
the participants should get acquainted with each other by using avatar-mediated
communication. As soon as the connection between the participants had been estab-
lished, the experimenter started the recording of the interaction and left the room for
ten minutes. After that, each participant was asked to fill out a questionnaire, was
detached from the sensor equipment and paid for participating in the study.

2.3 Independent Variables

The experiment had a single-factor (short gaze vs. long gaze vs. real gaze) design. In
each of the 38 dyads one participant saw the other’ s avatar with real eye data, whereas
the other one saw an avatar with simulated eye data. Head, hand, torso and finger
movement were directly mapped onto the avatar. There were two conditions of simu-
lated gaze patterns. In the short-gaze condition the avatar offered eye contact
(i.e. looked towards the participant) on an average of two seconds and looked away
on an average of two seconds. In the long-gaze condition the avatar offered eye-
contact on an average of four seconds and also looked away on an average of two
seconds. Figure 2 shows three examples of different gaze directions.
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Fig. 2. Examples of averted gaze (left and right) and directed gaze (middle)

2.4 Dependent Variables

Person perception was assessed via a semantic differential on person perception
developed by Kramer [38] and socia presence was assessed with an instrument de-
veloped in a former study on social presence [39]. Specific items were added asking
for technical problems or inconvenience in using the sensor technology. These items
used a 5-point-Likert-scale of acceptance reaching from 1 (not at all) to 5 (extremely).
Finally, the questionnaire included an item asking for the estimation of being looked
at in percentage of time the conversation lasted.

3 Reaults

Factor analysis of the semantic differential for person perception revealed athree factor
solution explaining 60.509% of the variance after Varimax rotation. The resulting
factors could sensibly be named as evaluation (marker variable: “friendly-unfriendly”;
factor loading: -.763), activity (marker variable: “active-passive’; factor loading: .920)
and potency (marker variable: “dominant-compliant”; factor loading: .804). These
were submitted to a single factor analysis of variance (ANOVA), which revealed a
medium effect of gaze condition only on evauation (df=2; F= 4.345; p =.017,
n2 = 0.109), but not on activity and potency. Bonferroni corrected post-hoc tests re-
vealed significant differences between the long-gaze and the other two conditions (both
p <0.05).

Factor analyses on the social presence scale resulted into a three factor solution,
explaining 51.27% of variance after Varimax rotation. The resulting factors were co-
presence (marker variable: “1 was often aware that we were at different places’; factor
loading: -.841), ambiguity (marker variable: “My interlocutor was able to communi-
cate hisglher intentions’; factor loading: -.745) and contingency (marker variable: “My
interlocutor’s behavior did often influence my own behavior”; factor loading: .763).
These factors were submitted to a single-factor ANOV A, which revealed a significant
effect on co-presence (df= 2; F= 3.583; p = .033; n2 = .092), but not on the other two
factors. Bonferroni corrected post-hoc tests revealed a significant difference only
between the long-gaze condition and the short-gaze condition (p= .027) on social
presence.

Figure 3 summarizes the results for person perception and social presence factors
across the three treatment conditions.
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Table 1. Mean values and results of one-sample T-tests for the items on technological problems

and obtrusiveness

OReal eye data
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Fig. 3. Overview over the differencesin the person perception and socia presence factors

Items Mean D t df p
f[i)lelddt'?e headset limit your visual 201 1.09 7.90 75 000
Have you felt distracted due to the 188 89 11091 75 000
equipment?

Did you think alot about the equip- )

ment during the interaction? 18 83 1247 & 000
Did you feel alienated due to the 192 86 1093 75 000
equipment?

Did you worry about damaging the )

equipment during the interaction? 121 52 29.74 s 000
Did you fedl limited in your freedom 230 119 5017 75 000

of movement?
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The last item under investigation was an estimation of the frequency of eye contact
during the interaction given in percentage values. There were no significant differ-
ences between the real gaze condition (m = 51.38; sd = 19.78), the short-gaze condi-
tion (m = 49.02; sd = 27.32) and the long-gaze condition (m = 49.73 sd = 26.62).
Surprisingly in all conditions the amount of perceived eye contact was estimated to
cover around 50% of the interaction time. Thus the experimental variation did
not pass the threshold of conscious registration but nevertheless induced significant
person perception effects.

4 Discussion

Major advantages of using avatars in nonverbal communication studies could be
demonstrated: (1) avatars alow to filter out the influence of physical appearance and
thus help to establish direct causal relation between behavioral cues and impression
formation (2) the relevant aspects of nonverbal behavior can be directly and reliably
controlled, (3) uncontrolled aspects of nonverbal behavior keep their dynamic proper-
ties, leading to realistic overall impression and (4) the experimental variation can be
overlaid to real-time interactions, thus placing the person perception and impression
formation into an interactive process and not in a passive observer task. The results of
our avatar study are consistent with the literature [11]. Longer phases of directed
gaze, i.e. looking in direction of the partner for four seconds consecutively, produced
more favorable results than shorter gaze periods (2 seconds). This significant result
can aso be interpreted as a successful treatment check, as the computer simulated
gaze induced the expected impression effects. Interestingly the remarkable quantita-
tive differences in gaze duration, though leading to different evaluations of the part-
ners, did not pass the threshold of conscious registration. Eye contact in both condi-
tions was estimated as covering about 50% of the interaction time. A number of ques-
tions however stay unanswered and have to be addressed in the next studies. As there
is a confounding between the duration and the number of directed gazes as well asthe
overall percentage of directed gaze it is not possible to identify which parameter best
reflects the psychological variance in person perception. This problem can be solved
in future studies by applying systematic variation to all three aspects, which will aso
imply a control of total interaction time. Furthermore it remains unclear, how the
duration of averted gaze is influencing the impression and how this aspect is interact-
ing with duration of directed gaze. Another open problem concerns the type of rela
tionship between gaze and evaluation. The identified differences can represent a seg-
ment of alinear relation as well as of a curvilinear one. It is most likely that a further
prolongation of the directed gaze periods can lead to negative results as it is perceived
as staring, or as non-contingent to ones own behavior. Future studies will have to
clarify this relation more precisely and will aim at identifying possible thresholds for
attention to and positive evaluation of directed gaze. The mentioned problems and
open issues can well be addressed using the introduced platform within a program-
matic research approach. Further improvements of the technology as under develop-
ment will include ease of use in eye movement calibration and the provision of non-
obtrusive remote eye-tracking and head tracking.
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